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Abstract 

This thesis proposes a novel consolidated approach for substantial compaction of HVDC 

lines that includes both new tower geometries as well as novel control concepts. This is 

based on a thorough discussion on the basic overhead line design parameters and their 

impact on the right of way width and tower height. Then the electrical aspects of the new 

approach such as dc overvoltage assessment and lightning performance are investigated. 

The required horizontal clearances between pole conductors and tower members, as a com-

ponent of the right of way width, depend on the maximum expected overvoltages. Detailed 

electromagnetic transient models for the point to point MMC HVDC with different trans-

mission configurations, all including the proposed dc overhead line, are developed for this 

thesis. The models are used to assess fault contingencies that result in the most significant 

overvoltage stresses on the HVDC transmission line for finding minimum air clearances 

and for the design of overvoltage limiting devices, such as surge arresters. New control 

approaches are proposed that significantly reduce the dc side overvoltage and consequently 

minimize the required air clearances for maximum compaction of the HVDC overhead 

lines and also reduce the required surge arrester size for line insulation. 

Because power transmission lines are the most exposed component within a power system, 

they are subject to lightning strikes which, in turn, are the main cause of disruption to power 

flows. This thesis will include an analysis of lightning occurrence on the proposed compact 

transmission line in order to assess the risk of pole faults. The focus of this analysis is 

mainly on evaluation of the critical lightning currents that cause fast front overvoltage 

stresses that may result in insulation failure.  
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Chapter 1   

Introduction 

 

1.1 History of Electricity Transmission System  

Early in the development of electric power, the importance of economies of scale in power 

generation was recognized by its proponents and developers. They realized that larger cen-

tralized generation facilities could provide power at much lower cost to a broader customer 

base [1]. The first electric generators supplied direct current which was distributed to loads 

by dc distribution lines. However despite the initial dominance of dc and a chaotic search 

for industry structure at that time, the debate was ended by introduction of the ac magnetic 

transformer, a device that could assign different voltage levels for transmission, distribu-

tion and consumption of electric power [2]. 

 Efficient transformation of energy between ac voltage levels led to an energy generation 

and transmission pattern that lasted more than sixty years. That period was characterized 

by vertically-integrated supply companies, steady increases in generator size from 5 meg-

awatts (MW) to a thousand megawatts, plants sited near fuel and/or cooling water and 
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progressively higher ac transmission voltages, ultimately reaching 765 kV in North Amer-

ica. The primary challenge in system expansion was finding suitable locations for power 

plants - the problem of the power transmission being of secondary importance. With the 

help of eminent domain laws, transmission lines could be built almost anywhere [3].  

The interconnection of generating stations that started in the early years of the industry 

continued as capacity grew, eventually evolving into a sophisticated electricity transmis-

sion grid which, at that time, was not intended for long-term transfer of large amounts of 

power between different regions or utilities [4]. Utilities expanded their own generating 

capacity to achieve self-sufficiency – even for supply of peak electrical demands. Imports 

from or exports to other utilities through interconnections were short-term solutions to 

maintain reliability during outages or other unexpected conditions. The use of interties for 

long-term inter-utility power transfers started to grow in the 1970s because of regional 

imbalances in generating capacity and power demand. The growing economic incentive 

for non-utility generation of power also promoted the need for increased transfer capability. 

As a result, the transmission infrastructure began to expand and transmission line loading 

increased [4].  

As transmission voltage levels increased, transmission loading increased accordingly. 

However, in addition to the thermal transmission limit, i.e., maximum current, long ac lines 

transmission capacity is also limited by transient stability and reliability considerations [4]. 

The role of dc in transmission again began in the 1950s using the technology developed 

extensively in the 1930s in Sweden and Germany [5]. Early commercial installations in-

cluded a modest commercial link between Moscow and Kashira in the Soviet Union in 

1951 [6], and a 100 kV, 20 MW system between Gotland and mainland Sweden in 1954 
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[5] both using mercury arc technology. Later on, dc was recognized as being well adapted 

for bulk transfer of power over long distances [7]. The longest HVDC link in the world is 

the 2,350 km Rio Madeira link in Brazil, consisting of two bipoles of ±600 kV, 3150 MW 

each and connecting Porto Velho in the state of Rondônia to the São Paulo area [8].  

Since its first commercial application in the 1950s, HVDC transmission has matured, con-

tinuing technological innovations that have made HVDC both more efficient and more 

cost-effective [9], [10], [11]. Those advances have served to expand the range of HVDC 

applications and made it more suitable to overcome some limitations in the expansion of 

ac networks [12]. Specifically:  

 HVDC provides higher power transmission capacity in a narrower right-of-way 

while also reducing costs by carrying more power for the same conductor size. 

 HVDC has lower losses per MW than does HVAC of similar length and rating, that 

advantage, taken together with the above point made it an ideal solution for long-

haul, bulk power transmission both from environmental and industrial points of 

view. 

 HVDC has strong economic and functional advantages for underwater and 

underground cable transmission. The high capacitance of ac cables requires 

considerable charging current which, in turn, increases  losses and demands sources 

of reactive power supply. Therefore, ac cables are mostly used for a limited length. 

 HVDC is capable of interconnecting to ac systems asynchronously. 
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1.2 The Expanding Role of HVDC Transmission and 

the Vision of a Future DC Grid  

Growth in power demand and in the types and location of power generation has produced 

changes in load flow patterns that are now difficult to accommodate, especially in mature 

networks such as those in Europe and North America. This shift in generation pattern, in 

significant measure to wind and solar sources, has been caused mainly by the search for 

sources of safe and clean energy to reduce carbon emission by displacing coal-fired gener-

ators, and even in some cases nuclear power plants. This shift to sources of renewable 

energy has now intensified in many nations. Widespread interest in feeding large amounts 

of renewable energy into the ac transmission grid, principally from wind and solar gener-

ation, revealed serious shortcomings in the existing transmission infrastructure. In Europe 

the major wind resources are in North West locations remote from the major load centers. 

The existing grid infrastructure in areas is relatively weak and unable to carry the power 

potential offered by local wind power plants. A similar situation exists in the South of 

Europe and North Africa which offer the potential for extremely large amounts of solar 

power generation, but no transmission system to deliver that power to the market. In the 

USA and Canada there is abundant wind power generation capability in the Mid-West and 

solar power in the Southwest, but again at sites remote from the major load centers [13], 

[14], [15], [16], [17], [18].  

The need to increase the flexibility and reliability of transmission infrastructure so as to 

share resources and carry power to market at a lower cost is now very obvious. However 

the starting point for this effort is a large and complex system that has suffered some major 
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and widespread blackouts in the recent two decades (e.g. North America 2003, the North-

east and Italy blackouts in 2003 and India 2012 [19]). These rare but significant events 

increase concerns for the stable and secure operation of power systems which will be still 

further stretched by accommodating remote renewable resources. The main challenges for 

secure operation of future power systems include complex modes of instability (angle, 

voltage and frequency), vulnerability to propagation of disturbances across ac grids and 

vulnerability to sabotage strategies (cyber-terrorism) [20].  

Grid operators and transmission owners, faced with future demands on transmission infra-

structure, are now well aware of the benefits that HVDC can offer [12], [17]. HVDC is not 

only a cost-effective solution for moving remotely located renewable energies to the load 

centers but also provides a higher level of controllability than is currently possible with ac 

technology [21]. This precise ability to control power can prevent the overall system from 

entering an unsafe operating condition, and therefore also offers a significant reliability 

benefit for the new power grid. Because both the amount and direction of power flows can 

be controlled, operators can address issues such as thermal overloads and voltage control 

to help maintain the stability of the ac system [21]. An overlaying HVDC transmission 

system (“Supergrid”) will help the development of a new smart grid to enhance reliability 

and resilience against both natural and man-made threats [22], [23]. 

1.3 Problem Definition and the Thesis Motivation 

Until now HVDC has been used primarily for point to point transmission between just two 

terminals although a few three terminal systems have been built and successfully operated 

[24], [25]. HVDC transmission lines with a few intermediate terminals can now be realized 
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for both Line Commutated Converter (LCC) and Voltage Sourced Converter (VSC) HVDC 

transmission technologies.  VSC HVDC transmission (or Modular Multi-level Converter 

(MMC) HVDC as a modern form of it) is well suited to dc grids and their interconnection 

with weak ac systems, since it has black start capability, the ability to control active and 

reactive power independently, and can change direction of power without change of volt-

age polarity as is required for thyristor-based LCC HVDC technology [26], [27]. 

While the need for HVDC links within or overlaying existing ac systems becomes more 

widely recognized, a significant amount of research has been carried out to make a new dc 

transmission grid feasible [28].  Power flow control, fast protection, practical dc breakers, 

and power electronic based dc transformers are prominent in these researches [29], [30], 

[31], [32], [33]. However there remain many challenges with HVDC grid implementation 

including methods for building new converter stations and transmission lines in populated 

commercial or residential areas [34]. 

Almost all existing overhead HVDC lines use LCC technology while MMC HVDC has a 

lack of experience with overhead lines to this date [35]. Moreover, underground cables cost 

four to fifteen times more than an overhead line depending on the voltage level and the line 

route [36]. This is due to time, materials, process and other issues such as going under a 

road, highway, or river and also avoiding other underground installations such as water, 

gas, and sewer lines [36], [37]. Virtually all overhead transmission lines have been located 

on the rights-of-ways for which ownership or easements have been acquired by the trans-

mission owner. Approval of new dc transmission rights-of-way has become increasingly 

difficult and must now consider and minimize such environmental issues as [4], [38]:  

 Potential ground-level annoyance due to electric and magnetic fields  
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 Aggravation of those fields by the flow of corona-generation ions from overhead 

conductors through the air to the ground or to grounded objects including people 

 Corona based power losses (CL)  

 Corona based interference to radio signals (RI) 

 Audible noise resulting from corona discharge (AN) 

 Allocation of land to transmission line and substation facilities;  

 Visual impacts. 

New rights-of-way now require what is considered a “social license” [39].  Public opposi-

tion and the high cost and long delays of land acquisition, coupled with very high develop-

ing cost makes the acquisition of such a license very challenging and in some jurisdiction 

impossible to obtain. Thus power system planners the world over, especially in Europe, 

face the dilemma of how to expand networks to meet increasing power transfer needs in 

the face of strong public opposition to new lines [40].  

The vast majority of existing transmission towers are of the lattice type – a design concept 

that has changed little over the past hundred years. This is significant since opposition to 

additional power transmission lines across the globe seems to relate much more to appear-

ance than to function. Thus, rightly or wrongly, it is now firmly established that the con-

ventional lattice tower has become a symbol of the blemish that overhead lines are pre-

sumed to impose on natural landscapes. That suggests that alternative, more aesthetically 

pleasing structures will significantly increase the chances of public acceptance – a conclu-

sion verified by experience in many cases [40].  Irrespective of tower design, reducing the 

height and width of transmission corridor requirements for a prospective new line of a 

given voltage and conductor array both improves the prospect of public acceptance and 
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increases the likelihood that new circuits can share rights-of-way with transportation cor-

ridors. It is therefore appropriate to undertake studies leading to greater compaction of dc 

lines, seeking ways to reduce their visual and environmental impact, making regulatory 

approval easier, and to allow their construction on narrower rights of way – possibly shared 

with public transport routes.  

1.4 Research Objectives 

Recognizing that compaction of the dc overhead lines facilitates construction of new trans-

mission lines both by gaining public acceptance through use of aesthetic pylons [40], [41] 

and by allowing their construction on narrower a rights-of-way (ROW), the aim of this 

thesis is to first propose a new approach that results in greater compaction of HVDC lines 

and then to investigate the electrical aspects of that approach to assess its effectiveness and 

its limitations.    

 “Compaction”, as considered in this thesis, refers to reductions in tower height and re-

quired ROW width. The variables effecting HVDC tower height and ROW width are com-

plex and interdependent [42]. ROW width is driven mainly by pole-to-pole spacing, con-

ductor out-swing and lateral safety clearances.  

It will be shown that conductor sag is the principal factor affecting tower height for a given 

voltage and minimum ground clearance and therefore also the major factor in conductor 

blow-out, which is the magnitude of the horizontal displacement of a conductor, at high 

winds and the corresponding ROW width requirement. Principal recourses for reducing 

sag are (1) shortening spans and/or (2) high-temperature, low sag (HTLS) conductors 

which reduce sag for a given thermal loading [42].  The influence of conductor blow-out, 
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due to wind forces, on right-of-way width can also be minimized by using conductors with 

compact stranding and/or conductor bundling that minimizes wind force.  The new dc 

transmission line structure should have a low profile design  that focuses on shortening 

spans to the point where decreases in tower height, conductor out-swing, wind and weight 

loading of structures and footings significantly diminish cross section requirements. Mod-

ern pre-manufactured towers are considered for the studies since they have a number of 

advantages in compaction including slimmer appearance, lower installation cost, and 

somewhat lower profile for a given conductor suspension point while maintaining the re-

quired ground clearance at mid-span [43]. 

Unique to ground clearance limits for HVDC is the prospect of annoyance from ground-

level field effects; specifically ground-level electric fields and the density of ions flowing 

to ground below and in proximity to conductors. Criteria suggested for ground-level elec-

tric fields and the ion current density, based on annoyance histories, are cited [38], [44].  

In minimizing conductor spacing and height, compacting HVDC lines requires a much 

more careful assessment of acceptable field and corona and ground field effects than for 

conventional construction. Therefore, the main factors that have a significant impact on the 

field effect of transmission line, which are the conductor diameter and minimum conductor 

height above the ground, are assumed to be the same for the proposed design as a conven-

tional design of which Bipole III in Manitoba is a typical example. 

Tower top geometry, which determines insulator configuration as well as pole-to-pole 

spacing, is a particularly important aspect of compaction. Tower top geometry is governed 

in large measure by clearance requirements and the number, type and configuration of in-
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sulators used [45]. In this study, first the insulation options for achieving maximum com-

paction, such as V-string insulators and insulated cross-arms, will be documented and eval-

uated. Horizontal clearances between pole conductors and tower members or, where there 

is no intervening structure, between pole conductors themselves, depend on the maximum 

expected overvoltages. The latter results from lightning strokes, switching operations or 

pole-to-ground faults. For air clearances, switching or pole-to-ground fault overvoltages 

are usually the limiting criterion.  

Most HVDC projects use either symmetrical monopoles or grounded bipole configurations 

– now combined with voltage source conversion terminal architecture [10], [46].  LCC 

HVDC is a mature technology and all dc overvoltages associated with it are well known 

[47]. However there is no corresponding experience base for the modern Modular Multi-

level Converters (MMC) HVDC used in overhead line dc transmission. MMC HVDC with 

full-bridge and half-bridge modules offers significant benefits over older VSC technologies 

[48]. The use of surge arresters together with the proper design of controllers for MMCs, 

especially with full-bridge converters, can reduce the overvoltage levels and thereby reduce 

clearance requirements and facilitate compaction.   

 To demonstrate that advantage in specific cases, first the detailed electromagnetic transient 

models of the MMC HVDC systems are required.  PSCAD/EMTDC, a powerful electro-

magnetic transient simulation tool, is the recommended tool for performing a comprehen-

sive overvoltage assessment of the MMC HVDC transmission line [29]. In conjunction 

with those studies, novel control methods that can reduce the dc side overvoltages will be 

proposed. 
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Because power transmission lines are the most exposed component within a power system 

from a geographical point of view, they are subject to lightning strokes which, in turn, are 

the main cause of disruption to power flows [4]. On one hand, lightning performance is not 

of primary importance in the economics of line design compared to factors such as line 

length, ROW costs, construction costs, material costs and losses. On the other hand, the 

reliability of transmission lines and substations is also of critical importance to the utility 

and its customers. Therefore, the designer should always balance the costs of higher insu-

lation levels, improved grounding, better shielding, or line relocation against the benefits 

of improved reliability [49]. To minimize vulnerability to lightning strokes, HVDC lines 

generally include one or two shield wires in the right location to avoid direct strokes to the 

conductors.  However strokes that hit the shield wire will induce an overvoltage on the pole 

conductors and transmission tower that may or may not be sufficient to cause a pole-to-

ground flashover [50]. 

This thesis will include an analysis of lightning occurrence on transmission lines in order 

to assess the risk of pole faults.  The focus of this analysis is mainly on evaluation of the 

critical lightning currents that may cause insulation failure and the fast front overvoltage 

stresses. The study results for the proposed compact design and also a typical dc line will 

be presented.   

1.5 Thesis Outline 

This chapter started with an overview of the HVDC history and the benefits of a future 

overlaying HVDC grid, and then explained the motivation of this research. 
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Chapter 2 provides a background of existing technologies germane to the main components 

of the HVDC transmission system, including the converter stations, underground/undersea 

cables and overhead transmission lines.  

In Chapter 3, the overall HVDC transmission line design parameters are considered, with 

a focus mainly on the variables that impact the compaction of the dc lines. Then the pro-

posed compact structure will be introduced, the main electrical aspects of it being analyzed 

in the following chapters. 

As a prerequisite step for dc fault overvoltage evaluations, details associated with the 

HVDC system modeling, including both components and controller systems for the steady 

state operation of the system, are provided in Chapter 4. 

Chapter 5 first shows results considering all the fault contingencies and associated over-

voltages on a MMC HVDC system with both symmetrical monopole and bipole transmis-

sion configurations. It also considers the dc systems that have purely overhead lines as well 

as the systems that have both overhead lines and underground cables in the same circuit. 

The worst case scenario will be determined for the insulation coordination of the dc line. 

In this chapter novel controlling schemes will be also proposed that, together with surge 

arrestor, result in significant dc overvoltage reduction and consequently minimize insulator 

length and air clearances for maximum compaction.  

Once the design is finalized and the feasibility studies have been carried out, Chapter 6 

presents the lightning performance analysis of the proposed compact design as well as a 

conventional design for comparison. This chapter also evaluates the fast front lightning 

overvoltage stresses on the dc line. 
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Chapter 7 presents the concluding remarks of this thesis and suggestions for the future 

works that can enhance this research. 



 

Chapter 2   

Overview of HVDC Converters, Cables and 

Overhead Transmission Lines  

 

Since the objective of this thesis is to propose a compact dc overhead line and investigate 

its electrical aspects, it is important first to understand the basic concepts and essential 

components in HVDC transmission technology, including those pertaining to dc overhead 

lines now in operation. The fundamental process in any HVDC transmission system, as 

demonstrated in Figure 2-1, is the conversion of electrical power from ac to dc at the trans-

mitting end (rectifier station), and from dc back to ac (inverter station) at the receiving end. 

The major components of an HVDC system are: the converter station at each end, the elec-

trodes or earth return path and the transmission line itself [51]. The following sections 

present an overview of each component, and the options available for these components 

according to the current technology.  
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Figure 2-1 A General Diagram of HVDC Transmission  

2.1 The Converter Station 

The converter stations at each end usually have the same structure. Each consists of all the 

required equipment for ac to dc conversion or vice versa since their roles must often be 

interchangeable. The main components of a converter station are [51]:  

 Converter valves 

 Transformer 

 Ac filters and capacitor banks 

 Dc filter  

2.1.1 Converter Technologies 

HVDC transmission is generally classified according to the HVDC converter technologies 

used. Conversion from ac to dc and vice versa is achieved by means of semiconductor 

switches. Three converter technologies have been used in all HVDC transmission system 

to date; each based on the capabilities and switching functions of the switches used [10]. 

These converter technologies are: 
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1. Line Commutated Converters (LCC) 

Line commutated converters, also referred to as “conventional” or “classic” 

HVDC, are the most common converter technology in the HVDC systems as of 

today (as of 2016) [52], [35]. As shown in Figure 2-2, thyristor valves, built up by 

a group of thyristor switches in series, are the main elements of these converters 

and can carry very high currents (4 kA) and operate up to 800kV [10] with 1,100 

kV under construction. An LCC converter is modular in design; each “module” 

consisting of a six pulse bridge. Two six pulse bridges are connected in series to 

create a twelve pulse bridge. In a twelve pulse bridge, a 30˚ phase shift between 

each six pulse bridge is achieved by using a star/star connected converter trans-

former for one six pulse bridge and a star/delta connected converter transformer 

for the other six pulse bridge. Using six pulse bridges, each with a 30˚ phase shift, 

helps reducing ac harmonic currents [53]. 

Thyristors are half-controllable semiconductors that have only turn-on controlla-

bility. LCC technology requires a synchronous ac voltage source in order to oper-

ate and the ac network’s short circuit capacity has to be relatively strong compared 

to the dc power transfer [53]. As the thyristor valve is operated at net frequency 

(50 Hz or 60 Hz), it is possible to change the dc voltage level of the bridge by 

means of a firing control angle. This ability allows the transmitted power to be 

controlled rapidly and efficiently [53].  
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Figure 2-2 A twelve pulse LCC Configuration 

 

2. Capacitor Commutated Converters (CCC) 

Capacitive commutated converters are a variation of the LCC and use the same 

thyristor configuration. However, additional commutation capacitors are inserted 

in series between the converter transformers and the thyristor valves in order to 

improve the thyristor-based commutation performance of the converters when con-

nected to weak ac networks [54].  

The series capacitors develop a voltage which aids in the commutation process. 

The converter is capable of operating at close to unity power factor, and even 

slightly leading power factors. It is also far more immune against commutation 

failures compared to the traditional LCC. This technology is limited by the addi-

tional dc voltage stress it places on the valves. Because of that additional stress, 

CCC technology has to date been used only for back to back HVDC schemes, 

where the dc voltages are much lower than for point to point  HVDC transmission 

[55]. 
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3. Voltage Sourced Converters (VSC): 

VSC technology converts an ac voltage to dc voltage by means of IGBT (Insulated 

Gate Bipolar Transistors) or the GTO (Gate Turn-Off Thyristor) switches which 

are fully controllable over the turn-on and turn-off status of the switch. This switch 

off capability enables the VSC converters to operate without the need for a syn-

chronous voltage for commutation as in the LCC converters [46]. 

VSC HVDC transmission systems are expanding and improving rapidly. Initially 

VSC valves were built just of series connected IGBT switches with a common ca-

pacitive dc link, and based on the different structures, were categorized as two level 

[56] (Figure 2-3 (a)), three level [56] (Figure 2-3 (b)) and multi-level topologies 

[57]. Because VSCs can commutate at high frequency, independent of the network 

frequency, converter switching operations can be achieved by a Pulse Width Mod-

ulation (PWM) technique [58] that makes it possible to create the voltage waveform 

of the desired fundamental frequency component with any angle and/or magnitude 

(within a certain limit) almost instantly. Thus, it allows control of both active and 

reactive power independently [59]. However, high switching frequency and conse-

quently high losses were the main disadvantages of PWM based converters [46].  

A more recent topology, Modular Multilevel Converters (MMC) offers significant 

benefits over the previous VSC technologies [10].  The MMC is able to generate a 

large number of voltage levels by connecting a number of identical power elec-

tronic building blocks, called full-bridge/half-bridge sub-modules, in series [48]. 

Instead of using a common capacitive dc link as with PWM-based converters, each 

sub-module comprising the MMC has a physically smaller capacitor which can be 
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bypassed or inserted directly or with reverse polarity in case of a full-bridge con-

figuration. Figure 2-4 illustrates the MMC topology. Its modular structure allows 

adding modules and thus introducing redundancy and higher reliability for the en-

tire system. 

 

 
Figure 2-3 (a) Two-Level and (b) Three-Level topologies of voltage sourced converters 

 

 

 

Figure 2-4 Modular Multi-level voltage sourced converter 
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MMC HVDC technology is particularly suitable for renewable energy integration and the 

HVDC grids development due to its higher controllability and its ability to be connected 

to weak ac systems [10].  The operation and control methods of MMC HVDC will be 

explained in detail in Chapter 4. 

2.1.2 Transformer 

In all HVDC systems the transformer connecting the converter station to the ac system 

adapts the existing ac voltage level to the required dc voltage level. In LCC converter tech-

nology, they are called “converter transformers” and are characterized by a higher leakage 

reactance than conventional ac transformers [53]. This leakage reactance is necessary to 

buffer the transformer from the shock of the line to line short circuit that happens 6 times 

a cycle (for 6 pulse converters) during the commutation process. Although the basic oper-

ating principles are the same as a normal ac transformer, converter transformers are sub-

jected to additional stresses, including ac and dc voltage stresses. DC pre-magnetization of 

the transformer core requires additional core steel to prevent magnetic saturation and high 

harmonic currents, the latter resulting in additional losses and consequently heating the 

transformer [53]. 

To differentiate the VSC transformers from LCC converter transformers, the term “inter-

face transformer” is often used with VSC systems. Although VSC interface transformers 

are also subjected to a higher level of harmonic currents than normal ac transformers, the 

harmonic level is significantly lower than for LCC converter transformers, particularly for 

MMC type topologies. For symmetrical VSC designs, explained later in this chapter, the 

interface transformers see no dc voltage stress, thus resulting in a transformer design very 
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similar to a normal ac transformer. However transformers used in bipole or asymmetrical 

configurations will be subjected to a dc offset and stress on the valve side ac winding [46]. 

2.1.3 AC Filters and Capacitor Banks 

Converter operation generates harmonic currents and voltages on the ac and dc sides. On 

the ac side of a twelve-pulse LCC HVDC converter, current harmonics of the order of 11, 

13, 23, 25 and higher (2n±1, where n=12) are generated. Ac filters are installed to absorb 

those harmonic components and to reduce voltage distortion to levels below a certain 

threshold required by the network. Moreover, in the LCC conversion process the converter 

consumes reactive power equal to about 60% of the active power which is compensated 

partly by the filter banks and the rest by capacitor banks. To assure a satisfactory power 

factor on the ac side of an LCC HVDC converter over various load levels, ac filters and 

shunt capacitors are normally subdivided and switched by circuit breakers as the dc power 

varies. The ac filters and shunt capacitors for LCC converter stations require a significant 

amount of space due to the number and magnitude of the current harmonics produced by a 

LCC converter [53]. 

For the CCC configuration, the converter operates close to unity power factor and hence 

does not require significant VAR supply at the ac bus.  The elimination of switched reactive 

power compensation equipment simplifies the ac switchyard and minimizes the number of 

circuit-breakers needed– thus also reducing the area required for a CCC HVDC station 

[54]. 

Likewise, there is no need to compensate for reactive power consumed using VSC schemes 

as there is with LCC schemes.  VSC systems require much less filter equipment than is the 
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case with LCC configurations. The level and frequency of current harmonics on the ac side 

of any ac/dc converter system depend mainly to the converter topology; PWM VSC 

schemes produce high frequency harmonics of larger magnitudes than do MMC VSC 

schemes.  The permissible voltage distortion and the harmonic impedance of the connected 

ac system may determine whether or not filtering is required. Filtering is generally not used 

with MMC VSC converters [10], [60]. Some MMC converters may generate very high 

frequency currents that can travel through the ac network interfering with signals that use 

the ac transmission lines for a communication path. High frequency filtering may be re-

quired in such cases. 

2.1.4 DC Filters 

Because harmonic currents flowing in a dc transmission line can adversely influence the 

equipment and telecommunication systems located in the vicinity of the transmission line, 

dc filters, along with dc smoothing reactors are used to mitigate the problem [61]. This 

problem is an issue principally with dc overhead lines or a combination of dc cable and dc 

overhead line. Harmonics in pure cable transmissions or the Back-to-Back schemes do not 

require dc filtering [61]. 

DC side filters are usually significantly smaller and less expensive than the filters on the 

ac side. Some dc filters are partially “active” in design and as such are very effective.  In 

these filters the passive part is reduced to a minimum while modern power electronics also 

measure, invert and re-inject harmonics to smooth net harmonic currents in the line. 
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DC series reactors help smooth dc current while also providing harmonic voltage reduction 

on the dc line. These reactors also help limit crest current during short-circuit faults on the 

dc line [47]. 

2.2 Transmission Configurations 

Existing HVDC schemes fall into two basic groups: back-to-back schemes and point-to-

point transmission schemes [11]. In back-to-back schemes, the rectifier and inverter are 

located in the same station with no interconnecting transmission line. In point-to-point 

transmission schemes, converters at different geographical locations are interconnected by 

a dc transmission system. The two systems may have differing and incompatible electrical 

parameters, e.g. frequency, voltage level and short circuit power level.  DC transmission 

was first mostly via underground/undersea cables, and later adapted for bulk power long 

transmission using overhead lines [9].   HVDC transmission systems can be configured in 

different ways to suit operational requirements. Symmetrical monopoles and Asymmetrical 

monopoles or bipoles, as shown in Figure 2-5, are the most popular configurations that 

have been successfully applied in many HVDC transmission systems throughout the world 

[10]. 

• Monopolar configurations connect single converter modules at the rectifier and 

inverter stations. Depending on the grounding system, the monopolar configuration 

can be either symmetrical or asymmetrical. Asymmetrical Monopolar HVDC uses 

a single high-voltage conductor, positive or negative, along with a return path via 

either earth/sea electrode or a metallic low-voltage conductor, explained more in 

the following section. In contrast a symmetrical monopolar HVDC requires a line 
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with both positive and negative high-voltage conductors. Symmetrical monopole 

configuration is well adapted to VSC-based HVDC applications. They are usually 

provided with a high resistance grounded on the dc side [10]. 

• Bipolar configurations connect two converter modules at each end using two high-

voltage conductor lines while the middle point is either the earth, the sea or a 

metallic low-voltage conductor as a dedicated metallic return conductor. A bipolar 

system is essentially two asymmetrical monopoles having opposite polarity [10]. 

 

 
Figure 2-5 HVDC transmission configurations 

 

Each configuration has its own advantages and disadvantages. For example, the symmet-

rical monopole using two conductors does not require firm earth connection as does a con-

ventional bipole with three conductors, one of which is the metallic return [10]. It is also 

capable of operating at reduced power in case of a single line to ground fault, which is the 

most common type of fault. However the single symmetrical monopole has no redundancy. 

All power is lost with a permanent line or cable fault unless two independent monopoles 
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with a total of four conductors are used [62]. With bipole configuration, it is possible to 

avoid the unbalanced pole voltage and overvoltage problem of a symmetrical monopole 

configuration when there is one pole to ground fault. The main advantage is the high avail-

ability with redundant transmission system, e.g. the fault in one pole does not affect the 

operation of other pole [10]. 

The optimal transmission configuration for a given application depends on many factors. 

Consideration must be given to design criteria to be used as well as the cost and overall 

economic factors versus reliability and security factors for the project [47]. 

2.2.1 System Grounding  

Unlike the grounding systems of HVAC systems, which are designed only for a fault con-

dition, HVDC grounding systems are designed for normal, emergency and fault conditions 

[11]. In bipolar HVDC transmission systems, the grounding system is used as a means to 

improve the reliability of the entire system. Should one of the poles in the bipolar system 

be faulted, the current path will switch to ground return, thus allowing the system to con-

tinue operating at about half capacity, thus avoiding a total bipolar outage.  During normal 

operation of a bipolar system this return path will carry only a small unbalanced current. 

In asymmetrical monopolar systems, the ground path continuously carries the same current 

as the high-voltage conductor. A ground return path for HVDC systems can be achieved 

either through a ground electrode, thus using the earth or sea itself as a return path, or by 

use of a low voltage metallic return conductor [11]. 

A ground electrode is typically a large metal ring (about 300 - 800 meters in diameter) 

buried in the earth/sea and surrounded by a highly conductive bed of soil [63]. Ground 
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electrodes must be located on a site of about one square mile far away from the converter 

station in order to avoid possible problems such as saturation of HVDC converter trans-

formers or corrosion in the converter station grounding system. A low voltage electrode 

line connects the ground electrode to the converter station. The electrode line can be an 

underground/undersea cable, an overhead line, or a combination of the two [63].   

Alternatively, metallic return uses a low voltage dc conductor to carry the returning dc 

current. The conductor is grounded at one end to maintain a low dc potential along the 

metallic return. All of the return current flows in the metallic return conductor, and there 

is no dc current in the ground. In some HVDC overhead transmission line systems, the 

metallic return function is served by insulated lightning shield wires. 

Metallic return schemes have two key disadvantages compared with ground electrodes; 

higher initial capital costs, particularly for long distance power transmission lines, and in-

creased operational power losses. In the ground electrode return option, dc return current 

will spread over a large cross-sectional area within the earth/sea and therefore has a very 

low effective resistance, whereas the resistance of the metallic return path is similar to the 

resistance of the high voltage conductor [64]. However despite the ground electrode sys-

tem’s advantages it is now seldom used due to issues associated with high dc ground cur-

rents in the earth or sea, such as environmental opposition and erosion in buried metallic 

pipes and structures associated with high dc ground currents in the earth or sea [64]. 

Unlike bipolar and asymmetrical monopolar systems, VSC HVDC with symmetrical mon-

opole configuration has high resistance grounding on the dc side. For such systems the 

grounding options are [65]: 
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• High resistance grounding at transformer secondary winding Y point 

• High resistance grounding through a zig-zag grounding transformer 

• High resistance grounding at a shunt reactor neutral point 

High resistance grounding for zero sequence voltages can achieved with a bank of MOV 

surge arresters which may be rated to limit the voltage displacement of a single pole to 

ground line or cable fault to an acceptable level [65].  

2.3 HVDC Cables 

A high voltage dc cable is a high voltage conductor surrounded concentrically by the ap-

propriate layers of insulation, screening, water blocking and mechanical protection layers 

sufficient to allow cable burial underground or laying on the sea bed. The key components 

of a typical XLPE land and submarine dc cable, as illustrated in Figure 2-6, are [10]: 

 

 

Figure 2-6 Typical Land and Submarine cable layer arrangement (courtesy of ABB) 
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1. Conductor: The cable conductor consists of aluminum or copper. The cross-section 

shape is round and built up of compacted stranded round wires or concentric layers 

of keystone-shaped wires for large cross-sections. 

2. Insulation system: The dc polymeric or thermoplastic elastomer insulation system 

consists of the conductor screen, the insulation and the insulation screen. The insu-

lation layer insulates the high voltage conductor from the outer mechanical protec-

tion layers and therefore from the “earth”.  The conductor and insulation screens 

are semi-conductor layers providing a smooth surface between the conductor, the 

insulation and the outer layers of the cable and managing the electrical stresses. 

3. Water barrier: Aluminum or copper laminate is used as the water barrier for under-

ground cables, whereas the lead alloy sheath is used for undersea cables. 

4. Armoring: Submarine cables can be equipped with single or double layer of galva-

nized steel wires twisted around the cable. It provides effective corrosion protection 

as well as mechanical strength to protect the cable during handling, transportation 

and laying of the cable in the sea.  

5. Outer sheath/Outer serving: Underground cables are sheathed with two layers of 

polypropylene providing appropriate mechanical and chemical stability protecting 

against most chemical agents.  

The two particular parts of a cable that plays a crucial role in the final design, as well as 

the transportation and installation requirements for any underground/undersea HVDC 

transmission link are [10], [11]: 
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1. Conductor material and size 

The conductor material and size depends on the required dc voltage, power transfer, 

losses, installation method and mechanical environment. Aluminum is lighter and 

cheaper than copper but has poorer mechanical properties and lower conductivity. 

For this reason, it is common to use aluminum conductors for land cables and cop-

per for submarine applications, the latter requiring higher tensile strength during 

installation. However even for large, high power-rated land cables copper conduc-

tors can provide much smaller diameter cables for equal losses [10].  

The size of the conductor required to transmit a given current is also determined by 

the conductor material’s thermal characteristics and the cable’s ability to dissipate 

heat away from the cable. 

2. Cable insulation 

The most popular dc cable types in terms of the choice of insulation materials are 

mass impregnated (MI) cable and cross linked polyethylene (XLPE) cables. 

MI cable insulation consists of layers of lapped paper tape impregnated with a min-

eral oil-based, high viscosity compound. The MI cable is a proven technology used 

for dc voltages up to 500kV. It can accommodate voltage polarity reversal, as is 

required for power flow reversal with LCC HVDC transmission schemes. How-

ever, MI cables tend to be larger, heavier and more expensive than the polymer 

alternative [11].  

The insulation within XLPE cables consists of cross linked polyethylene layers ex-

truded over the conductor and the conductor screen. Polyethylene (PE) has low di-
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electric loss characteristics which makes it attractive for extra high voltage appli-

cations. These cables are much lighter than the equivalent MI cables and less ex-

pensive. XLPE cables have been used for HVDC applications since the 1990s and 

are presently available up to 525 kV [66]. A new solid thermoplastic elastomer 

insulated dc cable with less weight than XLPE has been developed with the capa-

bility for voltage reversal and is called “P-laser” [67]. 

2.4 HVDC Overhead Line Transmission Structure 

The essential components of HVDC overhead transmission lines are conductors, insulators, 

towers and right of way (ROW) [47]. The towers support the conductors, and along with 

the insulators, provide physical and electrical isolation between energized lines and ground 

as well as from one another. The real estate corridor accommodating transmission lines are 

called rights-of-way. Their width requirements are discussed in a Chapter 3. 

2.4.1 Tower Structure 

Tower requirements for a given HVDC line are generally defined by the construction ma-

terial, type or geometry, capacity to withstand wind loading (horizontal) and weight load-

ing, span between towers, tower weight, footing design, number of circuits, and circuit 

configuration. Most high voltage towers, ac or dc, are constructed of steel though alumi-

num and hybrid steel and aluminum construction has also been used. Tower configuration 

or basic tower geometry is very site-dependent. For high voltage application, the options 

are lattice, monopole, H-frame, guyed-V, or guyed-Y [4]. The most widely used options 
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for HVDC transmission are self-supporting and guyed suspension lattice towers, as shown 

in Figure 2-7 [68]. Monopole towers have been also used in a few HVDC projects [47].  

The span is commonly expressed as an average based on the number of towers per mile - 

normally from three to six towers for most HVDC voltages [4]. Towers normally accom-

modate just one circuit but may accommodate two or three, including the metallic return 

in some cases. Circuit configuration refers to the relative positioning of conductors for each 

of the poles, e.g. horizontal, vertical. Vertical orientations allow for a more compact ROW 

but require a taller tower [4]. Tower structures include cross-arm sections, from which the 

conductors are suspended by means of the insulators. 

 

Figure 2-7 Typical HVDC lattice towers (Courtesy of Manitoba Hydro [68].) 

2.4.2 Insulators 

Insulators serve two critical functions: They provide a means by which power line conduc-

tors are suspended and they insulate energized poles from the suspension point, i.e. the 

grounded tower. Proper insulation design of an HVDC transmission lines is essential for a 
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reliable operation over the lifetime of the circuit [4].  Dc voltage subjects insulators to 

much more unfavorable conditions than does ac voltage. This is due, in part, to a higher 

collection of insulation surface contamination with unidirectional electric fields. Moreover, 

dc and ac arc propagation across the insulator surface is different due to the natural zero 

crossing of the ac arc [69]. Selection of insulator type, material, and string configuration 

for HVDC is complex and site-dependent. This issue is explained in greater detail in Chap-

ter 3. 

Insulators for high voltage power transmission may be made from ceramics (glass or porce-

lain) or of polymer composite configurations [11]. Two basic insulator configurations have 

proven useful for HVDC: One of which is comprised of individual cap and pin “discs” 

which are used in sufficient number to accommodate the voltage for which they are se-

lected; the other being “long rod” insulators consisting of a central glass core for mechan-

ical support surrounded by a molded polymer core with “skirts” to accommodate contam-

ination [11].  The schematic of cap and pin and long rod insulators are shown in Figure 

2-8. 

 

Figure 2-8 Schematic of typical cap and pin and long rod insulator [70] 
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Cap and pin insulators consist of a ceramic shell to which metal cap and pin components 

are cemented to provide a means of attaching insulators to each other and to the tower and 

the line hardware. This configuration provides flexibility within the insulator string. Cap 

and pin insulators have good mechanical strength and a long term track record. However, 

they are heavy and expensive [11]. Long-rod insulators can be adapted in length to the 

applied voltage or connected in series for higher dc voltage applications. There are two 

popular long-rod insulator options: 

 Long-rod ceramic insulators are one-piece units of varying length made of glass or 

porcelain. They have a long term track record of almost 40 years and have demon-

strated moderately satisfactory performance [11]. 

 A newer insulator technology consists of an interior rod for mechanical strength, sur-

rounded by a molded polymer outer surface with skirts optimally contoured for dc 

applications. They are significantly lighter and their performance in contaminated 

environments is considerably better than ceramic insulators of equal length. Further-

more the hydrophobic property of the exterior surface material discourages wetting, 

thus increasing electrical withstand strength per unit length in comparison with disc 

insulators.  However, this is relatively a new technology with a limited experience 

base on which to base life expectancy [11].  

2.4.3 Conductors 

The most commonly used conductor material options for overhead transmission lines, as 

with cables, are copper and aluminum.  Although copper has higher conductivity, alumi-

num is more popular for overhead lines due to its lower costs and higher strength-to-weight 
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ratio, the latter causing less conductor sag and thereby allowing for greater span lengths. 

Aluminum Conductor Steel Reinforced (ACSR), Aluminum Conductor Composite Rein-

forced (ACCR), Aluminum Conductor Composite Core (ACCC) and All Aluminum Alloy 

Conductor (AAAC) are different available conductor technologies that achieve higher 

strength to weight ration while maintaining the electrical performance of aluminum [4].  

Corona effects on high voltage power transmission, explained in Chapter 3, cause limited 

environmental issues as well as some degree of power loss and interference with commu-

nication circuits. In order to reduce this corona effect, more than one conductor per pole is 

normally used at the higher dc voltages. “Bundled” conductors consist of several parallel 

conductors, often in a cylindrical configuration, connected at intervals by spacers. The op-

timum number of conductors depends on both the current rating and the voltage level. For 

HVDC applications, normally the number of the conductors in a bundle is between two 

and six conductors [38]. 

2.4.4 Right of Way 

In today’s world, where real estate cost, agricultural and ecological impacts are of very 

high significance, the right of way has become a critical component of a transmission line. 

It must provide adequate width to eliminate the risk of having the transmission line inter-

fere with use or safety of adjacent properties and managed to minimize the risk of flasho-

vers of the line due to vegetation adjacent to energized conductors. Failure to preserve a 

ROW adequately can result in dangerous situations, including ground faults. The ROW 

must also be adequate for line construction and access to transmission towers and other 

line components for ground-based inspections and maintenance. In some cases, access 
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roads constitute a portion of the ROW, providing more convenient access for repair and 

inspection vehicles [4]. In Chapter 3, the main issues relating rights-of-way to transmission 

line design will be explained. 

2.4.5 General Specifications of the Existing HVDC Overhead 

Lines 

Typical example configurations and dimensions of HVDC transmission lines already op-

erating in many parts of the world are presented in Table 2-1 [47], [69], [70]. This table 

will be used as a basis for assessing the advantage of a proposed new compact design which 

is proposed in this thesis.   
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Table 2-1 Configurations and dimensions of typical existing HVDC transmission lines



 

Chapter 3   

A New Approach for Compaction of 

HVDC Transmission Line Design 

 

Chapter 2 described the essential components of modern HVDC systems including the ac-

dc converter, dc overhead transmission lines and underground cables and related elements. 

Underground cables have the advantage of low visibility and minimal right of way (ROW) 

over transmission lines. However, an underground cable can be four to fifteen times more 

expensive than an overhead line depending on the voltage level and the line route [36]. 

This is due to time, materials, process and other issues such as going under a road, highway, 

or river and also avoiding other underground installations such as water, gas, and sewer 

lines [36], [37]. An important contribution of this thesis is the investigation of whether the 

ROW and tower height of overhead lines can be significantly reduced so that they might 

be more acceptable to the public. This would result in a significant cost saving over em-

ploying underground cables. The converter topology in this thesis is assumed to be voltage 

sourced converter based, as this is the most modern configuration. 
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This chapter first discusses basic overhead line design parameters and their impact on the 

ROW width and tower height. Then, based on this discussion, a new compact dc overhead 

transmission line is proposed; one which results in a much smaller ROW so that it not only 

lessens the visible impact of new lines but adapts them to ROWs too narrow for conven-

tional construction, e.g. road- or rail-side routes. In later chapters, electrical aspects of the 

compact design, such as overvoltages and lightning performance will be considered. 

3.1 Overview of the Line Design Parameters  

This effort began with a comprehensive literature review to investigate line design param-

eters and their interdependence, as summarized in Figure 2-1 [4], [38], [45], [47], [69], 

[70], [71], [72]. As shown in this figure, the variables effecting HVDC tower height and 

ROW width are very complex and interrelated.  While this figure has little to do with design 

procedures, it illustrates that virtually every design variable affects either tower height or 

ROW width, or both, and is therefore germane to the compaction issue.  

 



Chapter 3    39 

 

 

Figure 3-1 Functional relationships affecting tower height and ROW width 
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HVDC transmission line design must be based on power transfer requirements and voltage 

options. After this, the transmission line electrical configurations (e.g. monopole or bipole) 

are considered, as are alternative tower-top geometries, conductor type and configuration, 

and pole spacing – the latter all subject to studies of electric field effects, corona effects, as 

well as overvoltages and their impact on insulation coordination.  The foregoing establishes 

the width of the required ROW.  On that basis the mechanical design of the towers and 

foundations can be considered, and the mechanical stresses on conductors and shield wires 

can be determined. Finally the economics including direct costs, cost of losses, operation 

and maintenance cost over anticipated line life, is evaluated. This design process is iterative 

as the design criteria can be satisfied by multiple parameter solutions [47], [70].  

This chapter will discuss those variables having the greatest impact on the vertical and/or 

horizontal ROW requirement to demonstrate viability of the proposed designs. It should be 

realized that the final design will require interaction between planners and designers and 

can only be reached when electrical, mechanical, civil and environmental aspects are all 

taken into account, considering both performance and costs [47]. The electrical aspects 

related to compact dc transmission line design will be investigated in the following chap-

ters. 

Throughout this research, Manitoba Hydro’s Bipole III transmission line [68], illustrated 

in Figure 3-2 and with parameters as listed in Table 3-1, is used as the example of a con-

ventional overhead dc line for comparison with the proposed innovative designs. 
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Table 3-1 Bipole III conductor and insulator parameters 

Pole  
Conductor 

Type 806-A4-61 AAAC   
(equivalent to 1,590 MCM ACSR) 

Total bundled sub-conductor  3 
 Diameter 38.01 mm (1.50 in.) 
Sub-conductor spacing 457 mm (18 in) 
Pole to pole spacing 15.5 
Conductor mass 2.354 kg/m 

Shield Wires 
Total bundled sub-conductor 1 
 Diameter 18 mm (0.7 in.) 

Insulator 

Suspension configuration  I-string 
 Number of discs 25 
Diameter 380 mm 
Weight per disc 15.4 kg 
Insulator length 5 m 

 

 

Figure 3-2 Lattice tower design for Bipole III in Manitoba [68] 
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3.2 Right of Way Width Components 

As shown in Figure 3-3, ROW width is comprised mainly of the pole-to-pole spacing, 

conductor outswings and lateral safety clearances that can be formulated as follows [47], 

[73]. 

    PSdRSLROW  2sin min  3.1  

where: 

dmin = lateral clearance for operating voltage and safety 

R     = bundle radius (m) 

L     = insulator string length if I- string (L is zero in this formula for V-string insulators) 

S     = conductor sag 

θ     = maximum swing angle due to maximum wind (e.g. 50 year return)  

PS   = pole to pole spacing of the conductors 

 

 
Figure 3-3 ROW width determinants 
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 Pole to pole spacing, PS, controlled by tower top geometry, must ensure adequate 

electric clearances both between the high voltage conductors and tower structures as 

well as between conductors along the span. Minimum pole spacing must also limit the 

maximum surface gradient of pole conductors to a reasonable level [45].  

 Conductor mid-span outswing depends on insulator configuration, conductor sag and 

the assumed wind-dependent swing angle, θ [74]. 

 Lateral clearances, dmin, are based on safety standards between the conductor and the 

ROW edge under maximum assumed swing. They are a function of operating voltage, 

overvoltage levels and the proximity of any neighboring structures [73]. 

3.3 Overview of Compact Design Criteria 

Compacting can be viewed in two different ways:  

 A means to maximize transmitted power on a given ROW [75] or inversely,  

 A means to minimize the ROW for a given power transfer requirement.  

This thesis considers the latter, i.e., compaction refers to minimizing both tower height and 

right of way width requirements for a given voltage and MW rating for HVDC transmission 

systems with overhead lines.  The elements that influence the tower top geometry and the 

conductor sag as well as their interrelationship with pole to pole spacing and conductor 

blow out, are considered in the following sections. 
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3.4 Tower Top Geometry Consideration 

Tower top geometry is governed by clearance requirements and the number, type and con-

figuration of insulators used. The number of dc disc insulators or the length of long-rod 

insulators is based on dc voltage withstands under the pollution conditions prevailing on 

the ROW. Service experience has shown that the most critical factor affecting the perfor-

mance of dc systems is the behavior of the insulators under normal operating voltage [69].  

HVDC operating experience has shown that insulator flashovers due to contamination 

and/or wet weather conditions occur under normal operating voltage. Altitude and other 

environmental factors, such as fog or salt spray, also need to be considered [69]. The re-

sulting withstand is then adjusted, if necessary to accommodate anticipated switching over-

voltages under normal weather conditions [76].  

Horizontal clearances between pole conductors and tower members or, in the absence of 

an intervening structure, between pole conductors themselves, depend on the maximum 

expected overvoltage [47]. Adequacy of clearances to tower and guy wires must be also 

verified considering insulator swing due to wind, explained in Section 3.4.4.   

3.4.1 Insulator Properties 

Pollution such as salt or industrial waste is attracted to the surface of dc insulators. When 

subject to atmospheric moisture, this can form a conductive path causing leakage currents 

and eventual flashovers [69]. Thus pollution severity will directly impact the withstand 

strength of insulators or, conversely, the insulator string length required for satisfactory 
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performance.  The appropriate insulator design for dc lines can be obtained through a sta-

tistical determination of pollution severity as well as knowledge of insulator performance 

under specific pollution conditions [76]. A large number of test results [77], [78], [79], 

show that the relationship between the pollution severity and the flashover voltage can be 

described as  

 αAγU   3.2  

where U is the flashover or withstands voltage, γ is the pollution severity, and A and α are 

empirically determined constants related to the shape and material of insulator. Because 

the nature of pollutants varies quite widely, industry has used salt contamination as a stand-

ard for gauging pollution performance of various insulator types and lengths. Thus the pol-

lution severity in equation 3.2 is usually defined in terms of the Equivalent Salt Deposit 

Density (ESDD) for field measurements and as Salt Deposit Density (SDD) for the clean-

fog (or solid layer) laboratory tests in mg/cm2 [79], [76]. 

High voltage insulators for outdoor use are shaped to maximize the length of the leakage 

path along the surface from one end to the other, called the creepage length, thereby mini-

mizing leakage currents [76]. The creepage distance of an insulator, often identified as the 

Unified Specific Creepage Distance (USCD) is used to determine the insulator dimension 

for pollution performance. It is expressed by the leakage distance (or creepage distance) of 

the insulator in mm divided by the flashover or withstand voltage in kV as: 

 αB γUSCD   3.3  
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where B and α are an empirically determined constants. Research based on uniform artifi-

cial pollution tests for dc insulators, shows that there is a nearly linear relation between the 

dc pollution flashover voltage and the disc type insulator string length [77]. [80]. 

3.4.2 Impact of the Insulator Options on Compaction 

The constants used in the above empirical formulae (Equations 3.2 and 3.3) show that the 

insulator material, shed shapes and suspension string configuration will impact the effec-

tiveness of the creepage distance and as a result, the critical flashover voltage.  

Typical insulators used for HVDC overhead transmission line applications were discussed 

in Chapter 2. The fundamental design details of both material and strings (overall length, 

creepage distance, maximum shed diameter etc.) are governed by requirements specific to 

the project to which they are applied. For a given project the design process steps are [81]: 

1) identify candidate insulators (material, profile) 

2) assess the environmental and system stresses  

3) determine specific characteristics and dimensions of insulator options 

4) verify the selection(s) made. 

The detailed theory of insulator design, while based on well-established practices is beyond 

the scope of this thesis. However factors such as materials, insulator types and suspension 

configurations which are particularly germane to compaction of the line will be addressed 

in succeeding paragraphs. 

For a given length, insulator types and materials differ over a range of roughly 1.3 to 1 in 

their ability to sustain dc voltage under pollution conditions [69]. Recent studies [77], based 

on artificial pollution and field tests, show that glass insulators have better antipollution 
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performances than porcelain insulators with the same profile. However the effectiveness 

of leakage distance as well as the pollution flashover withstand of composite long-rod in-

sulators is much superior to either porcelain or glass disc insulators [77], [83]. Moreover, 

as salt deposit density increases, the effectiveness of leakage distances of the composite 

insulators will increase and that of the porcelain and glass insulators will decrease [77]. 

Schematics of different insulator suspension strings are shown in Figure 3-4. Selection of 

insulators for compaction of dc lines requires careful attention, since the length of suspen-

sion string configurations will impact pole-to-pole spacing, tower height, and ROW width. 

For example a 30% gain in pollution withstand per meter of string length, combined with 

a shift from tangent strings to 90o V-strings could, for typical 500 kV line dimensions, 

shorten the suspension distance (and the tower) by about 1.3 m [82]. 

 

 

Figure 3-4 Schematics of different insulator suspension strings 

 

The insulator suspension angle at the tower not only defines the tower top geometry, but 

also impacts the arcing process and the leakage currents and consequently the insulator 

withstand voltage level [47]. Both insulator cross arms and V-string configurations main-

tain the conductor at a fixed location from the tower, thus preventing insulator movement 

from conductor outswing caused by wind.  However V-strings require a wider cross arm 
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section at the tower than do I-strings [47]. The Y-string has partly the benefit of both V-

string and I-string in terms of a more compact tower top geometry and minimum conductor 

outswing at the tower. However, this design is usually not recommended for ultra-high 

voltage transmission dc lines, since the flashover voltage of the Y-string is much lower 

than the I-strings or V-strings for the same number of insulator units due largely to the fact 

that unequal leakage current per path distorts voltage distribution [80].  

Bell-type and tri-shed are two common insulator shed types, as shown in Figure 3-5. Disc 

insulators for HVDC applications most commonly have bell-type (or anti-fog) profiles with 

a relatively high creepage distance per unit. Typical shed profiles utilized on long-rod in-

sulators are of tri-shed type [80]. 

Tests on the bell-type V-string insulators showed, for angles of 60° or 90°, arcs easily lev-

itate from the insulator surface, dropping the flashover voltage compared to I-strings. How-

ever, when the V-string angle is 120°, part of the arc develops along the insulator surface, 

so the withstand voltage is much higher than the I-strings or the V-strings with an angle of 

60° or 90° [80], [84]. 

For tri-shed V-string insulators, the flashover voltage for 60° is much lower than for I-

strings since, in the former case, arcs easily levitate from the insulator surface. However, 

when the V-string angle is equal to or greater than 90°, the flashover performance is similar 

or better than the same strings at 60°, partly because the arc propagates along the insulator 

surface while most of the arc levitates from the insulator string. The flashover voltage of 

the V-strings at 90° and 120° are slightly higher than the I-string [80], [84]. 



Chapter 3    49 

 

 

Figure 3-5 Bell-type and tri-shed insulator configurations [80], [84]  

 

Because arc levitation on the surface of the tri-shed insulators is much more significant 

than on bell-type insulators, the flashover performance of bell-type insulators (I-, Y- and 

V-strings) is better than the tri-shed insulators [80]. 

3.4.3 Overvoltages in dc Transmission Lines 

Horizontal clearances between pole conductors and tower members are governed mainly 

by the maximum expected overvoltage [45]. Overvoltages in overhead transmission lines 

are mainly categorized into temporary, slow-front and fast-front overvoltages according to 

the rise time and duration of the overvoltage [47], [85]. 

Temporary overvoltages may occur due to mal-operation of the controller system in the 

HVDC converter station, line energization and reclosing. However, normally for line en-

ergization, the dc voltage is ramped up smoothly from zero, and for the line reclosing, the 

trapped charge will be eliminated through the line de-energization process to limit the over-

voltages [47]. 

Slow-front overvoltages on dc transmission lines generally happen due to ac or dc side 

fault occurrence and clearing process [47]. However, the most significant slow-front over-

voltages come from single pole to ground faults and occur on the un-faulted conductor. 
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The magnitude and duration of the slow-front overvoltages depends on converter technol-

ogy, system configuration, line length, fault location, and smoothing reactor. 

Fast front overvoltages are mainly caused by lightning surges directly striking the conduc-

tor, or the tower and shield wires that may result in insulator back flashover. The crest 

times of the fast front overvoltages are from 0.1–20 µs. The overvoltages caused by light-

ning depend also on the tower geometry and footing resistance of the towers [85], [86]. 

In order to determine the tower top minimum air clearances for HVDC voltage levels, con-

tinuous operating voltage and temporary overvoltages have negligible impact because the 

required voltage withstand strength is mainly affected by slow front and fast front over-

voltages [87].  

As mentioned earlier, most VSC HVDC projects use either symmetrical monopoles or 

grounded bipole configurations. LCC HVDC is a mature technology and all dc overvolt-

ages associated with it are well known [47]; studies show that lightning and fault overvolt-

ages on the dc side of LCC systems are generally in the range of 1.8 to 2.3 pu, when the 

maximum overvoltage happens for an earth fault in the middle of the line [47]. Faults in 

other locations produce smaller overvoltages. 

 However there is no corresponding experience base for dc overhead lines which use mod-

ern Modular Multilevel Converters (MMC). The proper design of controllers for MMCs, 

especially with full-bridge converters, can reduce the slow front overvoltage levels for-

merly associated with LCC cases, thus reducing clearance requirements and facilitating 

compaction.  A comprehensive slow front overvoltage assessment of MMC HVDC is pre-

sented in Chapter 5. The lightning performance and fast front overvoltage analysis of the 

compact and conventional dc overhead lines are also presented in Chapter 6. Moreover, the 
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application of a properly designed line surge arrester, which can limit these overvoltages 

based the design criteria, is discussed in these chapters. 

3.4.4 Wind Loads on the Insulator Strings and Insulator Swing Angle  

Wind force may cause conductor swing and thus reduce clearances to grounded tower 

members.  Thus when I-type suspension strings are used, lateral wind loads are important 

in defining the tower top geometry [45]. In this case, conductor position depends both on 

wind action, which varies with time and location, and line parameters such as conductor 

type, ratio of the wind span to weight span, etc. The mean swing angle of an insulator set 

can be derived as a function of the wind loads on the conductors and the insulators and 

expressed as [88]: 
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Where: 

  air density corrected for temperature and altitude; 

Vz mean wind velocity (e.g. 50 year return) at the height z above ground; 

Cxc drag coefficient of conductor which is 1.0 for the generally considered stranded 

conductors and wind velocities; 

GC combined wind factor for the conductors, which is a function of the height z 

and the terrain categories listed in Table 3-2, as shown in Figure 3-6; 

GL span factor shown in Figure 3-7 as a function of the height; 
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d conductor diameter [m]; 

n number of sub-conductors; 

LW wind span of the conductor [m]; 

Cxi drag coefficient of the insulator set, Cxi = 1.2; 

Gt combined wind factor for insulators, which is a function of the height z and the  

terrain categories listed in Table 3-2, as shown in Figure 3-8; 

Si insulator set area exposed to wind [m2]; 

mC linear mass of the conductor [kg/m]; 

LC weight span of the conductor [m]; 

g gravitational acceleration, g = 9.81 [m/s2]; 

Mins mass of the insulator set [kg]; 

 

Terrain categories are classified as shown in Table 3-2 [88]: 

Table 3-2 Terrain categories 

A Large stretch of water upwind, flat coastal areas 
B Open country with very few obstacles, airports or 

cultivated fields with few trees or buildings 
C Terrain with numerous small obstacles of low 

height (e.g. trees, buildings) 
D Urban areas or terrain with many tall trees 
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Figure 3-6 Combined wind factor Gc for conductors [IEC 2167/03] 

 

Figure 3-7 Span factor GL [IEC 2168/03] 

 

Figure 3-8 Combined wind factor Gt for insulators and supports [IEC 2169/03] 
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To determine the average swing angle of a conductor and insulator, one need only consider 

the mean value of wind velocity over a sufficient long period of time. Wind action is eval-

uated on the basis of a reference wind VR, usually defined as the mean value of wind during 

a 10 min period at a level of 10 m above the ground [45]. Wind velocities increase with the 

height above ground level and the relationship between the mean wind velocities, Vz , and 

the wind at a height above the ground, z, can be calculated by the so called “power law” 

[45] which is expressed as: 

 )/( RRz zzVV   3.5  

where VR is the reference mean wind velocity for the reference height ZR and α is the rough-

ness exponent depending on the terrain category (α is 28.0 ,22.0 ,16.0 ,12.01.0   for ter-

rain category A, B, C and D respectively [45]) 

As cited previously, most of the parameters in equation 3.4 are affected by insulator height. 

The following section will consider the impact of sag and span on the tower height. As-

sume, for example, that the average insulator height for conventional design with span 

length 488 m is 37 m and for a low profile design with the span length of 258 m that height 

is 22 m (issues explained more in the following section). Assume further that the reference 

wind is VR (10m/10min) =20 m/s., using 3.4, for I-string insulators in terrain type B, the mean 

swing angle ( 2ins =44.710)  for low profile designs is slightly smaller than that for a con-

ventional design ( 1ins =51.780) . 
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3.5 Influence of Span and Sag on ROW Width 

Reduction 

The conductor profile within a particular transmission line span conforms to a set of hy-

perbolic functions which describe catenary curves [89]. For a cable with a span length , 

the maximum sag 	in	meter, i.e. the vertical distance between the point of attachment and 

the cable at the lowest point in the span, is described by the hyperbolic function:  

 ]1)
2

[cosh( 
H

wl

w

H
S  3.6  

where H is the horizontal tension at each end in kg, w is weight per unit length in kg/m, 

and l is the span length in meter. This function is nonlinear and is not simple to work with 

for lines with multiple spans. For this reason, it is often simplified by linearizing around = 

0 as follows [71]: 

 
T

wl
S

8

2

  3.7  

Thus in a flat terrain, for a given conductor choice, stringing tension, electrical loading and 

weather context, sag is approximately proportional to the square of the span length [71]. 

Therefore reducing the spacing between towers has a significant effect in reducing sag, and 

consequently tower height and conspicuousness. In the general range of spans used for 

HVDC lines, cutting span length in half will reduce the sag by 75%, a reduction translating 

directly into reduction in tower height for a given ground clearance requirement. Such a 

gain obviously requires more towers per km, though each with proportionately less wind 

and weight loading. Although it could be argued that more towers per km give a poorer 

visual impact from close by, overall, they are more likely to be visually acceptable as their 
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lower height makes them blend into the background especially when viewed from a dis-

tance. With foreground trees, they may even not be visible at all.  

Figure 3-9 shows an example of a 500 kV dc tower with a typical span length of l1 = 488 

meters, conductor height at the tower of 34 meters, and a mid-span clearance of 13.2 meters 

[68]. It also shows a hypothetical low-profile tower of equal voltage and MW capability 

with identical conductors and tension, but with span length of l2=258 meters and, as a re-

sult, sag reduced from S1 = 20.8 meters to S2 = 5.8 meters. As shown in Figure 3-9 the 

minimum clearance established either by safety codes or ground level field effects, dis-

cussed later, must be maintained for both structures. 

 

 

Figure 3-9 Comparison of longitudinal profiles 

3.5.1 Wind Loads on the Conductors and Conductor Swing Angle  

The wind load FWC on the conductors with the wind span of LW due to the effect of the 

perpendicular wind pressure is expressed in equation 3.8 [88]. The parameters are as ex-

plained for equation 3.4. 

 wLcxczWC LndGGCVF  2)2/(  3.8  
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From Equation 3.8, the mean swing angle c of a conductor in a horizontal span, when the 

wind and weight spans are equal can be derived as: 

 )]/()2/[(tan 21 gmdGGCV cLcxczc     3.9  

The average height of the conventional design with span length 488m is 20.13 m, whereas 

the average height of the low profile design with the span length of 258m is 15.13 m. 

Assuming the reference wind is VR 10m/10min =20 m/s, therefore, using 3.9, the mean swing 

angle in terrain type B, for conventional and low profile designs, 1c  and 2c  respectively, 

are: 

o
c 6.45)]8.9354.2/(038.02.292.00.1)20)10/13.20((225.15.0[tan 216.01
1  

o
c 2.43)]8.9354.2/(038.01.2975.00.1)20)10/13.15((225.15.0[tan 216.01
1  

 

Figure 3-10 shows further the influence of sag on both tower height and ROW requirements 

which are based on a wind blow-out angle of 45o for each structure. It should be noted that 

the actual angle is governed not only by conductor configuration and wind assumptions, 

but also by ice-loading which influences sag itself and which is assumed to be the same for 

both structures [88]. In this example, assuming an insulator length of 6m for a 500kV trans-

mission line, the blow-out distance for the conventional structures, referring to Figure 3-9, 

is almost 9.37)sin()(2  cSL  m, and will be reduced to less than half, i.e., to 16.7m 

for the low profile compact design illustrated in Figure 3-9. Note that using a V-string 

insulator can reduce the blow-out distance further to 8.2m for the low profile structure with 

the same swing angle. 
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Figure 3-10 Sag’s effect on tower height and ROW width 

 

Without a concern for compaction, the economic optimization of HVAC and HVDC trans-

mission lines simply minimizes the aggregate cost of structures, conductors, including fu-

ture losses, and foundations per kilometer, ignoring ROW width [70], [90]. Compaction 

adds an additional ROW width constraint. In some cases, additional (but sometimes less 

tangible) cost advantages could be considered in the optimization such as a time cost to 

obtaining ROW permission.  

In forested areas shorter spans and reduced conductor blow-out require fewer trees to be 

cut, and therefore more carbon dioxide (CO2) to be sequestered from the atmosphere. It 

also saves maintenance costs related to regular cutting under the lines. In such areas, the 

cost of footing increases less rapidly with height, particularly if the average conductor 

height is at tree level or lower [88]. In agricultural areas, smaller corridors reduce the losses 
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due to land future value, land income and harvest losses and the time and cost of cleaning 

out weeds [34]. An objective function for finding the optimum span considering the mate-

rial, labor cost as well as ROW width is described in Appendix A. 

3.6 Conductor Selection 

For a given span length, conductor selection can have an important bearing on both sag 

and conductor blow out. For example, for equal aluminum cross section area, flat stranded 

conductor can reduce both diameter and wind loading by 8% - 11% with corresponding 

reductions in conductor blow out and ROW requirement [91]. This reduction in wind load-

ing would be roughly equivalent to a span reduction of 16% - 21% with the approximation 

that sag ≈ span2 [71].  Flat stranding also reduces ice loading and ice-burdened sag, where 

applicable [91]. 

Conductors with solid aluminum alloy and aluminum strands or with aluminum strand and 

small carbon fiber center for strength are increasingly popular. Both are lighter than ACSR 

and can have less sag for equal tension [4].  

Bundling of conductors, while having obvious advantages in voltage gradient control, also 

increases lateral wind-loading and the consequent ROW width component associated with 

conductor blow-out [91].  For a fixed total cross-section area per pole, the sum of conductor 

diameters  against which wind force will be felt is, neglecting shielding effects, propor-

tional to √n  where n is the number of conductors per bundle. Thus going from one to four 

conductors, for the same total area, will approximately double the wind surface exposure 

and blow-out force [91]. 
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High Temperature Low Sag (HTLS) conductors can, in the limit, reduce sag by the differ-

ence between low and high temperature operation of a normal conductor [92]. As an ex-

ample 795 kcmil 54/7 ACSR conductor, the difference in sag over a temperature range 

from 120o F (49o C) and -20o F (-29o C)  is approximately 3 meters over a wide range of 

span lengths [92], [93]. Completely eliminating that sag difference for such cases would 

lower tower height by 3 meters while keeping equal ground clearance. It would also reduce 

ROW width required by )sin(32 c meters where c is the conductor blow-out angle.  

3.7 Tower Design 

HVDC lines use a wide variety of both lattice and steel pole tower designs [4], [69]. Figure 

3-11 illustrates their suspension principles only. The simplest T tower configurations in 

Figure 3-11a and Figure 3-11b may use either I or V insulator systems. The inverted U 

tower configurations as in Figure 3-11c and Figure 3-11d, allow closer pole-to-pole spac-

ing, which could result in smaller ROW. On the other hand, a variety of free standing sup-

port systems, as one of them is shown in Figure 3-11e, can be used either for bipolar sys-

tems or (singly) for monopolar systems.  As explained before, constrained suspension con-

figurations such as the V string can reduce both tower height and blow-out related ROW 

width.  Configurations which interpose no metallic structure between poles eliminate struc-

ture width as a component of minimum ROW requirement. The table in Figure 3-11 indi-

cates the factors to be considered in assessing the contribution of the tower itself to ROW 

width requirements assuming (a) the insulator configuration itself is adequate for both 

steady-state operation under representative pollution conditions and overvoltages to 
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ground; and (b) pole spacing does not result in excessive conductor surface gradient. Tower 

material is minimized with options “a” and “b” in Figure 3-11 and increased in c, d and e 

of that figure.  

 

Figure 3-11 Basic tower configurations and configuration-related factors affecting poles spacing 

 

Figure 3-12 compares a conventional lattice tower with a low profile pole tower, both con-

figured as type ‘a’ illustrated in Figure 3-11 [43], [68]. Public acceptance of new HVDC 

lines can be enhanced by both compaction and aesthetically pleasing design as shown in 

Figure 3-13. For example, a documented study from the United Kingdom, focused on pub-

lic acceptance of the T-pylon design, asked 2500 people what type of tower they preferred; 

39% were in favor of the lattice tower, 56% in favor of the T-Pylon [41].  As for tower 

land use, the T-pylon is approximately 1.8 meters in diameter at ground level, requires 2.6 

m2 of total footing area uses no guys whereas the self-supporting lattice tower (7.85 ×7.85 

m) requires a footprint of 61 m2.  
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Figure 3-12 Comparison of HVDC Tower Options with equal mid-span ground clearance and thermal load-
ing of 3800 MW at 500 kV [9], [13] 

 

 

Figure 3-13 Modern pole tower structure for HVDC Transmission (courtesy of Bystrup) 
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3.8 Conductor Surface Voltage Gradient 

The corona performance is an important considerations in designing high voltage transmis-

sion lines. It is usually defined by the resulting effects such as corona losses (CL), audible 

noise (AN), radio interference (RI), etc. The corona discharge phenomenon is mainly in-

fluenced by the electric field, or voltage gradient, at the surface of the conductor [38]. The 

appropriate electromagnetic model to calculate the conductor surface voltage gradient is 

the quasi static model, in which the electric field distribution is determined directly from 

the physical parameters of the line configuration and the voltages applied to the conductors 

[38]. The main physical parameters of the line consist of the conductor diameter, number 

for the conductors in a bundle, spacing between the conductors and the conductor average 

height above the ground plane of the conductors.  

Calculating the conductor surface gradient is quite simple for a transmission line using a 

single conductor, but becomes more complicated for bundled conductors, especially as the 

number of conductors in the bundle increases. Various methods have been developed to 

calculate the conductor gradient. An easy to use method is the Markt and Mengele’s 

method [94], whereas the method of successive images [95], the method of moments [96] 

and the charge simulation method [97] are more accurate calculation methods that can be 

used when there are a large number of sub-conductors in the conductor. 

However, irrespective of the method of calculation, this is still inherently a complex prob-

lem due to the practical aspects of transmission line configurations, such as variation in 

conductor sag due to changes in the conductor temperature, proximity of transmission tow-

ers, uneven ground surface, finite ground conductivity, non-uniformity of the conductor 
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surface resulting from conductor stranding and other surface irregularities such as nicks, 

scratches, material deposits, etc. [98]. Thus there is always a degree of uncertainty in the 

values of the physical parameters used for the calculations and eventually in the value of 

the calculated voltage gradient [98]. 

Hence a number of assumptions [38], [98] which are used in each of the methods are: 1) 

an equivalent height above the ground (H-2/3S), also known as average height, is assumed 

for each conductor where H is the conductor height at the tower and S is the conductor sag; 

2) the horizontal spacing between the conductors remains constant at a specified value; 3) 

the conductors are assumed to be smooth cylinders with diameters equal to the outside 

diameters of the actual stranded conductors, so the calculated gradients are nominal values; 

4) ground is assumed to be an infinite horizontal conducting plane surface and the conduc-

tors are assumed to be infinitely long circular cylinders parallel to each other and to the 

ground plane; 5) the proximity effect on electric field distributions of individual conductors 

in a bundle is ignored, and a uniform field density is assumed. 

A broad survey of methods for calculating transmission line conductor surface gradient 

indicates that errors due to the method of calculation of up to ±2% are acceptable for con-

ductor surface voltage gradients [98].   Due to this fact, Markt and Mengele's method gives 

sufficiently accurate results for practical transmission line configurations with up to four 

sub-conductors in the bundle [98]. For line configurations using more than four sub-con-

ductors in the bundle, more complex methods such as the method of successive images are 

required to achieve results of acceptable accuracy [98].  Hence Markt and Mengele's 

method is used in this thesis to calculate the voltage gradient of the proposed compact 

transmission line. The results from this method were deemed adequate for this initial study 
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of the phenomena and could be improved with a more accurate consideration of the prox-

imity effect between conductors. This is left for future work. The details of the derivation 

of this method is explained in [38] and also summarized in Appendix B.  

Note that for dc voltages, the electric field at any point remains constant, however, it is not 

uniform around the periphery of a conductor and has points with the defined maximum and 

minimum values. Experiments have shown that corona effects can be most conveniently 

characterized by the maximum conductor gradients [69]. In the bundle of two or more sub-

conductors, the values of maximum gradient of each can be different. In this regard, the 

maximum bundle gradient is defined as the highest value among the gradients of individual 

conductors and the average-maximum bundle gradient is defined as the arithmetic mean of 

the maximum gradients of the individual sub-conductors. Since in most practical cases, the 

difference between maximum and the average-maximum values is only around 1-4%, it is 

common practice to use the average-maximum value and refer to it as the maximum gra-

dient [69]. 

The maximum gradients of the proposed compact line as well as the conventional line de-

scribed in Section 3.1, calculated based on Markt and Mengele's method, are presented in 

Table 3-3. Note that the two shield wires that are used in compact line slightly increase the 

voltage gradient on the conductors from 23.15 kV/cm to 23.41 kV/cm. 

 

Table 3-3 Conductor surface voltage gradient of the compact and conventional line 

 
PS Havg BS N D 

Max surf gradient 
with shield wires 

[m] [m] [cm]  [mm] [kV/cm] 
Conventional DC line 15.5 20.13 45.7 3 38.01 22.18 
Compact DC line 13 15.13 45.7 3 38.01 23.41 
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In practical cases, it is recommended that the resulting effects of corona discharge of the 

transmission lines can be limited to acceptable levels by limiting the conductor surface 

gradients to about 25 kV/cm [38]. The voltage gradient of a number of HVDC lines from 

all around the world are given in [44]. In the analysis presented in [44], it is shown that the 

line parameters that have a major impact on the value of the conductor surface voltage 

gradients are the number and diameter of sub conductors in the bundle. Thus in high volt-

age transmission applications, the overall conductor size is often established by corona 

performance rather than current-carrying capacity [69]. In this case, the conductor diameter 

can be increased from 38.01 mm to about 40.7 mm for the compact line to compensate the 

additional voltage gradient on the conductors compared to the conventional line. 

It is also shown in [44] that pole to pole spacing and average conductor height has minor 

impact on the conductor surface voltage gradient. For example in this case, the conductor 

surface gradient of the compact line will be only reduced to 22.76 kV/cm, if the pole to 

pole spacing of the line is maintained the same as the conventional line, i.e. 15.5 m.  

3.9 Ground Level Field Effects 

Another important impact of corona discharge on HVDC lines is the generation of ions of 

the positive or negative polarities filling the space between the conductors and the ground 

below and in proximity of the conductors. Human perception of this phenomena, such as 

hair stimulation and tingling sensations, is due both to the perception of the highly variable 

flow of ions to the ground, J, and the electrical gradient at ground level, E,  which is en-

hanced by the ion flow [38]. 
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Hence the design of HVDC transmission lines also requires the ability to predict ground-

level electric field and ion current distributions. The space charge fields are influenced, in 

addition to the line voltage and geometry, by ambient weather conditions such as temper-

ature, pressure, humidity, precipitation and wind velocity as well as by the presence of any 

aerosols and atmospheric pollution [38]. Therefore, prediction methods should be based on 

a combination of analytical techniques to calculate the space charge fields and accurate 

long-term measurements under experimental as well as operating HVDC transmission lines 

to validate the analytical technique and justify their assumptions for the calculations [44].  

It was shown in [38], [44] that the ground-level electric field and ion current distribution 

under HVDC transmission lines depends mainly on the conductor size and the minimum 

conductor height above ground of conductors. Pole spacing has a minor influence on the 

ground level electric field and ion current distributions [44]. Hence the proposed compact 

design maintains the same minimum conductor to ground clearance as the conventional 

line. The study results of the field effect performance of the Manitoba Hydro Bipole III 

transmission project is presented in [99]. 

A review of the scientific literature indicates that exposure to the levels of dc electric field, 

E, and ion current density, J, existing under operating HVDC transmission lines poses no 

risk to public health, but may cause some induced current and annoyance effects in humans 

[100]. In minimizing conductor spacing and height, compacting HVDC lines requires a 

much more careful assessment of acceptable field and corona and ground field effects than 

for conventional construction. As more compact and lower profile means of HVDC trans-

mission are sought, the prospect that ground field effects will impose a limit to dc voltage 
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increases, as does the incentive for both a better understanding of those limits and of pos-

sible means for their amelioration.  

In an effort to establish design criteria for levels unlikely to produce human complaints, 

based essentially on the results of the controlled scientific study of Blondin et al [101] on 

human subjects, experts have recommended that, at ground level, electric fields as cited 

above, not exceed E=25 kV/m and that ion current density not exceed J=100 na/m2 [38].  

But levels of both E and J vary over an extremely wide range since ion generation varies 

with both dc operating voltage and weather while the flow of ions is affected by even slight 

wind currents. Thus software packages attempting to predict E and J values estimate levels 

that will not be exceeded a certain percentage of the time, either 5% or 10%, depending on 

the software used [102].  

Before judging a proposed compact dc configuration too strictly by the above guidelines 

one should observe that calculated levels for a number of existing HVDC lines show E and 

J levels exceeding those guidelines while having operated for many years without a history 

of complaints [102]. Furthermore, field experience has shown that the negative pole results 

in substantially higher ground level electric fields, ion current density and lower audible 

noise than the positive pole, opening the prospect of asymmetrical positive and negative 

voltages. When the Cahora-Bassa +/- 450 kV bipole line in South Africa, is operated at 

533 kV, serious complaint problems occur under the negative pole but not the positive pole, 

the two poles, in this case, being separated by about 1 km [102]. A similar dominance of 

negative pole effects has been noted under 500 kV lines operated by the Bonneville Power 

Administration in the US and another by Furnas in Brazil [102].  
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Therefore, recently a replication study of Blondin et al is ongoing in Germany which in-

cludes more statistical considerations that may be helpful in arriving at more definitive 

guidelines. However, since no results of that study have been published yet, the old criteria 

are still used in the literature.  

3.10 Conclusions 

1. A number of design options may serve to reduce both the height profile and ROW 

width requirements of HVDC transmission lines. From the discussion in this chap-

ter, their relative effectiveness is shown in Table 3-4. 

 

Table 3-4 General impact of measures to compact HVDC Lines 

Resource 

Benefit 

Tower height ROW Width Aesthetic 
Acceptance 

Field 

Shorter Span High High Mixed 0 

Tower Design Medium Medium High 0 

Conductor Selection High High 0 High 

Insulator Configuration Slight Medium 0 0 

DC overvoltage Reduction Slight Medium 0 0 

 

2. The increase in significance of ground level field effects when going to compact con-

struction of HVDC lines, taken together with the high economic impact of criteria 

adopted, suggest that attention be given to reassessment of criteria assigned to field 

effect limits.  
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3. No reliable information is yet available on comparative total costs of an HVDC lattice 

tower with an equivalent aesthetic designed compact HVDC pylon. However, due to 

its more pleasing visual profile as determined from public surveys, it is expected en-

vironmental, permitting and labor costs will be less for the compact pylon but material 

costs may be higher. Compact designs can also improve the prospect of HVDC siting 

on existing road, and rail ROW.  

The proposed dc transmission line design, the main focus of this thesis in subsequent chap-

ters, is based on a low profile compact tower structure as shown in Figure 3-12. The span 

length is reduced to about half of that the length required for conventional designs as shown 

in Figure 3-9, based on the arguments presented in Section 3.5. The insulators and conduc-

tor specifications are the same as Manitoba Bipole III HVDC line as listed in Table 3-1. 



 

Chapter 4   

Modelling the Control and Operation of 

MMC HVDC Transmission System  

 

This chapter describes the development of a detailed electromagnetic transient model for a 

point to point MMC-VSC transmission with the proposed overhead line and cables. The 

model is used to assess the overvoltages on the HVDC transmission line for considering 

the dc line insulation coordination.  It is shown that control methods and their parameters 

as proposed in the model can be designed to minimize the overvoltages. PSCAD/EMTDC, 

a powerful electromagnetic transient simulation tool, is the recommended tool for perform-

ing a comprehensive overvoltage assessment of the MMC HVDC transmission line. 

As a prerequisite step, essential details associated with the system modeling, including both 

components and control systems, for the operation of the MMC HVDC transmission sys-

tem, are provided in this chapter. 
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4.1 System Specifications under Consideration 

 Different converter technologies (MMC with half-bridge and full-bridge sub-modules) 

and transmission configurations (symmetrical monopolar and bipolar configurations) of 

MMC-HVDC systems that will be considered in this chapter are shown in Figure 4-1. The 

dc transmission line for each configuration are pure long distance compact overhead lines 

(1000 km) and also underground cables (200 km) in series with a short distance of compact 

overhead lines (50km). 

 

Converter SM System Configuration HVDC Transmission Line 

  

 

 

 
Bipole 

 

 
Symmetrical monopole

 
 

 
 
 

 

 

Figure 4-1 Overview of the system specifications under consideration 

 

The specifications of these systems have the following characteristics: 

 Each converter is rated at 1000 MW. 

 The transmission line voltage for all the cases is ±500 kV. 

 The line smoothing reactor is 10 mH. 

1000 km

50 km

200 km
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 The ac system parameters at each end are listed in Table 4-1. 

 

Table 4-1 AC system parameters 

AC system 1 AC system 2  

Ac voltage 500     [kV] Ac voltage 138     [kV] 

SCR  4  850 SCR 3  850 

Transformer(monopole) 500 :650 [kV] Transformer(monopole) 138 :650 [kV] 
Transformer(bipole) 500 :325 [kV] Transformer(bipole) 138 :325 [kV] 
 1200   [MW]  1200   [MW] 
 0.1      [pu]  0.1      [pu] 

 

4.2 Modular Multilevel Converters 

4.2.1 Topology 

The modular multi-level converter (MMC), which is shown in Figure 4-2, consists of three 

phase units, each with upper and lower arms. Each arm has a modular structure with a 

number of n series connected sub-modules which enables the MMC to generate a high 

number of voltage levels in each arm [10].  The MMC converters are classified into two 

groups based on the sub-module structure, which can be half-bridge or full-bridge struc-

ture, as explained in the next section. 
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Figure 4-2 Schematic diagram of a Multi-Modular Converter (MMC) 

 

4.2.2 Sub-Module Structure 

The sub-module(SM) structures and their switching details are shown in Figure 4-3. A half-

bridge SM as in Figure 4-3(a) contains two standard IGBTs and their respective free-wheel-

ing diodes whereas a full-bridge sub-module has four of them. Assuming the capacitor 

voltage (Vc) is constant, the output voltage of each sub-module depends on the switching 

states. It can be Vc or zero, corresponding to the ‘ON’ or ‘OFF’ state for the SM. For the 

full-bridge sub-module shown in Figure 4-3(b) it also can be - Vc [103].  
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Figure 4-3 Schematic diagram of the MMC sub-modules along with the switching functions 

 

The half-bridge converter structure has fewer switching elements in the current path and 

consequently less power loss and converter costs comparing to full-bridge converters. 

However, this structure cannot block the over-currents resulting from a dc side fault [48]. 

Since the full-bridge sub-modules can have a reverse voltage polarity, it is possible to re-

duce the dc voltage immediately to limit the fault current while maintaining the required 

ac voltage at the converter ac side [48]. Moreover, full-bridge converters are also capable 

of reduced dc voltage operation without tap changer action of the converter transformer in 

case of extensive polluted conditions such as brush fires. This feature of full-bridge con-

verters will be demonstrated in Chapter 6. 
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From the dc side, all three phase units are a parallel connection of three voltage sources. 

Because practically there will be a small difference in instantaneous voltage values of the 

phase units that are connected in parallel, a valve reactor is located in each arm. The valve 

reactors reduce the circulating currents between individual phase units, and also are capa-

ble of reducing the rate of the rise of the current during the dc side faults [104].  

4.3 MMC HVDC Control Systems 

Figure 4-4 shows a single-line diagram of one side of a generic point to point MMC HVDC 

system which the converter is connected to a dc circuit on one side and to an ac circuit on 

the other. VSC based converters can exchange real (P) and reactive (Q) power with the ac 

system [46] and thus operate in all four quadrants of the PQ plane.  

 
Figure 4-4 Single-line diagram of a generic MMC system configuration 

 

The control system required for the MMC HVDC transmission systems includes three lev-

els as shown in Figure 4-5, namely the dispatch controller, the upper level controller and 

the lower level controller systems, which will be described in the following sections [29]. 

dc system ac system

MMC
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Figure 4-5 Control hierarchy in MMC HVDC systems 

4.3.1 Dispatch Controller System 

The dispatch controller originates from an offsite system operator or coordinator which is 

similar to or as part of the ac grid operator system. As dictated by market conditions or 

considerations by the Independent System Operators (ISO), it outputs the operating set 

points, such as real and reactive power and ac and dc voltages, or the operating control 

modes for the converter to meet both ac and dc system requirements [29]. The system 

controller mode depends on the system application or the specific condition, such as fault. 

The use of the most common control modes, such as choosing one ac operating variable 

(either ac voltage or reactive power) and one dc operating variable (either dc voltage or dc 

power), is explained as follows [29].   

 Ac voltage vs. reactive power control 

The ac voltage control is generally used to maintain the ac voltage at the connected bus 

especially when the ac system is weak. If the VSC is feeding into an isolated ac system 

with no other form of active power source of any significance, the ac voltage controller 

will automatically control power to the load. In this case, the dc voltage should be constant. 

Therefore, this assumes another converter, such as the sending end of a VSC transmission 

link, independently controls the dc side voltage [46]. 

When other ac controllers are operating to maintain ac voltage or the ac connection is 

strong, a reactive power controller can be used. Each converter can control its reactive 

Dispatch control Upper level control

Set points for 
Pdc, Vdc, Q, Vac, etc Vac reference signal

Lower level control

SM switching pulses
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power flow independent of the other station at any set point between the limits of the con-

verter [46]. 

 Dc voltage vs. real power control 

In order to regulate the required voltage level across the dc link, the active power flow into 

the dc link needs to be controlled. Therefore, the converters at the two ends of the scheme 

must be controlled to work together in a VSC transmission scheme. To do this one of the 

two converters connected to the dc voltage bus is required to control the dc voltage. Both 

the voltage and power controllers operate by controlling the power flow. For the voltage 

controller, the desired dc bus voltage is used as a reference, and the power is controlled to 

charge the dc line capacitance to this value [46]. 

To control the active power flow, the phase angle δ of the fundamental frequency compo-

nent of the ac voltage at the converter side of the interface reactance should be regulated. 

Power is absorbed from or provided to the ac system depending on whether δ lags or leads 

the phase angle of ac bus voltages. In most implementations, delta is not controlled directly, 

but real and reactive components of the current are controlled using a decoupled control 

strategy described below [46]. 

4.3.2 Upper Level Controller System 

The control mode and the reference signals of the upper level control, such as active power, 

reactive power, ac and dc voltages, comes from the dispatch controller system. A voltage 

sourced converter has two degrees of freedom, namely the magnitude and phase angle of 

the ac voltage generated by the converter. The exchange of active and reactive power be-

tween the MMC and the ac system is controlled by the phase angle and amplitude of the 
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MMC output ac voltage respectively in relation to the voltage of the ac grid system. Control 

of these quantities is generally achieved by means of Decoupled Vector Control strategy 

[59]. The upper level control eventually prepares the reference ac voltage waveforms for 

the lower level control. 

 Decoupled Vector Control 

Decoupled vector control is a current control strategy that results in independent control of 

real and reactive power by removing the coupling between the real and the imaginary com-

ponents of the output current [59]. One of the advantages of this method is that the current 

control inherent in the strategy can limit overloading of the valves [105], [106]. 

The relationship between ac grid voltage, us, converter voltage, uc, and the current, i, on 

the ac side is: 

 
dt

di
Luu sc   4.1  

By applying the Park transformation in a synchronous reference frame to equation (4.1), 

the d-axis and q-axis components of the converter voltage are: 

 d
q

cq Li
dt

di
Lu   4.2  

 || sq
d

cd uLi
dt

di
Lu    4.3  

Note that in the synchronous reference frame, 0squ  and || ssd uu  . A phase-locked 

loop module (PLL) generates the reference frame angle θ by locking onto the ac voltage, 

us, at the point of connection with the ac grid.  

In this system, the instantaneous active power can be expressed as: 
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 cscbsbasa iuiuiuP   4.4  

Therefore, the active and reactive powers as a function of the d-axis and q-axis components 

in the synchronous reference frame are expressed as follows. 

 ds iuP ||
2

3
       and      qs iuQ ||

2

3
  4.5  

Equation 4.5 shows that independent control of active and reactive power is possible if di

and qi can be controlled independently. However, equations 4.2 and 4.3 show that di

and qi  are coupled due to the terms 
dLi and || uLi q    in the corresponding equations, 

requiring special measures to achieve their independent control. To solve this problem, a 

decoupled controller, which consists of the feedback loops and proportional-plus-integral 

(PI) compensation, as expressed in equations 4.6 and 4.7, can be used [59]. 

 dqq
iq

pqcq Liii
s

K
Ku  ))(( *

 4.6  

 ||))(( *
sqdd

id
pdcd uLiii

s

K
Ku    4.7  

This method consists of a two level cascaded control system as illustrated in Figure 4-6; 

the system controllers that provide the d-axis and q-axis current reference values and the 

internal current controller that generates the reference voltages for the converter [107]. 

As shown in equation 4.5, the reference value of the active current di can be derived from 

the active power or the dc voltage controller, and the reference value of the reactive current 

qi  can be obtained from the reactive power or the ac voltage. 
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Figure 4-6 Detailed structure of the upper level control 

4.3.3 Lower Level Controls 

The main role of lower level controller is to generate the switching pulses for the converter 

to produce the ac voltage waveforms that the upper level controller demands. Here a typical 

ac voltage waveform generation method along with the sub-module capacitor voltage bal-

ancing in MMC HVDC systems will be explained. 

 Output Voltage Waveform Generation 

In MMC converters, the sum of the sub-module output voltages of each phase unit should 

be equal to the reference dc voltage at any moment. Each of the half-bridge/full-bridge sub-

modules can be controlled independently and selectively so that the voltage of each sub-

module adds up to form a near-sinusoidal stepwise voltage waveform at the converter ac 

terminals [104]. There are several output voltage synthesis methods proposed for the MMC 
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switching operation such as nearest level estimation [104] and multilevel PWM-based 

[108]. Since the details of a specific method do not have a significant impact on the dc link 

system performance, the nearest level estimation is used in this thesis for simulation mod-

els.  

Figure 4-7a shows the reference waveform, Vref, for ac voltage (m ( 10 m ): modulation 

index, which is defined as the ratio between the peak value of the fundamental phase to 

ground ac output voltage of the converter to the pole to ground dc voltage). In order to 

generate this waveform by MMC, the instantaneous reference voltage of the upper arm and 

lower, Vi-up and Vi-bt respectively, should be,   

 )1(2/             )1(2/ refdcbtirefdcupi VVVVVV    4.8  

If the output voltage of each sub-module is Vc, the output voltage of each arm can be a 

stepwise waveform as the multiples of Vc, at every instant. Therefore, to determine the 

required number sub-modules with “On” state at a certain moment, the arm reference volt-

age amplitude is compared with total n discrete quantization thresholds.  

 

Figure 4-7 AC voltage output waveform generated by MMC converter 
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In half-bridge converters, the peak value of the ac voltage cannot exceed the dc pole voltage 

as shown in Figure 4-7b. During the steady state operation, the total number of sub-mod-

ules with the ON state on the lower and upper arms combined is constant at any instant, 

and is equal to n, where cdc VVn / . In other words, if the number of sub-modules with 

ON state on upper arm is upn  , then the number of sub-modules with ON stare on lower arm 

should be upnn  [109]. However, due to bipolar output voltages of the sub-modules in 

full-bridge converters, the ac voltage can be controlled independently of the dc voltage, 

which can result in a modulation index greater than one [48], which will be explained more 

in the next chapter. 

 Capacitor Voltage Balancing 

Once a sub-module capacitor is inserted in the arm, it will be charged if the direction of the 

arm current is positive or discharged if it is negative. The capacitor voltage remains un-

changed when the sub-module is “OFF”. Therefore, a capacitor voltage balancing control 

mechanism is required to maintain the charge and voltage of the sub-module capacitors 

balanced during the steady state operation. One of the commonly used capacitor voltage 

balancing algorithms, proposed for the MMC operation is based on sorting the sub-module 

capacitor voltage values [109]. 

Figure 4-8 illustrates the block diagram of the “nearest level estimation” control technique.  

As explained before, the total number of ‘ON’ state sub-modules is changing between 0 to 

n during one cycle generation of the converter output voltage waveform. However, there 

are different switching combinations that can produce any desired voltage level at any in-

stant [109].  
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Figure 4-8 Block diagram of the “nearest level estimation” control technique 

 

As shown in Figure 4-8, the ‘Quantizer’ calculates the required number of ‘ON’ state sub-

modules based on the reference voltage. When a step change happens at the output signal 

of the “Quantizer”, the ‘Sub-Module Selector’ should select the appropriate sub-modules 

in the arm unit to turn on [108]. This component receives the measured arm current along 

with the capacitor voltages of each sub-module in the associated arm unit.  First, it creates 

a list of sub-modules by sorting them from the lowest to highest capacitor voltage. Then, 

it detects the direction of the arm current. If the direction of the current is positive, the sub-

modules at the bottom of the sorted list (i.e. with lowest voltages) are selected so that their 

capacitor voltage can be increased. On the other hand, when the current direction is nega-

tive, the sub-modules at top of the list are selected hence their voltages can be decreased. 

This process is applied for all the MMC arm units [108]. 



Chapter 4    85 

 

4.4 DC Transmission Line and Cable Models 

Overhead lines consist of a number of cylindrical conductors in a bundle. Since the voltage 

of each sub-conductor is the same and the pole current is evenly divided among them, the 

conductor bundle can be reduced to a single equivalent conductor [38]. As explained in 

Chapter 2, single core underground/undersea cables also have multiple conducting layers 

in most practical systems. They consist of the core conductor in the center and usually up 

to three concentric, grounded conducting layers which are separated by the insulating lay-

ers. Hence, each single core cable is equivalent to a multi-conductor system, e.g. consisting 

of three conductors as the core conductor, metallic sheath and armor [10].  

Therefore, for HVDC lines with positive and negative poles, there are mainly two conduc-

tors for overhead lines and six conductors for underground/undersea cables that need to be 

considered in the modeling methods. For simplicity in the following discussion, the term 

‘transmission line’ refers to both the overhead line and the underground/undersea cable 

systems, as the model development for both are the same. Each conductor in the line mod-

eling is also referred to as a “phase”. Note that it is not the ac side phases.  

In transmission lines, a voltage signal will travel from one end along a conductor at its 

propagation velocity (near the speed of light), until it is reflected at the other end.  There-

fore, the analysis of voltage and current along a transmission line can be described by the 

wave equations or also known as 'telegrapher's equations' [110]. Assume a short segment 

of the transmission line, as shown in Figure 4-9, whose length is small comparing to the 

wavelength.  The line voltages and currents are related by equations 4.9 and 4.10, where Z 

and Y are series-impedance and shunt-admittance of the line per unit length [110].   
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 IZ
dx

dV
  4.9  

 VY
dx

dI
  4.10  

 
Figure 4-9  An equivalent circuit of a short transmission line segment [111] 

 

In multi-phase systems, Z and Y are square matrices, and V and I are vectors, both with 

dimension equal to the total equivalent number of conductors. Z and Y are generally cal-

culated by the method of coaxial loops [110]. 

4.4.1 Modeling Techniques in Electromagnetic Transient 

Simulations 

In electromagnetic transient simulations, there are generally two techniques to represent 

the transmission lines; the π-section approach, where the multi–phase systems can be mod-

eled by lumped passive circuit elements and the distributed parameter models which are 

based on the traveling waves [111].  The transmission lines are nonlinear in nature due to 

frequency dependency in conductors and the ground or earth return path. Therefore, dis-

tributed modeling approach can be further sub-divided into single-frequency, also known 

as Bergeron model [110], and the frequency-dependent models. Frequency dependent 

models include the frequency dependency of all distributed parameters of the line [112]. 
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There are two popular frequency dependent models available, the frequency dependent 

mode model (FDMM) [112] and the frequency dependent phase model (FDPM) [113]. An 

overview of each modeling method is presented in Appendix C.  

The studies have shown that the choice of transmission line model can have a significant 

impact on the overall result for typical HVDC transient studies. Simulation models for such 

systems are required to be accurate over a very wide frequency range from zero or near 

zero Hz, which is the nominal frequency on the HVDC lines, to several tens of kHz for 

converter switchings and other transients. Therefore, the frequency dependent phase model 

is the most suitable and reliable model to use for overvoltage assessment of the MMC-

HVDC system. However, it still requires diligence in some cases to ensure accurate curve 

fitting [114]. 

Table 4.2 and Table 4.3 show the detailed data of the geometry and some material proper-

ties of the compact overhead lines and underground cables that should be provided for 

frequency dependent models in PSCAD/EMTDC simulation cases used for studies in 

Chapter 5. The per unit length parameters of each line are given in Table 4.4. 

 

Table 4-2 Compact overhead line parameters for FDPM 

Conductor Type 806-A4-61 AAAC 
(=1,590 MCM ACSR) 

Total bundled sub-conductor 3 

Diameter 38.01 [mm] 

Sub-conductor spacing 45.7 [cm] 

Pole to pole spacing 13 [m] 

Conductor sag 5.8 [m] 

Conductor height at the tower 18.4 [m] 

Shield wire height at the tower 24.4 [m] 

Spacing between shield wires 13 [m] 

Conductor dc resistance 0.03206 [Ω /km] 

Shield wire dc resistance 2.8645 [Ω /km] 
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Table 4-3 Underground cable parameters for FDPM 

Cable Layer 
Radial Thickness 

[mm] 
Resistivity 

[Ωm] 
Relative 

Permittivity 

Relative Per-
meability 

Core conductor 26.5 2.82e-8 - 1 

Insulator 1 26 - 2.5 1 

Sheath 4.25 2.06e-7 - 1 

Insulator 2 5.5 - 4 1 

Armour 7.5 1.8e-7 - 400 

Insulator 3 6.8 - 4 1 

 

 

Table 4-4 Per unit length parameters of the overhead line and underground cable 

 R(Ω/km) L[mH/km] C[µF/km] 

Compact DC OHL (± 500 kV) 0.011 0.85 0.013 

Underground cable (± 500 kV) 0.07 0.21 0.34 

 

 

 
 



 

Chapter 5   

Slow Front Overvoltage Analysis of MMC 

HVDC Systems under Fault Condition  

 

Chapter 4 described fundamental background regarding the control, operation and model-

ing of MMC HVDC systems for electromagnetic transient (EMT) studies such as insulation 

coordination. This chapter describes several major contributions of this thesis. These con-

tributions are key to maximizing the degree of compaction that it is practical to achieve 

with HVDC lines, recognizing that the need to accommodate overvoltages is critical to 

insulator length requirements as well as clearances required within the tower structure and, 

according to many electrical codes [115], the minimum clearance to ground. Thus over-

voltage limitation is important to both tower height and right-of-way width requirements.   

The chapter first presents the results of a comprehensive transient overvoltage assessment 

of MMC HVDC systems due to faults on the transmission lines. The fault contingencies 

that result in the most significant overvoltage stresses on the symmetrical monopole and 

bipole transmission configurations are considered. The studies include overhead HVDC 

lines as well as overhead lines and underground cables in the same circuit. A sensitivity 
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analysis on the most important parameters, such as line length, fault time and location, etc., 

that may impact the magnitude and duration of overvoltages in the dc line is also per-

formed. The worst case scenarios are determined for the design of overvoltage limiting 

devices, such as surge arresters and for finding minimum air clearances.  

In this chapter, new control approaches are also proposed that significantly reduce the dc 

side overvoltage and consequently minimize insulator length and air clearances for maxi-

mum compaction of the HVDC overhead lines. Moreover, due to these control actions for 

overvoltage reduction, the required surge arrester size for line insulation is also reduced. 

5.1 Slow Front Overvoltage Assessment in MMC-

HVDC  

Slow-front overvoltages on HVDC transmission lines may result from ac or dc side faults, 

transformer saturation, line energization, line switching and other system events [47].  The 

most significant slow-front overvoltages occur on the un-faulted conductor due to single 

pole to ground faults [116]. The magnitude and duration of these slow-front overvoltages 

depends on system configuration, fault location, line length, line smoothing reactor (Ll as 

shown in Figure 5-1) and etc. The duration of these overvoltages is typically in the order 

of milliseconds. 

Dc pole to pole faults reduce the dc pole-to-ground voltages to zero, which is verified by 

the simulation results shown in subsequent paragraphs. But they result in overcurrents that 

may be large enough to damage converter stations [30]. These overcurrents need to be 
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considered in the design of the protection systems for such stations.  However overcurrents 

due to pole to pole faults need not be considered for dc line insulation coordination.  

In this section overvoltages are first evaluated without any control action from the con-

verter station or limitation by surge arresters. Therefore the resulting overvoltages are the 

same whether converters are full-bridge or half-bridge in design.  

The location of a fault has a significant impact on the overvoltage magnitudes that appear 

on a long dc overhead line during a pole to ground fault. Therefore in order to assess the 

maximum overvoltage magnitudes at any location, it is convenient to divide the line into 

small segments, each of 50km in length as shown in Figure 5-1. Thus the faults are consid-

ered at different positions along the line, i.e., at FNG1, FNG2, …, FNGn. The fault is consecu-

tively applied at each of these locations on one pole (e.g., the negative pole) and the over-

voltages, VP1, VP2, …, VPn along the line on the complementary pole (e.g. positive pole) are 

measured and recorded for each of those faults. Eventually, the maximum overvoltage 

magnitude at each location is determined by recording the largest voltage found at that 

location. Note that the maximum overvoltage always occurs on the complementary pole 

due to fact that the first pole is faulted and that, due to symmetry, it is not necessary to 

repeat this test with the faulted poles switched.  

 
Figure 5-1 Overhead line arrangement for dc overvoltage assessment 

 



Chapter 5     92 

 

Figure 5-2 shows that in case of an underground cable in series with a short section of 

overhead line dc transmission, the fault is applied at the rectifier station, at the cable and 

overhead line junction, and at the middle of the cable and at the inverter station. The re-

sultant overvoltages are measured and recorded at each of these intersections. 

 

 
Figure 5-2 Overhead line and cable arrangement for dc overvoltage assessment 

 

To consider the impact of the line geometry, the study was performed for both the conven-

tional and compact overhead lines. Moreover, in order to consider the impact of the line 

length and line smoothing reactors on the slow front overvoltages, the study was also re-

peated for: 

1. lines with 500 km and 750km length, and 

2. lines with smoothing reactors of 100 mH at each end.  

The modeling of the study cases are explained in Chapter 4. The following subsections 

present the simulation results of each case. Then the simulation results reported here will 

be explained by analytical considerations in Section 5.2. 
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5.1.1 Overvoltages in the Symmetrical Monopole MMC-VSC 

Case, using OHL Transmission 

Figure 5-3 shows the peak value of the slow front overvoltage that can occur at any point 

throughout conventional and compact HVDC overhead transmission lines with symmet-

rical monopole configuration. This graph shows that the compact line has lower overvolt-

age magnitude.  

 

Figure 5-3 Maximum peak value of slow front overvoltages on compact and conventional dc overhead lines 
of symmetrical monopole configuration 

 

The simulation results of these contingencies demonstrate that for the symmetrical mono-

polar systems, the maximum peak value of the overvoltage along the line is about 3 pu and 

is larger close to the converter stations than in the middle of the line.  The maximum over-

voltage at each converter station occurs when the fault location is closer to the converter 

station at the opposite end of the line. For instance, when the fault is closer to the rectifier 

station, the maximum overvoltage occurs at the complementary pole of the inverter station 

and vice versa. Moreover, in this configuration, the minimum peak value of the overvoltage 

on the unfaulted pole appears in the proximity of the fault location. The dc line voltage 
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waveforms at the terminals of the rectifier and inverter stations during a pole to ground dc 

faults resulting in maximum and minimum overvoltages at each converter station are 

shown in Figure 5-4. 

 

 
         (a)                                                           (b)             

 

         (c)                                                           (d)             
Figure 5-4 Dc line voltage waveforms at: (a) the rectifier terminals due to the fault that results in maximum 
overvoltage, (b) the rectifier terminals due to the fault that results in minimum overvoltage(c) the inverter 
terminals due to the fault that results in maximum overvoltage, (d) the inverter terminals due to the fault 

that results in minimum overvoltage 

 

Figure 5-5 shows the impact of ac network side faults on the dc overvoltages. Both three 

phase to ground and single phase to ground faults are considered on the ac side of the 

rectifier station, and the (rectifier side) dc overvoltage is measured. It can be observed that 

resulting overvoltage at dc side of the rectifier is negligible. 
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Figure 5-5 Dc line voltage waveform at the rectifier side due to three phase-to- ground and single phase- to-
ground faults on the ac side of the rectifier station 

 

Figure 5-6 shows the dc line voltage waveforms at the rectifier and inverter stations for a 

pole to pole line fault on the dc side close to the inverter station. It can be observed that 

pole to pole faults result in no overvoltage at the remote converter (rectifier) and a small 

overvoltage (no more than 20%) of very short duration (~1ms); and hence from the insu-

lation point of view, need  not be a concern compared to other scenarios.   

 
         (a)                                                           (b)             
             

Figure 5-6 Dc line voltage waveforms at (a) rectifier, (b) inverter side due to pole to pole fault dc side close 
to the inverter station 
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km), are presented in Figure 5-7. Simulation results show that these values are smaller for 

the shorter lines. However, it is also obvious that in symmetrical monopole configurations, 

regardless of the line length, the overvoltages at line sections close to the converter stations 

are larger than other locations. Moreover, from the voltage waveforms shown in Figure 

5-8, it is evident that the voltage of a longer overhead line oscillates with a lower frequency. 

This is due to its larger equivalent line inductance and capacitance and eventually lower 

resonance frequency; an issue which will be explained in more detail in Section 5.2. 

 

Figure 5-7 Maximum peak value of the slow front overvoltages on the symmetrical monopolar dc overhead 
lines with different line length 

 

 

Figure 5-8 Dc line voltage waveforms at the rectifier terminals for different dc line length during pole to 
ground fault at the inverter side 
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Since the smoothing line reactor also affects the line equivalent impedance and conse-

quently transient performance of the dc line, the fault study is also repeated for the system 

with a smoothing line reactor of 100 mH as shown in Figure 5-9. The dc line voltage wave-

forms at the rectifier side shown in Figure 5-10, demonstrate that a larger value of the line 

reactance results in a delay in voltage rise at the remote station.  

 

 

Figure 5-9 Maximum peak value of a slow front overvoltages on the symmetrical monopolar dc overhead 
lines with different line smoothing reactors 

 
 

 

Figure 5-10 Dc line voltage waveforms at the rectifier side for different line reactors during pole to ground 
fault 
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5.1.2 Overvoltages on the Bipole MMC-VSC Case, using OHL 

Transmission 

The maximum peak value of slow front overvoltages throughout the conventional and com-

pact HVDC overhead transmission lines with bipole configuration are presented in Figure 

5-11. Note that a metallic return conductor is assumed in this system. The results show that 

in bipolar configurations, the line design, whether conventional or compact, has minor im-

pact on the slow front overvoltages. Comparing Figure 5-11 with Figure 5-3 shows that the 

maximum slow front overvoltage magnitudes are considerably lower for the bipolar con-

figuration than the symmetrical monopolar configuration. 

 
 

Figure 5-11 Maximum peak value of slow front overvoltages on compact and conventional dc overhead 
lines of bipole configuration 

 

This study also shows that in a bipolar system, the peak value of the overvoltage occurs in 

the middle of the line on the unfaulted pole for a pole to ground fault at the same location 

on the other pole. The voltage waveforms at the terminals of the converter stations as well 

as at the fault location during the pole to ground fault at the middle of the line are shown 

in Figure 5-12. 
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Figure 5-12 Dc line voltage waveforms at the rectifier side, middle of the line and inverter side during the 
pole to ground fault at the middle of the line 

 

As with symmetrical monopole configurations, the pole to pole line fault on the dc side 

result in a negligible (or no) overvoltage as shown in Figure 5-13. 

 

 

(a)                                                                     (b) 

Figure 5-13 Dc line voltage waveforms at: (a) rectifier, (b) inverter station due to pole to pole fault 

 

To investigate the impact of line length with bipole configurations, the study results for a 

500 km, 750 km and 1000 km (the base case), are shown in Figure 5-14 and Figure 5-15. 
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While the peak value of the slow front overvoltage always occurs at the middle of the line 

for bipolar configurations, it is lower for the shorter lines.  

 

 

Figure 5-14 Maximum peak value of slow front overvoltages on bipolar dc overhead lines of varying length 

 
 
 

 

Figure 5-15 Dc line voltage waveforms at the middle of the line for different dc line length during pole to 
ground fault at the middle of the line 

 

As with fault studies for symmetrical monopole configuration, the impact of the smoothing 

line reactor is also considered here for the bipolar configuration.  

0 100 200 300 400 500 600 700 800 900 1000
1

1.5

2

2.5

HVDC Transmission Line [km]

D
C

 O
ve

r-
V

ol
ta

ge
[p

u]

 

 

Line length=1000 km
Line length=750 km
Line length=500 km

1.99 2 2.01 2.02 2.03 2.04 2.05 2.06

-1

0

1

2

Time [s]

D
C

 V
ol

ta
ge

 [
pu

]

 

 

V
PG

, Line Length=500 km

VPG, Line Length=700 km

V
PG

, Line Length=1000 km

V
NG

, Line Length=500 km

VNG, Line Length=700 km

VNG, Line Length=1000 km



Chapter 5     101 

 

Figure 5-16 shows that the peak value of slow front overvoltages is larger for smaller line 

reactors, however, Figure 5-17 shows that dc line voltage waveform at the middle of the 

line during the fault is similar for two reactance values.  

 

Figure 5-16 Maximum peak value of the slow front overvoltages on the bipolar dc overhead lines with dif-
ferent line reactors  

 
 

 
 

Figure 5-17 Dc line voltage waveforms at the middle of the line for different smoothing line reactors during 
pole to ground fault at the middle of the line 
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5.1.3 Overvoltages in the Symmetrical Monopole MMC-VSC 

Case, using OHL and Cable Transmission 

Several HVDC transmission systems (e.g. the South-West Scheme in Sweden [117]) use 

an underground cable in series with a short section of overhead line dc transmission. The 

fault is applied at the rectifier station, cable and overhead line junction, middle of the cable 

and the inverter station. Table 5-1 shows the maximum peak value of the slow front over-

voltage at each of these intersections. The dc line voltage waveforms on the overhead line, 

e.g. at rectifier terminals, cable and OHL junction and inverter terminals, for each of the 

system scenarios listed in Table 5-1, are presented in Figure 5-18, Figure 5-19 and Figure 

5-20 respectively. It can be observed that the line geometry, compact or conventional, has 

almost no impact on the voltage waveforms since the length of the overhead line is short 

in this case. Moreover, the study results show larger values of smoothing reactance in-

creases the peak value of the slow front overvoltage on the line. However, on the other 

hand it also delays the time of the voltage overshoot. 

 

Table 5-1 Maximum peak value of overvoltages due to pole to ground faults at converter side, cable and 
OHL junction, middle of the cable and inverter side for symmetrical monopole configuration 

 Converter 
side 

Cable and 
OHL junction

Cable 
middle 

Inverter 
side 

Conventional OHL 
0.01[H] smoothing reactor 2.49[pu] 2.67 [pu] 2.66 [pu] 2.58 [pu] 
Compact OHL 
0.01[H] smoothing reactor 2.49 [pu] 2.67 [pu] 2.66 [pu] 2.58 [pu] 
Compact OHL 
0. 1[H]  smoothing reactor 2.67 [pu] 2.87 [pu] 2.88 [pu] 2.82[pu] 

 



Chapter 5     103 

 

 
         (a)                                                           (b)                         

Figure 5-18 Dc line voltage waveform at the rectifier terminals: (a) compact vs. conventional line, (b) with 
different line reactor values  

 
         (a)                                                           (b)                         

Figure 5-19 Dc line voltage waveform at the OHL and cable junction:  (a) compact vs. conventional line, 
(b) with different line reactor values 

 
     (a)                                                           (b) 

Figure 5-20 Dc line voltage waveform at the inverter side: (a) compact vs. conventional line, (b) with dif-
ferent line reactor values 
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5.1.4 Overvoltages in the Bipole MMC-VSC Case, using OHL 

and Cable Transmission 

A fault study similar to that discussed in Section 5.1.3 was repeated for the bipolar config-

uration. As explained in the previous section, since the line section is short and has no 

impact on the results, only the compact line is considered in this case. Table 5-1 presents 

the maximum peak value of slow front overvoltages at each of the intersections shown in 

Figure 5-2. It can be observed that the overvoltages are larger at the converter side than at 

other locations, yet are still much lower than with the symmetrical monopole configuration. 

Figure 5-21 shows the dc line voltage waveform at each end of the compact dc overhead 

line. 

Table 5-2 Maximum peak value of overvoltages due to pole to ground faults at the converter terminals, ca-
ble and OHL junction and inverter side for bipole configuration 

 Converter side Cable and OHL 
junction 

Middle of 
the cable 

Inverter side 

Compact OHL 
0.01[H] smoothing reactor 1.32 [pu] 1.25 [pu] 1.18 [pu] 1.12 [pu] 
Compact OHL 
0. 1[H] smoothing reactor 1.45 [pu] 1.16 [pu] 1.12 [pu] 1.13 [pu] 

 
 

 
(a)                                                           (b) 

Figure 5-21 Dc line voltage waveform at: (a) the rectifier terminals (b) the OHL and cable junction 
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5.2 Rationalization of the Overvoltage Simulation 

Results 

The above section presented the waveforms of dc transient overvoltage of MMC HVDC 

systems, which were simulated using detailed frequency dependent overhead line models. 

It was shown that the maximum peak values of slow front overvoltages in grounded bipole 

systems without any control actions or surge arresters are generally at most around 2.0 pu 

depending on other system parameters;  similar to the case for LCC HVDC systems [47]. 

However these values in MMC-HVDC systems with symmetrical monopolar configuration 

are significantly larger. This section uses an analytical solution to show that the behaviors 

shown earlier are as expected. 

In MMC-HVDC with symmetrical monopole configuration, since the pole-to-pole voltage, 

controlled by the converter, remains essentially constant during the pole to ground fault, 

one would expect that in a high-resistance grounded dc system the voltage of the un-faulted 

pole would rise to twice the rated value. However, simulation results demonstrate that the 

transient during a fault has an overshoot that results in an overvoltage of about 3.0 pu. In 

order to rationalize the simulation results, a simple transmission line model is considered 

here and is shown in Figure 5-22. This simple model demonstrates the essential behavior 

of the dc side waveforms. 
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Figure 5-22 Simplified symmetrical monopole configuration with π-section transmission line model 

 

In this model, the transmission line is represented as a π-section model, where C and L 

represent the inductance and capacitances of the line. The dc terminals of the MMC con-

verters are modeled as ideal dc voltage sources. In this circuit, when a pole to ground fault 

is applied at the negative pole of the rectifier, first the positive pole voltage at the rectifier 

terminal obviously jumps to two per unit, as also seen in the detailed simulated waveforms 

in Figure 5-4. Then the transient responses of the negative and positive pole voltages at the 

inverter station can be derived from a circuit solution of Figure 5-22 as given by equations 

5.1 and 5.2 below: 
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Therefore the first derivative of the inductor current as a function of the capacitor voltage 

is: 

 
2

_
2

ln

2 dt

vdC

dt

di in  5.4  

The differential equation of the voltage inv   can be derived by combining equations 5.2, 

5.3 and 5.4 as expressed in equation 5.5. 

 0
2_

2

_
2

 in
inin v

LCdt

dv

L

R

dt
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 5.5  

The general form of the solution of equation 5.5 is
tsts

in eAeAv 21
21  , where A1 and A2 

depends on the initial values of the capacitor voltages and inductor currents in the circuit, 

and 1s  and 2s are the roots of the characteristic equation of the above differential equation 

as expressed in equation 5.6. 

 0
22 

LC
s

L

R
s  5.6  

By solving equation 5.6, the roots of this characteristic equation are 

 

2
0

2
2,1  ss  

LCL

R 2
;

2 0    

5.7  

where α and ω0 are called the system resonant frequency and damping coefficient respec-

tively. Since in the long transmission lines normally
LCL

R 2

2

2







 , the roots are complex 

numbers. Therefore the solution can be expressed as  
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5.8  

where K and θ can be calculated directly from initial and steady state condition of the cir-

cuit. In this system, the voltage exhibits an oscillatory response around the steady state and 

this oscillation decays with time since the real parts of roots are negative.  

Before the fault occurrence, vn_i is equal to –Vdc_i and its steady state value is zero (assum-

ing the line current goes to zero, otherwise it is RI, where R is the line resistance and I is 

the line current which is still negligible). Therefore, after the fault the negative pole voltage 

response is: 

 )cos()( __ teVtv d
t

idcin     5.9  

and the positive pole voltage is: 

 ))cos(2()( __ teVtv d
t

idcip     5.10  

The per unit length parameters of the HVDC transmission lines are listed in Table 4-4. For 

long transmission lines, (e.g. line length (l)> 250km) the lumped parameters can be derived 

as: 

 
l

l
LlLline 

sinh
     

2/

)2/tanh(

l

l
ClCline 


  

5.11  

where LC   is the propagation constant. Using these lumped parameters in equation 

5.9 and 5.10, the voltages of the positive and negative pole at the inverter station during a 
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pole to ground fault at the rectifier station can be derived in a π-section model. Figure 5-23 

demonstrates the detailed simulated voltage waveforms using frequency dependent model 

and the simplified π-section model to verify the voltage overshoot seen in the simulation 

results of the previous section. 

 

 

Figure 5-23 Inverter terminal voltage waveforms using detailed frequency dependent model and the simpli-
fied π-section model 

 

Equation 5.10 shows that the peak value of the positive pole voltage, which occurs at

dt  / , is deV idc
 /

_3  . The relative value of the system resonant frequency and damp-

ing coefficient, which is called damping ratio LC// 0   , impacts the peak value of 

the overvoltage. As the damping ratio increases the voltage overshoot decreases. The 

damping ratio and the frequency of oscillations depend on the system parameters such as 

line inductance and capacitance. 

In dc transmission lines with positive and negative poles, the line inductance and capaci-

tance per unit length are a function of the distance between the conductor and a neutral, D, 

and the conductor equivalent radius, R, as follows [118]: 
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5.12  

where n is the number of sub-conductors in a conductor bundle. Equation 5.12 shows that 

decreasing pole to neutral distance of overhead lines reduces the inductance of the line. 

Moreover, due to the low distance from the core to screen in underground cables, series 

inductance of cables is much smaller than the inductance of overhead lines. On the other 

hand, decreasing the pole to neutral distance makes the capacitance of the line larger. 

Therefore, shunt capacitance of cables is much larger than the capacitance of overhead 

lines. Due to these reasons, the capacitance to inductance ratio in the cable models is much 

larger than the transmission lines. Therefore in systems with cable transmission, the voltage 

overshoot is generally less than in transmission systems with overhead lines. Moreover, as 

transmission line length increases the inductance and capacitance in the line model in-

creases. Therefore the system resonance frequency decreases. 

5.3 Overvoltage Reduction in HVDC Transmission 

Lines  

Dc line overvoltage transients are important in determining air clearances, line insulation 

level and converter station clearances. Overvoltage transients must also be investigated at 

the junction between an overhead line and cable to consider the insulation level of the 

cable. For example, XLPE DC cables are type tested (UT) to sustain only about 1.85 pu 
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over voltages as per CIGRÉ Technical Brochure 496 recommendations [119]. Therefore 

means must be found to limit the voltage of the un-faulted pole as quickly as possible.   

In MMC-HVDC, the dc pole-to-pole voltage of each converter is controlled by the con-

verter itself. Moreover the converter dc terminal is equivalent to a dc voltage source from 

the dc line’s point of view. Thus after the pole to ground fault in high-resistance grounded 

symmetrical monopole configurations, if no control adjustments are made to reduce the dc 

terminal voltage after the fault, the pole-to-pole voltage remains essentially constant. This 

will cause the voltage of the unfaulted pole to stay at 2 pu after the initial oscillatory re-

sponse. Therefore, this section looks at methods to reduce the overvoltages and also iden-

tifies a method to detect the faults. 

Surge arresters are generally used to limit the transient overvoltage before the converter 

effectively reduces the line dc overvoltages. They have nonlinear voltage current charac-

teristics, as shown in Figure 5-24 [120] that, when connected in parallel to the terminals of 

electrical equipment, limit the voltage across the equipment to levels below its insulation 

withstand voltage.  

 
Figure 5-24 V-I characteristic of surge arrester  

 

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
50

0.5

1

1.5

2

2.5

Current [A]

V
ol

ta
ge

  [
pu

]



Chapter 5     112 

 

To effectively protect electrical equipment in power systems, surge arresters have to fulfill 

two basic requirements: The arrester must be rated to provide sufficient electric protection 

of the equipment installed in the system and it must remain thermally stable even under the 

most severe operating conditions. The arrester must be rated so that a specific internal tem-

perature is not exceeded after absorption of energy and loading with voltage under normal 

and fault circumstances [120]. A surge arrester’s overvoltage capability, i.e. the steady state 

operating voltage capability and also its insulation level, can be increased by more elements 

in series. But an arrester’s energy capability is increased by adding parallel columns. 

The size of the arrester required to properly handle high energy depends on the magnitude 

and duration of the expected overvoltages which would otherwise cause damage due to 

thermal instability of the arresters. Selecting a surge arrester with higher energy capability 

increases its transient overvoltage withstand capability and thus its ability to survive the 

system voltage stresses, albeit at increased cost [85]. 

Therefore, a combination of an appropriate fault detection method and a modified control 

technique in MMC-HVDC converter station, not only helps reduce the required size of the 

surge arresters, but also can even make it possible to maintain partial power flow during 

temporary faults. Note that the alternative strategy of blocking the converter and using ac 

breakers to protect the system will also result in power interruption for non-permanent 

faults. 

5.3.1 Pole to Ground Fault Detection in High Resistance Symmetrical 

Monopole Configuration 
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Following a dc side pole-to-earth fault, first the line capacitors are discharged to the fault 

path with a large current. Even though it is a dc fault the current has a number of zero 

crossings. Figure 5-25 shows a typical fault current waveform in a symmetrical monopole 

HVDC system.  

 

Figure 5-25 Fault current waveform during pole to ground fault in HVDC overhead transmission line with 
symmetrical monopole configuration 

 

Since there is almost no steady state path for the dc fault current in no- or high-resistance 
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faults, since load current still flows while the pole-to-pole voltage stays the same and no 

surge of fault current flows through the VSC converters [65]. However, as previously ex-

plained, one result of a pole to ground fault in these systems is the significant overvoltage.  

Pole voltage can be used to detect pole to ground faults. The measurement system is placed 

at the converter side in order to read voltage magnitude as soon as possible. When that 
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pole to pole voltage.  
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Since both rectifier and inverter stations should detect the fault and take action, the mini-

mum overvoltage that can occur at each converter terminal, which is 2.0 pu as shown in 

Figure 5-4, needs to be considered in determining the threshold voltage magnitude. There-

fore, the maximum threshold value Vpole-thr is considered here as 1.7 pu. In the following 

section, the reason for selecting this value and the effectiveness of this detection method is 

demonstrated. 

5.4 Control Method to Reduce the Overvoltage of 

MMC-HVDC with Full-Bridge Converter Topology 

In Chapter 4, the topology of a Multi-Modular Converter was illustrated in Figure 4-2. In 

order to explain the relationship between ac and dc voltages at the terminals of the con-

verter, an equivalent model is used as shown in Figure 5-26. In this model, the sub-modules 

(SM) in each arm are represented by an equivalent voltage source. The output voltage of 

all the SMs in each arm is determined based on the dc voltage of the pole that the arm is 

connected to from one side and the required ac voltage at the other side. Therefore upper 

and lower arm voltages are expressed in equations 5.13 and 5.14. On the other hand, the 

output voltage of each phase unit should be equal to the required dc voltage as expressed 

in 5.15.  

 adcupa vVv   5.13  

 adcbta vVv   5.14  

 btaupadc vvV  2  5.15  
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Figure 5-26 MMC equivalent model 

 

As explained in Chapter 4, in MMC-HVDC with half-bridge SMs, the peak ac voltage 

cannot exceed the dc pole voltage, since the output voltage of each half-bridge SM is either 

zero or positive. Therefore the arm voltage, which is the sum of all the SM voltages, is 

always positive. However, it will be shown here how the peak ac voltage and the dc voltage 

magnitude can be independent in a MMC with full-bridge SMs.  

SMs in full-bridge converters are able to either bypass the SM capacitor, insert it directly, 

or insert it with reverse polarity. Therefore if there are N submodules in each arm and the 

rated voltage of each SM is Vsm, the output voltage of each arm can vary stepwise between 

-N .Vsm and N .Vsm. This feature allows the ac peak voltage to exceed the dc pole voltage. 

However, it should be still verified that the average energy stored in the capacitors of the 

SMs remains constant during the steady state operation.  
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 )sin( tVVv adcupa   5.16  

 )sin( tVVv adcbta   5.17  

Therefore the required number of submodule at every instance is  

 ))sin((
1

tVV
V

n adc
SM

upa   5.18  

 ))sin((
1

tVV
V

n adc
SM

bta   5.19  

where VSM is the rated voltage of each SM and C is the SM capacitor. In order to show that 

the energy storage in MMC is balanced, the capacitor voltage variations in one cycle should 

be zero as is expressed 5.20 and 5.21. 

 0
1
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dti
C upa

upeq

 5.20  

 0
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dti
C bta
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 5.21  

The equivalent capacitance is each arm at every moment is determined based on the num-

ber of capacitors that are in series in the arm current path  

 
upa

upa n

C
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   5.22  

 
bta
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   5.23  

Current in each arm is a combination of ac and dc currents. Assume Idc is the dc current and 

ia, ib are ic the ac currents of each ac phase. Assume further that circulating current is sup-

pressed by the control system [121]. The dc current distribution in each arm is Idc/3 and the 
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ac current distribution in each arm is i(t)/2. Therefore, as an example, the arm currents for 

phase a are: 

 )sin(
23

  
 t

II
i peakadc

upa  5.24  

 )sin(
23_    t

II
i peakadc

bta  5.25  

Note that the other phases are the same in magnitude with 1200 phase shift. Now using 

equation 2.22 and 5.24 in equation 5.20 and also equation 5.23 and 5.25 in equation 5.21, 

the voltage variations of the capacitors in one cycle in upper arm and lower arm of phase 

a can be calculated as  
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In both equation 5.26 and 5.27, there are constant terms and oscillating terms. The integral 

of the oscillating terms in one cycle is zero. However, the constant term in both equations 

is cos
43

aadcdc IVIV
 . 

In power electronic converters the input and output power should be the same, therefore, 

 
dcdcaa

dcac

IVIV

PP





2cos
2

3

           

  5.28  

Equation 5.28 shows that the constant terms in equation 5.26 and 5.27 are zero. This is also 

true for other phases. Therefore the energy into and out of the MMC can remain balanced, 

and so the average capacitor energy can remain constant even with varying the dc voltage 

magnitude. 

The advantage of this feature is that it can be used to reduce the significantly large over-

voltages that happen in symmetrical monopole configuration due to pole to ground faults 

without impacting the ac side voltage. Therefore the reactive power exchange can remain 

controlled. If the fault is temporary the power flow can remain uninterrupted. However, as 

action is taken to lower the dc pole to pole voltage from insulation considerations, some 

power derating will have to be done so that the dc current does not exceed the rated value. 

In order to reduce the dc voltage, the dc bias on the reference voltage of each arm needs to 

be reduced to the desired value.  The modified control diagram of full-bridge MMC HVDC 

that can detect the pole to ground fault and reduce the dc overvoltage immediately is pre-

sented in Figure 5-27.  
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Figure 5-27 Modified control diagram of full-bridge MMC HVDC with pole to ground fault detection 
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5.4.1 Symmetrical Monopole MMC-VSC Case, using OHL 

Transmission 

In the modified control diagram of the full-bridge MMC HVDC control system shown in  

Figure 5-27, there are two parameters that need to be specified: Vpole-thr which is the thresh-

old dc voltage value for the fault detection, and α which is the dc voltage reduction factor.  

In order to consider the impact of the Vpole-thr value on the dc pole voltage after the fault, 

two different values, 1.2 pu and 1.5 pu are considered. In each case, the fault is applied 

close to the rectifier station; therefore the maximum overvoltage occurs at the inverter sta-

tion (as discussed in Section 5.1) after which the control system reduces the pole to pole 

dc voltage. Two situations are considered; first an ideal one, where the dc voltage reduction 

is instantaneously applied as soon as the fault happens, i.e., assuming zero fault detection 

time; and secondly allowing for a 1 ms detection delay time. Figure 5-28 shows the simu-

lation results of the pole voltages at the rectifier and inverter terminals. It can be observed 

that the delay in the detection can lead to a much larger overvoltage than the ideal case. 

Also shown in Figure 5.28 is that if Vpole-thr is increased from 1.2 to 1.5, there is no appre-

ciable impact on the overvoltage, indicating that this overvoltage is more dependent on the 

delay than on the threshold overvoltage voltage.   
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(a)                                                                                     (b) 

 
Figure 5-28 Dc line voltage waveforms at: (a) the rectifier and (b) the inverter terminal considering the im-

pact of the delays in the fault detection  

 

After the fault occurs, the pole to pole dc voltage can be reduced by a dc voltage reduction 

factor (1-α). For example, the dc voltage will be reduced to zero by setting α =1. However, 

for temporary faults on overhead lines the dc transmission line can still transfer part of the 

power with the reduced dc voltage. By setting α=0.5, the voltage of the unfaulted pole can 

be reduced to the rated value. Figure 5-29 shows the impact of different values of α (e.g. 

α=1 and α=0.5) on the unfaulted pole transient overvoltage and compares the results with 

the original case. It can be observed that this approach not only reduces the overvoltage 

magnitude, but also reduces the duration of the overvoltage. 

Figure 5-30 shows the maximum peak value of the overvoltage throughout the line with 

applying this control method. It can be observed that the value of α only makes a very slight 

difference in overvoltage reduction at the converter stations, and has no impact on the over-

voltage occurring throughout the line. Therefore, α=0.5 is chosen for the rest of the studies 

here, since it still allows fifty percent of power flow for non-permanent faults while reduc-

ing the overvoltage. 
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(a)                                                                                    (b) 

Figure 5-29 Dc line voltage waveforms at the (a) rectifier, (b) inverter terminal considering the impact of 
different voltage reduction factor on the transient overvoltage on the dc poles  

 

Figure 5-30 also shows the overvoltage reduction at the converter stations is more signifi-

cant than at the middle of the line, and this is due to delays in traveling waves in transmis-

sion lines. This shows that surge arresters are also required in some locations in the line. 

However, since the duration of the overshoot is also reduced by this method, a smaller 

surge arrester size is required. 

 

 

Figure 5-30 Maximum peak value of overvoltage for different settings for α along with the case without the 
control action 

 

2 2.02 2.04 2.06 2.08 2.1

-3

-2

-1

0

1

2

3

Time [s]

V
D

C
 R

ec
tif

ie
r 

si
de

  [
pu

]

2 2.02 2.04 2.06 2.08 2.1

-3

-2

-1

0

1

2

3

Time [s]

V
D

C
 I

nv
er

te
r 

si
de

  [
pu

]

 

 

No control action
=0.5
=1.0

0 100 200 300 400 500 600 700 800 900 1000
2.5

3

3.5

4

HVDC Transmission Line [km]

D
C

 O
ve

r-
V

ol
ta

ge
[p

u]

 

 

No control action
=1.0
=0.5



Chapter 5     123 

 

Earlier in this section, it was explained that the dc and ac voltage magnitudes are independ-

ent in a full-bridge MMC system. To verify this, the ac voltage waveforms of the ac net-

work at the rectifier and inverter stations, when the dc voltage is reduced to zero during a 

pole to ground fault at the dc side, are presented in Figure 5-31. 

 

Figure 5-31 Ac voltage waveforms of the ac network at the rectifier and inverter stations when the dc volt-
age is reduced to zero during a pole to ground fault at the dc side 

 

The simulation results in Figure 5-29 verify that the dc transient overvoltages, caused by 

pole to ground faults, can be reduced significantly by this control approach while system 
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and also the delays caused by propagation time in transmission lines, there is still a voltage 

overshoot on the unfaulted pole that occurs before the controller effectively reduces the dc 

voltage. This overvoltage can be limited by using surge arresters in the transmission line. 

As the initial step, the surge arresters are just used at the terminals of the converters to limit 

the overvoltage below a certain value, e.g. 2 pu. However, it will be shown that this ar-

rangement is not capable of reducing the overvoltage all along the overhead line to the 
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that the transient voltage overshoot is reduced for the entire overhead line. Here, along with 

the initial case, two more options are considered as shown in Figure 5-32: 

 Surge arrester set 1: surge arresters, SA_rec and SA_inv, at the rectifier and inverter 

stations respectively 

 Surge arrester set 2: surge arresters, SA_rec, SA_500 and SA_inv, at the rectifier, 

middle of the line and inverter stations respectively 

 Surge arrester set 3: surge arresters are placed every 250 km , SA-250, SA-500 and 

SA-750, along with surge arresters, SA_rec and SA_inv at the rectifier and inverter 

stations 

 

Figure 5-32 Possible surge arrester locations in dc line; (1) surge arrester set1: using SA_rec and SA_inv, 
(2) surge arrester set2: using SA_rec, SA_500 and SA_inv, (2) surge arrester set3: using SA_rec, SA_250, 

SA_500, SA_750 and SA_inv 

 

Figure 5-33 shows the maximum peak value of the slow front overvoltage using these surge 

arrester arrangements. This figure shows that using more surge arresters along the line does 

not impact the maximum peak value of the overvoltage at the converter terminals, which 

is also demonstrated in Figure 5-34. However, it will reduce the overvoltage throughout 

the entire overhead line more effectively, which will reduce overvoltage clearances re-

quired within the tower.  
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Figure 5-33 Maximum peak value of slow front overvoltages using different surge arrester arrangements 

 

 

Figure 5-34 Dc line voltage waveforms at the (a) rectifier, (b) inverter terminal considering the impact of 
using surge arrester together with the control action  
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shows that the required size of the surge arresters in the middle of the line is significantly 

less than surge arresters located at the converter terminals.  

 

 
Figure 5-35 Energy discharge in the surge arresters as a function of the fault location, using surge arrester 

set 1 

 

 
Figure 5-36 Energy discharge in the surge arresters as a function of the fault location, using surge arrester 

set 3 
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FG4, and FG18 results in the maximum overvoltages of 1.91 pu on the line, at 850 km and 

150 km respectively. A fault at FG9 or FG13 also result in high overvoltages (1.87 pu). In 

this figure, the overvoltages due to faults at each converter stations, as FG1 and FG21, are 

also shown. These two fault locations result in the overvoltage magnitudes between 1.55 

pu and 1.85 pu. Therefore faults at any other locations in the line results in an overvoltage 

between 1.55 pu to 1.91 pu. 

 

 

Figure 5-37 Peak value of the overvoltage along dc line for faults that results in maximum overvoltages 
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Due to the fact that the cable reactance is normally low, the line smoothing reactor helps 

to decrease the oscillation frequency of the transient overvoltage. Table 5-3 shows the max-

imum peak value of the overvoltage for systems with different line smoothing reactor val-

ues, for the proposed control strategy. It can be seen in Figure 5-38 that the control action 

is more effective with higher values of line smoothing reactors since it reduces the resonant 

frequency on the dc system and so slows down the overvoltage rate of rise, making it easier 

for the controller to regulate the voltage. 

 

Table 5-3 Maximum peak value of overvoltages at converter side, cable and OHL junction, middle of the 
cable and inverter side for symmetrical monopole configuration after the controller action 

 Converter 
side 

Cable and 
OHL junction

Cable 
middle 

Inverter 
side 

Compact OHL 
0.01 [H] smoothing reactor 

2.50 [pu] 2.68 [pu] 2.57 [pu] 2.43 [pu] 

Compact OHL 
0. 1 [H] smoothing reactor 

2.05 [pu] 2.18 [pu] 2.20 [pu] 2.14 [pu] 

 

 

Figure 5-38 Dc line voltage waveform at: (a) the rectifier terminals (b) the OHL and cable junction with the 
control action to reduce the overvoltage 
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As mentioned in Section 5.3, in order to comply with CIGRÉ Technical Brochure 496 

recommendations [119], the line surge arresters, as shown in Figure 5-39, should limit the 

sustained overvoltage for XCLPE DC cables to 1.85 pu. The dc line voltage waveforms at 

each end of the overhead line for lines with different line reactors after using the surge 

arresters to reduce the overvoltage are shown in Figure 5-40.  

 
Figure 5-39 Line surge arrester locations in dc systems with OHL and underground cable 

 
Figure 5-40 Dc line voltage waveforms at: (a) the rectifier terminals (b) the OHL and cable junction with 

control action and surge arrester  

The maximum peak values of the overvoltage after using the same surge arresters for each 
case and the maximum energy discharge in each of these surge arresters are presented in  
Table 5-5 5-4 and  
Table 5-5 5-5 respectively. These results confirm that the higher smoothing reactors not 

only reduce the overvoltage more effectively but can also reduce the required surge arrester 

size since the higher rise time gives more time to the control system to reduce the overvolt-

age.   
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Table 5-4 Maximum peak value of overvoltages at converter side, cable and OHL junction, middle of the 
cable and inverter side for symmetrical monopole configuration after the controller action 

 Converter 
side 

Cable and OHL 
junction 

Cable mid-
dle 

Inverter side 

Compact OHL 
0.01 [H] smoothing reactor 

1.77 [pu] 1.87 [pu] 1.94 [pu] 1.95 [pu] 

Compact OHL 
0. 1 [H] smoothing reactor 

1.69 [pu] 1.76 [pu] 1.81 [pu] 1.77 [pu] 

 
Table 5-5 Maximum energy discharge in the surge arresters 

 Converter side Cable and OHL 
junction 

Inverter side 

Compact OHL 
0.01 [H] smoothing reactor

5.602[MJ] 10.652[MJ] 11.135 [MJ] 

Compact OHL 
0. 1 [H] smoothing reactor 

2.540 [MJ] 5.480 [MJ] 5.655 [MJ] 

 

5.5 Control Method to Reduce the Overvoltage of 

Symmetrical Monopole MMC-HVDC with Half-Bridge 

Converter Topology 

The dc voltage of half-bridge converters cannot be reduced as much as full-bridge convert-

ers. However, in order to reduce the overvoltage to below 2 pu after oscillatory response 

limited by surge arresters, the dc terminal voltage should be sufficiently below the rated 

voltage of the surge arrester. Otherwise, the surge arresters will keep conducting and pro-

vide a path to the ground for the dc fault current, thus not allowing temporary faults on the 

overhead lines to self-extinguish.  It is therefore beneficial to reduce the dc voltage of the 

half-bridge converters marginally to the point where the power flow is uninterrupted during 

temporary faults, while the surge arresters reduce the overvoltage. 
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 As demonstrated in Section 5.3.2, in MMCs with half-bridge sub-modules, the output volt-

age of each sub-module can take on one of two different voltage levels, zero or Vsm which 

is the voltage of the SM capacitor, namely ‘OFF’ or ‘ON’ state. Since at any moment, the 

sum of the sub-module output voltages of each phase unit is equal to the pole to pole dc 

voltage in a monopole configuration, the total number of sub-modules with the ON state 

on the lower and upper arms is constant and equal to N [109] where it is 

 
sm

dc

V

V
N

2
           5.27  

In other words, if the number of sub-modules with ON state on upper arm is upn , the number 

of sub-modules with ON state on lower arm is [109]: 

 upbt nNn           5.28  

To reduce the dc voltage after the fault occurs, simply reducing the reference value of the 

controller is not helpful since it will result in reducing the voltage of each sub-module 

capacitor which is not desirable and based on their time constant will not be adequately 

fast. However, reducing the total number of sub-modules of each phase unit with the ON 

state will immediately drop the dc voltage. To do so, the same quantity of the sub-modules 

(about 10% of the total number) from the upper and lower arms should be bypassed at the 

same time. The reference value of the voltage controller has to be reduced simultaneously 

in order to prevent the voltage increase of the other sub module capacitors. The reference 

power is also reduced accordingly, in order to prevent over current on the dc line. The 

modified control diagram of half-bridge MMC HVDC that also includes the fault detection 

unit is presented in Figure 5-41. 
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Figure 5-41 Modified control diagram of half-bridge MMC HVDC with pole to ground fault detection 



Chapter 5     133 

 

Figure 5-42 shows the voltage waveforms at each end of the overhead line using this con-

trol method. The ac voltage waveforms of the ac network at the rectifier and inverter sta-

tions are also presented here in Figure 5-43.  

 
Figure 5-42 Dc voltage line waveforms at the (a) rectifier, (b) inverter terminal  

 

 
Figure 5-43 Ac voltage waveforms of the ac network at the rectifier and inverter stations 
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5.6 Conclusion 

A comprehensive analysis on slow front overvoltages on transmission lines of MMC 

HVDC systems was performed in this chapter. Several major conclusions of this study can 

be summarized as follows: 

 Reducing the pole to neutral and pole to pole spacing of the overhead lines, which 

increases capacitance and decreases reactance, results in a larger damping factor 

for transient overvoltages. Doing so can therefore reduce slow front overvoltages, 

especially for symmetrical monopole configurations. 

 The proposed control approaches in both full- and half-bridge MMCs reduce the 

pole to pole voltage on fault application. This also has the beneficial effect of 

reducing the required surge arrester size for line insulation. It also can minimize air 

clearances, insulator length and in some cases minimum ground clearances – thus 

achieving maximum compaction of HVDC overhead lines. 

  With the proposed control approach, by reducing slow front overvoltages in the 

symmetrical monopole systems, partial power can still be transmitted during non-

permanent single pole to ground faults.   

 Line surge arrester arrangements that reduce the slow front overvoltages, and 

consequently the required air clearances, along the entire HVDC overhead lines are 

identified.  

 



 

Chapter 6   

Lightning Performance and Fast Front Over-

voltage Analysis of the Proposed Compact 

HVDC transmission Line 

 

Lightning strikes are the main source of the fast front overvoltages on overhead transmis-

sion lines. The goal of this chapter is to evaluate the response of the proposed compact 

structure to lightning. The focus is mainly on evaluation of the critical lightning currents 

that results in fast front overvoltage stresses and may cause insulation failure.  

Lightning performance analysis of overhead transmission lines involves looking at both 

the characteristics of lightning and the response of transmission lines to it. The knowledge 

of the latter is more complete because it has been studied in the laboratories [122], [123], 

[124] and the knowledge of the former relies primarily on incidental observations and con-

clusions both from records and from field measurements [50], [69], [125]. 

Lightning strike in the proximity of transmission lines may hit the conductor, the tower or 

the shield wires which are placed above the conductors to protect them against direct 
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strikes. Lightning hitting the conductor causes overvoltage on the line which, if the light-

ning current exceeds a certain value, will result in an overvoltage large enough to cause 

insulator flashover. Lightning strikes hitting the tower and shield wires lead to an overvolt-

age on top of the tower that is also a function of the lightning current as well as the tower 

grounding. This voltage is coupled to the conductor; it stresses the tower insulation and 

may cause back flashover. 

There are many different methods proposed to analyze lightning performance of transmis-

sion lines, including electro-geometric models (EGM) [50], [125], generic models and sta-

tistical approaches [126], [127]. The electro-geometrical model is used in this thesis, since 

in general it results in the highest shielding failure current and thereby assumes a worst 

case scenario, according to [127] and is also the recommended as a standard by IEEE [86]. 

In order to investigate back flashover, an accurate transmission line model is required [128] 

which is available in simulation packages such as PSCAD/EMTDC and which is used in 

this thesis.  

In order to evaluate the impact of the line compaction on lightning performance, the results 

are compared with the conventional overhead dc line described in Section 3.1. The con-

ductor locations on each tower are shown in Figure 6-1 and the detailed parameters of each 

line structure are listed in Table 6-1. The conductors are assumed to be the same for both 

designs and their properties are listed in Table 3-1. 
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Figure 6-1 Tower Geometry 

 

Table 6-1 Detailed parameters of the line geometry  

Tower parameters  
 Conventional   [m] Compact  [m] 
Cross arm length 7.75 6.5 
Tower height 46.9 25 
width at conductor height 2.1 1 
width at ground 7.85 1.5 
Insulator length 5 5 
Span length 488 244 

Wire locations 
Shield wire height at the tower 46.9 25 
Conductor height at the tower 34 19 
Shielding angle 30 0 
Conductor sag 20.8 5.8 
Shield wire sag 8 2.5 
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6.1 Impact of the Structure Height on Frequency of the 

Lightning Flash Collection  

The first step to analyze lightning performance of the high voltage transmission lines is to 

estimate the frequency of the lightning strike occurrence in the region that the transmission 

line is located. Nowadays, ground flash density in any area can be estimated from records 

of lightning locating equipment and flash counter networks. It is quantified as the number 

of flashes occurring per unit area per year [69]. The ground flash density maps for Canada 

and the United States are available in [129], [130]. Obviously, when two routes with similar 

soil characteristics are being compared, the route through a region with lower density of 

severe flashes will definitely have fewer outages.  

In order to estimate the number of flashes to earth that are intercepted by the transmission 

line, a simplified method [69] assumes that the line throws an electrical shadow on the land 

beneath.  If a lightning flash terminates within this area, it is attracted to the line, whereas 

flashes outside this shadow will entirely miss the line. Figure 6-2 shows a comparative 

demonstration of the shadow width, W1 and W2, for a conventional and a low-profile line. 

Generally, more flashes are collected by the taller towers especially if they are higher than 

the surrounding terrain or tree profile.   
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Figure 6-2 Lightning shadow area 

 

From the shadow area, W, and the ground flash density, Ng, the expected number of light-

ning strikes on the line can be estimated. Initially, based on inadequate available data, the 

shadow area was estimated as four times the tower height plus the distance between the 

shield wires [69]. Later on, some researchers modified this approximation [131]. The most 

widely used empirical equations are the Whitehead equation [132] and the Erikson equa-

tion [133]. Whitehead first offered the modified empirical equation, as expressed in equa-

tion 6.1, which obtained a better correlation with the observed data. Erikson later addressed 

another equation based on more comprehensive empirical and analytical studies as given 

in equation 6.2. 

 Whitehead  :  ]
.100

[      )4(1.0 09.1

yearkm

flashes
DhNN gl    6.1  

 Erikson      : ]
.100

[      )28(1.0 6.0

yearkm

flashes
DhNN tgl   6.2  
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In Equation 6.1 and 6.2, Nl is the number of flashes/100km/yr, Ng is the ground flash 

density (flashes/km2/yr), h is the average conductor height (m), ht is the tower height (m) 

and D is the overhead shield wire seperation distance (m). 

Eriksson's model depends only on tower height, while the Whitehead’s model is derived 

for average conductor height, which is a function of both tower height and the conductor 

sag. In order to compare these models, the average conductor height should be generally 

offset to 10- 20% greater than the conductor height [131]. The shadow area as a function 

of the conductor height for each model is presented in Figure 6-3. This graph shows that 

the Whitehead model (also known as the IEEE model) may lead to underestimations of up 

to 50% of the number of incidents in the height range of 10 - 30 m. However, it can also 

overestimate the expected strike incidence to taller structures above 65m. 

 
Figure 6-3 Shadow area for lightning models 

 

The worst case of ground flash density in Southern Manitoba, from 1999 to 2008, was 1.0 

flashes/km2/year [129]. Table 6-2 shows the number of flashes per 100km of the line length 
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Table 6-2 Number of flashes per100km per year for both compact and conventional lines 

 Conventional DC Line Compact DC Line 
Whitehead model 11 9 

Erikson model 28 20 
 

6.2 Lightning Flash on Transmission Lines 

Lightning is an electric discharge in the form of a spark or flash originating from a charged 

region in a thundercloud. This channel of ionized air is also called a "leader", and over 90% 

of which have negative polarity [134]. As the downward leader approaches earth, its space 

charge sheath induces significant charges on the objects in the vicinity and results in en-

hancement in their electric field and stresses the ambient air. When the electric field reaches 

critical levels the ambient air is ionized, the stem from the objects starts to grow to form a 

leader discharge. For a strike to occur, a downward leader has to grow and connect to an 

available upward leader from the objects in the vicinity that will eventually form a low-

resistance path. The distance between the descending leader tip and the object at the instant 

of inception of the upward leader is called the maximum radial attractive distance of a 

structure (or the maximum lateral attractive distance of a conductor) [134]. Several differ-

ent models for the zone-of-attraction have been developed [124], [134]. The models treat 

the zone-of-attraction as a ‘strike distance' and are called electro-geometric models [124]. 

With this concept, a zone-of-attraction can be defined for any object in the vicinity such 

that any lightning strike entering an object's zone-of-attraction will strike that object. In the 

case of several tall objects close together, lightning will strike the object with the largest 

and outermost zone-of-attraction. In other words, this object will effectively shield the 
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other objects from lightning. Based on this lightning characteristic, ground wires, also 

known as shield wires, are placed on top of the towers to attract the lightning strikes and 

protect the overhead lines against lightning [69].  

When a downward leader approaches the OHL from a charged cloud, upwards leaders are 

launched from the ground, the ground wires and the energized conductors. Figure 6-4 

shows the striking distances from each of them. Therefore there are three possible dis-

charge paths for the lightning strike. For example, if an upwards leader from a ground wire 

reaches the downwards leader the lightning will terminated on the ground wire. However, 

the ground wires do not always protect the conductors from a direct strike, resulting in 

“shielding failure” [69].  

 

Figure 6-4 Striking distances for final jump in Electro-geometric models 

 

If a lightning stroke hits the dc pole conductor, it injects the main discharge current into 

the conductor, thus developing a voltage across the insulator string proportional to the 

surge impedance of the conductor. Even for relatively low lightning current, the resulting 

voltage will normally exceed the critical value of the insulator voltage withstand strength 
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and a flashover may occur [69]. If lightning strike hits the shield wire, the current waves 

will travel down each direction of the shield wire with the larger residual amount and also 

down the tower and, through its effective impedance, raise the potential of the tower top to 

a point where the difference in voltage across the insulation is sufficient to cause flashover 

from the tower back to the conductor which is called back flashover mode [69]. This chap-

ter is mostly focused on investigating the critical currents and voltages that have a serious 

impact, e.g. shielding failure or insulator flashover on a compact transmission line. 

6.2.1 Striking Distance and Shielding Effect 

As described previously, shielding analysis according to electro-geometric models is based 

on striking distance [131]. The striking distance to an object, rc, is a function of the pro-

spective lightning peak current, I. It can be associated with striking distance to earth sur-

face, rg, by using a factor γ. In general, striking distance based on the normal electro-geo-

metrical model is given in described in equation 6.3 [86]. 

 g
B

c rIAr    6.3  

where I is the lightning peak current in kA, rc and rg are the striking distances of the con-

ductor/shield wires and the ground respectively in m and A, B and γ are constants. Note 

that the strike’s current amplitudes within a lightning flash are described in terms of prob-

abilities [50]. Commonly used cumulative statistical distributions, which are largely based 

on direct lightning current measurements, are presented in [50].  
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Figure 6-5 Striking distances in electromagnetic models 

 

Figure 6-5 illustrates the resultant striking distance for a specific value of strike current. It 

is represented as a sector of a circle surrounding a conductor, with radius rc as formulated 

in equation 6.3. A striking distance to the ground, generated in the same manner, is also 

shown in Figure 6-5 as a horizontal line above the ground with radius rg. Striking distance 

from the conductor is usually considered to be greater than that from the ground since local 

electric field gradients around conductors are somewhat higher than at ground level [86]. 

If the downwards leader reaches the striking distance in between points A and B, (Dc, as 

shown in Figure 6-5), the lightning will terminate on the pole conductor. However, if the 

leader reaches the area Ds, the lightning will terminate on the shield wire. Lightning striking 

outside these areas will terminate on the ground.  
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Figure 6-6 (a) Dc decreases as the lightning current increases, (b) maximum shielding failure current 

 

As shown in Figure 6-6 (a), the distance Dc, in where the lightning strike can hit the pole 

conductor, decreases as the lightning current increases. The largest current that can termi-

nate on the pole conductor is defined as the maximum shielding failure current (IMSF). In 

other words, no shielding failure can occur for lighting strike currents above the maximum 

shielding failure current. As shown in Figure 6-6 (b), general expressions of IMSF can be 

derived as follows: 
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Also from equation 6.3, when the lightning current is IMSF, B
MSFg IAr )/(   which when 

substituted in equation 6.6, IMSF can be calculated as given in 6.7. 
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 6.7  

Several researchers, particularly Wagner et al., [135], [136], Young et al., [137], Armstrong 

and Whitehead [138], Brown and Whitehead [139], Love [140], and Mousa [141], have 

contributed to formulate the striking distances of the lightning strike in the electro-geomet-

ric model. Eriksson [142], using leader progression model concepts, modified the electro-

geometric model by introducing the attractive radius at which the upward and downward 

leaders will grow and eventually meet when sufficient field strength is present. Eriksson 

has noted that the striking distance is not only a function of the lightning peak current but 

is also significantly sensitive to height of the conductor. Therefore, the attractive radius, rc, 

of a conductor is expressed as follows [142]: 

 74.06.067.0 Ihrc   6.8  

where I is the lightning peak current in kA and h is conductor height in meters. Note that 

here the striking distances of the shield wire and pole conductor are different and depend 

on their height. Further, the strike terminating to earth is assumed as a default condition 

and therefore a striking distance equation to earth is not required [142]. 

In Eriksson’s model, similar shielding analysis to that of electro-geometric models is per-

formed by using the appropriate attractive radius to draw arcs from the shield wire and pole 

conductor. Thus, for shielding failure width Dc =0 the maximum shielding failure current 

IMSF (kA) can be derived similarly as follows [142]: 
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where x=( hg/hc)0.6
 , y2=( hg - hc)2+w2 and hg, hc and w are shown in Figure 6-6 (b). 

As described earlier, different values for the constants in equation 6.7 and equation 6.9 are 

given from various sources. Table 6-3 shows the maximum shielding failure current and 

the striking distances of compact and conventional lines using different models. The results 

from the different models show considerable variation.  Nevertheless, regardless of the 

model used, it can be observed that the maximum shielding failure current of the compact 

design is significantly lower than in the conventional design. This is due to two factors; the 

shorter tower height and the location of the shield wires, also known as shielding angle, 

shown in Figure 6-1. However, a review of literature indicated that for studies conducted 

on Bipoles I and II of the Nelson River HVDC Transmission system, Eriksson’s model 

yielded failure rates most consistent with the recorded data in [143]. 

Table 6-3 Calculation of striking distances and IMSF for compact and conventional design 
 

Constants Conventional design Proposed compact design
 

A B γ Imsf rc rg Imsf rc rg 

Young 27 γ 0.32 1.07 41.72 95.27 89.04 0.53 23.54 22.0 

Armstrong-Whitehead 6.72 0.8 1.11 30.50 103.48 93.22 5.02 24.42 22.0 

Brown-Whitehead 7.1 0.75 1.11 35.60 103.48 93.22 5.19 24.42 22.0 

Love 10 0.65 1 25.72 82.55 82.55 3.36 22.00 22.0 

IEEE Working Group 8 0.65 1 36.26 82.55 82.55 4.74 22.00 22.0 

Erikson 6.74 0.74 NA 16.31 43.86/53.2 NA 3.36 13.62/16.52 NA 

 

The conventional design, as shown in Figure 6-1, has one shield wire with the shielding 

angle of 300. The vertical distance between the shield wire and the pole conductor is 12.9 

meters in this tower design. Assuming the tower top geometry remains the same, the impact 
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of conductor height on maximum shielding failure current in a conventional dc line using 

different constants in the electro-geometric model is shown in Figure 6-7. In addition, Fig-

ure 6-8 shows the impact of shielding angle on maximum shielding failure current, assum-

ing the conductor and shield wire heights are constant. It can be observed that although 

there is a great variability in IMSF among lightning attachment models, all models agree in 

predicting that IMSF increases with shielding angle and conductor height.  

 
Figure 6-7 Impact of conductor height on maximum shielding failure current in conventional dc line 

 

 
Figure 6-8 Impact of shielding angle on maximum shielding failure current in conventional dc line 
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6.2.2 Critical Current  

So far it has been shown that a lightning strike with current of less than or equal to IMSF, 

within the lightning shadow of transmission lines can result in shielding failure and hit the 

pole conductor. It is also important to find the minimum lightning current, also known as 

critical current (IC), that is required for a flashover of the tower insulators. The critical 

current can be calculated from the characteristic impedance of the line and the critical 

flashover voltage (CFO) of the tower insulators [69]. Assuming the effect of conductor 

voltage is neglected, the critical current has been determined using equation 6.10 and 6.11. 

 CFO
Z

I c 
2

0  6.10  

 
cR

h

r

h
Z

2
ln

2
ln600   6.11  

Here, Zo is the conductor surge impedance under corona, h is the average conductor height, 

r is the conductor equivalent radius m, Rc is the corona radius of the conductor at a gradient 

of 1500kV/m [69] and CFO is the insulator string critical flashover voltage. For lightning 

performance analysis with standard lightning impulse waveforms, the CFO is 490 kV/m 

when the time to flashover is greater than 16 us [49].  

For a dc line with a pole to ground voltage magnitude Vp and Vn for positive and negative 

poles a similar approximate relationship for the positive pole would be [134]: 

 CFOV
Z

I pc 
2

0  6.12  

 CFOV
Z

I nc 
2

0
 6.13  

Therefore the critical current for the positive and negative poles can be expressed as: 
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It is obvious from equations 6.14 and 6.15 that considering the effect of dc pole voltage, 

the critical current of the positive pole will be higher than the negative pole. Table 6-4 

shows the critical currents for positive and negative pole for both compact and conventional 

lines. 

Table 6-4 Critical current of the compact and convention design for CFO=2450 kV (5[m] × 490[kV/m]) 

 Conventional Lattice Proposed compact 

Surge impedance (Ω) 357 340 

Critical current (kA) 
Positive pole 16.52 17.35 

Negative pole 10.92 11.47 

 

6.3 Shielding Angle and Height 

As described earlier, the geometry and the placing of the ground wires have significant 

influence on their capability to protect the conductors (shielding effects) and eventually in 

the overall lightning performance of the OHL [49]. Perfect shielding can be obtained when 

the maximum shielding failure current is equal to or less than the critical current (IMSF ≤ Ic) 

[49]. In order to achieve an effective shielding of the overhead lines, the shielding angle α, 

as shown in Figure 6-6, should be decreased as the height of the transmission line structures 

increases. A demonstration of the relationship between the shielding angle and conductor 

height with the maximum shielding failure current using different models is presented in 
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Figure 6-9.  It can be observed that the Young model is the most sensitive model to con-

ductor height, while the Erikson model is the least sensitive. After calculating the critical 

current of a transmission line, the data shown can help to find the perfect shielding angle 

for different tower heights.  

 

Figure 6-9 Relationship between the shielding angle and conductor height with the maximum shielding 
failure current using different models 
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However, this perfect shielding solution has a limitation. Even if the first stroke-current 

magnitude is less than the critical current Ic, subsequent strokes that follow the same leader 

may possess current magnitudes that exceed Ic and result in flashover. The amplitude of 

the first and second stroke is independent in the recorded data [69]. However the first 

stroke-current waveform in a flash tends to rise more gradually to its crest than the wave-

form in the subsequent stokes. Experiments have shown [69] that for typical transmission 

lines, the subsequent stoke is not likely to be dominant more than 20% of the time primarily 

because its voltage generating effects are of fractional microsecond duration at a time when 

the volt-time strength of an insulator string is extremely high. Therefore IMSF=Ic can result 

in a very low but non-zero shielding failure flashover rate.  

6.4 Back Flashover 

When a lightning strike contacts the ground wire or the tower, a portion of lightning current 

enters the ground through the tower and the remainder travels along ground wires in each 

direction. The initial fractions along these two paths depend on the relative surge imped-

ances of the ground wires and the tower. This current produces a voltage surge on the top 

of the tower structure. Considering capacitance and inductance coupling between guard 

wires, tower structure and pole conductors, another surge voltage with the same waveform 

and lower amplitude is induced and superimposed on the existing pole conductors. Figure 

6-10(a) illustrates the tower top voltage V2 and the pole voltage, V1. The voltage difference 

between the tower top and the pole conductor will appear across the insulator string, Vstring. 

If the potential of a tower rises to a value where the insulator string can no longer withstand 

the voltage between the tower and the phase conductor, i.e., |V1-V2| > Vw, an electrical arc 
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starts from tower structure toward the pole conductor and a back flash will occur, as shown 

in Figure 6-10 (c). As a result, the major part of electrical charges transmits to pole con-

ductor through the arc path, and increases the pole voltage from V1 to V2. Note that the 

withstand voltage Vw is also time dependent, i.e., a significantly large voltage can be with-

stood for a short time, but this withstand capacity decreases with time [69]. 

 

Figure 6-10 Back flashover mechanism 

 

The most important factor affecting back flashover is the surge impedance of current path 

to ground through the tower structure - including the footing resistance as well as the tower 

structure impedance. Surge impedance of the tower is a function of the tower height and 
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cross section. The discharge speed of electrical charges to ground increases as this imped-

ance decrease and consequently causes the amplitude of surge voltage created on the tower 

structure to decrease [69].  

6.4.1 Back Flashover Modeling 

In order to find the minimum lightning current that results in back flashover in the low 

profile compact design compared to the conventional HVDC transmission lines, the light-

ning incidence needs to be simulated by an electromagnetic transient simulation software, 

such as PSCAD/EMTDC [128]. The following sections describe the modeling of the tower 

structure, footing resistance, transmission line, insulator, lighting strike currents and related 

components in detail, and then the simulation results are presented. 

Selection of the calculation time step is an important consideration in fast front overvoltage 

studies. Waves on the transmission lines travel at speeds close to the speed of light, at 0.3 

meters per nanosecond. Considering the shortest line length in the model (i.e. the cross arm 

length that will be explained in the next section) a space resolution of 0.3 m appears ade-

quate, corresponding to a travel time of 1 nanoseconds. Therefore lightning simulation 

studies can be conducted with calculation time steps of 1 ns [128]. 

 Tower model 

In order to model the fast front surges of the lightning current travelling through the tower, 

each major tower section can be represented as a short transmission line Bergeron model 

[128]. The equivalent models of each section of the proposed low-profile tower and the 

conventional lattice tower are illustrated in Figure 6-11.  For each section, the propagation 

time and surge impedance are required for the equivalent transmission line model. The 
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travel time of a wave down the tower should be the tower height divided by the velocity of 

light. However, full measurements of the surge responses of the lattice towers, varying in 

height from 26m to 216 meters, showed that measured velocity of propagation of the surge 

was about 0.7×C to 0.9×C (where C = velocity of light in a vacuum) [69].  Table 6-5 shows 

the surge impedance of each section, using approximations given in [69] and the tower 

parameters listed in Table 6-1. 

 

Figure 6-11 Equivalent model of the tower structure 

 
 

Table 6-5 Surge impedance of the tower sections [69] 
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 Tower Footing Resistance 

Tower footing resistance is another important parameter in lightning back flashover anal-

ysis. High structure footing impedances cause increased voltages and more lightning out-

ages for a given lightning strike current. Unfortunately, this resistance is a fluctuating sta-

tistical variable, that its magnitude is governed not only by geography but also by nonlinear 

conduction physics in the earth [69]. It is generally agreed that the resistance of an earth 

electrode decreases with the applied current due to ionization of the soil. A simplified 

method for calculating the reduction in ground resistance is given in [50] in which the 

current dependence footing resistance is expressed in equation 6.16: 

 
g

T
II

R
R

/1
0


  6.16  

where RT (Ω) is tower footing resistance, R0 (Ω) is the tower footing resistance at low 

current and low frequency,  Ig (A) is the limiting current to initiate sufficient soil ionization 

and I (A) is the lightning current through the footing impedance. The limiting current is a 

function of soil ionization as follows [50]: 

 2
0

0

2 R

E
I g 







 6.17  

where ρ is the soil resistivity (Ω.m), E0 is the soil ionization gradient (kV/m) which is about 

300-400 kV/m [4]. The soil resistivity ρ varies greatly over the length of the line, a typical 

value of 100 Ω. m [50], [143] was used in this thesis. A typical tower grounding resistance 

of 5 ohms [49] is also used for both compact and conventional design. 
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 Insulator model 

The flashover or back flashover along the insulator string can occur when the electric stress 

between the conductor and the tower cross-arm exceeds the withstand voltage of the insu-

lator string. The insulator string model can be represented as a capacitor in parallel with a 

voltage-controlled switch connected between the pole conductor and the tower to represent 

a flashover [128].  For a simplified analysis, a detailed arcing model for flashover is not 

necessary. Thus a short circuit (ideal switch) representation is adequate. The capacitance 

value of suspension insulator and pin insulators are typically 80 pF/unit and 100 pF/unit 

respectively while the capacitance value of ceramic insulators are an order of magnitude 

more for equivalent non-ceramic insulators [69], [143]. 

 There are many methods to model the breakdown performance of the insulators, including 

a volt–time curve and the leader propagation method [144]. The leader propagation method 

is more accurate for standard or non-standard lightning impulses, since it gives special 

consideration to breakdown parameters and to physical aspects associated with the dis-

charge mechanism. However, the volt-time characteristics curve method is sufficient for 

standard lightning impulses, which are also of main concern for insulation coordination 

studies [50], [144]. In the volt-time curve method the voltage withstand capability of the 

insulator, which is a function of insulator length, is represented in equation 6.18 [49]: 

 
75.0
2

1 t

K
KU   6.18  

where U is the insulator breakdown voltage, k1=400×L, K2=710×L, L is the insulator 

length [m] and t is elapsed time after lighting strike [usec]. In the simulation, the insulator 

flashover voltage is calculated using equation 6.18, and compared to the actual insulator 
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voltage. If the insulator voltage exceeds the withstand voltage, a flashover occurs across 

the insulator and the switch status changes to the closed (low resistance) position [128].  

Manitoba Hydro’s Bipole III uses insulators with a string of porcelain or toughened glass 

discs. In southern Manitoba where the towers are self-supported, each tangent suspension 

insulator string’s length is 5 m and comprises 25 discs with a diameter of 380 mm (15 in.) 

and a weight of 15.4 kg (34 lb.) per disc [68]. 

 

 Lightning current 

The important parameters of a lightning impulse are its impulse crest value I0, the front 

time to crest tf, and the time to half settle on the tail tt. In lightning voltage analysis of 

transmission lines, a front time, tf, must be selected first. Voltages will be directly propor-

tional to strike-current amplitude. The magnitude of the current impulse due to lightning 

discharge is a probability function [69]. As described earlier, low discharge levels may 

result in a higher tendency for the lightning strike to bypass the shield wires and directly 

hit the pole conductors. The larger lightning impulse currents may tend to strike the tower 

top and lead to a back flashover.  Generally for back flashover studies the current ranges 

from 50kA-300kA, since beyond this peak value there is inadequate information [122]. 

These currents require a front time somewhere between 1.2 and 2.5μsec for the calcula-

tions. The decay time is of secondary importance in back flashover studies and can be 

assumed to be a fixed value for all scenarios since insulation failure occurs shortly after 

the lightning strike [122]. 

A variety of equations exist in the literature [122] to represent the lightning current impulse 

waveform, including the double ramp, double exponential and Heidler function current 
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waveforms, as shown in Figure 6-12. The double ramp and double exponential equation 

are widely used in lightning study analysis. However, the Heidler model reproduces the 

observed concave rising portion of a typical current waveform, as opposed to other wave-

forms [122], [144]. Experiments show that the crest current and the rapidly rising frontal 

currents near the crest play the key role in back flashover occurrence [122]. Therefore, the 

Heidler model is used in this thesis for back flashover analysis.  

 

Figure 6-12 Different models of the lightning current waveform (1.2 us/50 us) 

 

The Heidler function lightning current waveforms i(t) is expressed in equation 6.19 [122]: 
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where I0 is the peak of lightning, τ1 is the rise time constant, τ2 is the tail time constant, n 

is the concave factor, and η is the peak correction factor. Since most lightning currents are 

negative, only back flashovers for the positive pole are considered here. 

Generally, the mean number of strikes per lightning flash is three, typically separated in 

time by 20 to 50 milliseconds. The time between strikes is sufficiently long, so that the fast 
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front transient effect is dissipated before the next strike arrives. The amplitude of the first 

and second strike is independent in the recorded measurements. But the first strike-current 

waveform in a flash tends to rise more gradually to crest than the waveforms in the subse-

quent strikes. The experiments [69] showed that for typical transmission lines, the subse-

quent strike is not likely to be dominant more than 20% of the time primarily because its 

voltage generating effects are of fractional microsecond duration at a time when the volt-

time strength of an insulator string is extremely high. Therefore for practical lightning per-

formance calculations, the contribution of the second strikes to transmission lines can be 

ignored. Generally the volt-time curves are obtained with a 1.5×50 μsec time constant 

waveform [69]. 

6.4.2 Back Flashover Simulation Results 

6.4.2.1. Impact of Different Tower Structures 

The insulator voltage waveform resulting from lightning currents with different crest mag-

nitudes for compact and conventional towers are shown in Figure 6-13 and Figure 6-14 

respectively. The minimum lightning current required to cause back flashover in compact 

lines is 180 kA, whereas for conventional lines it is 100 kA. This means that the compact 

tower is more resistant to back flashovers.  Except for the tower design and shield wire and 

conductor positions, all the other parameters, such as ground resistance (5 ohms), lightning 

front time (1.2 us), insulator length and properties are assumed to be the same for both 

simulation cases of the compact and conventional designs.    
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Figure 6-13 Insulator voltage for different magnitude of the lightning current for compact towers 

 

 
Figure 6-14 Insulator voltage for different magnitude of the lightning current for conventional towers 

 

As explained earlier, the discharge speed of electrical charges to the ground increases as 

the impedance of the current path decreases and consequently causes the amplitude of surge 

voltage created on the tower top to decrease. Figure 6-15 shows the voltage stress on the 

insulator for conventional and compact lines for the lightning crest current of 100 kA that 

result in a back flashover in conventional line, but not in the compact line. This again 

demonstrating its superior performance of the proposed compact design in the face of light-

ning strikes.  
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Figure 6-15 Insulator voltage for conventional and compact line when the lightning crest current is 100 kA 

 

6.4.2.2. Impact of Shield Wires and Tower Height 

In comparing compact and conventional designs, there are a number of variables that im-

pact the generated voltage at the top of the tower, including the tower height and the num-

ber of shield wires. In other words, the compact design not only has shorter height that 

results in lower impedance and faster ground to tower top voltage reflections limiting tower 

top voltage build up, but also includes two shield wires. The shield wires provide more 

paths for current flow, therefore less current travels through the tower.  

In order to consider only the impact of shield wires on back flashovers, this study was 

repeated for a conventional tower with two shield wires with the shielding angle of zero. 

Figure 6-16 shows that the minimum lightning current increases from 100 kA to 140 kA 

by using two shield wires in the latter design. Likewise, the study was also performed for 

the conventional lines with ±10% variations in their tower height. The impact of height on 

the minimum current for back flashover in the conventional design is shown in Figure 6-17. 
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These results show that using two shield wires decreases the chance of back flashover more 

effectively than reducing the tower height by 10%. 

 

 
Figure 6-16 Minimum lightning currents that results in back flashover in conventional towers with one or 

two shield wires. 

 

 
Figure 6-17 Minimum lightning currents that result in back flashover in conventional designs, ±10% varia-

tion in tower height 

 

6.5 Conclusion 

The lightning analysis of the low profile compact dc line, comparing to the conventional 

line, was presented in this chapter. This study shows that: 
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 Compact transmission lines have a low profile and hence a smaller lightning 

shadow and are thus less prone to attract lightning strikes.  

 It should be realized that as described in Chapter 3, the compact line has many more 

towers and hence more insulator strings. Although the probability of lightning 

induced flashover is reduced in the compact line for any individual insulator string, 

further reliability calculations should be conducted to investigate the corresponding 

fault risk considering the larger number of strings. 

 Shielding angle and tower height are the main factors in maximum shielding failure 

current (IMSF) calculations. Although there is a great variability in IMSF among 

different electro-geometric lightning models, all of them showed that IMSF increases 

with increase in the shielding angle and the conductor height. 

 The most important parameter effecting back flashover rate is the impedance of the 

current path, including both the footing resistance and the tower structure 

impedance. Because smaller towers have lower overall impedance and shorter wave 

propagation travel times down the tower, compact transmission lines have less 

chance of back flashovers.  Moreover, using two shield wires provides more paths 

for the current flow which will further increase the minimum lightning current 

required for the back flashover. 

 



 

Chapter 7   

Contributions, Conclusions and Future Re-

search 

This chapter presents the concluding remarks of this thesis, summarizes the main contri-

butions, and provides a number of recommendations for future research in compact HVDC 

transmission. 

7.1 Contributions 

The main contributions of this thesis are as follows: 

 Through a comprehensive literature review, the HVDC overhead transmission line 

design parameters and their interdependence were investigated to find out the 

components that have a major impact on the ROW width and tower height. Then, 

based on this discussion, a new compact dc overhead line was proposed.  

 Detailed electromagnetic transient models of the MMC HVDC systems with two 

different transmission configurations (symmetrical monopole and bipole) and 

different transmission medium (purely overhead lines as well as the systems that 
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have both overhead lines and underground cables in the same circuit) were 

developed using PSCAD/EMTDC to perform electrical analysis of the proposed 

compact dc line. 

 All the fault contingencies and associated overvoltages of those MMC HVDC 

systems were carried out using electromagnetic transients (EMT) simulation with 

the PSCAD/EMTDC software. A sensitivity analysis on the most important 

parameters, such as line length, fault time and location, etc., that may impact the 

magnitude and duration of overvoltages in the dc line has been also performed. The 

worst case scenario of each case, which is required for the insulation coordination 

of the dc line, was determined accordingly.  

 A methodology for significantly reducing the dc overvoltage and consequently 

minimizing air clearances for maximum compaction was developed. This 

methodology uses a new control scheme for the MMC HVDC, which reduces pole-

pole dc voltage, together with an appropriate arrangement of the dc line surge 

arresters. 

 The lightning performance analysis of the proposed compact design was carried out 

with a focus on the evaluation of the critical lightning currents that results in fast 

front overvoltage stresses.  

 In all the research steps, the results were compared with a conventional HVDC line 

design in order to assess the effectiveness and limitations of the proposed compact 

line design. 
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7.2 Conclusions 

The thesis investigated the complex interdependencies of parameters affecting the behavior 

of compact dc lines. Compaction of HVDC overhead lines is achieved through reductions 

in tower height and required ROW width for a given power, voltage and conductor array 

so that it can improve the prospect of HVDC transmission siting on existing road, and rail 

ROW.   

ROW width is driven by pole-to-pole spacing, conductor out-swing and lateral safety clear-

ances. Tower height mainly consists of insulator length, conductor sag and minimum re-

quired ground clearance. It was shown in Chapter 3 that the parameters affecting tower 

height and ROW width are complex and interdependent. A number of design options that 

can serve to reduce both the height profile and ROW width requirements of dc lines and 

their relative effectiveness are shown in Table 3-4. In conclusion, the conductor sag was 

seen to be the principal factor affecting tower height for a given voltage and minimum 

ground clearance, and therefore also the major factor in conductor blow-out at high winds 

and the corresponding ROW width requirement. The main recourses for reducing sag are:  

(1) Shortening spans, since sag is approximately proportional to the span length 

squared for a given conductor choice, stringing tension, electrical loading and 

weather context in a flat terrain. 

(2)  High-Temperature, Low Sag (HTLS) conductors which have a reduced sag for a 

given thermal loading. 

The conductor surface voltage gradient is mainly a function of the number and diameter of 

sub conductors in the bundle and is much less affected by pole to pole spacing. Decreasing 
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pole to pole spacing can be compensated by marginally increasing the conductor size. 

However, an important factor in the pole to pole spacing of transmission lines is the re-

quired horizontal clearances between pole conductors and tower members, which depend 

on the maximum expected overvoltages on the dc line.  

The main source of the slow-front overvoltages on MMC-HVDC transmission lines is the 

single dc pole to ground fault. The magnitude of these overvoltages depends primarily on 

the dc transmission system configuration. It was shown that in grounded bipole systems, 

the maximum peak value of slow front overvoltages are generally at most around 2.0 pu 

without any control actions or surge arresters;  similar to the case for LCC HVDC systems. 

However these values in high resistance grounded symmetrical monopole configurations 

are about 3.0 pu, which is significantly larger than the grounded bipolar systems. In the 

high resistance grounded symmetrical monopole configuration, the peak overvoltage value 

on the unfaulted pole also depends on the damping ratio of the dc transmission line. As the 

damping ratio increases the voltage overshoot decreases. The damping ratio and the fre-

quency of oscillations are a function of the system parameters such as line resistance, in-

ductance and capacitance. 

In dc lines with positive and negative poles, the line inductance and capacitance per unit 

length are a function of the distance between the conductor and a neutral and the conductor 

equivalent radius. Decreasing pole to neutral distance reduces the inductance and increases 

the capacitance of the line. Hence the capacitance to inductance ratio in the cable models 

is much larger than the transmission lines. Thus in dc transmission systems including cable, 

the voltage overshoot is generally less than in dc transmission systems with overhead lines. 

This also shows that reducing the pole to neutral spacing of the overhead lines decreases 
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the reactance and increases the capacitance of the dc line, which will result in a larger 

damping factor for transient overvoltages. Hence doing so can reduce slow front overvolt-

ages, especially for symmetrical monopole configurations. In addition, as transmission line 

length increases the inductance and capacitance in the line increases. Therefore the system 

resonance frequency also decreases which increase the rise time of the voltage overshoot. 

In high resistance grounded symmetrical monopole systems, it is not possible to reduce 

these high overvoltages to below 2.0 pu just by using surge arresters without any further 

actions, since the pole to pole voltage remains constant at 2.0 pu. Hence, a modified control 

technique, which reduces pole to pole voltage, along with an appropriate fault detection 

method is required to minimize the overvoltage on the dc line and hence the required air 

clearances. The proposed control methods in this thesis can also reduce the required size 

of the surge arresters.  

The study results showed that using larger values for the line smoothing reactors decreases 

the resonance frequency and hence delays the time of the voltage overshoot, which helps 

the controller system to reduce the overvoltage more effectively. 

In the MMC with half-bridge sub-modules, the peak ac voltage cannot exceed the dc pole 

voltage. However the MMC with full-bridge sub-modules does not have this limitation. 

This feature of the full-bridge converters can be used to reduce the dc pole to pole voltage 

of the converter to essentially zero without impacting the ac side voltage. Although the dc 

voltage of half-bridge converters cannot be reduced as much as full-bridge converters, it 

can be reduced marginally to the point where the surge arresters reduce the excessive over-

voltage. In each of these MMC-HVDC systems, it is possible to maintain partial power 

flow during temporary faults. However the alternative method of blocking the converter 
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and using ac breakers to protect the system will also result in power interruption for non-

permanent faults. 

Overhead transmission lines are subject to lightning strikes which are the main cause of 

fast front overvoltages that can cause flashovers and thus can also result in the disruption 

to power flows. Low profile transmission lines have smaller lightning shadow and are thus 

less prone to attracting lightning strikes. Increasing the conductor height also increases the 

maximum shielding failure current that eventually increases the chance of flashovers on 

the pole conductors.  

The back flashover rate is mainly affected by the surge impedance of the current path, 

including the footing resistance as well as the tower structure and its height.  It was shown 

that compact transmission lines have less chance of back flashovers due to their lower 

overall impedance and shorter wave propagation travel times down the tower. In addition, 

using two shield wires provides more paths for the current flow which will further increase 

the minimum lightning current required for the back flashover. 

7.3 Recommendations for Future Research 

Prior to this research, there was no comprehensive investigation on the methods for com-

paction of dc overhead lines. This thesis has created a foundation to make essential modi-

fications in other aspects of dc line design that can help to maximize the compaction of the 

line while also enhancing the performance of the transmission system. Several recommen-

dations for future work are listed below:  

 From the civil engineering point of view, new low profile tower designs that are 

both economical and aesthetic. 
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 Developing a physical test line for further research on practical challenges of the 

compact dc line designs. 

 Field measurements on the test line to assure the satisfaction in the field and corona 

performance of the line and also validate the results of software tools that predicts 

the ground level field effects. 

 Performing a reliability study related to insulator requirements of the low profile 

compact transmission lines. 

 Reassessment of criteria assigned to ground level field effect limits. 

 Developing a multi-terminal, e.g. three- or four-terminal, dc grid model to 

investigate the overvoltages and fault clearing methods in a grid configuration. 



 

Appendix A  

An Approach to Find the Optimum Span Length 

Considering the Material and ROW Cost 

 

The main capital cost components of any transmission line are conductor, tower and foun-

dation material, labor cost, ROW clearance and access and also land used in some cases 

[47], [71]. Reducing the costs of minor items such as, conductor hardware, shield wires, 

dampers, etc. is not likely to result in any significant benefits for the total cost reduction 

[71]. 

In this approach, to find the optimum span length for a HVDC transmission line with a 

specific rated voltage and power, the cost is defined as a function of the span length. Since 

the details of the design are not available, a number of assumptions and reasonable approx-

imations are considered as listed below: 

1) Based on the electrical specification of the transmission line, such as rated voltage 

and power and field and corona effects, the conductor type and size is initially 

determined. Moreover, the minimum ground clearance of the conductor is also 

defined based on the standards. Therefore, conductor weight, w, and tension, T, are 
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assumed to be the same for all different tower designs. As expressed in equation 

3.7, for a given conductor weight, w, and tension, T, sag is a function of the span 

length squared, i.e.
2
slkS  , where Twk 8/ , ls is the span length, S is the 

conductor sag.  

2) For this HVDC transmission line, a base tower is then designed which has a base 

span length lsb , a base conductor sag, Sb, and a base tower height hb. The tower cost 

including tower material, assembly and erection, foundation material and 

installation, is assumed to have a base value of Pb [$/each]. 

3) From this base case, the tower height variations (within a certain range considering 

the fixed minimum height requirement) are considered. This changes the sag and 

hence the span length, and thus impacts the numbers of towers required. It also 

affects conductor swing and hence the right of way (ROW) width. All these change 

the overall cost.  

Based on cost of towers of varying heights presented in [90], it is assumed that 

tower height variations will linearly change the required foundation and tower ma-

terials as well as the labor work for tower assembly and foundation structure. There-

fore, based on the base case, the cost of each tower with height, h, is 

 hbbt PhhPhP  )()(     [$/each] A.1  

where PΔh [$/m] is the cost difference of the tower per meter. The impact of the 

wind loading on towers with different height is negligible here. 

4) Shorter spans and less sag will reduce the required conductor length slightly. 

However, this difference is not a significant factor in overall cost vs. span [71]. 
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Once a general tower top geometry is adopted and minimum horizontal and vertical con-

ductor clearances are specified, tower height and ROW width, as a function of sag and span 

length, can be expressed as follows: 

 2)( scnstcnsts lkHSHlh   A.2  

 2))sin(2()( scnstcnsts lYSYlROW    A.3  

where h is tower height, Hcnst is the height required for minimum ground clearance and 

vertical distance between shield wire and the pole conductor, Ycnst is the sum of the pole to 

pole spacing and minimum horizontal clearances,  is the conductor swing angle, and

)sin(2   k .  

The tower cost Pt, which is expressed in equation 3.6, can also be expressed as a function 

of the span length for this specific design using equation 3.7: 

 hbsbst PSlkPlP  )()( 2
    [$/each] A.4  

Assuming the total overhead transmission line length is L, the number of towers used in 

specific design of a point to point line is approximately n= L/ls. Therefore the total tower 

cost (Towers_cost) as a function of the span length is 

 
]

1
)[()(cos_ sh

s
hbbs lPk

l
PSPLltTOWERS     

[$/each] 

A.5  

The total cost of the land used is as follows if the unit price of the land is Pl [$/m2] 

 lscnstls PlYLPROWLlLAND  )()()( 2       A.6 

Therefore the total cost of the tower and the land is  
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The minimum of this total cost function can be found by solving the first derivative of 3.16 

as expressed in 3.17. 
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A.8  

Hypothetically, the unit cost of this tubular base tower is $150,000 for span length of 488 

m, which is the optimum span length, without considering the land cost [90]. Based on 

[90], the differences in the costs of towers with different heights is approximately $3,000 

per meter. Moreover, based on calculations in 1.2.1, it is assumed that the blow-out angles 

for all different heights are 450.  Figure A.1 shows the optimum span length as a function 

of the land cost.  
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Figure A-1 Optimum Span length for different land costs 

 

There is an additional less tangible cost factor representing the ROW permission and social 

acceptance costs, also known as externalities of overhead lines [34], which is beyond the 

scope of thesis. In some cases the land cost itself might not be significant; however, the 

cost penalty associated with the failure to obtain ROW permission will clearly overwhelm 

any difference in cost associated with shorter span designs, if they can facilitate to obtain 

approval.  Hence, it should be certainly considered separately and added to the above op-

timized cost. 
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Appendix B  

Conductor Surface Gradient Calculation 

 

The method of calculating the conductor surface electric field of transmission lines was 

first developed by Markt and Mengele. This method can be divided into two stages: the 

first stage consists of replacing each bundle by an equivalent single conductor (from the 

point of view of capacitance) and determining the total charge on each of them using the 

simple Maxwell potential coefficient method. The second stage consists of computing the 

electric field of the bundle, by assuming that it is located in free space, with the total charge 

obtained from the first stage distributed uniformly among the sub-conductors of the bundle.  

The details of these steps are as follows: 

Step 1: Each conductor bundle is replaced by an equivalent conductor having a radius req 

defined by: 

   nn
eq Arnr

/11  B.1  

where n is the number of the sub-conductors in the bundle, r is the sub-conductor radius 

and A is the bundle radius. 

 



Appendix B  178 

 

Step 2: The total charge on each of the equivalent conductors is calculated by the Maxwell 

potential coefficient method, assuming appropriate potentials on the different poles. The 

ground wires are also considered. 

To do so, first assume the conductors are cylindrical and infinitely long with the radius of 

r1, r2, …, rn. They are placed parallel to each other and the ground at the height of h1, h2, 

…, hn above the ground plane. The coordinates of the centers of each conductor with the 

reference to an arbitrary coordinate system are (x1, y1), (x2, y2), …, (xn, yn) as shown in 

Figure B.1. Assume further that U1, U2, .., Un are the voltages applied to the conductors 

and λ1, λ1, ..., λn are the line charges at the centers of the n conductors.  

 

Figure B.1 Multi conductor Line configuration 

 

Following the theory of the images, the ground plane can be replaced by the image of the 

conductors. Then the line charges can be obtained from the known conductor potentials by 

solving the following matrix equation: 
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     UP   B.2  

where  U  and    are the vectors of the potentials and line charges of the conductors 

and  P  is the n×n square Maxwell potential coefficient matrix, whose elements are given 

by: 
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B.3  

where   22)( mkmkkm yyxxD   and  22)( mkmkkm yyxxd  . In B.3 

Pkk and Pkm are the diagonal and off diagonal elements of  P . 

Step 3: Knowing the total charge on the bundle    from the preceding step, the average 

bundle gradient is calculated as: 

 
nr

q
E t

av

1

2 0




 B.4  

Step 4: The average maximum bundle conductor gradient is then obtained as: 
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Appendix C  

Overview of Transmission Line Modeling  

 

An overview of each modeling method [111] is provided here. Note that the detailed math-

ematical procedure of frequency dependent transmission line modeling is complicated and 

will not be discussed here. 

 π-section model [111] 

The π-section model basically lumps the series-impedance and shunt-admittance of the 

transmission line. The total shunt-admittance is then divided in half and located at each 

end of the circuit with the series-impedance between the two ends to form the equivalent 

circuit, which is referred to as a -section. This model is mostly a proper representation 

of the line when the wave propagation travel time is smaller than the simulation time 

step; therefore, it can only be suitable for very short lines. Moreover, it can be used 

correctly for the fundamental frequency, but cannot accurately represent other frequen-

cies unless many sections are used, which is generally inefficient [111]. 

 Bergeron Model [111] 

The Bergeron model is based on travelling wave theory. It is a progression of the simple 

π-model, which represents the distributed inductance and capacitance of the circuit by 
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using an infinite number of series-connected -sections. The line resistance is lumped, 

with a quarter of the resistance connected at the line terminations and half of the total 

resistance connected in the middle of the line. The Bergeron model does not consider 

the frequency dependence of the line’s parameters arising from ground and conductor 

skin effects, and is therefore precise only at one frequency and therefore is suitable for 

studies where a single specified frequency is important. Thus its use in harmonics and 

fault transient studies will lead to approximation errors [111]. 

 Frequency Dependent Mode Model (FDMM) [112] 

Time domain equivalent circuit expressions for the Bergeron model can be solved in a 

relatively straightforward way, whereas these expressions for frequency dependent 

models are almost impossible to solve directly in time domain.  Therefore, converting 

to frequency domain can facilitate to practically derive the solutions for each given fre-

quency [112]. 

FDMM technique can be described by considering the second derivative of the wave 

equations 4.9 and 4.10, as follows: 

 VYZ
dx

Vd


2

2

 C.1  

 IZY
dx

Id


2

2

 C.2  

For multi-phase systems with n conductors, the voltage, V, and current, I,	are n dimen-

sional vectors. Z and Y are also n×n matrices for the series impedance and shunt admit-

tance per unit length of the line respectively. Thus, it shows equations 4.11 and 4.12 

each contain n mutually coupled equations.  
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By means of the modal analysis method, these mutually coupled equations in the phase 

domain can be transformed to decoupled linear equations in the modal domain, which 

allows them to be solved as several independent single modes. Each mode is then treated 

as a single-phase circuit. In terms of a system matrix, this means that the YZ and ZY 

matrices become diagonal, where all off-diagonal elements are zero.   

To do so, constant modal transformation matrices, TI and TV, which is also frequency 

dependent, can be used to make the YZ and ZY matrices diagonalizable as 

 YZII DTYZT 1
 C.3  

 ZYVV DTZYT 1
 C.4  

where DYZ and DZY are the diagonal matrices whose diagonal elements are the eigenval-

ues of YZ and ZY respectively. 

There are typically two main modes; the ground mode (also known as zero-sequence 

mode) and the metallic modes (similar to the positive and negative sequence 

modes).  Each mode in unbalanced transmission lines has different characteristic im-

pedance and travel time.  The ground mode usually has larger characteristic impedance 

and resistance and a longer travel time than the metallic modes. FDMM is accurate only 

for geometrically balanced transmission systems, such as ideally transposed circuits, 

single conductors or any other systems where a naturally occurring constant modal 

transformation matrix can be derived. Therefore, it is often not reliable to accurately 

simulate systems with unbalanced line geometry. 
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 Frequency Dependent Phase Model (FDPM) [113] 

FDPM methods offer solutions for the voltage and current equations formulated directly 

in the phase domain without diagonalization in order to eliminate the problems associ-

ated with the frequency dependent transformation matrix for unbalanced systems [113].  

For an n-phase transmission line, the solution of the traveling wave equations 4.9 and 

4.10 can be derived directly in the frequency domain, as expressed in the following 

equations at each end-of the line: 

 )( mmckck IVYAVYI   C.5  

 )( kkcmcm IVYAVYI   C.6  

where ‘k’ and ‘m’ indicate sending-end and receiving-end of the line, V and I are n 

dimensional voltage and current vectors respectively. The n×n characteristic admittance 

matrix, Yc, and the propagation matrix, A, are calculated as: 

 YYZYc  1)(  C.7  

 lYZeA   C.8  

where Y and Z are n×n shunt admittance and series impedance matrices per unit length 

of the line respectively.  Finally in order to solve the transmission line in the time do-

main, the Yc and A are approximated using an efficient robust technique for rational 

fitting of frequency-domain responses called Vector Fitting. In this curve fitting process, 

a set of frequency domain response points are considered first, then this data is fitted 

with a low order, rational function approximation of suitable orders that can be ex-

pressed as follows. 
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where all the coefficient are calculated by the Vector Fitting method, and the time delay 

(τ) is estimated before the fitting procedure. These forms then are converted into differ-

ential equations and finally are numerically solved. For most practical transient simula-

tion studies, it is sufficient to consider frequencies from zero or near zero Hz to 1 MHz 

for the fitting procedure.  
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