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Abstract 

The scope of this graduation project is studying the capacitive and inductive coupling between the two 

circuits of a hybrid high voltage alternating current (HVAC) - high voltage direct current (HVDC) overhead 

transmission line. The research work was done in DNV GL Energy Advisory, in Arnhem, Netherlands, 

and co-supervised by the TU/e. 

 Modelling a hybrid transmission line involves a multitude of components that add up to model complexity 

and computation time. The first step is to determine the level of detail that is needed, in order to simulate 

the operating conditions of such a line accurately. To this end, two different kinds of models were 

developed, using the ATPDraw, the graphical user interphase of ATP/EMTP: simplified and detailed. The 

simplified models represent the AC and DC systems as current and voltage sources, in order to study the 

effects of inductive and capacitive coupling respectively. The detailed model is based on the Cigré HVDC 

benchmark model and offers a realistic representation of the DC system and controls, including the LCC 

converter and adequate filtering.  

The first set of simulations aimed at comparing the results of the simplified and detailed models. The 

conclusion drawn is that, although the simplified models can give a qualitative overview of the magnitude 

of the induced currents and voltages, the detailed model yields more accurate results. This was expected, 

since the simplified models do not take into account the DC system impedance, therefore the magnitude 

of the induced currents and voltages is overestimated.  

Next, simulations were conducted using the detailed model for five different operating scenarios of the 

AC line, when the DC line is in steady state: i) steady state operation, ii) a three-phase fault, iii) a single-

phase-to-ground fault, iv) a two-phase-to ground fault and v) energizing of the AC line when the DC line 

is already in operation. The ratio of 50Hz current component in the DC line current by the nominal DC 

current (IAC/IDC, nom) was calculated each time. These values were higher for cases iii) and iv). A more 

thorough examination was done for these two cases of faults, in order to determine the phenomena that 

result in such pronounced coupling. 

Finally, the impact of DC fault in the operation of the hybrid line is considered. In steady state the coupling 

from the DC line is a concern only when the AC line is disconnected. During the DC line fault and the 

recovery of the DC system significant distortion in the AC circuit phases is observed. 

From the above, the following conclusions can be drawn: although simplified models can be a useful and 

time saving tool in assessing qualitatively the factors that influence the coupling between the two systems, 

a detailed model is necessary, in order to study the response of the system in various operating conditions. 

The simplified models can therefore be used in the initial stages of studying the conversion of a 

conventional line to a hybrid one, but for a thorough study, a detailed model that takes into account the 

DC system, including the LCC converter and controls, together with the use of appropriate line models, 

is indispensable in the study of a hybrid transmission line.  

Keywords: HVDC, hybrid line, ATP/EMTP, coupling, Cigré benchmark 
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Summary 

Hybrid transmission lines, i.e. lines that comprise of a HVDC and a HVAC circuit both on the same tower, 

are an attractive option in upgrading the power transfer capacity of an existing transmission corridor. The 

advantages of such a scheme include lower losses, utilizing the existing infrastructure and avoiding having 

to acquire and license new right-of-way’s. Nevertheless, with the two circuits in such close proximity, 

coupling phenomena arise, both during steady state and transient conditions.  

The magnetic field of the AC line induces a 50Hz current in the DC line (inductive coupling). The electric 

field of the AC line is responsible for a 50Hz component in the voltage of the DC line (capacitive 

coupling). In the case of the DC line, its electric field affects only a disconnected AC line, whereas the 

magnetic field is static and can be ignored. These induced currents and voltages can have an impact on 

the converter transformer, lead to added harmonic generation and impact the protection of the AC lines. 

Due to space charge around the conductors, ohmic coupling is another concern for the operation of a 

hybrid transmission line, but is out of the scope of this research project.  

The first chapter of this text is the introduction, where the scope of this project is explained in detail.  The 

background of the project is also highlighted, through a literature review in the field of hybrid overhead 

transmission lines and corridors. The Cigré HVDC benchmark model is also outlined, through the 

amendments that were added since its first publication in 1991 and the published works that implement it 

in the study of hybrid transmission lines 

In the second chapter the details on the modelling process are presented, specifically the geometric 

characteristics of transmission towers, the conductor AC and DC characteristics and the models’ layout. 

While the simplified models are explained, more emphasis is given in the detailed model, since it is more 

complex. The design concept of the C-type damped filters that were implemented is explained also, as 

well as the line models applied to the simulation. 

The results of the simulations are presented in the third chapter. The simulations aimed at: 

1. comparing the results given by detailed and simplified models, in order to determine their accuracy 

and applicability 

2. evaluate the impact of different AC line operating conditions in the DC line, while it is operating 

in steady state 

3. evaluate the impact of a DC line fault in the operation of the hybrid line. 

In the final chapter, the conclusions from this study are presented. In short, in order to evaluate the 

operation of a hybrid transmission line during different operating states of the HVAC and HVDC systems, 

detailed modelling is required. Transient events on one of the circuits are seen to have a significant impact 

in the other, coupled circuit. According to the simulation results, the design of insulation of both circuits 

of the hybrid line and the settings of the protection systems need to take into account the effects of the AC 

and DC system interaction, in order to ensure the reliable operation of the hybrid line. 
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1 Introduction 

 Scope of this work 

Conventional HVAC grids are nowadays facing challenges, due to increased energy demand and the 

gradual shift to novel energy sources. Increased energy demand requires higher voltage levels for HVAC 

transmission, leading to higher losses. Integration of energy from renewable sources results in the 

production and consumption locations being often far from each other (e.g. offshore wind farms), 

requiring upgrading or construction of new lines and substations. Apart from the financial challenges that 

arise, transmission system operators frequently face public opposition, when it comes to licensing and 

erecting new transmission lines, in order to cope with the increasing strains on the grid.  

One option in upgrading the capacity of an existing transmission corridor is the transition to HVDC, by 

either erecting HVDC lines in the existing rights-of-way (hybrid corridor) or by substituting AC circuits 

on existing towers with DC (hybrid transmission line). With both HVDC and HVAC lines so close though, 

the following coupling phenomena between the two systems arise:  

1. inductive, due to the magnetic field of the AC. A fundamental frequency current component is 

induced in the DC line from the AC line, which can lead to saturation of the converter transformer. a safe 

operation limit that has been proposed is the following: the ration of fundamental frequency induced 

current, IAC, to the nominal DC current, IDC, should not exceed 0,1% [1]. This criterion is also applied in 

this research project, in order to evaluate the operation of the hybrid line in question. On the other hand, 

the magnetic field of the DC line is static and does not affect the AC line in steady state operation, so it 

can be neglected. 

2. capacitive, due to the electric field of the AC line. A fundamental frequency voltage component is 

induced in the DC line from the AC line. The electric field of the DC line is static and only induces 

voltages on nearby disconnected AC lines, it is therefore of concern when maintenance is performed on 

the AC line while the DC is in operation. 

3. ohmic, due to ion transport between conductors at different potential, due to corona phenomena 

on their surface. Ohmic coupling may lead in increased noise levels and interference in nearby 

telecommunication lines. It is out of the scope of this research project though and will not be mentioned 

further. 

Apart from converter transformer saturation, induced currents during faults on one system may lead to 

false tripping of the protection of the other, unharmed system. Induced currents when one circuit is offline 

is a concern for personnel performing maintenance. Any decision to upgrade a traditional HVAC overhead 

transmission line to a hybrid HVAC/HVDC line must therefore be founded on careful evaluation of all 

possible operation outcomes [2, 3].  

The scope of this research project is to evaluate the depth of detail that is needed, in order to evaluate the 

performance of a hybrid line. In the context of this project, a 50km 400kV AC/±500kV DC hybrid line 

was considered. The geometric characteristics of the line and tower are those of the Eindhoven-

Maasbracht 380kV AC double circuit overhead transmission line [4].  
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In order to represent the AC and DC systems, two different sets of models were developed in ATP/EMTP: 

simplified and detailed. The simplified models represent the AC and DC systems with current and voltage 

sources, in order to simulate the inductive and capacitive coupling respectively. In the detailed model, 

which is based on the Cigré HVDC benchmark model [5],  the DC system is represented in detail, 

including the converter stations, filters and capacitive compensation. 

 The research process was the following: 

1. steady state simulations with both sets of models. Comparison was made between the results 

obtained by both sets of models, in order to determine the accuracy achieved by each of them.  

2. simulations of different operation scenarios for the AC line using the detailed model, in order to 

determine the impact of AC line faults on the DC circuit. 

3. simulations of a fault in the positive pole of the DC line, in order to evaluate the impact of AC 

coupling in the recovery of the DC system and the impact of the fault by itself in the AC circuit. In order 

to evaluate the severity of the coupling,  

 Background 

1.2.1 Hybrid HVAC-HVDC transmission lines and corridors 

The case of converting one circuit of a double-circuit 154 kV AC line to a bipolar ±125 kV DC line with 

metallic return was investigated in 1984 [6]. It was concluded that under steady state conditions there was 

no significant induction from one system to the other. On the other hand, a contact fault between the two 

systems resulted in considerable induced currents and voltages in both systems, leading to overvoltages 

and saturation of the converter transformers. Studies on a hybrid 230 kV AC and ±250 kV DC line showed 

that the overvoltages that occur in the hybrid system are higher compared to a standalone DC system. In 

this case, transposition of the AC conductors was suggested as a possible mitigation measure [7]. 

More design considerations were presented in [8]. In this paper, a hybrid multi-circuit tower was 

examined. DC faults were found to have higher impact on the AC system, creating, therefore, the need to 

re-consider the settings of the AC protection systems and their suitability. Furthermore, the proximity of 

the lines on the tower was also suggested as a crucial parameter in the coupling between the two systems. 

The authors of paper [9] studied the case a 400 kV AC and a ±500 kV DC line on the same tower for 

various operating conditions. It was found that a single-phase-to-ground fault in the AC system, i.e. 

asymmetrical condition, induces considerable fundamental frequency voltages and currents on the DC 

side. Especially the latter, could have a negative impact on the converter transformers, causing their 

saturation. The use of AC blocking filters was suggested to counter this challenge. 

The geometric characteristics of the hybrid tower layout have been the subject of study [10]. In a hybrid 

tower with more than one AC systems, the load flow is also of importance, while the effect of AC line 

transposition in mitigating the induced currents is also mentioned. Various cases of system faults were 

examined in [11] and it was reported that the switching overvoltages occurring in a hybrid line require 

special remedial measures and possible design adjustments. Detailed models of the converter, the control 

system and the transmission lines are required in order to represent an accurate overview of the system 

and draw useful conclusions about its operational viability. A hybrid line with VSC converters was the 

focus of paper [2]. In normal operation, the voltage unbalance and the total harmonic distortion remained 
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below the limits specified in the standards. On the contrary, transients on the AC side lead to considerable 

overvoltages on the DC line.   

Moreover, several publications deal with the ohmic coupling between the AC and the DC systems. In [12] 

it is stated that this coupling mechanism is more pronounced in hybrid towers, rather than in hybrid 

corridors. Based on the ohmic coupling and the resulting phenomena, such as radio interference and 

audible noise, the environmental impact of a hybrid 380kV AC and ±450kV DC line was evaluated in 

[13]. Furthermore, as far as lightning strikes are concerned, according to the authors of [14], hybrid towers 

require the installation of additional ground wires and a lower tower height. 

Apart from hybrid lines, various research papers deal with hybrid transmission corridors, where HVAC 

and HVDC lines may be in proximity. In [15], the effect of non-zero ground resistivity on induced zero 

sequence currents in the AC system from transients in the DC line is described. This induction effect can 

be substantial even when the distance between the lines is in the kilometre’s range. In [1], the limit in the 

value of fundamental frequency ripple current on the DC side is established as 0,1% of the rated DC 

current. Possible mitigation options are suggested, such as AC filters in the DC line, DC control and line 

transposition. In 2011, the authors of [16] made specific proposals in terms of mitigation measures, 

including AC line transposition along with increased separation distance between the AC and DC lines, 

using 50Hz blocking filters in the neutral connections of the poles and implementing DC control using 

firing angle modulation.  

Furthermore, DC components in the AC system can saturate transformers, cause additional losses, noise 

and even protection malfunction. To this end, component transformers need to be chosen carefully, when 

intended for use in a hybrid system [17]. It is evident that the coupling between HVAC and HVDC lines 

is a factor that cannot be overlooked, when planning to convert a transmission line or corridor to a hybrid 

one. The interaction is not a simple linear superposition of the effects from the two lines acting separately 

[18]. Thus, there is a strong need to study the implications that the coupling phenomena will have on the 

basic design of the lines (protection systems, insulation, tower geometry etc.), as well as to consider 

possible remedial measures for both AC and DC systems [19].          

1.2.2 The Cigré HVDC benchmark model 

In order to describe the DC system and the required controls, the authors of [7] and [9] implemented the 

Cigré benchmark model for HVDC control studies, in order to properly represent the DC system in their 

proposed modelling process. This model was published in 1991, as an effort to create a common 

framework for studying different control techniques [20]. It proposed configurations for the AC systems, 

in order to represent power generation and loads, as well as filters and reactive power compensation. The 

DC line was assumed to be a high voltage cable of 100km length. The functionality of this model was 

confirmed by implementing it on different software platforms [20, 21]. In 1994 this first model was 

revised: a new configuration of AC filters was proposed and the DC line parameters were amended in 

order to account for an overhead DC line [5].     

This updated model was applied by the authors of [22] in the study of a ±500 kV, 1500MW HVDC 

transmission line. Simulations were run on a physical simulator of the system in question, as well as on a 

computer model developed for EMTDC software, with good agreement when the results were compared. 

Simulations were conducted for several cases of system faults. For rectifier end faults, the system recovery 

is smooth and without AC voltage fluctuations. Inverter end faults on the other hand led to a reduction in 

DC power transfer after fault recovery, due to transformer saturation.     
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A comprehensible model of the HVDC controls was published in [23], developed using the ATP/EMTP 

software. The authors modelled a monopolar line. In [24] a bipolar ±500 kV HVDC system was simulated, 

expanding the model described in [23]. The control systems for the voltage and line current, as well as the 

initialization scheme for the DC system, are described in detail. Several cases of faults, both on the inverter 

and the rectifier side were modelled. The end goal of the authors was to use this model of a bipolar HVDC 

line in order to develop a new model, that would be used in simulating the interaction between a DC and 

AC line on a hybrid transmission tower. The results of these simulations were published in [9].    

1.2.3 Previous work by the author on the subject of hybrid HVAV - HVDC overhead transmission 

lines 

In the author’s internship project, titled “Mutual Coupling of HVAC and HVDC circuits on hybrid 

transmission towers - Practical implementation in ATP/EMTP”, parametric analysis on the factors that 

influence the coupling between the circuits of a hybrid transmission line. In order to achieve that, 

simplified models were developed, in order to study the capacitive and inductive coupling under different 

operating conditions [25]. These simplified models, where the DC system is represented by equivalent 

sources and impedances are also applied in this project, in order to evaluate the depth of detail that is 

needed when studying such a line. The parameters examined and the conclusions drawn are as follows: 

1. coupled line length: the coupled line length impacts both the inductive and capacitive coupling.   

These results are in line with previously published findings and with theoretical expectations [15, 16, 26]. 

2. magnitude of the AC line current and operating conditions of the AC line: increasing the AC line 

loading increased the induced 50Hz current in the DC poles. The worst case is that of a single-phase-to-

ground fault in the AC line. These results were also in line with previous findings [2, 11]. 

3. proximity of the two systems on the same tower. Increasing the distance of the two circuits on the 

same tower (e.g. by installing longer horizontal cross-sections on the tower structure and moving the 

conductors) leads to some mitigation. 

4. number of DC conductors per bundle: increasing the number of conductors per bundle led in 

increase in the induced RMS fundamental frequency voltage.  

5. transposition of the AC line: led to significant reduction in the value of the induced voltage, a 

solution that has been widely suggested as a possible mitigation measure [16]. 

 Sustainable aspect of hybrid lines 

The notion of sustainability is becoming more and more frequently used nowadays, what for the ominous 

impact that human activities have in the Earth’s environment, the rising economic and social tensions that 

stem from the strive to control the natural resources and the increasing demand for reliable and intermittent 

power, in all its forms. For power system operators specifically, sustainability refers to the transition of 

the traditional grids towards the future of smart grids and the shift to renewable energy sources. The 

growing energy demand is aided, and at the same time facilitates, advancements in science and technology, 

but our and the future generations do not have the luxury of overlooking the impact of our activities on 

the environment. Nowadays, environmental concerns factor (or should factor) in every decision process 

in the industry, with novel technologies that aim in upgrading the existing infrastructure being developed. 
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In the concept of traditional power grids, the transition to renewable energy sources and decentralized 

power production create the challenge of upgrading the capacity of existing transmission corridors and 

lines, with minimum cost and social nuisance. In this regard, transforming an existing AC overhead 

transmission line to a hybrid one, by substituting one or more HVAC circuits for HVDC, is in line with 

sustainability: the existing infrastructure is repurposed and upgraded, with minimum impact on the 

environment and the society (the overhead line already exists) and with low cost for the grid operator. 

The technical aspect of transforming a conventional HVAC line to a hybrid HVAV-HVDC is much more 

complicated though: the two systems display different electromagnetic behaviour and their interaction 

cannot be considered as a superposition of their individual effects. The design of a hybrid overhead 

transmission line requires a thorough study of the effects of capacitive (due to the electric field) and 

inductive (due to the magnetic field) coupling from one circuit to the other. In steady state, the AC line 

induces 50Hz voltage and current components in the DC circuit. The DC line induces voltage components 

on the nearby AC conductors, when the AC line is disconnected. In transient state though the electric and 

magnetic fields become unbalanced and the interaction of the two different systems may pose unexpected 

challenges. 
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2. Modelling 

In this chapter the simulation models are presented. The simulations were conducted using the ATP/EMTP 

(Alternative Transients Program) simulation software. The geometric characteristics of the transmission 

line towers and the conductor specifications are listed below, in section 2. Two different sets of models 

were developed: simplified and detailed. The details on both can be found in sections 2.2 and 2.3 

respectively, with an emphasis on the detailed model, which is the backbone of this research project. 

Finally, the principles behind the line models that were used in simulating the various operation states of 

the hybrid line are listed in section 2.4. 

 Transmission line data 

For the purpose of this graduation project, a 50km hybrid 400kV AC/±500kV DC overhead transmission 

line was examined. The geometric details of the transmission line towers are those of the Eindhoven –

Maasbracht 380kV double circuit transmission line, seen below in Figure 1 [4]. The AC line in question 

is assumed to be transposed every 5km, with the following transposition scheme: ABC-BCA-CAB-ABC.  

In Table 1 the conductor information that is required by ATP in order to calculate the admittance matrix 

is listed.  

 

Figure 1: Layout of the AC and DC circuits on the transmission tower (Danube type tower) 

Table 1: Conductor information for the AC and DC lines and ground wires 

System Conductor type Rin (cm) Rout (cm) 
Resis  

(ohm/km DC) 
Conductors/bundle 

400kV AC ACSR 37/423 0,3915 1,3965 0,06823 3 

±500kV DC TACSR FALCON 0,218 1,962 0,0357 4 

Ground wires Hawk st/AL 0,402 1,09 0,1169 1 
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 Simplified models 

Two different simplified models were developed, in order to study the effects of capacitive (Figure 2) and 

inductive (Figure 3) coupling.  

The following assumptions applied: 

 In order to simulate the effects on capacitive coupling, both systems were represented by ideal 

voltage sources in series with source impedances at either end. The DC system is a bipolar system with 

the neutral grounded. The values of the source impedances are shown in Table 2. 

 In order to simulate the effects of inductive coupling from the AC to the DC circuit, the AC system 

was represented by current sources at the sending end, while the receiving end is grounded through a very 

small resistance. The DC system comprises of ideal ±500 kV DC voltage sources in series with resistances 

at the sending end that yield the desired line current, while the receiving end is grounded through a very 

small resistance.  

 

Figure 2: Layout of the simplified model used to study the capacitive coupling between the two systems 

 

Figure 3: Layout of the simplified model used to study the inductive coupling between the two systems 
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Table 2: Source impedance data  

System 
Source impedance value (Ohms) 

Sending end Receiving end 

AC  47,593 84,241o   21,192 74,962o  

DC 300 300 

 

 Detailed model  

The simplified models that are described above are the results of many simplifications and assumptions 

for the operation of the DC system. Thus, their applicability in simulating the different operating cases of 

the hybrid line is limited. In order to study the interaction of the AC and the DC lines in different 

conditions, a detailed representation of the DC system is needed. To this end, the model that is depicted 

in Figure 5 was developed. 

2.3.1 The Cigré HVDC benchmark model 

The Cigré HVDC benchmark model was first published in 1991 in order to present a common framework 

for HVDC control studies. In Figure 4 the schematic of the 1994 revision is shown, which was adapted 

for an overhead transmission line, albeit a monopolar one. The first proposal took into account a cable.  

The HVDC part of the hybrid line in this graduation project is a bipolar one with metallic return. Therefore, 

the model needed to be adapted to this. A rough representation of the model that was developed in 

ATPDraw, is shown in Figure 5. This model was based on an existing model of the revised Cigr;e HVDC 

benchmark that is available to all ATP users [23]. 

The model components are the following: 

1. The AC system: 400kV AC source and impedance (impedance data in Table 2). 

2. Converter stations: each converter station (rectifier and inverter) comprises of two 12-pulse LCC 

converter units, the converter transformers, control systems and smoothing reactors. More details are 

given in  

3. Capacitor banks, in order to supply the necessary reactive power.  

4. Harmonic filters, in order to limit the harmonic distortion of the AC voltage due to the operation 

of the converters. Although a harmonic filter configuration is proposed in the Cigré benchmark, for the 

purposes of this project C-type damped filters were applied. More extended mention is made in section 

2.3.3. 

5. DC filters, in order to limit the distortion of the DC voltage due to the 12th harmonic. The DC filter 

design was proposed in the revised Cigré HVDC benchmark and is shown in Figure 6. As shown by the 

frequency response, it is tuned to the 12th harmonic with a high pass scheme. 
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6. Line constants module: this is an inherent feature of ATP, where the conductor data and the 

geometric characteristics of the line are the inputs, in order to calculate the line parameters. More extended 

mention in how the line parameters are calculated is made in section 2.4. 

 

Figure 4: The proposed layout of the Cigré HVDC benchmark model for a monopolar HVDC overhead transmission 

line [5]. The AC source and impedance, harmonic filters, DC filters and capacitor banks are depicted, along with a 

conceptual representation of the converter bridges for both rectifier and inverter ends (from the French Cigré paper) 

 

Figure 5: Schematic representation of the ATPDraw model of the hybrid line. The DC system design is based on 

the Cigré HVDC benchmark system 



13 

 

 

C1 0,209 μF 

C2 3 μF 

C3 0,84 μF 

C4 36 μF 

R1 6,3 Ohms 

R2 1000 Ohms 

L1 0,84 mH 

L2 336 mH 
 

Figure 6: DC filter design (up left) [5], filter frequency response (down left) and component values (right) 

2.3.2 LCC converter stations 

The converter stations comprise of the following components:  

1. Two 12-pulse converter units at both the rectifier and inverter ends each. The actual configuration 

of each unit is that of two 6-pulse bridges, each connected to one three phase converter transformer (Figure 

7). The operation of each 6-pulse converter unit results in harmonic generation to the order of 𝑛 ∗ 𝑝 ± 1, 

where n  is an integer and 6p  , the number of pulses per bridge. The resulting 5th and 7th  AC side 

harmonics are cancelled by connecting the primary (AC side) of the two converter transformers in Y and  

D each and the secondary (valve side) in Y with neutral grounded. The resulting 30o phase shift also 

cancels the 6th harmonic induced in the DC line, so that the lower order harmonic in the DC side is the 

12th. As a result, fewer filters are needed.  

2. A smoothing reactor at each converter unit: together with the high pass DC filter, a large smoothing 

reactor, in the order of several hundred mH is needed, in order to reduce the ripple of the DC current, limit 

the fault current and reduce possible resonance, mainly in cable systems [27, 28]. The value of the 

smoothing reactors in this model is set at 600mH. 

3. Control system: in steady state, the rectifier unit is in current control mode and the inverter controls 

the voltage, since the latter should operate at a constant extinction angle 
min  . Practically, the control 

operates by maintaining the value of the DC current such that the DC voltage is as high as possible. 
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Figure 7: Layout of the rectifier converter station (same as the inverter) 

2.3.3 C-type damped filter design 

As explained in the previous section, the YY/DY configuration of the converter transformer windings 

results in cancelling the 5th and 7th harmonics injected in the AC system. This results in considerable 

reduction in the need for harmonic filtering. Nevertheless, the 11th and 13th order harmonics are still 

present and require adequate filters in order to be dealt with.  

In this project, the concept of C-type damped filters is implemented. C-type damped filters do not give 

rise to shifted resonant frequencies and have low fundamental frequency losses [29].  

The parameters of the filter are calculated by the following equations [30]:  
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2L  and 
2C  are tuned to the fundamental frequency 1 50Hz   : 2 2

1 2

1
L

C
    (2.1) 

1 2,C C  and 2L  are tuned to the harmonic frequency 
1n n  : 2

2 1

1 2
2

1 2

1
( 1)n C C n

C C
L

C C

    



 (2.2) 

1C  can be calculated from the filter reactive power at 50Hz:  
2 1

1 1 1 1 2

1

Q
Q V C C

V



    (2.3) 

The value of damping resistor R  is related to the quality factor of the filter and the sharpness of tuning 

and was determined by parametric simulations on the detailed model for each system (rectifier and inverter 

end). The values of each filter component are shown in Figure 8. 

 

 

Component Rectifier end Inverter end 

n (harmonic order) 11 11 

1(MVar)Q  300 250 

1(μF)C  17,917 14,928 

2(μF)C  2149,56 1791,3 

2 (mH)L  4,717 5,661 

(Ohms)R  135 300 
 

 
Figure 8: C-type filter circuit (up left), parameters (up right) and frequency response of both rectifier and inverter 

end filters (down) 
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 Line models 

In order to perform any type of study on a transmission line, either transient or steady state, an appropriate 

representation needs to be selected, since the frequency of the phenomena may range from DC to several 

MHz. The frequency classification, as defined by IEC and Cigré, is shown in Table 3 [31]. The line 

parameters are calculated in ATP/EMTP with the Line/Cable Constants module (LCC). 

Table 3: Frequency range of transients 

Phenomenon Frequency range 

Low frequency oscillations (load rejection, ferroresonance, fault clearing) 0,1Hz - 3kHz 

Slow front surges (line switching, transient recovery voltages) 50Hz - 20kHz 

Fast front surges (lighting overvoltages) 10kHz - 3MHz 

Very fast front surges (disconnector switching) 100kHz - 50MHz 

 

The steady state operation of a transmission line can be described by equations (2.4) and (2.5): 

   
dV

Z I
dx

 
   

  (2.4) 

   
dI

j C V
dx


 

   
  (2.5) 

 Equation (2.4) can be written as in (2.6): 

 

11 12 11 1

2 21 22 2 2

1 2

. .. . .

. .. . .

. .. . .

n

n

m nm m mn

Z Z ZV I

V Z Z Z I

V IZ Z Z

    
    
    
    

     
    
    
    

    

   (2.6) 

The impedances mnZ  can be calculated with equations (2.7) and (2.8) 

 
' 2mn mm g mgZ Z Z Z    when m n   (2.7) 

 
'

mn mn g mg ngZ Z Z Z Z     when m n   (2.8) 

where 

 
' 7 1

4 10 ln Ohms/mmm m

m

Z r i f
GMR

   
   

 
  (2.9) 

is the self-impedance of conductor m , 
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' 7 1

4 10 ln Ohms/mmn

mn

Z j f
D

   
  

 
  (2.10) 

is the mutual impedance between conductors m  and n , 

 
79,865 10 Ohms/mgZ f    (2.11) 

and 

 
7 1

2 10 ln Ω/m
660 /

mg ngZ or Z j f
f





 

  
 

  (2.12) 

is the mutual impedance between conductor m  or n  and ground. mr  is the resistance of conductor m  in 

Ω/m, mnD  is the distance between the conductors,   is the resistivity of the ground and f  the frequency. 

The ground resistivity value is set to 50 Ω/m in the ATP Draw dialog box. mGMR  is the geometric mean 

radius of phase m  conductor bundle and is calculated according to equation (2.13) : 

 
1

1( ) n n
m c bGMR n GMR r       (2.13) 

where n  is the number of subconductors per phase, 
br  is the bundle radius and 

cGMR  is the geometric 

mean radius of each subconductor. For aluminum, 0,7788cGMR r , where r  is the conductor radius 

[32]. 

Equation (2.5) can be written as in (2.14), where  C  is the capacitance matrix per unit length of the 

conductor: 

 

11 12 11 1

2 21 22 2 2

1 2

. .. . .

. .. . .

. .. . .

n

n

m nm m mn

C C CI V

I C C C V

j

I VC C C



    
    
    
    

     
    
    
    

    

  (2.14) 

Or:  

                 1 1 1
I j C V Z V j P V V Z I P I

j
 



               (2.15) 
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  (2.16) 

where 
mnP  are the potential coefficients, defined as: 

 
'101,7975 10 ln m/Fmm

mm

m

D
P

r

 
   

 
  (2.17) 

 
'101,7975 10 ln m/Fmn

mn

mn

D
P

D

 
   

   

 (2.18) 

mr  is the radius of each conductor, mnD  is the distance between conductors m  and n  and 'mn
D  is the 

distance between conductor m   and the image conductor 'n  [32]. 

In steady state, transmission lines can be represented with pi-circuit or lumped parameter models (Figure 

9). The nominal pi-circuit is calculated from equations (2.4) and (2.5), as shown in (2.19) and (2.20). l  is 

the line length in metres (m). 

       OhmsR j L l Z     (2.19) 

    
1 1

F
2 2

j C j l C     (2.20) 

For transient studies, a model with constant distributed parameters, known also as Bergeron model, 

calculated at a specified frequency can be used [33]. It represents the transmission line with a distributed 

inductance and capacitance and includes also a lumped resistance to represent the system losses (Figure 

10). The distributed parameters for a multi-phase  are derived by decoupling the differential  equations 

(2.21) and (2.22), by applying a modal transformation [33, 34]. 

 
phase

phase phase

dV
Z I

dx

 
         

 
  (2.21) 

 phase phase

di
Y V

dx

 
          

  (2.22) 

In essence, the hybrid transmission line is represented as two coupled, three-phase R-L-C circuits, where 

the capacitors represent the electric field effects, the inductors the magnetic field and the resistors the 

losses at every transmission line segment. This representation is especially important in the study of faults 

and their impact in the neighboring line: during the fault, the energy that is stored in the electric field of 

the affected line is transferred abruptly to the magnetic field [35].  
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Figure 9: Pi circuit equivalent model for steady state studies 

 

Figure 10: Distributed parameter model for transient studies [31] 

In this project, the aforementioned line models were implemented this way: 

 To calculate the DC induced voltage on the disconnected AC line (capacitive coupling from the 

DC line), the pi-circuit model with frequency 0,001Hz is implemented [36]. It is also used in simulating 

a fault in the positive pole of the HVDC line. 

 To simulate the capacitive and inductive coupling from the AC to the DC line in steady state, the 

pi-circuit model with frequency 50Hz in used. 

 In order to study the impact of AC line faults and energization on the DC line, the Bergeron 

(constant parameter distributed line, CPDL) model was implemented with frequency 50Hz. Because  a 

transmission line with length less that 80km is a short line (the line length in this project is assumed to be 

50km), it can be represented both by lumped and distributed parameters with accuracy [37]. Therefore, 
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the pi-circuit could have also been implemented. The reason that the Bergeron model was selected is 

shown in Figure 11 and Figure 12. Both models give close results for the induced overvoltage on the DC 

line, when a single-phase-to-ground fault occurs in the AC line (Figure 11). But when calculating the AC 

line current of the affected phase (phase A in this case) the use of the distributed parameters leads to 

smoother convergence of the solution method, whereas the pi-circuit exhibits instability. More 

specifically, when calculating the temporary surge of the fault current, the pi-circuit model leads into 

instability. By using the Bergeron model, to numerical method converges more quickly because the 

calculated self-impedance of phase A is 0,167 0,993BZ j   Ohms/km, higher than the pi-circuit 

calculated value of 0,0501 0,442piZ j  Ohms/km. 

 

Figure 11: DC voltage in the positive 500kV pole of the HVDC line. A single-phase-to-ground fault in phase A of 

the AC line is applied at 0,4s and is cleared at 0,45 s. The results of the simulations with both Bergeron and pi-

circuit models are shown. Emphasis is given in the induced overvoltage during the fault in the AC line. 
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Figure 12: Line current in phase A of the HVAC line. A single-phase-to-ground fault in this phase is initiated at 

0,4sec and cleared at 0,45s. the results of the simulations with both models are shown above. Emphasis is given in 

the moment of fault initiation, in order to compare the applicability of the Bergeron and pi-circuit models. 
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3 Simulation results and discussion 

In this chapter the results of the simulations are presented. The following cases are examined: 

 The simulation results of the simplified and the detailed models are compared, for the following 

cases: i) steady state operation of both systems, ii) one circuit connected and the other disconnected. 

 The impact of the following AC line operation scenarios on the DC line are examined with the 

detailed model: i) steady state operation of both systems, ii) a three-phase fault in the AC line, iii) a one-

phase-to-ground fault in the AC line, iv) two-phase-to-ground fault in the AC line and v) energizing the 

AC line when the DC line is already in operation 

 Impact of the hybrid line operation in the recovery of the DC line from a fault in the positive pole. 

 Comparison of simplified and detailed models 

The objective of these simulations is to determine whether the simplified models can be used in studying 

a hybrid transmission line configuration, instead of the detailed models, which are more complicated. 

In Figure 13 the ratio of induced 50Hz current (IAC/IDC,nom) in the DC poles (positive and negative) is 

shown. This value should be below 0,1%, as this is the operation limit proposed, above which the 50Hz 

component may lead in converter transformer saturation [16].  

 

Figure 13: Ratio (%) of induced 50Hz current component (IAC) in the DC poles, calculated with the simplified and 

the detailed model. 

The following conclusions can be drawn: 

 For both simplified and detailed models, IAC/IDC,nom for both DC poles is below the 0,1% limit. 

 The values obtained by the simplified model are higher than those of the detailed model. This is 

in line with theoretical expectations [16], since the DC system in the simplified models is very crudely 

represented and the impedance of the DC side (source, capacitor banks, filters) is overlooked. This leads 

to overestimation of the coupled currents in the simplified currents. 
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 Even though numerically the results of the two models differ, qualitatively they are in agreement: 

in both cases, the positive pole of the DC system exhibits higher values of induced AC current than the 

negative pole. This is expected, since the positive pole is closer to the AC line than the negative pole, as 

can be seen in Figure 1. The proximity of the two circuits on the hybrid transmission tower is one of the 

factors that influences the inductive coupling between them [16, 25]. 

In Figure 16, the magnitude of the AC induced voltage on the disconnected DC line is shown. It can be 

seen that the values calculated by the detailed model are higher than those of the simplified model. 

 

Figure 14: Comparison of induced AC voltage component (VAC) in the poles of the disconnected DC lines, 

calculated with the simplified and the detailed model. 

In Figure 14 the induced DC component in the disconnected AC lines is shown. The difference between 

the detailed and the simplified model is in all cases around 0,6%, in absolute terms around 180V, which 

is non-negligible, with the detailed model displaying the higher values.  

 

Figure 15: Comparison of induced DC voltage component (VDC) in the three phases of the disconnected AC line, 

calculated with the simplified and the detailed model 
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Figure 16 shows the difference in the values of fundamental frequency voltage (VAC) induced in the DC 

circuit, when both circuits of the hybrid line are in steady state, obtained by the two different models.  

 

Figure 16: Comparison of induced 50Hz voltage component (VAC) in the DC poles, calculated with the simplified 

and the detailed model 

From Figure 14, Figure 15 and Figure 16 the following conclusions can be drawn: 

 When one of the two circuits is disconnected, the induced voltage on the other is in the order of 

kV. When both circuits are operating in steady state the measured voltage is in the order of Volts. This is 

especially important for the DC line, because it proves the shielding effect that the static DC field has. 

 In all three cases, the values calculated by the detailed model are higher than those of the simplified 

model. This can be attributed to the different representation of the DC line in the detailed model, which 

leads to higher voltage drop, thus higher calculated values. 

 Phase C of the AC circuit and the positive pole of the DC circuit exhibit the higher values of 

induced voltages, since they are closer to the neighboring circuit than the rest phases/poles.  

 Different cases of AC line operation (DC line is in steady state) 

2.3.4 Comparison of IAC/IDC,nom ratios 

The different operation scenarios for the AC line are: 

i) steady state operation of both systems,  

ii) a three-phase fault in the AC line,  

iii) an single-phase-to-ground fault in the AC line (in phase A)  

iv) a two-phase-to-ground faulr in the AC line (phases A and B) 

v) energization of the AC line 

From Figure 13 it has already been established that in steady state operation of both circuits, the AC 

inductive coupling does not impact the operation of the DC line. In order to evaluate the impact that the  

operation of the AC line has on the DC line, the calculated IAC/IDC,nom ratios for cases i-v are listed in 
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Figure 17. It is clear that the most severe cases are those of a single-phase-to-ground and two-phase-to 

ground faults, where the measured induced 50Hz current values in the DC line poles exceed the limit of 

0,1%. 

 

Figure 17: Impact of different AC line operation states on DC poles. 

2.3.5  Impact of AC line asymmetry on the operation of the DC circuit 

As shown above, the asymmetry that exists during a single-phase-to-ground and a two-phase-to-ground 

fault in the AC line creates an unbalance in the electric and magnetic fields, that affects the operation of 

the DC line adversely. The coupled 50Hz current component in this case is significantly higher. In this 

section a detailed study of the fault duration and recovery is made, for these two cases of faults. 

In the ATP/EMTP model, the faults were modelled as a time-controlled switch, grounded through a 0,01 

Ohms resistance. The duration of both faults was set at 100ms (from t1=0,4s to t2=0,5s). The one-phase-

to-ground fault was applied in phase A, which is the one more removed from the DC circuit (Figure 1). 

Since the distance of the two circuit components influences the coupling severity, a fault current in the 

phase furthest away from the DC poles should be enough to understand what is happening in the DC line. 

In essence, it is a best case scenario but as shown above, in cases of such asymmetry, the separation of the 

two circuits on the hybrid tower is of no effect. The two-phase-to-ground fault was applied at phases A 

and B of the AC line.  
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The response of the DC line is examined in the following points: Near the rectifier terminal (location of 

the fault),  in the middle of the line (l=25kkm) and  near the inverter terminal. 

 

Figure 18: Induced transients in the positive pole of the DC line near the rectifier terminal in the duration of the 

fault (up) and recovery (down) for Case I and Case II 

The waveforms shown in Figure 18 correspond to the transients that are superimposed on the voltage of 

the positive pole of the DC line near the rectifier terminal, for both AC line faults. In both cases, during 

the fault (for the time internal of 0,4s-0,5s) a considerable 50Hz component is present in the DC line 

voltage. Also, considerable oscillations at higher frequencies are observed. By applying the Fourier 

transformation these harmonics can be measured.  

Equally, during recovery the DC line oscillates at higher frequencies until the steady state.  

For a single-phase-to ground fault, the values of this 1st harmonic are shown below, in Figure 19, while in 

Figure 20 the magnitudes of the harmonics with orders from 2 to 15 are shown. The variation in these 

magnitudes is responsible for the ripple in the voltage waveform.  
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Figure 19: Magnitude of the 1st harmonic 

 

Figure 20: Magnitude of 2nd – 15th order harmonics during the fault 

From Figure 19 and Figure 20 can be observed that the inrush of the fault current towards the earth and 

the resulting voltage unbalance that occurs when phase A is short-circuited give rise to a 9th harmonic 

component in the DC line, that is responsible for the high frequency oscillation that is observed, on top of 

the overvoltage caused by the 1st harmonic. This 9th order harmonic is the dominant high frequency 

harmonic which extinguishes quickly until the fault is cleared. 

9050

9300

9550

1 2 3 4 5

|V1|(V)

cycle

Magnitude of the 1st harmonic during 

the fault (0,4s - 0.5s)

0

2000

4000

6000

8000

1 2 3 4 5 6 7 8 9 10 11 12

|V1|(V)

cycle

Magnitude of the 1st harmonic 

during fault and recovery

0

1000

2000

3000

4000

5000

6000

2 3 4 5 6 7 8 9 10 11 12 13 14 15

|Vh|(V)

h

0,4s - 0,42s

0,42s - 0,44s

0,44s - 0,46s

0,46s - 0,48s

0,48s - 0,50s



28 

 

 

Figure 21: Magnitude of 1st – 15th harmonics during recovery 

The harmonic content in the voltage during recovery is shown in Figure 21. The transient is extinguished 

in 5 cycles (100ms). The 9th harmonic is again dominant in the high frequency oscillations.  

 

Figure 22: Induced transients in the current of the positive pole of the DC line. 

In steady state operation of the DC line, the harmonics that are present are those of the converter operation, 

namely the 11th and 13th on the AC side of the system and the 12th on the DC line. Due to the coupling 

between the AC and the DC lines though, the faults in the AC line terminals are a concern for the operation 

of the DC line.  

In Figure 22 the transients in the current of the positive pole in question are shown. During the fault, the 

DC line current oscillates due to the unbalance in the AC phases. When the fault is extinguished, the 

current oscillates towards the steady state without the AC component, since the balance in the AC line is 

restored.  

The above conclusions apply not only to the positive pole of the rectifier end of the DC line but also to 

the negative pole and to the inverter end, as seen below, in Figure 23. 
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Figure 23: Transients on both poles of the DC line in the rectifier and inverter end. 

In the middle of the DC line, the single-phase-to ground fault causes significant overvoltage in the positive 

pole, as seen in Figure 24. Due to the stray capacitance of the line at this point, which is non-negligible, 

and the voltage unbalance in the AC circuit, resonance at higher frequencies occurs, as shown in Figure 

25. This leads to higher overvoltage than the one observed at the converter terminals, as seen in Table 4. 

Also, as seen in Figure 26, considerable overvoltage is induced in the neutral pole of the DC circuit.  

The same observations as above can be made for the impact of a two-phase-to-ground fault in the middle 

of the DC line (Figure 27), which is to be expected, since this is also a case of unbalance in the AC line.  

 

Figure 24: Transient overvoltage in the middle of the DC line during single-phase-to-ground fault in the AC line 

and comparison with rectifier end results 
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Figure 25: Comparison of harmonic content in the positive DC pole voltage during the transient in the rectifier end 

and the middle of the line in case of a one-phase-to-ground fault 

 

Figure 26: Transient overvoltages on all poles of the DC circuit in the middle of the line for a single-phase-to-

ground fault in the AC line, with maximum peak values measured 

Table 4: Overvoltages in the DC poles at different locations for single-phase-to-ground-fault in the AC line 

pole 
Peak voltage (pu) 

rectifier inverter middle of line 

+ 1,004 1,002 1,06 

- 1,009 1,008 1,11 
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Figure 27: Transient overvoltages on all poles of the DC circuit in the middle of the line for a two-phase-to-ground 

fault in the AC line 

From the simulation results listed above, the following conclusions can be drawn: 

 Asymmetry in the AC line due to faults induces harmonics on the DC lines near the converter 

stations that are not expected during normal operation. This calls for special attention on sizing and 

selecting the AC and DC side filters, so as to avoid unwanted resonance and to ensure the operation of the 

converter transformers. 

 In the middle of the DC line, one-phase-to-ground and two-phase-to ground AC faults may lead 

to temporary overvoltages due to the capacitive coupling between the two systems. This is a point of 

attention for the insulation of the DC line, so that it can withstand these transients.  

 From Figure 24 there is a clear difference in the waveforms for the voltage transients in the middle 

and in the beginning of the line. Close to the rectifier the capacitance of the line is small and the line 

behaves more like an RL circuit. The response of that circuit to unbalance is given by solving the 

differential equation ( ) ( ) ( )
di

V t Ri t L t
dt

  . In the middle of the line, despite the AC line transposition the 

capacitance of the line is considerable and transforms it to an RLC circuit, with its response given by 

differential equation 
1

( ) ( ) ( ) ( ) ( )
di

V t Ri t L t i t d t
dt C

    . During recovery the electric field is more 

balanced, with smaller stray capacitance values, so the line can once more be described as an RL circuit, 

hence the difference in the waveforms. 

 DC system recovery after a fault in the DC line 

In steady state of operation, the DC line is of concern only when the AC line is disconnected, because the 

DC electric field is static. Below the case of a DC fault in the positive pole of the DC circuit will be 

examined, in order to determine the impact of DC faults in the AC line. The positive pole of the DC circuit 
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is the one closer to the AC system, so its impact will be more considerable, that a fault in the negative 

pole.  

The fault is applied on the positive pole of the DC line as a time controlled switch, grounded by a 

0,01Ohms resistor, as mentioned previously, and is cleared after 100ms. 

The voltage in the poles of the DC line at the rectifier side and the extinction angle measurements are 

depicted in Figure 28 and the DC line current in Figure 29. A similar image is obtained for the rectifier, 

so it is not included since it would be redundant. 

 

Figure 28: Voltage in the DC poles (up), extinction angle (γ) measurement (bottom left) and harmonic resonance 

(bottom right) at inception and extinction of fault (rectifier side) 

At t=0,4s, the inception time of the fault a high frequency oscillation is manifested on the DC pole. The 

dominant harmonic in that case is the 6th. At the same time, the voltage in the negative pole falls to about 

-300kV, as the converter control increases the extinction angle. The voltage decrease leads to a current 

decrease (Figure 29) in the negative pole, so the power transfer falls to about 25% of the rated value during 

the fault, as the DC line operates temporarily as a monopolar line. After the fault is extinguished, the 

positive pole recovers, the extinction angle is lowered and the DC line resumes normal operation within 

200ms. Lower frequency oscillations are observed in both positive and negative poles (the dominant 

harmonic is the 2nd). During the recovery the capacitive coupling from the AC line is pronounced, as the 

50Hz component is in the order of 20kV. 
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Figure 29: Current in the DC line poles (rectifier side) 

 

Figure 30: Voltage along the three phases of the AC line near the rectifier during the DC fault and recovery 

In Figure 30, the voltage waveforms for the three phases of the AC line are presented. High frequency 

oscillations are observed, since there is a rapid change in the static electric field of the DC line, equivalent 

to switching a capacitor.  

In Table 5 the values of the AC line current during the DC fault initiation are listed. For the operation of 

the AC line and for the transient response, an important factor is the moment that the fault occurs, in 

relation to the value of the AC line current. (equivalently: How close to the zero passing of the current is 

the capacitor switched?) 
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From Figure 30 the highest transient overvoltage is manifested in phase A, followed by phase C and then 

B. From Table 5 this variation is explained: the current in phase B is closer to zero, so the transient voltage 

at this point is lower than in case of phase A, where the actual overvoltage is calculated at 1,25pu. These 

observations corresponds to the rectifier terminal, but similar conclusions are drawn for the inverter as 

well, where the overvoltage induced right after the DC fault is even higher, at 1,32pu.  

Table 5: AC current and voltage values at the instant of DC fault initiation (t=0,4s)  

phase 

t=0,4s (DC fault initiation) 

IAC (kA) VAC, l-g,peak (kV) VAC (pu) 

Rectifier Inverter Rectifier Inverter Rectifier Inverter 

A 3,801 3,818 409,12 431,79 1,25 1,32 

B -0,1605 -0,218 -221,62 -185,81 0,68 0,57 

C -3,645 -3,605 -301,22 -287,29 0,92 0,88 

 

The main conclusions drawn for the operation of a hybrid line during a fault are the following: 

 The DC line is reduced to monopolar operation during the fault in the positive pole and 

considerable transient overvoltages are induced in the faulty pole switch. The converter control reduces 

the DC voltage and current in order to ensure the operation of the negative pole. 

 During the DC fault, switching transients appear in the phases of the AC line: their peak and 

duration is dependent on how close the moment of switching, i.e. the moment of DC fault initiation is to 

the zero crossing of the current in each of the AC phases. When this happens close to the nominal value 

of the current, considerable overvoltages are manifested. Thus, the protection system of the AC line needs 

to be redesigned in the concept of a hybrid line, in order to account for DC fault influence. 
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4 Conclusions and outlook 

 Conclusions drawn from this study 

The study of a hybrid transmission line encompasses a lot of components: the AC system, the converters, 

the actual configuration of the line (transmission towers, conductor selection, grounding), filters  etc. A 

model of a hybrid transmission line  is an indispensable tool in the design phase of such a project: this is 

a novel concept and up to now there is no standardization for hybrid overhead transmission lines. 

As far as model selection is concerned, the results of this study show that a simplified model that takes 

into account the transposition of the AC line phases is useful in a conceptual manner: it offers a qualitative 

overview of the induced voltages and currents and can be used to determine the parameters that influence 

the capacitive and inductive coupling. But due to the fact that the DC system is very abstractly represented, 

the numerical results that are obtained lead to: 

 Overestimation of the induced 50Hz current in the DC poles, when both AC and DC circuits are 

in steady state (Figure 13) 

 Underestimation of the 50Hz current component in the DC poles, either if the DC line is 

disconnected (Figure 14) or in steady state (Figure 16) 

 Good agreement in calculating the DC current component induced in the disconnected AC line 

(Figure 15) 

It is therefore clear that in order to accurately represent the operation of a hybrid line, detailed modelling 

is required, so as to account for the different components of the DC system. The detailed model that was 

developed for this project includes the converter stations, DC and AC side filters and capacitor banks. 

From the simulations that were conducted with this model, the following conclusions can be drawn: 

 Three-phase faults and AC line energization can be regarded as symmetric states for the AC line 

and from Figure 17 it is clear that they do not influence the inductive coupling from the AC to the DC 

line. 

 On the other hand, the asymmetry in the AC line that is manifested during a single-phase-to-ground 

or a two-phase-to-ground fault leads to very high values of induced 50HZ current in the DC line (Figure 

17).  

Because of the severe effect that asymmetry in the AC line has in the operation of the DC line, more 

detailed simulations were done, in order to examine the impact of those two cases of faults in the DC 

circuit, by looking at the transients at i) the rectifier end, ii) the inverter end and iii) in the middle of the 

line. The following conclusions can be drawn: 

 In the vicinity of both converter terminals, high frequency oscillations (450Hz) occur in the DC 

line, when the AC line is in asymmetric state. Harmonics that are not characteristic to the operation of an 

LCC HVDC system are manifested, as the system behaves like an RL circuit during switching. 

 In the middle of the line the frequency of the oscillations is much higher, due to the stray 

capacitance of the lines. The overvoltages that are manifested in the DC poles at this location are 
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considerably higher (Table 4). The capacitive coupling is so severe that high voltages are also induced in 

the neutral of the DC line due to the unbalance. This is a design consideration that needs to be taken into 

account for the insulation coordination and protection system design of the DC line. 

Finally, the effects of a DC pole fault in the AC line were examined. The fault was assumed to manifest 

in the positive pole of the DC circuit, which is closer to the AC circuit than the negative and the neutral, 

therefore the possible coupling effects would be more pronounced. The following conclusions were 

drawn: 

 The DC line system operates during the fault by decreasing the negative pole voltage, effectively 

turning the bipolar line to a monopolar one for the duration of the fault. Considerable transient 

overvoltages are induced in the positive pole, due to capacitive coupling from the AC line. 

 While in steady state the DC line induces voltages in the AC line only when the latter is 

disconnected, during the DC fault in question considerable transients are induced in the AC phases. The 

magnitude of the resulting overvoltages depends on whether the fault initiation coincides with a zero 

crossing of the AC line current (Table 5). Therefore, the protection system and the insulation of the AC 

line needs to be designed accordingly. 

From all the above observations it is clear that a detailed model is indispensable in studying and designing 

a hybrid overhead transmission line. The model that was developed in this graduation project was applied 

successfully in studying different operation scenarios of the 400kV AC/500kV DC line in question and is 

a tool that can be used by as is, or adapted to the specific needs of the hybrid line that needs to be studied. 

 Outlook 

Hybrid transmission lines are a novel concept and while there exist several relevant projects around the 

world, e.g. in China and Germany, the level of standardization is very low. From the results of this 

graduation report the following conference paper was produced and submitted for acceptance in the 2018 

IEEE International Conference on High Voltage Engineering and Application (ICHVE 2018):  

E. M. Gralista, M. Gibescu, and K. Velitsikakis, "On the modelling of a hybrid HVAC-HVDC overhead 

transmission line: techniques and challenges," in 2018 IEEE International Conference on High Voltage 

Engineering and Application (ICHVE 2018), Athens, Greece, 2018. 

The abstract of the submission has been accepted and approval for the full manuscript is pending until the 

end of May 2018. The conference will take place in 10-13 of September, 2018, in Athens, Greece.  

This way the author hopes to contribute in the tools that are available in designing hybrid transmission 

lines, since it is a way for the existing transmission grids to be upgraded in a reasonable and sustainable 

way.  
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