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Abstract. This work proposes a compact and flexible dynamic

model of a bipolar HVDC link with metallic return, suitable for 

simulation of power systems. The model is formulated compactly 

using only two matrix equations and is capable of simulating 

different types of faults, including pole-to-ground, pole-to-neutral 

and pole-to-pole faults. The inclusion of the dynamic equations of 

the neutral cable enables accurate asymmetric perturbation 

dynamic studies. The proposed model has been included as a 

module in a software framework which is aimed for dynamic 

simulation studies in AC/DC systems. Results demonstrate the 

model’s functionality and capability to simulate various fault 

types, including asymmetric faults, where the neutral cable plays 

a pivotal role.  
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1. Introduction

High Voltage Direct Current (HVDC) has become 

increasingly important because its advantages mitigate the 

challenges that arise with the energy transition [1]. HVDC 

grids are not influenced by capacitance and inductance in a 

permanent regime, making them ideal for marine and 

subterranean lines which have high capacitance [2]. This is 

because in AC lines, high capacitance results in increased 

losses and complicates voltage control. The primary use of 

HVDC technology in the last decades has been the 

connection of offshore wind parks to the mainland, widely 

used in the North Sea, and the connection of islands to the 

mainland to strengthen their local grids and allow higher 

penetration of renewable energy. Additionally, HVDC 

excels in transmitting large amounts of power over long 

distances because it has no reactive power associated 

losses, making it ideal for transmitting power between 

remote regions and different climate areas [3], [4]. Another 

application of HVDC grids is the asynchronous connection 

of AC grids. In the coming years, the use of HVDC 

technology is expected to increase with various projects in 

construction and plans for multiterminal grids [5], [6]. 

Line Commutated Converters (LCCs) and Voltage Source 

Converters (VSCs) are the two primary technologies used 

in HVDC transmission. LCCs, while simpler and often less 

expensive, have limitations in control and depend on the 

AC system strength. VSCs, employing Insulated Gate 

Bipolar Transistors (IGBTs), offer greater flexibility and 

control [7]. However, the limitations of IGBTs have led to 

the development of Modular Multilevel Converters 

(MMCs) for higher power applications.  

HVDC links employ various control strategies to manage 

power flow and maintain system stability. Common control 

modes include constant voltage control, constant power 

control, and droop control [8]. In a point-to-point HVDC 

link, typically one converter is operated in constant voltage 

control mode to establish a stable DC voltage level, while 

the other converter operates in constant power control 

mode to regulate the power flow across the link. This 

centralized control approach ensures reliable and efficient 

power transmission. 

Most HVDC links are bipolar, employing two conductors 

to transmit power. While some HVDC systems utilize earth 

return, where the ground or sea acts as the return path for 

the current, metallic return is the most employed [9]. In 

simulations of asymmetrical faults in HVDC systems, 

accurate modeling of the metallic return path is crucial. 

This is because significant voltages and currents can 

develop in the return conductor, especially when the 

grounding point is located at a considerable electrical 

distance from the fault location [10]. In RMS studies of AC 

systems, grid modeling is typically algebraic, however, 

preserving the dynamics is convenient for HVDC systems 

[11]. Reference [12] shows that the line inductance affects 

significantly the short-circuit current, especially during the 

initial milliseconds following a fault.  

The aim of this paper is to develop a compact and versatile 

model of a bipolar HVDC link with metallic return that 

enables the study of various types of contingencies (pole-

to-pole, pole-to-ground and pole-to-neutral), line 

clearances and converter outages, with capability to 

simulate the asymmetries.  

The contributions of this work are as follows: 1) The 

formulation of a compact and flexible model, using two 

matrix equations, of a point-to-point bipolar HVDC system 

with metallic return. The model allows for the 

straightforward accommodation and simulation of different 

types of faults in these systems; 2) A simulation software 
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framework in Matlab/Simulink using the proposed model, 

enabling simulations and analysis of HVDC systems under 

different fault scenarios in an easy manner. 

A bipolar link with metallic return, connecting two AC 

systems through VSC converters, is modeled using the 

proposed framework. The VSC model is built based on 

Type 4 converter model from ESIG [13]. This paper 

presents results on how different types of faults affect 

operation and control in these systems. 

2. HVDC bipolar link with metallic return 

This section focuses on the development of the HVDC link 

with metallic return model, culminating in the derivation of 

the proposed dynamic equations in matrix form. 

A. HVDC bipolar link with metallic return model 

Fig. 1 shows the electric schematic of the HVDC link with 

bipolar return, where lines are represented by a π-model. 

The system connects two asynchronous AC grids, each 

consisting of three nodes, two lines and, a conventional 

synchronous generator, with one grid also including a load. 

The AC and DC grids are interconnected through 4 AC/DC 

converters. 

Solving the node voltages for the HVDC grid model, five 

dynamic equations can be obtained: 

 

𝜏𝐶𝐴𝐵
𝑑𝑢𝐴+

𝑑𝑡
= −𝑖𝐴+ − 𝑖+ (1) 

𝜏𝐶𝐴𝐵
𝑑𝑢𝐵+

𝑑𝑡
= −𝑖𝐵+ + 𝑖+ (2) 

𝜏𝐶𝐴𝐵
𝑑𝑢𝐴−

𝑑𝑡
= 𝑖𝐴− − 𝑖− (3) 

𝜏𝐶𝐴𝐵
𝑑𝑢𝐵−

𝑑𝑡
= 𝑖𝐵− + 𝑖− (4) 

𝜏𝐶𝑜
𝑑𝑢𝐵𝑜

𝑑𝑡
= 𝑖𝐵+ − 𝑖𝐵− + 𝑖𝑜 (5) 

Where: 

𝑖𝐴+, 𝑖𝐵+, 𝑖𝐴−, 𝑖𝐵− are the converter currents [p.u.], 

𝑢𝐴+, 𝑢𝐵+, 𝑢𝐴−, 𝑢𝐵−, 𝑢𝐵𝑜  are the node voltages [p.u.], 

𝑖+, 𝑖−, 𝑖𝑜 are the line currents [p.u.], and 

𝜏𝐶𝐴𝐵 , 𝜏𝐶𝑜 are the time constants of the capacitors [s] 

calculated with equation (6). 

𝜏𝐶𝐴𝐵 = Z𝑏 · 𝐶𝐴𝐵    (6) 

Where: 

Z𝑏 is the base impedance [Ω], and      

𝐶𝐴𝐵 is the line capacitance [F]. 

The five dynamic equations can be expressed as the matrix 

equation (7), to make a compact model which simplifies its 

implementation in tools such as Matlab/Simulink: 

𝜏𝐶
𝑑[𝑈]

𝑑𝑡
= 𝐴[𝐼𝐿] + 𝐵[𝐼𝐶] (7) 

Where: 

[𝑈] = [𝑢𝐴+, 𝑢𝐵+, 𝑢𝐴−, 𝑢𝐵−, 𝑢𝐵𝑜] is the node voltages 

vector, 

[𝐼𝐿] = [𝑖+, 𝑖−, 𝑖𝑜] is the line currents vector, 

[𝐼𝐶] = [𝑖𝐴+, 𝑖𝐵+, 𝑖𝐴−, 𝑖𝐵−] is the converter currents vector, 

𝜏𝐶 = 𝑑𝑖𝑎𝑔(𝜏𝐶𝐴𝐵 , 𝜏𝐶𝐴𝐵 , 𝜏𝐶𝐴𝐵 , 𝜏𝐶𝐴𝐵 , 𝜏𝐶𝑜) is the converters 

time constants matrix, 

𝐴 =

[
 
 
 
 
−1 0 0
1 0 0
0 −1 0
0 1 0
0 0 1]

 
 
 
 

 and 𝐵 =

[
 
 
 
 
−1 0 0 0
0 −1 0 0
0 0 1 0
0 0 0 1
0 1 0 −1]

 
 
 
 

. 

Solving the currents for the HVDC grid model, another 

three dynamic equations can be obtained: 

𝜏𝐿𝐴𝐵
𝑑𝑖+

𝑑𝑡
= 𝑢𝐴+ − 𝑢𝐵+ − 𝑅𝐴𝐵 · 𝑖+ (8) 

𝜏𝐿𝐴𝐵
𝑑𝑖−

𝑑𝑡
= 𝑢𝐴− − 𝑢𝐵− − 𝑅𝐴𝐵 · 𝑖− (9) 

𝜏𝐿𝑜
𝑑𝑖𝑜

𝑑𝑡
= −𝑢𝐵𝑜 − 𝑅𝑜 · 𝑖𝑜 (10) 

Where: 

𝑅𝐴𝐵 , 𝑅𝑜 are the line resistances [p.u.], and 

𝜏𝐿𝐴𝐵 , 𝜏𝐿𝑜 are the time constants of the line inductances [s], 

calculated following equation (11). 

𝜏𝐿𝐴𝐵 =
𝐿𝐴𝐵

Z𝑏

 (11) 

Where: 

𝐿𝐴𝐵 , 𝐿0  are the line inductances [H]. 

The three dynamic equations can be compacted and 

expressed as matrix equation (12): 

𝜏𝐿
𝑑[𝐼𝐿]

𝑑𝑡
= 𝐶[𝑈] + 𝐷[𝐼𝐿] (12) 

Where: 

𝜏𝐿 = 𝑑𝑖𝑎𝑔(𝜏𝐿𝐴𝐵 , 𝜏𝐿𝐴𝐵 , 𝜏𝐿𝑜) is the line inductances time 

constants matrix, 

𝐶 = −𝐴𝑇 and 

𝐷 = 𝑑𝑖𝑎𝑔(−𝑅𝐴𝐵 , −𝑅𝐴𝐵 , −𝑅𝑜). 

In conclusion, the bipolar HVDC link with metallic return 

dynamic model is described with matrix the equations (7) 
 

Fig. 1. Bipolar HVDC link model with metallic return. 
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and (12). In the dynamic model [𝑈] and [𝐼𝐿] are the state 

variables and [𝐼𝐶] the input variables. 

B. Fault modelling 

The proposed model enables the analysis of eight different 

types of contingencies that consist in pole-to-ground, pole-

to-pole and pole-to-neutral faults. Table I summarize all of 

them.  

Table I. – Fault types 

Name Type From To 

A+ Pole-to-ground A+ Ground 

B+ Pole-to-ground B+ Ground 

A- Pole-to-ground A- Ground 

B- Pole-to-ground B- Ground 

AA Pole-to-pole A+ A- 

BB Pole-to-pole B+ B- 

Bo+ Pole-to-neutral B+ Bo 

Bo- Pole-to-neutral Bo B- 

 

In this work, the fault impedance is modelled as a 

resistance. The fault current in the HVDC model is 

calculated using the following equation: 

𝑖𝑆𝐶 = 𝐺𝑆𝐶 · (𝑢𝐹𝑅𝑂𝑀 − 𝑢𝑇𝑂) (13) 

Where: 

𝑖𝑆𝐶  is the short-circuit current [p.u.], 

𝐺𝑆𝐶  is the short-circuit conductance [p.u.],  

𝑢𝐹𝑅𝑂𝑀  is the voltage at the node where the short-circuit 

occurs [p.u.], and 

𝑢𝑇𝑂 is the voltage at the second node, where the short-

circuit occurs, in case of a pole-to-pole or pole-to-neutral 

fault. It takes a value of zero for pole-to-ground faults 

[p.u.].  

For short-circuit simulations, this new equation is added to 

the matrix equation (7), introducing a new term, which 

results in equation (14):  

𝜏𝐶
𝑑[𝑈]

𝑑𝑡
= 𝐴[𝐼𝐿] + 𝐵[𝐼𝐶] + 𝐹[𝑈] (14) 

Where: 

𝐹 is a 5x5 matrix as shown in equation (15), where the fault 

conductance is introduced. For a particular case, all 

conductances are equal to zero, except for the ones with the 

name of the fault to be simulated. Fault names are 

summarized in Table I.  

It should be noted that equation (12) remains unchanged for 

short-circuit simulations. 

3. Software implementation of the model 

The bipolar HVDC link with metallic return dynamic 

model has been implemented in a modular software 

framework developed by the authors in Matlab/Simulink 

[11]. This tool also includes a library of models for AC 

grids, Multi-Terminal HVDC grids, and different types of 

converters and generators. The software’s modularity 

allows for the flexible integration of new models. It uses 

MatACDC to facilitate the initialization of the models after 

solving an AC/DC power flow [14]. These two aspects 

enable automatic flat start initialization and easy 

𝐹 =

[
 
 
 
 
−GA+ − GAA 0 GAA 0 0

0 −GB+ − GBB − GBo+ 0  GBB GBo+

GAA 0 −GA− − GAA 0 0
0  GBB 0 −GB− − GBB − GBo− GBo−

0 GBo+ 0 GBo− −GBo+ − GBo−]
 
 
 
 

 (15) 

 
Fig. 2. Simulink interface in the software framework for the simulation results presented in this work. 
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configuration of new study cases. Fig. 2 shows the 

Simulink interface used to obtain the results presented in 

this paper. Four types of modules are used: conventional 

generators, converters, AC grids and the HVDC link model 

presented in this paper. The AC variables are the node 

voltages (V, in green), calculated by the AC grid model, 

and the internal voltage (Eg, in blue), is the output of the 

generator and converter models. The DC variables are the 

voltages at the converter terminals (Uc, in orange), 

calculated by the HVDC link model presented in this paper, 

and the converter current (Idc, in yellow), is the output of 

the converter model. 

4. Results and discussion 

This section presents the results of the simulations 

performed with the proposed bipolar HVDC link model 

with metallic return. The results analyze voltages and 

currents in the HVDC system under the three main types of 

faults that can be simulated: pole-to-ground, pole-to-

neutral and pole-to-pole. 

A. Pole-to-ground fault 

This subsection presents the simulation results of a fault 

type A+ according to Table I, which is a pole-to-ground 

fault in the positive pole at the A-end of the line. The fault 

resistance is R = 0.1 Ω. 

Fig. 3 presents the node voltages obtained from the 

simulation results. The results illustrate that the voltage in 

the positive pole falls close to zero when the fault takes 

place and recuperates after it is cleared. The negative pole 

is indirectly affected and suffers minor oscillations. The 

neutral acquires negative voltages during the contingency. 

 
Fig. 3. Node voltages in a fault type A+ with R = 0.1 Ω 

The currents flowing through the DC lines are presented in 

Fig. 4, where it can be observed that the current in the 

positive pole reaches negative values, close to zero, after a 

negative peak. 

Fig. 5 presents the converter currents. Converters CA+ and 

CB+ suffer a strong perturbation and their current output 

changes to maintain voltage. Converters CA- and CB- react 

to the contingency increasing the value of the current. This 

is due to the control mode they operate in, constant power, 

which increases the current to their limit when the voltage 

falls to maintain the power flow.   

 
Fig. 5. Converter currents in a fault type A+ with R = 0.1 Ω 

B. Pole-to-neutral fault 

This subsection presents the simulation results of a fault 

type Bo+ according to Table I, which is a pole-to-neutral 

fault in the positive pole. The fault resistance is the same as 

in the previous case R = 0.1 Ω. 

Fig. 6 shows the voltages in the nodes obtained from the 

simulation results. The voltage in the positive pole 

intersects at a midpoint with the neutral voltage, then both 

voltages become slightly negative. Oscillations are 

significant at node A+.  

 
Fig. 6. Node voltages in a fault type Bo+ with R = 0.1 Ω 

Fig. 7 presents the line currents in the HVDC cables. A 

transient with similar oscillatory behavior can be seen in 

the current of the positive pole. In the neutral cable, the 

current reaches -0.6 p.u. at the start of the fault, doubling 

the current that was previously running through the line.  

 

C. Pole-to-pole fault 

 
Fig. 4. Line currents in a fault type A+ with R = 0.1 Ω 

 
Fig. 7. Line currents in a fault type Bo+ with R = 0.1 Ω 
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This subsection presents the simulation results of a fault 

type AA, pole-to-pole, as shown in Table I. The fault 

resistance is R = 0.1 Ω as in the previous cases. 

Fig. 8 shows the node voltages. A voltage dip occurs in 

both poles, that behave in a very similar way. The voltage 

in the neutral remains close to zero as this is a symmetric 

fault. 

 
Fig. 8. Node voltages in a fault type AA with R = 0.1 Ω 

Fig. 9 presents the line currents in the HVDC cables for the 

simulated contingency. The currents in both lines reverse 

direction when the short-circuit takes place, with all current 

supplying the fault. Once the fault is cleared, the currents 

recover their original values. 

 
Fig. 9. Line currents in a fault type AA with R = 0.1 Ω 

The results in this section have been provided to illustrate 

the versatility of the model, its capability to simulate 

different types of faults and to consider asymmetric 

behavior. They demonstrate the interaction between poles 

and the relevance of the neutral when asymmetric 

contingencies occur. 

5. Conclusion 

This work presents a dynamic model for bipolar HVDC 

links with metallic return. The model is flexible for 

simulating different types of faults and is formulated by 

only two dynamic matrix equations, which can be easily 

implemented in simulation software. The model has been 

integrated into a new module within a dynamic simulation 

tool in Matlab/Simulink with other models, incorporating 

automatic flat-start initialization. Altogether, this facilitates 

the easy preparation and configuration of different study 

cases. The model was tested with various fault types, 

demonstrating its functionality and the relevance of the 

neutral cable for asymmetric contingency simulations. 
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