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ABSTRACT 

Additional technologies different from classical high voltage alternating current (HVAC) 
transmission are necessary to deal with the higher renewable energy integration in the 
current energetic framework. High voltage direct current (HVDC) transmission based on 
modular multilevel voltage source converters (MMC-VSC) is a promising alternative for 
some applications. Thus, the number of HVDC projects is increasing worldwide. This 
makes possible their future gradual interconnection to constitute an overlay DC grid that 
offers numerous additional advantages but still many challenges. 

Even if the development of the HVDC technology overcomes all the present challenges 
in the future, the lack of standardisation will lead to a DC grid integrated by different 
HVDC station topologies, grounding schemes, DC-DC converters, or control strategies. 
During normal operation, the DC grid is assumed to work symmetrically, and some 
aspects, such as the topology or the grounding scheme, do not intervene in the system 
response. However, in case of working asymmetrically due to a fault or outage affecting 
a single pole of the DC network, all the aspects mentioned above affect the system 
operation. 

However, such a heterogeneous DC grid under asymmetrical DC operation has yet to be 
addressed in the literature. Thus, it constitutes the general objective of this thesis. To 
achieve this objective, the asymmetrical DC operation in different heterogeneous DC 
systems is studied using load flow, dynamic EMT simulation, and small-signal stability 
analysis. The analysis of a system of these characteristics under asymmetrical DC 
operation is an original contribution of the thesis. 

First, a DC grid connecting different AC zones and formed by different HVDC station 
topologies and DC-DC converters is modelled to perform the load-flow assessment. The 
asymmetrical DC operation is examined by causing an asymmetrical contingency in the 
DC network. The analysis is carried out considering different grounding resistances, 
control strategies, control parameters, and galvanic isolation ability of the DC-DC 
converters. The results obtained regarding DC current and voltage asymmetry, which are 
related to the overloading of elements and excessive voltage deviation, allow for 
assessing the impact of the asymmetrical operation under different circumstances.  

Second, the dynamic assessment aims to identify the main aspects involved in the 
transient response during asymmetrical DC operation. The connection of a symmetrical 
monopolar station to a bipolar system is modelled, and the outage of one of the converters 
of a bipolar station is simulated. The effect of the grounding impedance and the control 
strategy on the dynamic response of the system is assessed. Therefore, the main system 
parameters and issues that may appear are identified. Furthermore, the effect of the 
connection of the symmetrical monopole station over the existing protections of the 
bipolar system is assessed by considering different grounding impedances in the 
monopolar station. 
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Finally, the small-signal analysis of a system composed of different topologies focuses 
on the asymmetrical DC operation. A new suitable model is developed and validated 
against EMT simulations. The small-signal analysis is carried out, and the main aspects 
that impact the small-signal stability during asymmetrical operation are identified. 
Furthermore, a new controller that enhances the system stability during asymmetrical DC 
operation is developed. 
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RESUMEN 

Para hacer frente a la mayor integración de energías renovables en el marco energético 
actual se necesitan tecnologías adicionales distintas de la transmisión clásica en corriente 
alterna en alta tensión (HVAC). La transmisión de corriente continua en alta tensión 
(HVDC) basada en convertidores multinivel modulares de fuente de tensión (MMC-
VSC) es una alternativa prometedora para algunas aplicaciones. Por tanto, el número de 
proyectos HVDC está aumentando en todo el mundo. Esto hace posible que se 
interconecten gradualmente en el futuro para formar una red de corriente continua (CC) 
que ofrece numerosas ventajas adicionales, pero todavía muchos retos. 

Aunque el desarrollo de la tecnología HVDC supere todos los retos actuales en el futuro, 
la falta de normalización dará lugar a una red de CC integrada por diferentes topologías 
de estaciones HVDC, esquemas de puesta a tierra, convertidores CC-CC o estrategias de 
control. Durante el funcionamiento normal, la red de CC funciona simétricamente y 
algunos aspectos, como la topología o el esquema de puesta a tierra, no intervienen en la 
respuesta del sistema. Sin embargo, en caso de funcionamiento asimétrico, debido a una 
falta o desconexión que afecte a un solo polo de la red de CC, todos los aspectos 
mencionados anteriormente afectan al funcionamiento del sistema. 

Este tipo de red de CC heterogénea en funcionamiento asimétrico aún no se ha abordado 
en el estado del arte. Por ello, constituye el objetivo general de esta tesis. Para lograr este 
objetivo, se estudia el funcionamiento asimétrico de CC en diferentes sistemas 
heterogéneos de CC utilizando diferentes enfoques como el flujo de cargas, la simulación 
dinámica EMT y el análisis de estabilidad de pequeña señal. El análisis de un sistema de 
estas características en funcionamiento asimétrico en CC constituye la principal 
contribución de la tesis. 

Para realizar la evaluación del flujo de cargas, se modela una red de CC que conecta 
diferentes zonas de CA y está formada por diferentes topologías de estaciones HVDC y 
convertidores CC-CC. A continuación, se examina el funcionamiento asimétrico de CC 
provocando una contingencia asimétrica en la red de CC. El análisis se lleva a cabo 
considerando diferentes resistencias de puesta a tierra, estrategias de control, parámetros 
de control y capacidad de aislamiento galvánico de los convertidores CC-CC. Los 
resultados obtenidos sobre la asimetría de corriente y tensión en CC, relacionados con la 
sobrecarga de los elementos y la desviación excesiva de la tensión, permiten evaluar el 
impacto del funcionamiento asimétrico en distintas circunstancias.  

La evaluación dinámica pretende identificar los principales aspectos que intervienen en 
la respuesta transitoria durante el funcionamiento asimétrico en CC. En primer lugar, se 
modela la conexión de una estación monopolar simétrica a un sistema bipolar. A 
continuación, se simula la interrupción de uno de los convertidores de una estación 
bipolar y se evalúa el efecto de la impedancia de puesta a tierra y de la estrategia de 
control en la respuesta dinámica del sistema. Por último, se identifican los principales 
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parámetros del sistema y los problemas que pueden aparecer. Además, se evalúa el efecto 
de la conexión de la estación monopolar simétrica sobre las protecciones existentes del 
sistema bipolar, considerando diferentes impedancias de puesta a tierra en la estación 
monopolar. 

Por último, se realiza el análisis de pequeña señal de un sistema compuesto por diferentes 
topologías centrándose en el funcionamiento asimétrico en CC. Para ello, primero se 
desarrolla un nuevo modelo adecuado para este análisis y se valida con simulaciones 
EMT. A continuación, se lleva a cabo el análisis de pequeña señal y se identifican los 
principales aspectos que afectan a la estabilidad de pequeña señal durante el 
funcionamiento asimétrico. Además, se desarrolla un nuevo controlador que mejora la 
estabilidad del sistema durante el funcionamiento asimétrico en CC. 
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CHAPTER 1. INTRODUCTION 
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1.1. General background 

1.1.1. Challenges for the transmission network in the current energy context 

The present energy context is causing a rapid change in electricity networks worldwide. 
One of the main aspects behind this scenario is promoting renewable generation to move 
towards lower greenhouse gas emissions and higher independence from fossil fuel 
resources. Specifically in Europe, the goal of the European Union is to reach an emission 
reduction of 55% by 2030 and neutrality by 2050, which will also improve energy 
security and independence [1].  

However, the significant increment of renewable energy projects, mainly solar 
photovoltaic and wind, poses a challenge for power systems in different aspects, primarily 
techno-economic, but also social and environmental [2]. 

On the one hand, renewable energy is mostly not dispatchable and intermittent. 
Consequently, there is an increment of the generation uncertainty in the network and a 
loss of power flow control by the operator. But on the other hand, this fact also involves 
an increase in the infrastructure required due to the further need for a backup generation 
[3], [4]. 

In addition, large-scale renewable energy plants are likely to be built in remote or 
unpopulated regions where the most optimal conditions for generation typically occur, 
usually far from main consumption centres, and energy has to be transmitted over long 
distances [4]. However, high voltage alternating current (HVAC) transmission is cost-
effective for connecting remote-located power plants only in some cases. On the one 
hand, costs and energy losses increase with long distances and environmental concerns 
and policies make the construction of new HVAC overhead lines difficult. On the other 
hand, HVAC cables reduce the environmental impact and are the best technical solution 
to interconnect systems such as offshore wind power plants, but have higher losses and 
costs. This is mainly due to the higher amount of charge current, which involves a high 
reactive power flow through them, reducing the available cross-section to transmit energy 
and making necessary the use of compensation devices [4]. Although higher transmission 
voltages can mitigate this drawback, they pose a technical challenge, and commercial 
cable solutions have yet to be [5]. 

Consequently, HVAC transmission prevents power systems from utilising the many 
renewable energy resources available in those optimal areas. 

Therefore, allocating the emerging renewable generation to comply with the social-
environmental concern requires a substantial investment in enhancing present power 
systems and other technical solutions different from conventional HVAC transmission. 
In addition, the growth of the electricity network has to be made while guaranteeing the 
electricity supply since it is a crucial factor for citizens, industries, and the economy of 
countries. 
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1.1.2. HVDC transmission 

High Voltage Direct Current (HVDC) transmission is a promising alternative to 
conventional HVAC transmission in the current scenario. During the last decades, HVDC 
transmission has been typically used for the interconnection of asynchronous systems, 
bulk power transmission over long distances, or underground and undersea connections 
through point-to-point links [3]. 

The advantages of HVDC against HVAC in these specific applications are due to the 
following inherent technical characteristics [6]: 

● The charging current is zero in the case of Direct Current (DC) transmission, 
so it is free of reactive power flows. Thus, the optimal utilisation of the cross-
section of the conductor to transmit energy poses a more cost-effective 
solution and reduces losses. This characteristic positions HVDC transmission 
as an alternative for bulk-power transmission over long distances, especially 
as a substitute for AC cables. 

● The DC connection decouples interconnected AC systems, enabling the 
interconnection of asynchronous networks or systems with different rated 
frequencies. This aspect eases the connection of offshore systems with 
onshore synchronous areas. 

Furthermore, HVDC transmission still presents more advantages, such as complete 
controllability of the transmitted active power in the connected systems. This provides a 
higher degree of control to system operators and can compensate somewhat for the loss 
of controllability caused by renewable generation. Active power control also enables 
additional services to AC systems where HVDC systems are connected, such as power-
oscillation damping and preventing oscillations transmission from one AC system to 
another.  

In addition, active power transmission through DC connections avoids stability 
constraints that limit the maximum active power transfer in AC, especially over long 
distances. 

From an environmental point of view, the smaller number of conductors and the absence 
of proximity effect make DC transmission requires significantly less right-of-way than 
equivalent AC connections for both overhead lines and cables. This reduces the 
environmental impact of transmission, although the footprint of converter stations is 
larger. Nonetheless, considering the overall effect, DC transmission needs less space than 
AC transmission to transfer the same amount of power. 

However, HVDC transmission also presents drawbacks when compared to classical AC 
transmission. One of them is that converter stations are still expensive. Therefore, 
investing in HVDC transmission depends on several factors, such as the breakeven 
distance, defined as the length from which HVDC transmission is more cost-effective 
than HVAC transmission. This breakeven distance depends on whether the transmission 
is done via overhead lines or cables, the amount of active power to transfer, the HVDC 
technology, and other technical aspects related to each project. 
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In addition, the experience in operating HVAC transmission systems is higher, so they 
are reliable and well-known. Typically, HVAC systems offer redundancy so the network 
can continue working correctly even in non-scheduled outages. In contrast, HVDC 
technology is still evolving and maturing as the number of HVDC projects increases. 
Indeed, most projects are point-to-point links, so the outage of an element, such as a 
converter, can produce the loss of half or total transmission.  

Besides the advantages and drawbacks inherent in HVDC transmission, other specific 
aspects depend on the HVDC technology. 

1.1.3. HVDC technologies 

Two major converter technologies for HVDC transmission are line-commutated 
converter (LCC) and voltage-source converter (VSC). 

Most HVDC links in operation use LCC, the first converter technology developed for 
HVDC transmission. Current LCC technology is based on thyristor-type valves. 
Therefore, the turn-on of the valves can be controlled, but the turn-off depends on the 
zero crossing of the alternating current. 

The active power control is made by controlling the switching on of the valves through 
the firing angle, which is closely related to the power factor. This implies that the active 
and the reactive power at the AC side of the converter are not independent. The maximum 
active power leads to zero reactive power demand by the HVDC-LCC station, but any 
reduction in the transferred active power consequently involves reactive power 
consumption. Therefore, LCC-HVDC stations require reactive power compensation. 

In addition, the need for an existing AC grid to turn-off the valves limits the connection 
of LCC-based HVDC stations to AC networks with a minimum short-circuit ratio. Thus, 
LCC technology cannot be connected to islanded or weak AC networks. However, there 
are advanced configurations based on LCC, such as capacitor-commutated converters 
(CCC) or controlled series capacitor converters (CSCC), that reduce the reactive power 
requirements and allow for converter operation in weaker AC grids [7]. 

In LCC-HVDC systems, the DC current is constant and unidirectional, so the DC voltage 
is adjusted to achieve the corresponding active power flow. As the DC current cannot be 
reversed, the direction of the active power flow can only change by reversing the polarity 
of the DC voltage. However, reversing voltage polarity is not a fast operation as it requires 
interrupting the LCC operation, de-energising the remaining charge in the DC poles, and 
energising them in the opposite polarity [4], [5]. 

VSC-HVDC systems are a more recent technology that offers benefits over LCC-HVDC 
systems. For example, VSC-HVDC systems use IGBTs instead of thyristors, and IGBTs 
are self-commuted, so their turn-on and turn-off can be fully controlled. This feature 
allows active and reactive power to be controlled independently, so reactive power 
compensation devices are no longer needed. Additionally, VSC-HVDC systems can be 
connected to weak or islanded AC networks as they do not require strong enough AC 
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grids for commutation. Thus, they provide additional services to AC systems, such as 
black start capability. 

VSC-HVDC stations provide a constant voltage at the DC side and the DC current is 
adjusted to achieve the corresponding active power flow. Active power reversal is also 
possible by reversing the current flow without interrupting the operation. This is a 
valuable characteristic for building multi-terminal DC networks compared to former 
LCC-HVDC stations. 

VSC-HVDC stations encompass different converters configurations: 2-level, 3-level, or 
modular multilevel converters (MMC). Although these configurations present specific 
differences, their operation in the power system is similar [3]. However, MMC-VSC-
based HVDC stations are preferred due to additional advantages, such as low switching 
losses, high reduction of the harmonic content, and easy scalability [8], [9]. Besides, 
MMC configuration can be used with different submodule configurations, such as half-
bridge, full-bridge, or hybrid [10], [11]. 

Compared with LCC-HVDC, VSC-HVDC stations have higher losses, lower ratings and 
are more expensive. This makes LCC-HVDC stations still a suitable solution for bulk 
power transmission over long distances [3], [4]. However, MMC-VSC HVDC stations 
have lower harmonic emissions, so they do not need the installation of harmonic filters. 
Furthermore, due to their superior controllability, they do not require reactive power 
compensation devices either. Both aspects lead to a smaller converter station footprint. 
Besides, the capability to provide a black start and not require strong AC networks to 
work appropriately makes MMC-VSC HVDC stations the best option to interconnect 
offshore systems [5]. 

Moreover, VSC-HVDC stations allow a straightforward connection of additional HVDC 
stations at the DC side since the current can be reversed at any moment, which eases the 
DC system operation. Compared with LCC-HVDC stations, this is a high advantage that 
enables the construction of a DC grid [12]–[14]. 

1.1.4. DC supergrid 

Because of the mentioned advantages of HVDC transmission and VSC-HVDC 
technology, the number of projects has increased worldwide in the last few years [2], 
[15]–[22]. Moreover, the foreseen trend is that this number will increase further in the 
coming years. Particularly in Europe, the 10-years network development plan (TYNDP) 
published by ENTSO-E [23] indicates that more than 45 projects are under consideration, 
waiting for permission or under construction. 

Most of these projects are point-to-point links. However, constructing these links will 
likely lead to future DC interconnections to form a multi-terminal meshed HVDC grid, 
or DC supergrid, that will constitute a new backbone for bulk power transmission [4], 
[24], [25]. This is expected to occur first in the North and Baltic seas due to the number 
of offshore wind power plants planned in these areas and, thus, the need to connect these 
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power plants to onshore AC systems [4]. In addition, projects on the European continent 
may lead to the development of an onshore HVDC grid. 

Although there are already built some multi-terminal VSC-based HVDC systems [16], 
[17], [26]–[28], they are integrated into the existing AC networks and cannot be 
considered a backbone transmission system [29]. However, considering the mentioned 
aspects, developing an overlay backbone DC grid will bring numerous benefits. 

On the one hand, HVDC transmission allows techno-economic access to renewable 
resources in remote locations not available with AC transmission. On the other hand, a 
DC grid takes more significant advantage of this and can facilitate the interconnection of 
large amounts of renewable energy resources over a wide area in Europe. Furthermore, 
this increased integration of renewable generation reduces uncertainty due to the 
probabilistic correlation between weather conditions over that wide area [3]. 

Furthermore, improved interconnection avoids the generation restriction in renewable 
power plants due to technical or stability constraints. This also positively impacts the 
economy, as energy demand can benefit from the cheapest energy at any time.  

A DC grid can also relieve congestion on existing AC grids. This fact, together with the 
higher degree of interconnection and the complete controllability of the active power 
flow, can improve supply and grid security [3], [5].  

Although much progress has been made in recent years in developing the necessary 
equipment, some technical and non-technical limitations still need to be overcome for an 
overlay DC grid to become a reality. Among the challenges to be solved, the most 
important can be summarised in the lack of standardisation and the further research and 
development required in the protection system of such grid [3], [29], [30]. At the same 
time, development must continue in AC-DC and DC-DC converters, lines and cables to 
offer higher capacities and voltages, lower losses and costs. 

1.1.5. Need for standardisation 

As this overlay DC grid is expected to evolve from previous point-to-point links towards 
a meshed grid through DC connections, equipment standardisation work is needed to 
guarantee multi-vendor operativity. In addition, standardisation brings many advantages, 
as it facilitates cost reduction, maintenance and operation, and reduces implementation 
time [31]. 

The recent publication of grid codes for HVDC in Europe is a step forward. Still, it is also 
necessary to establish standard control strategies, communication protocols, interfaces, 
calculation methodologies and procedures for planning. Among the calculation methods 
that need standardisation are the calculation of short-circuit currents, the design of the 
grounding system, and the management of faults in the HVDC network [30]. 

The topology of the future DC grid is also an aspect that needs to be defined since it can 
significantly impact the security of supply. Both monopolar and bipolar topologies are 
available. Although bipolar topology seems the most suitable due to its inherent 
redundancy, most projects currently use a monopolar one. 
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Furthermore, different grounding schemes can be implemented [32]–[34]. Since 
grounding methods impact DC currents and voltages during pole-to-ground faults, they 
also influence the protection system. Indeed, the main technical limitation regarding 
protection is the development of robust and reliable algorithms that detect and locate the 
fault in less than two milliseconds to keep protection coordination. Although several 
algorithms in the literature allow for fast fault detection and location, travelling-wave-
based methods are the most promising option [35]. However, the grounding system can 
affect the performance of these algorithms. Therefore, standardisation of the grounding 
methods is also necessary. 

DC circuit breakers (DCCB) are a key component for the future development of the DC 
overlay grid; therefore, there is a particular need to standardise them. Several prototypes 
with different topologies can be used to protect DC networks, such as mechanical, solid-
state and hybrid circuit breakers. Nowadays, hybrid DCCBs, together with fault current 
limiter devices, seem to be the best alternative, although the DCCB technology is under 
continuous development [36]–[39].  

In addition, the rated voltage of the DC system is not a standard value either. Future 
HVDC systems are expected to use higher DC voltages due to enhancements in 
converters and DC cables. Only DC systems using the same voltage level can directly 
connect via a cable or overhead line. Otherwise, a DC-DC converter is needed. 

DC-DC converters are still subject of ongoing research and have yet to be implemented 
in actual projects. However, many possible topologies have been proposed in the 
literature for different applications [40]–[44]. Among them, modular topologies can be 
more easily standardised and adapted to different voltage levels and ratings.  

DC-DC converters can also provide additional controllability to the DC network and, 
depending on the topology, fault-blocking capability or galvanic isolation. However, DC-
DC converters are expensive, and they should be located in strategic locations.  

Therefore, the interconnection of different DC systems to form the future supergrid can 
be challenging due to the number of components required and the wide variety of 
configurations and topologies for each. In addition, control interactions may appear [45]. 
Increased standardisation can facilitate these interconnections, but given the present 
scenario, different configurations, topologies, grounding schemes, etc., are likely to 
coexist. 

In addition to the above, the control strategy of the HVDC network poses another degree 
of complexity, especially when different control strategies can be implemented in the 
subsystems inside the complete HVDC network. Furthermore, the role of each HVDC 
station inside the control strategy depends on the type of AC system to which it is 
connected [46]–[48].For that reason, one of the primary purposes of this dissertation is to 
analyse the behaviour of such a heterogeneous DC network and point out the possible 
issues that may arise. 
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1.2. Motivation 
As mentioned, the lack of standardisation can conduct a future overlay DC grid to be 
integrated by different components and topologies. Such a system results very complexly 
for the analysis due to the high variability of factors involved. However, its study is still 
necessary for the future development of an overlay DC grid. 

Most of the works dealing with the operation of DC networks consider a unique 
configuration: bipolar or monopolar [31], [49], [50]. In the same way, the focal point for 
most researchers has been the study of the system under balanced operation [32]–[34] or 
AC unbalanced operation [51]–[59]. Since it is assumed that bipolar HVDC stations 
operate symmetrically under normal conditions, i.e., like symmetrical monopolar 
stations, the inclusion of different topologies does not pose any difference under the 
balanced operation of the DC grid. [60]–[64] 

Nonetheless, in the case of asymmetrical operation, the previous premise is no longer 
valid. Some of the causes behind an asymmetrical operation are the occurrence of a pole-
to-ground fault [60]–[62], [65]–[68], a contingency affecting a single pole of the DC 
system [63], [64], [69], or an unbalanced operation at the AC side with a zero-sequence 
component [51], [70], [71]. In addition, converters may be required to deal with an 
asymmetrical operation of the DC grid for long periods due to different reasons [31], [72], 
[73]. Therefore, asymmetrical operation implies that the DC voltage and/or current are 
no longer symmetrical between both poles of the DC network. This directly involves a 
current or voltage across the grounding system of the HVDC stations. Although many 
works have also proposed algorithms and topologies that enhance the operation of HVDC 
stations facing such events [67], [74]–[77], permanent asymmetrical DC operation in 
heterogeneous DC grids has not been considered. 

In the literature, the asymmetrical DC operation has been analysed for monopolar and 
bipolar systems separately, although. For symmetrical monopolar systems, the 
relationship between their operation and the grounding impedance was addressed in [72]. 
In addition, different rebalancing methods after clearance of a pole-to-ground fault were 
handled in [77]–[80]. As for bipolar HVDC stations, works [50], [69] studied their 
asymmetrical DC operation and the relationship with the grounding impedance and the 
control strategy of the system. The effect of the location of the earthing point in bipolar 
HVDC systems was also addressed in [31]. In addition, an optimisation of the grounding 
resistor of the Luxi back-back project considering DC voltage asymmetries was also 
addressed in [81]. 

However, the asymmetrical operation of DC grids formed by heterogeneously configured 
HVDC stations has yet to be addressed. Therefore, further research is needed to analyse 
the asymmetrical DC operation in grids with different topologies, grounding 
configurations, and control strategies, especially when this is expected to be the future 
scenario due to the lack of standardisation. In addition, this analysis should encompass 
different approaches to obtain complete information about the performance of the system. 
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First, DC networks should be subject to the N-1 criterion since the same degree of 
reliability as for conventional AC systems is required. Therefore, load-flow-based 
analysis of such DC grids should be carried out to identify operational constraints or 
limitations such as element overloading or excessive voltage deviations. It is highly 
recommendable that this type of analysis also includes the AC systems where the overlay 
DC grid is connected. This study can also aid in designing remedial actions after a 
contingency and support the design of the grounding scheme. 

Second, analysing heterogeneous DC grids through electromagnetic transients (EMT) 
simulations during asymmetrical DC operation is also needed to correctly determine the 
transient response in such circumstances and the different factors involved in that 
response. EMT simulation is also the only method to accurately detect transient 
over/under-voltages or overcurrents that may endanger the system. Besides, asymmetrical 
DC operation is also needed to design the grounding system for conditions other than 
pole-to-ground faults, such as permanent asymmetrical operation, and to design and 
adjust protections. 

Furthermore, although stability analysis of heterogeneous DC grids can also be addressed 
through dynamic simulations, these become very time-consuming in the case of large 
systems. In this sense, small-signal stability analysis is a powerful tool that identifies 
instabilities and underdamped oscillations. It may also assess the stability of large DC 
systems during asymmetrical DC operation.  

The investigation of the asymmetrical operation of DC grids with different HVDC station 
configurations, topologies, grounding systems, and control strategies has motivated the 
work of this thesis. 

1.3. Thesis objectives 
The general objective of the thesis is to make progress in the study of the asymmetrical 
operation of heterogeneously composed DC systems from different approaches that 
include load flow, EMT dynamics and small-signal stability analysis. 

Aiming this general objective, specific objectives are proposed for each approach. 

● Specific objectives for the load flow analysis: 
- Define the steady-state equations that describe the asymmetrical operation 

of the elements composing the DC network. 
- Identify the main aspects involved in the steady-state reached during 

asymmetrical operation. 
- Perform N-1 analysis, including the asymmetrical DC operation. 
- Identify the impact of the asymmetrical operation on the system. 

● Specific objectives for the dynamic (EMT) analysis: 
- Characterize the effect of the grounding impedance in the transient 

response during asymmetrical DC operation. 
- Identify the effect of different control strategies on the transient response. 
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- Find the main issues that can appear during the transient response under 
asymmetrical operation. 

- Explore the effects of the connection of new stations on the protection 
systems. 

● Specific objectives for the small-signal stability analysis: 
- Develop linear models valid during asymmetrical DC operation. 
- Validate the developed small-signal models against EMT dynamic 

simulations. 
- Identify the main elements involved in the small-signal stability during 

asymmetrical operation. 
- Examine the small-signal stability using different control strategies. 

1.4. Software and tools employed 
The thesis has been developed using different software and tools to carry out the 
following procedures: 

• Matlab: 
- Modelling of the system presented in Chapter 2 and performing the load 

flow analysis. 
- Development of the small-signal model presented in Chapter 4 and its 

validation against EMT simulation. 
- Performing the small-signal analysis presented in Chapter 5. 

• PowerFactory. 
- Dynamic modelling of the system presented in Chapter 3 to carry out the 

EMT dynamic simulations. 
- Dynamic modelling of the system presented in Chapter 4 to carry out the 

validation against the small-signal model. 

• Python: 
- Scripting and automation of different tasks in PowerFactory. 

1.5. Thesis outline 
The thesis is structured into six chapters, including this introductory chapter.  

Chapter 2 introduces the equations that define the behaviour of DC-DC converters and 
HVDC stations during asymmetrical DC operation from a steady-state perspective. In 
addition, the asymmetrical DC operation of an extensive DC system consisting of DC-
DC converters and different configurations of HVDC stations is studied. Particular focus 
is put on the influence that galvanic isolation of DC-DC converters, grounding resistance, 
and control strategy of HVDC stations have over the asymmetrical DC operation. The 
main consequences of this asymmetrical DC operation are excessive DC voltage 
deviations and overloading of system components that can lead to a multi-contingency 
scenario if remedial actions are not provided. Control strategy and parameterisation 
determine the steady state reached during asymmetrical operation. 
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Chapter 3 introduces the dynamic equations that determine the behaviour of HVDC 
stations during asymmetrical DC operation. It also analyses the asymmetrical DC 
operation of a heterogeneous DC network from an EMT dynamic simulation perspective. 
Transient over/under-voltages, and overcurrents are identified, and the impact of 
inductance and ground resistance on the dynamic response of the system is highlighted. 
Different control strategies are also assessed, demonstrating that stability issues can 
appear during asymmetrical DC operation. In addition, the impact that the grounding 
impedance of symmetrical monopolar HVDC stations has over the short-circuit during 
pole-to-ground faults is studied. 

Then, Chapter 4 provides the development of linearised models suitable for small-signal 
analysis of heterogeneous DC grids during asymmetrical DC operation. First, an 
equivalent circuit is introduced, and then equations and necessary linearisation are 
indicated. Finally, developed models are validated against EMT simulations using 
different control strategies, impedance values, and control parameters. 

Chapter 5 takes advantage of the linearised models developed in the previous chapter and 
performs small-signal stability of a heterogeneous DC system paying particular attention 
to those dynamics involved during the asymmetrical DC operation. The impact of the 
grounding impedance, the control strategy, the operating point of the system and other 
system parameters on the system stability are identified. In addition, a controller that 
improves the system stability during asymmetrical operation is proposed from the small-
signal stability analysis. 

Chapter 6 gathers the main conclusions and contributions of the thesis. Additionally, 
areas for further research are identified. 

Finally, Appendix A gives additional details about the data used in Chapter 2, and 
Appendix B provides further information on the parameters and equations used in Chapter 
4 and Chapter 5. 
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CHAPTER 2. LOAD-FLOW ANALYSIS  

During asymmetrical contingencies in a heterogeneous DC grid, the grounding scheme, 

the topology and the control strategy of each HVDC station are involved in the response 

of the system. Furthermore, if different DC systems are interconnected through DC-DC 

converters, their ability to provide galvanic isolation may influence that response. 

Therefore, this chapter mainly aims to assess the impact of these aspects on the whole 

DC grid under asymmetrical contingencies from a load-flow approach. 
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2.1. Introduction 
As mentioned in Chapter 1, in the case of symmetrical contingencies, the configuration 
of the DC system (monopolar or bipolar), the grounding scheme or the galvanic isolation 
of the DC-DC converters does not affect the behaviour of the DC network during the 
contingency nor the steady-state operating point reached in the post-contingency scenario 
[69]. The loss of an entire HVDC station or the outage of an element in the AC grid to 
which an HVDC station is connected are examples of symmetrical contingencies. 

In contrast, asymmetrical contingencies affect both poles of the DC network unequally. 
Their impact on different parts of the DC grid can vary in the case of heterogeneous DC 
grids. This inequality causes a divergence between the voltage magnitude of both poles 
and/or the DC current flowing through them [32], [33], [49], [78]. This divergence on the 
DC side appears on the AC side as a zero-sequence voltage and/or earth current, which is 
proportional to the asymmetry. A constant earth current flowing through the ground can 
cause detrimental effects on the system [82]–[84]. Therefore, the variation in the DC 
variables in the entire HVDC network depends on the grounding system of the HVDC 
stations, their configuration and, in the case of present DC-DC converters, whether they 
provide galvanic isolation.  

Therefore, this chapter analyses from a load-flow perspective a multiterminal HVDC 
system formed by different station topologies and grounding configurations, which 
includes DC-DC converters. In addition, several control strategies of the DC grid are 
considered. The study aims to provide an overview of the challenges that may arise in 
such a heterogeneous multiterminal HVDC grid, specifically during contingencies 
affecting the DC network asymmetrically. 

The chapter is organised as follows. Section 2.2 describes the methodology and the 
system used during the analysis. Section 2.3 introduces the behaviour of the main 
components of the DC grid during asymmetrical DC operation. Section 2.4 studies the 
asymmetrical DC operation considering different circumstances. Finally, the conclusions 
obtained are gathered in Section 2.5. 

2.2. Methodology and system description 
As mentioned, this chapter aims to analyse the operation of a heterogeneous HVDC 
network facing asymmetrical contingencies. This analysis is done from a load-flow 
perspective, focusing on the different steady-state operating points reached after an 
asymmetrical contingency in the HVDC network. The different post-contingencies 
scenarios are obtained by considering several combinations in terms of configuration and 
operation: a) different grounding systems, b) DC-DC converters with and without 
galvanic isolation, c) the effect on bipolar and monopolar DC systems, and d) the impact 
of the control strategy. 
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Figure 2.1 Test system used to study the DC asymmetrical operation. 

The scope is to investigate how these factors can impact the entire HVDC network. For 
that, the test system used to carry out the study is the one presented by Cigré [85], depicted 
in Figure 2.1. This test system is composed of the following: 

• 2 onshore AC systems; 

• 4 offshore AC systems; 

• 3 DC systems: DCS1, DCS2 and DCS3. 

Furthermore, DCS1 is a symmetric monopole HVDC point-to-point link connecting the 
offshore generation at Bo-C1 to the onshore node Ba-A1; DCS2 is a 4-terminal symmetric 
monopole HVDC system connecting the offshore generation at Bo-F1 and the offshore 
load at Bo-E1 to the onshore nodes Ba-B2 and Ba-B3; and DCS3 is a 5-terminal bipole 
HVDC grid which contains an embedded DC-DC converter Cd-B1 for power flow 
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control. Besides, DCS2 and DCS3 are interconnected each other via the DC-DC converter 
Cd-E1. 

2.3. Asymmetrical disturbances in HVDC networks 
DC networks mainly consist of AC-DC converters, DC-DC converters, overhead lines, 
and cables. Besides, AC-DC converters need to be connected to an AC network to work 
correctly. 

In this thesis, a DC network is considered symmetrical when the topology, the impedance, 
and the elements connected to one of the poles across the complete DC network are the 
same as in the other one. This involves that the analysis of one of the DC poles is sufficient 
to obtain the electrical variables. 

Conversely, an asymmetrical DC operation implies that the electrical variables at one of 
the poles of the DC network are not the same as those at the other one. This can occur 
during regular operation of the DC network or due to a perturbation affecting a single 
pole. 

During regular functioning, the asymmetrical operation of the DC network may occur 
due to the asymmetrical connection of elements (for example, connected between one 
pole and the ground instead of between both poles). Thus, the topological symmetry 
between poles is lost. This is the case with HVDC systems that include stations with 
asymmetrical monopolar configuration. 

On the other hand, a disturbance affecting one pole can drive a symmetrical DC network 
into asymmetrical operation. This can be due to a fault or outage of an element on one of 
the poles only so that the symmetry in terms of topology or impedance is lost. The time 
that the DC network is operating asymmetrically after occurring these types of 
perturbations can vary depending on their origin. 

In this document, the focus is on symmetrical DC systems that achieved asymmetrical 
operation after a disturbance. The purpose is to know how the DC system responds in 
those circumstances and the impact of the asymmetrical operation on the whole system. 

The response of the DC system during an asymmetrical operation is influenced by the 
behaviour of AC-DC and DC-DC converters, responsible for controlling the entire 
HVDC system. For that reason, a brief description of the behaviour of these elements 
under these circumstances is given below. 

2.3.1. Asymmetrical operation of HVDC stations 

The network in Figure 2.1 consists of AC-DC stations formed by VSC-MMC converters 
with two configurations: symmetrical monopolar and bipolar. A schematic representation 
of both designs is depicted in Figure 2.2. 
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Figure 2.2. Schematic representation of HVDC station configuration: a) symmetrical monopolar and b) 
bipolar. 

Each of these converters regulates its inner AC voltage magnitude and phase to control 
a) the DC voltage or the active power flow and b) the AC voltage or the reactive power 
flow. Since bipolar HVDC stations consist of one converter per DC pole, they can 
independently control active power or DC voltage in each pole. In contrast, symmetrical 
monopolar HVDC stations can only control the pole-to-pole DC voltage or the sum of 
the active power flowing through both poles. 

Both bipolar and symmetrical monopolar configured HVDC stations represent a balanced 
element for the DC network where they are connected. Therefore, the voltage magnitude 
and current in each pole are the same as in the other one providing that the rest of the DC 
network is also symmetrical. This is also true in case of contingencies that affect both 
poles equally, such as pole-to-pole faults or the outage of a complete HVDC station. 

However, the symmetry is lost in case of contingencies that affect a single pole 
(asymmetrical contingencies), and the response of each HVDC station is highly 
influenced by its configuration, grounding system and control. 

The grounding of the HVDC stations of the network in Figure 2.1 is represented in Figure 
2.2. The monopolar station is grounded at its AC side, whereas the bipolar design is 
solidly grounded at the common point of both converters. 

Typically, symmetrical monopolar configurations can be grounded at their AC side 
through different systems, e.g., a start-point reactor or a zig-zag transformer. Nonetheless, 
all the grounding systems use a grounding resistance  that limits the ground current in 
case of pole-to-ground faults. 

Bipolar configurations are usually solidly grounded so that, in the event of a pole failure, 
the healthy pole can continue to work as an asymmetrical monopolar station using the 
ground or a metallic return to close the circuit. Although it is possible to earth the bipolar 
station through a high resistance, the over-voltage reached in case of failure of one of the 
poles requires increasing the insulation of the equipment and, thus, the costs. 
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During a disturbance affecting a single pole, voltages and currents at the positive and the 
negative DC poles across the HVDC system become different. This difference can be 
defined in terms of DC current asymmetry () and DC voltage asymmetry () 

between poles according to (2.1) and (2.2), respectively. 

 =   − 2  (2.1) 

 =   − 2  (2.2) 

where  ,  ,  ,   represent the DC currents and voltages at each DC pole of an 
HVDC station following the sign criterion depicted in Figure 2.2. 

Since the grounding system is the path through which the current difference between both 
poles returns, the asymmetry in the DC current injected into the DC network by an HVDC 
station is related to the zero-sequence current flowing through its grounding system 
(3), according to (2.3). 

3 =  2 (2.3) 

Furthermore, in the case of symmetrical monopolar configurations, the steady-state 
current and voltage asymmetries are related to each other through the resistance of the 
grounding system () of the station, as expressed in (2.4), 

 =  =  −3 +  (2.4) 

where  is the AC zero-sequence component of the voltage at the AC side of the 
converter and  is the zero-sequence component of the inner voltage produced by the 
converter. Across this chapter, it is assumed that converters do not produce zero-sequence 
voltage at the AC side and, thus,  is null. 

Therefore, symmetrical monopolar HVDC stations do not have any control over the 
asymmetry. Once the asymmetry appears in the system, the level of asymmetry in the 
voltage and current in the steady state depends on their grounding resistance.  

In contrast, DC current and voltage asymmetries are independent of each other in the case 
of bipolar configurations. That is, the resulting asymmetries are the consequence of the 
control action of each converter to maintain its corresponding setpoint. This fact is shown 
below. 

The power asymmetry between both DC poles of a station can be defined as follows: 

 = 12   −    (2.5) 
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Substituting the definition of the voltage asymmetry  and the current asymmetry  

given in (2.1) and (2.2) in equation (2.5) and rearranging, the active power asymmetry 
can be defined as presented in (2.6), 

 =   +  2 +   +  2  (2.6) 

where    and   , and   and  , represent the injected DC current and the DC voltage 
at the positive and negative poles of the HVDC station. 

In addition, by defining an equivalent grounding resistance for the bipolar station using 
(2.3) and (2.4) and substituting in equation (2.6), the power asymmetry can be expressed 
as follows: 

 =   +  2 −  +   (2.7) 

Equation (2.7) can be adapted for each bipolar station according to its control. This allows 
for finding the equivalent grounding resistance that describes the behaviour of a specific 
bipolar station as if it were a symmetrical monopolar station.  

Thus, when bipolar HVDC stations control the active power,  =   in steady-state 
and, therefore, the following constraint is added to equation (2.7): 

 = 0 (2.8) 

Substituting (2.8) in (2.7) and rearranging,  results in the following expression for 
bipolar stations controlling the active power flow: 

 =  + 2 +   (2.9) 

In turn, when bipolar stations control the DC voltage,  =   and  = 0 in steady 

state. From (2.4), this yields to  = 0.. Therefore, bipolar stations controlling the DC 
voltage behave as symmetrical monopolar stations solidly grounded.  

In case of bipolar stations that implement a distributed DC voltage droop control, then  =  −    and  =  −    in steady-state, thus, the power 

asymmetry can be defined according to the next expression: 

 = −  (2.10)

Substituting (2.10) in (2.7) and rearranging, the equivalent grounding resistance  can be 
defined as follow for bipolar HVDC stations with distributed DC voltage droop control. 
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 =  + 
2  +  + 1 (2.11)

Hence, although bipolar HVDC stations cannot avoid the DC current and voltage 
asymmetry because of an asymmetrical perturbation in the DC network, the amount of 
power asymmetry and, consequently, the amount of voltage and current asymmetry 
depend on their control. 

2.3.2. Asymmetrical operation of DC-DC converters 

The system under study counts with two DC-DC converters. One of them is embedded in 
the bipolar DC system, and the other one connects the bipolar system with the 
symmetrical monopolar one.  

Both DC-DC converters allow to control the active power transferred between their two 
terminals and represent a symmetrical element. Therefore, they do not introduce any 
asymmetry in the DC network. 

Assuming lossless DC-DC converters, and that the active power is positive when it flows 
from the converter to the DC network, the power balance between their two terminals i 
and j follows the next expression: 

 +  =  − −   (2.12)

where  ,    and  ,   represent the active power entering through each pole of 

terminals i and j, respectively. 

When the DC network works symmetrically, as there is neither DC voltage nor DC 
current asymmetry according to (2.1) and (2.2), the total transferred active power is 
equally distributed between both DC poles. However, when an asymmetry appears in the 
DC network due to a disturbance, the total active power transferred by DC-DC converters 
may not be equally distributed between their poles. Therefore, a power asymmetry 
between poles can be defined according to (2.6). 

From (2.6), the asymmetry between the injected active power per each DC pole may be 
different in both DC terminals of a DC-DC converter since it depends on the current and 
voltage asymmetry at each of them, which may not be the same. 

The relationship between the current and voltage asymmetry between the two terminals 
of a DC-DC converter mainly depends on whether it provides galvanic isolation.  

When DC-DC converters provide galvanic isolation, the transmitted current asymmetry 
between their two terminals becomes zero, and thus, the DC current flowing through both 
DC poles is the same. This prevents the asymmetry in current from being transferred 
between two DC systems interconnected by a DC-DC converter. 
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However, when DC-DC converters do not provide galvanic isolation, the current and 
voltage asymmetry is transferred from one terminal to the other. Equations (2.13) and 
(2.14) describe the relationship between the current and voltage asymmetry in both DC-
DC converter terminals. 

 = 1   (2.13)

 =   (2.14)

where  = 
  is the rated transformation ratio of the DC-DC converter, being   

and   the rated voltage of terminal i and j, respectively. 

Therefore, DC-DC converters play a crucial role during the asymmetrical operation of 
the DC network since, depending on whether they have galvanic isolation, the spread of 
the asymmetry between the DC systems that they interconnect can be blocked or not. 

2.4.  Analysis of the asymmetrical operation of the DC network 
This section analyses how different elements and circumstances can impact the post-
contingency scenario after an asymmetrical contingency in the DC network. The impact 
of voltage magnitude and equipment loading in the DC network is assessed. Aspects 
analysed include the provision of galvanic isolation by DC-DC converters, the grounding 
resistance of symmetrical monopolar HVDC stations, or the control of the HVDC 
stations. 

For that, the system in Figure 2.1 is configured to obtain the load flow results shown in 
Figure 2.3, which are used as the pre-contingency scenario and as a base to compare the 
different post-contingency scenarios studied across the section.  

The control strategy in each of the three DC systems is set as follows: 

• The point-to-point link (DCS1 system) applies a strategy based on centralised 
voltage control so that the HVDC station Cm-A1 controls the DC voltage and the 
station Cm-C1 the active power flow. Besides, both stations control the reactive 
power at their AC side. 

• The multi-terminal symmetrical monopolar system (DCS2 system) uses a 
distributed DC voltage control between the HVDC stations Cm-B2 and Cm-B3, 
whereas the stations Cm-E1 and Cm-F1 control the voltage magnitude and the 
frequency at their AC side. In addition, Cm-B2 and Cm-B3 also control the 
reactive power flow at their AC side. 

• The multi-terminal bipolar HVDC system (DCS3 system) also implements a 
distributed DC voltage control between the stations Cb-A1, Cb-B2, and Cb-B3. 
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Besides, they also control the voltage magnitude at their AC side. Stations Cb-C2 
and Cb-D1 control the voltage magnitude and the frequency at their AC side. 

Additionally, both DC-DC converters control the active power flow transmitted between 
their two terminals to a constant value. Further details about the parameters and system 
configuration can be found in Appendix A. 

For the load flow calculation in Figure 2.3, the active power flow and DC voltage in the 
positive and negative poles are shown in the DC system. In contrast, the active and 
reactive power flows, and the voltage magnitude and phase angle are shown in the AC 
systems. In this initial scenario representing normal operation conditions, the values 
shown for the positive and the negative DC poles are equal. Still, they are delivered to 
ease the comparison with the post-contingency cases. 

 

Figure 2.3. Pre-contingency scenario with the load flow calculation used as a base for comparison. 
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The results shown in Figure 2.3 for the DC network are depicted in Figure 2.4 in bar chart 
format. The voltage level in each DC pole of the system and the loading of each HVDC 
station and DC-DC converter are represented for each pole according to their rated DC 
current.  

 

Figure 2.4. DC voltages and loading of converters in the pre-contingency scenario. 

As shown in Figure 2.4, the voltage magnitude and loading between DC poles are the 
same for all the DC terminals and converters, respectively. In addition, there are neither 
overloaded converters nor voltage deviations larger than 5% in the DC busbars. 

In the following sections, the post-contingency scenario after the outage of one of the 
converters forming the bipolar HVDC station Cb-C2, specifically that connected to the 
negative pole, is assessed considering different aspects. 

2.4.1.  Impact of the galvanic isolation of the DC-DC converters 

First, the impact of using DC-DC converters with and without galvanic isolation is 
assessed. The purpose is to compare the impact of this capability on the system facing the 
same asymmetrical contingency. Specifically, the focus is on the voltage and current 
asymmetry, the voltage magnitude, and the loading. 

2.4.1.1.  DC-DC converters with galvanic isolation 

As mentioned, DC-DC converters with galvanic isolation can block the transmission of 
asymmetrical current and voltage from one of their terminals to the other. This capability 
prevents one DC system from being affected by an asymmetrical disturbance in another 
when both systems are interconnected through a DC-DC converter. Figure 2.5 shows the 
post-contingency load flow of the system after the outage of the negative pole converter 
of the bipolar station Cb-C2.  
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Figure 2.5. Post-contingency scenario in case of DC-DC converters with galvanic isolation after the outage 
of the negative pole converter of station Cb-C2.  

Several conclusions can be drawn from the load flow results in Figure 2.5. As the Cb-C2 
station controls the voltage magnitude and frequency at its AC side, once the negative 
pole converter is disconnected, the remaining positive pole converter has to transfer the 
total active power to maintain frequency control. This fact increases the loading of the 
positive pole converter of station Cb-C2, but it is still under its maximum loading. As a 
result, the contingency does not affect the load flow in that offshore AC area. The 
remaining offshore AC areas are not affected by the contingency either. 

Regarding the DC network, it can be observed in Figure 2.5 that the bipolar DC system 
presents a considerable asymmetry between the positive and negative poles in terms of 
voltage magnitude and power flow. This asymmetry can have harmful effects on the 
system. 
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On the one hand, the current asymmetry can cause the overloading of cables, overhead 
lines, and converters. In the worst scenario, double the rated current can circulate through 
them. This high current can provoke the tripping of certain protections leading to a multi-
contingency scenario that endangers the working of the complete system. In addition, this 
current asymmetry causes a constant current flowing through the earth or the ground 
conductor, which can have other important implications for the entire system. 

On the other hand, the voltage asymmetry is also damaging for the system since the 
voltage magnitude is the variable used by the HVDC stations involved in the DC voltage 
control to balance the active power flow in the DC system. Therefore, increasing the 
voltage at one pole and reducing it at the other causes an active power asymmetry mainly 
distributed between the HVDC stations participating in the DC voltage control. In 
addition, high voltages can cause protection tripping to protect the equipment. Still, low 
voltages limit the active and reactive power capability, preventing the converter from 
working properly and keeping its corresponding setpoint. 

Figure 2.6 shows the voltage magnitude at the positive and negative poles of each busbar 
of the DC network and the loading of each pole converter. A green busbar representing 
the value in the pre-contingency scenario is also depicted to facilitate the comparison. 

 

Figure 2.6. DC voltages and loading of converters when DC-DC converters provide galvanic isolation. 

As shown in Figure 2.6, the outage has caused significant voltage asymmetries between 
the positive and negative poles in the bipolar system due to the change in the active power 
injected into each of them.  

The loading in Figure 2.6 shows that the outage of the negative pole converter of the Cb-
C2 station is mainly compensated by the three stations participating in the DC voltage 
control (Cb-A1, Cb-B1, and Cb-B2). Therefore, one of the poles increases its loading, 
and the other reduces it due to the different power flow through them. 
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In addition, observe that the voltage and the loading of the two symmetrical monopolar 
systems remain unchanged. In the case of the point-to-point link, the lack of a direct DC 
connection with the perturbated system avoid any impact on it. 

In the case of the multi-terminal monopolar DC system, despite it being connected to the 
bipolar system through the DC-DC converter Cd-E1, the disturbance is not transmitted 
due to two main reasons: 

1. The DC-DC converter directly controls the active power flow. Therefore, the DC-
DC converter will continue transferring its pre-contingency active power if it does 
not overpass its current limit. 

2. The galvanic isolation prevents the DC voltage and current asymmetry from being 
transferred from the bipolar system to the symmetrical monopolar one. 

Therefore, the galvanic isolation in DC-DC converters, specifically in Cd-E1, avoids 
affecting the symmetrical monopolar system by the asymmetrical contingency in the 
bipolar system. 

2.4.1.2.  DC-DC converters without galvanic isolation 

As previously mentioned, if DC-DC converters do not provide galvanic isolation, the DC 
voltage and current asymmetries are transmitted from one system to another through the 
DC-DC converter. This behaviour is shown in Figure 2.7, where the same contingency as 
in the previous case is shown without considering galvanic isolation in the DC-DC 
converters. 

As can be observed, the load flow calculation without galvanic isolation in Figure 2.7 is 
different from that obtained with galvanic isolation in Figure 2.5. One of the main 
differences is that the multi-terminal monopolar system is affected by the outage of the 
negative pole converter of the HVDC station Cb-C2. 
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Figure 2.7. Post-contingency scenario in case of DC-DC converters without galvanic isolation after the 
outage of the negative pole converter of station Cb-C2. 

Note that the power flowing through the positive and negative poles of each of the two 
terminals of both DC-DC converters is different from each other due to the different 
voltage and current asymmetry in each terminal. However, the sum of the active power 
of both DC poles is the same. 

Figure 2.8 gathers the DC busbar voltages and the converter loading. It demonstrates that 
the voltage deviation is lower without galvanic isolation than with galvanic isolation. It 
also shows that the power asymmetry is distributed differently than in the previous case. 
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Figure 2.8. DC voltages and loading of converters when DC-DC converters do not provide galvanic 
isolation. 

These results can be explained by the lack of galvanic isolation and the grounding 
resistance installed in the stations forming part of the multi-terminal symmetrical 
monopolar system. 

Regarding the symmetrical monopolar station Cm-E1, equation (2.4) proves that its 
voltage and current asymmetry are related through the zero-sequence resistance. As the 
grounding resistance is considered zero in this case, this zero-sequence resistance only 
consists of the equivalent resistance of its arms, which is very small. This fact implies 
that the voltage asymmetry is almost zero and, thus, the power asymmetry is mainly due 
to the current asymmetry. 

The current asymmetry is closely related to the current flowing through the grounding 
system, as expressed in (2.3). Therefore, this asymmetry in current is distributed across 
the monopolar system following the minor resistive path. As the grounding resistance of 
station Cm-E1 is zero, almost the total current asymmetry flows from the DC side to its 
grounding system, causing the overload of its positive arm in this case. As can be seen, 
the voltage magnitude and the loading of the remaining stations forming the multi-
terminal monopolar system keep their pre-contingency value. 

The smaller resistive path posed by the Cm-E1 station for the current asymmetry also 
explains the results obtained in the bipolar system. Furthermore, since the voltage and 
current asymmetry at the bipolar side of the DC-DC converter Cd-E1 depends on the 
current and voltage asymmetry at its monopolar side, according to (2.13) and (2.14), Cd-
E1 also becomes the minor resistive path for current asymmetry in the bipolar system.  

Therefore, the amount of current asymmetry absorbed by the bipolar HVDC stations 
participating in the DC voltage control is much smaller compared to the previous case, 
where DC-DC converters provided galvanic isolation. Thus, the voltage deviation caused 
by their voltage droop-based controller on the system is also minor. 
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Once the reason behind the results obtained is explained, it is essential to highlight the 
strong influence that the galvanic isolation and the grounding resistance of the monopolar 
HVDC station have over the whole system. 

Whereas in the previous case with galvanic isolation, the loading of the converters did 
not exceed their maximum value, in this case, the station Cm-E1 is overloaded due to the 
high amount of current asymmetry flowing to its grounding system. Suppose station Cm-
E1 trips as a result of the high current. In that case, it is likely that station Cm-F1, which 
is also grounded through a zero-resistance, becomes in the same situation, thus, causing 
a cascade outage of the stations in the monopolar system. 

It is also important to note that the active power transmitted to the two onshore AC 
systems in the post-contingency scenario is mostly the same despite the significant change 
in the load flow results in the DC network. 

2.4.2.  Influence of the grounding configuration of the system DCS2 

2.4.2.1.  Influence of the grounding resistance value 

The grounding resistance has been demonstrated to be behind the reduction of the voltage 
asymmetry in the DC system and the overloading of the station Cm-E1 when the DC-DC 
converter Cd-E1 does not provide galvanic isolation. Therefore, in this section, it is also 
considered that DC-DC converters do not provide galvanic isolation to explore further 
the influence of the grounding resistance in the post-contingency scenario. 

First, the post-contingency scenario, considering that the symmetrical monopolar HVDC 
stations are grounded through a 5 kΩ resistance, is presented in Figure 2.9. Observe that 
the load flow results in Figure 2.9 are very different compared to those obtained with a 
zero-grounding resistance in Figure 2.7.  

Since symmetrical monopolar stations use a high grounding resistance, the current 
asymmetry caused by station Cb-C2 because of the contingency is hardly transferred to 
the symmetrical monopolar system. Therefore, the asymmetry in current is conducted to 
ground almost totally by the bipolar HVDC stations. 

The asymmetry distribution among all the bipolar stations depends on their equivalent 
resistance, which is related to their respective control. Therefore, the asymmetry in 
current flows from station Cb-C2 to the ground through the different ground paths 
according to their resistance.  

From (2.9) and (2.11), bipolar HVDC stations with DC voltage droop control offer a 
smaller resistive path to ground than stations implementing an active power control in the 
same conditions. The smaller the droop coefficient , the smaller the equivalent 

grounding resistance of a bipolar station.  
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Figure 2.9. Post-contingency scenario in case of DC-DC converters without galvanic isolation after the 
outage of the negative pole converter of station Cb-C2. Symmetrical monopolar stations grounded through 
a 5 kΩ resistance. 

Therefore, the current asymmetry is conducted to ground almost totally by the bipolar 
HVDC stations participating in the DC voltage control as in the case where DC-DC 
converters provided galvanic isolation in Figure 2.5. 

Regarding the symmetrical monopolar multi-terminal system (DCS1), although the 
amount of the transferred current asymmetry is small due to the high grounding 
resistance, it causes a high voltage asymmetry. Figure 2.10 shows the voltage magnitude 
of the DC terminals for each pole and the loading of the converters in this scenario. 
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Figure 2.10. DC voltages and loading of converters when DC-DC converters do not provide galvanic 
isolation. Symmetrical monopolar HVDC stations are grounded through a 5 kΩ resistance. 

As can be seen, the voltage asymmetry appears both in the bipolar and the symmetrical 
monopolar multi-terminal systems. The highest voltage asymmetry appears in the 
symmetrical monopolar stations where voltages above 5% of the rated voltage are far 
exceeded in the case of the terminal Bm-E1, where station Cm-E1 is connected. 

As for the loading, it is almost equal for both poles of the symmetrical monopolar stations 
because of the small amount of current asymmetry transferred from the bipolar system. 
The asymmetry in the loading appears mainly in the stations Cb-A1, Cb-B1, and Cb-B2, 
which are responsible for the DC voltage control in the bipolar system. 

Therefore, the impact of the grounding resistance in the post-contingency scenario after 
an asymmetrical contingency has been demonstrated from the analysis of a zero and high 
resistance scenario. 

However, to provide higher sensitivity about the proper value of grounding resistance 
from the perspective of the asymmetrical operation of the DC system, the evolution of 
the voltage and current asymmetry in both DC systems is plotted in Figure 2.11 as a 
function of the grounding resistance. 

As expected, the voltage asymmetry increases with grounding resistance in both DC 
systems. However, the trend of the current asymmetry differs between DCS2 and DCS3 
systems. As the resistance increases, the current asymmetry tends to follow the path to 
ground offered by the bipolar stations instead of flowing through the higher grounding 
resistance of the symmetrical monopolar stations. 

DC-DC converters transmit the current asymmetry but do not pose a direct path to the 
ground like HVDC stations, so they only transmit the current asymmetry from one part 
of the system to another. Specifically, DC-DC converter Cd-E1 transmits the current 
asymmetry that has not been conducted to ground by HVDC stations participating in the 
DC voltage control in DCS3 to the system DCS2.  
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Figure 2.11. Current and voltage asymmetry in the DC systems DCS2 and DCS3 as a function of the 
grounding resistance of the symmetrical monopolar HVDC stations. 

Both current and voltage asymmetry can harm the system due to the overloading of 
elements caused by the former or the high and low voltages provoked by the latter. Since 
this asymmetry cannot be suppressed in case of asymmetrical contingencies, the 
grounding resistance value should also be designed considering the asymmetrical DC 
operation. 

In the case of the system DCS2, a grounding resistance value between 10 and 20 Ω 
achieves a current asymmetry below 2% and a voltage asymmetry below 2.6% for all the 
HVDC stations. Note that as the base power of the system is 1000 MW, a 2% current 
asymmetry implies 20 MW of power asymmetry at the rated voltage. 

However, the same grounding resistance range between 10 and 20 Ω in symmetrical 
monopolar stations causes a current asymmetry of up to 10% in bipolar HVDC station 
Cb-A1 and a voltage asymmetry below 1.7% in the system DCS3. In this case, a 10% 
current asymmetry represents a power asymmetry of 100 MW at rated voltage. 

Therefore, defining a grounding resistance for symmetrical monopolar stations from the 
perspective of the asymmetrical operation of the DC network when there is no galvanic 
isolation is not straightforward, as it also requires checking the effect of all the possible 
contingencies in the DC network. In addition, if the power asymmetry is more significant 
for the same contingency, the current and voltage asymmetry impact is also greater. 
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2.4.2.2.  Effect of different grounding resistance among the stations 

The previous analysis was performed assuming that the grounding resistance in all the 
stations in the system DCS2 is the same. However, this assumption may only be met in 
some cases. 

For that reason, this section analyses the response of the network when all the stations in 
the symmetrical monopolar system are grounded through a 5 kΩ resistance, except station 
Cm-B2, which is solidly grounded. 

The load flow results for the complete network are depicted in Figure 2.12 and are very 
different from those obtained in Figure 2.9, where all stations were grounded through a 5 
kΩ resistance.  

One of the main differences is the high-power asymmetry in all the lines and cables of 
the system DCS2 from station Cd-E1 up to station Cm-B2. Station Cm-B2 presents a 
high-power asymmetry due to the zero-grounding resistance. However, the rest of the 
stations in the system DS2 offer a slight power asymmetry. 

Figure 2.12 also shows that the further away a busbar is from station Cm-B2, the higher 
the voltage asymmetry between its two DC poles. The voltage asymmetry in the DCS3 
system is also reduced compared with the previous case. 
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Figure 2.12. Post-contingency scenario in case of DC-DC converters without galvanic isolation and 
symmetrical monopolar stations grounded through a 5 kΩ resistance (Cm-B2 solidly grounded). 

Figure 2.13 shows the voltage magnitude of each pole of the DC terminals and the loading 
of the converters in each pole. Observe that there are neither excessive voltages in any 
terminal nor elements overloading in this case. 

Although station Cm-B2 exhibits a significant power asymmetry between the power 
flowing for its positive and negative pole, it remains under limits due to its low initial 
loading. Nonetheless, the same contingency would result in an overload station for higher 
initial loading. 
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Figure 2.13. DC voltages and loading of converters when DC-DC converters do not provide galvanic 
isolation. Symmetrical monopolar HVDC stations are grounded through a 5 kΩ resistance, except station 
Cm-B2, which is solidly grounded. 

Therefore, it is not only important the grounding resistance value of the complete 
symmetrical monopolar system but also the individual grounding resistance of each 
station since each combination in the configuration of the grounding system of the DCS2 
system can consequently lead to different post-contingency scenarios. 

2.4.3.  Influence of the control of the DC network 

The last section demonstrated the influence of the grounding resistance on the post-
contingency steady state following an asymmetrical disturbance. However, as the 
equivalent grounding resistance of bipolar stations depends on their respective control, it 
is expected that a change in the control strategy of the network also influences its 
asymmetrical operation. Therefore, this aspect is addressed in this section. 

2.4.3.1.  Influence of the droop coefficient in the case of distributed DC voltage 
control 

First, the role of the control strategy of the DCS3 is addressed considering that DC-DC 
converters provide galvanic isolation. Therefore, the grounding resistance of the 
symmetrical monopolar stations is not involved in this case. 

As was seen in the previous sections, the DC voltage regulation in DCS3 is carried out 
by stations Cb-A1, Cb-B1, and Cb-B2 through a distributed DC voltage droop control. 
The equivalent grounding resistance of each station depends on the droop coefficient  according to (2.11).  

Therefore, the impact of the droop coefficient  in the current and voltage 

asymmetry in the DCS3 system is shown in Figure 2.14. 
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As expected from (2.11), the smaller the droop coefficient, the smaller the equivalent 
grounding resistance. Thus, small droop coefficients provoke small voltage asymmetries 
at the DC busbars.  

 

Figure 2.14. Current and voltage asymmetry as a function of the droop coefficient in the system DCS3 
when DC-DC converters provide galvanic isolation. 

However, the current asymmetry is not equally distributed between the stations 
participating in the DC voltage control since the current asymmetry tends to circulate 
through the path to ground whose electrical distance to station Cb-C2 is smaller. 

This fact implies that almost the total current asymmetry flows through station Cb-A1 for 
very small droop coefficients. This can cause excessive overloading of one of the 
converters of this station and another outage in the system. Besides, the tripping of the 
DC line connecting station Cb-A1 with Cb-C2 can also occur for the same reason. 

As the droop coefficient rises, the behaviour of the stations with a distributed DC voltage 
droop control tends to be similar to those performing active power control. Therefore, 
station Cb-D1, which transfers a constant active power to the DC network, increases its 
participation in the current asymmetry. The asymmetrical voltage also increases linearly 
as the droop coefficient rises. 

For high droop gains, (2.11) tends to be (2.9). Thus, the equivalent resistance of bipolar 
stations mainly depends on their active power setpoint. Since higher setpoints imply 
lower equivalent resistance, Cb-D1 and Cb-A1 absorb the current asymmetry. As station 
Cb-A1 has a higher setpoint, its absorption of asymmetrical current is more elevated. 

On the other hand, stations Cb-B1 and Cb-B2 have a negative active power setpoint from 
the point of view of the DC network, i.e., they act as DC loads. Therefore, they behave 
as an equivalent negative resistance for high droop coefficients according to (2.9), and, 
thus, they work as sources of asymmetrical current. This is shown in Figure 2.14. For 
droop coefficients above 1.5, their current asymmetry has the same sign as the current 
asymmetry created by the outage of the negative pole converter of station Cb-C2. This 
behaviour of stations Cb-B1 and Cb-B2 for high droop coefficients augments the total 
amount of asymmetrical current in the system, increasing the overload of lines, cables, 
and converters. Therefore, the configuration of the DC voltage droop control should also 
consider the asymmetrical operation of the DC network in order not to produce excessive 
overloading of a particular station or high voltage asymmetry. 
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On the other hand, if galvanic isolation is not considered in DC-DC converters, the 
distribution of current asymmetry and the value of the voltage asymmetry depend also on 
the grounding resistance of symmetrical monopolar HVDC stations, as was shown in the 
previous sections. 

Figure 2.15 and Figure 2.16 shows the influence of the droop coefficient of bipolar 
stations in DCS3 when symmetrical monopolar stations in DCS2 are grounded through a 
zero and high resistance, respectively. 

 

Figure 2.15. Current and voltage asymmetry as a function of the droop coefficient when DC-DC converters 
do not provide galvanic isolation and stations in DCS2 are solidly grounded. 

Figure 2.15 shows that the voltage asymmetry does not reach values as higher as those 
shown in Figure 2.14 due to the small resistive path to ground that the symmetrical 
monopolar stations represent, regardless of the droop coefficient. 

However, the lack of galvanic isolation causes the asymmetrical current to be distributed 
between stations according to the network resistance and their grounding resistance. 
Therefore, as the droop coefficient increases, the asymmetrical current flowing through 
DCS2 also does, specifically through station Cm-E1, representing the less resistive path 
to ground from station Cb-C2. 

In contrast, Figure 2.16 shows that the behaviour of the DCS3 system is similar to that 
shown in Figure 2.14 since the voltage asymmetry increases almost linearly with the 
droop coefficient, and stations in DCS2 practically absorb the asymmetrical current. The 
main difference concerning the scenario with galvanic isolation is that the voltage 
asymmetry is also transmitted to the DCS2 system. 
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Figure 2.16. Current and voltage asymmetry as a function of the droop coefficient when DC-DC converters 
do not provide galvanic isolation and stations in DCS2 are grounded through a 100 Ω resistance. 

Therefore, the droop coefficient in bipolar systems can have several implications in the 
case of asymmetrical contingencies. These consequences affect not only the bipolar 
system itself but also other systems to which it is connected via a DC-DC converter unless 
this converter provides galvanic isolation. 

2.4.3.2.  Influence of the location of the station controlling the DC voltage in case of 
centralised voltage control 

When centralised voltage control is implemented in the bipolar system DCS3, the station 
responsible for the DC voltage control behaves as solidly grounded from the point of view 
of the asymmetrical operation. Therefore, the current and voltage asymmetry depend on 
the distance of that station to the point of the DC network where the asymmetrical 
contingency occurs. 

Figure 2.17 shows the behaviour of the system facing the outage of the negative pole 
converter of station Cb-C2 when station Cb-A1 controls the DC voltage. The results are 
present for a range of grounding resistance in the station of the DCS2 system. As Cb-A1 
is one of the stations electrically closest to station Cb-C2, the voltage asymmetry is 
significantly reduced regardless of the grounding resistance of the DCS2 system stations. 
In addition, station Cb-A1 is the main sink of the asymmetrical current, regardless of the 
grounding resistance in the stations of the system DCS2. Therefore, if the grounding 
resistance of the system DCS2 increases, the asymmetrical current absorbed by station 
Cb-A1 also grows up to fully compensate for the asymmetry created by the outage of the 
negative pole converter of station Cb-C2. 
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Figure 2.17. Current and voltage asymmetry when Cb-A1 implements a centralised DC voltage control as 
a function of the grounding resistance of stations in system DCS2. 

If the station controlling the DC voltage in the system DCS3 is located further away the 
station Cb-C2, an increment of the asymmetrical voltage is expected after the same 
contingency happens. This scenario is represented in Figure 2.18, where station Cb-B2 
controls the DC voltage. 
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Figure 2.18. Current and voltage asymmetry when Cb-B2 implements a centralised DC voltage control as 
a function of the grounding resistance of stations in system DCS2. 

As shown in Figure 2.18, the voltage asymmetry is much higher than that observed in 
Figure 2.17, considering the same grounding resistance value in DCS2 system stations. 
The amount of asymmetrical current transmitted to the system DCS2 also rises for the 
same grounding resistance. However, for high grounding resistances, it is station Cb-B2 
that absorbs all the current asymmetry originated by the outage of the negative pole 
converter of station Cb-C2. 

Also, regardless of the station that performs the centralised voltage control, it can be 
observed that the rest of the stations controlling the active power hardly absorb 
asymmetrical current. Therefore, the overloading of the stations absorbing asymmetrical 
current is higher than that obtained in the case of a distributed DC voltage control where 
different stations share the total current asymmetry in system DCS3. Therefore, in the 
case of centralised voltage control, the further away the contingency is from the station 
controlling the DC voltage, the higher the voltage asymmetry that appears in the DC 
system. 

2.5.  Conclusions 
This chapter has studied the asymmetrical operation of a DC network composed of DC 
systems with different configurations interconnected through DC-DC converters. 

The analysis developed has identified the different issues that can affect the post-
contingency steady-state of a heterogeneous DC network after a contingency affecting a 
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single DC pole. The main aspects identified are related to the HVDC stations and DC-
DC converters. 

For DC-DC converters, the most critical factor is the ability to provide galvanic isolation. 
This capability allows a DC system to be completely isolated from the asymmetrical 
disturbance occurring in another DC system connected via a DC-DC converter.  

The response of an HVDC station to an asymmetrical perturbation highly depends on its 
configuration: a) symmetrical monopolar or b) bipolar. In the case of symmetrical 
monopolar stations, their current and voltage asymmetry in the steady state depends on 
the grounding resistance. On the other hand, the steady-state response of the bipolar 
HVDC stations to an asymmetrical perturbation in the DC network depends on their 
control. This response can be defined as a function of a virtual grounding resistance. 

However, DC networks are composed of several HVDC stations and DC-DC converters. 
Therefore, the steady-state scenario of the whole DC network after an asymmetrical 
perturbation depends on the response of each HVDC station and DC-DC converter 
according to its configuration.  

The topology of the DC network and the location of each HVDC station and DC-DC 
converter, as well as the site of the contingency, also have a significant impact on the 
post-contingency scenario. Besides, the amount of active power that the element that 
suffers the contingency transfers is also important. 

The main conclusion is that a detailed analysis of each DC network is necessary to assess 
all the possible contingencies in the worst operating scenario. This is necessary to avoid 
equipment overloading or excessive over/under-voltages that can cause the outage of 
more elements in the post-contingency scenario. 

Therefore, both the grounding resistance design in the case of symmetrical monopolar 
stations and the control configuration of the bipolar stations should consider the 
asymmetrical operation. 
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CHAPTER 3. DYNAMIC ANALYSIS1 

This chapter focuses on the influence of the earthing system impedance of symmetrical 

monopolar stations on the dynamic performance of a heterogeneous HVDC grid during 

asymmetrical operation. The analysis is carried out through EMT dynamic simulations 

considering several control strategies. The impact on the protection system is also 

investigated.  

 

1 This chapter reproduces the content published in J. Serrano-Sillero, M. Á. Moreno, and A. Morales, “HVDC grids 
with heterogeneous configuration stations under DC asymmetrical operation,” Int. J. Electr. Power Energy Syst., vol. 
113, 2019. 
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3.1. Introduction 
Chapter 2 has demonstrated that there are numerous factors involved in the asymmetrical 
DC operation and that determine the post-contingency steady-state in a heterogeneous 
DC grid. However, the steady-state reached is only a part of the complete system response 
and valid steady-state results do not guarantee the absence of excessive over/under-
voltages or overcurrents during the transient response. Therefore, the dynamic response 
of a heterogeneous DC grid under asymmetrical DC operation requires further 
investigation. 

Results from Chapter 2 proved that the grounding resistance and the control strategy 
determine the behaviour of HVDC stations during asymmetrical DC operation. 
Therefore, this chapter focuses on studying the influence of the grounding impedance of 
the symmetrical monopolar station on the performance of a heterogeneous meshed DC 
grid during asymmetrical operation. Different scenarios are analysed from a dynamic 
approach via EMT simulations in PowerFactory to cover the possible control strategies 
of DC grids. Results from the simulations allow pointing out the problems that may arise. 
Furthermore, the impact of the grounding system on the protection system is also 
addressed. 

For the shake of clarity, the dynamic analysis is carried out using as test system a 
symmetrical monopolar station that is connected to a point-to-point bipolar HVDC link 
without galvanic isolation between them. Consequently, the three HVDC stations form a 
three-terminal meshed DC grid. This simple system allows for a better understanding of 
the simulation results than a larger DC system where several control interactions can 
occult the dynamics related to the asymmetrical DC operation. 

The chapter is organised as follows. Section 3.2 presents an overview of configurations 
and earthing options in HVDC links. Section 3.3 develops the converter equations and 
delves into the variables influencing the asymmetrical operation. Section 3.4 assesses 
selected case studies and scenarios. Finally, the conclusions obtained are gathered in 
Section 3.5. 

3.2. HVDC converter station configuration and earthing system 
Figure 3.1 shows a representation of three converter station configurations [33]. The 
symbol E refers to the most frequent locations for the earthing system. The dashed line 
represents the metallic return. 

The way an HVDC station is grounded can be classified according to the grounding point 
(AC side vs DC side), the magnitude of the impedance (low or high), or the type of 
impedance (resistive, inductive, capacitive, or a combination) [33]. Low impedance leads 
to high short-circuit currents during pole-to-ground faults, whereas high impedance offers  
high voltage stress on station equipment [32], [34]. Furthermore, the nature of the 
impedance determines the dynamic behaviour: an inductive impedance limits the rising 
rate of the fault current and increases the transient overvoltage during a fault; a capacitive 
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impedance limits the rising rate of voltage while causing a higher transient fault current; 
a resistive impedance reduces steady-state earth current, increases steady-state DC 
voltage and damps current or voltage oscillations. 

 

 

Figure 3.1. HVDC converter station configurations: a) asymmetrical monopole; b) symmetrical monopole; 
c) bipole. 

Reference [33] presents alternatives to locate the earthing point in asymmetrical 
monopolar and bipolar MMC-HVDC stations, although the usual locations are shown in 
Figure 3.1 [32], [34]. The preferred choice in MMC-HVDC symmetrical monopolar 
stations is to ground the AC side [78] against the option of high DC resistances to connect 
both poles to the earth at the DC side. 

 

Figure 3.2. AC side grounding systems: a) star point reactor; b) zig-zag transformer; c) Yyd transformer 
with an earthing impedance. 

The most frequent AC side grounding methods are shown in Figure 3.2. Their purpose is 
to provide a path for zero-sequence currents. They typically use a Yd transformer with 
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additional grounding equipment, such as a star point reactor, a zig-zag grounding 
transformer or a Yyd transformer with earthing impedance [77]. Further information 
about these AC side grounding methods can be consulted in [86]. The zig-zag transformer 
is more specifically addressed in [78]. 

3.2.1. Asymmetrical monopolar configuration 

The asymmetrical monopole configuration in Figure 3.1 a) requires only one fully 
insulated high-voltage conductor since the earthed pole uses a metallic conductor or the 
ground as a return path.  

In an MTDC system consisting entirely of asymmetrical monopolar stations, at least one 
must be grounded through a very low resistance electrode [33]. Alternatively, a reactance 
can be connected in series with the resistance to limit the rising rate of the current in case 
of faults. The rest of the stations in the MTDC system can be connected either to that 
electrode through a metallic return, or they can have their own grounding electrode. It is 
also recommendable to set more than one grounding point in an extensive system to keep 
the voltage in the metallic return low enough. Additionally, the AC side must be isolated 
from the earth to prevent a zero-frequency current component from flowing through the 
AC grounding point. 

3.2.2. Symmetrical monopolar configuration 

The symmetrical monopole configuration shown in Figure 3.1 b) needs a fully insulated 
high-voltage conductor per pole, increasing the cost per installed MW but avoiding issues 
related to ground currents [32]. In this case, the pole-to-pole DC voltage is the rated DC 
voltage; each pole has opposite polarity and half-rated DC voltage. The type of grounding 
system determines the system behaviour during pole-to-ground faults [32], [33]. 

Any options shown in Figure 3.2 are valid for the AC side grounding configuration [31]. 
In the case of the star point reactor, the reactance needs to be high enough to limit reactive 
power consumption and losses [78]. The zig-zag transformer offers advantages 
concerning the star point reactor [78]. It limits the zero-sequence current depending on 
the magnitude of the grounding resistance, like in the star point reactor. Still, it 
simultaneously provides a high impedance path for both positive and negative sequence 
currents, avoiding reactive power consumption during regular operation. Therefore, 
lower reactance values than those used for the star-point reactor can be used. The Yyd 
transformer with a grounding impedance uses the neutral point of the wye winding of the 
transformer to ground the system through an impedance without constraints regarding the 
magnitude of the resistance or the reactance.  

3.2.3. Bipolar configuration 

The bipolar configuration shown in Figure 3.1 c) can be viewed as two asymmetrical 
monopoles interconnected by sharing the pole connected to the ground. Although the cost 
increases, the redundancy justifies the higher investment. Both poles are subjected to the 
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rated DC voltage, with opposite polarity [32]. In a bipolar system, a metallic conductor 
or the ground can be used as a return path, like in the asymmetrical monopolar 
configuration. Each pole can continue working like an asymmetrical monopole if the 
other one is disconnected [33]. 

The behaviour during faults depends entirely on the type of grounding system [32], [34]. 
For example, the bipolar configuration can be isolated or grounded on the DC side. In 
case of zero grounding impedance, or when the return path is the earth itself, this system 
behaves like an asymmetrical monopole during pole-to-ground faults. On the other hand, 
when the system is isolated or grounded through a high impedance, the neutral conductor 
must be insulated, increasing the costs. Regarding the grounding of the AC side, the same 
concerns highlighted for the asymmetrical monopolar stations [33] can be considered for 
the bipolar stations. 

3.3. Asymmetry in DC grids 
Contingencies in heterogeneous meshed HVDC grids can eventually result in a DC grid 
asymmetry, which occurs when positive and negative poles do not carry the same current 
and/or do not have the same voltage (absolute value). The DC asymmetrical operation 
manifests as a zero-sequence component in the voltage and/or current on the converter 
AC side. 

In Figure 3.3, phase-j of a three-phase MMC converter is represented, where   is the 

AC current flowing into the converter,   is the phase-j AC voltage,   and   are the 

positive and negative DC-pole currents, and dcv+
 and dcv−

are the positive and negative 

DC-pole voltages respectively. 

According to the references given in Figure 3.3, the following equations can be derived: 

⎩⎪⎨
⎪⎧ =  + 2 =  − 2

 

 
(3.1) 

where   and  are the upper and lower arm currents in phase-j, respectively, and   

is a current circulating through the phase-j leg and the DC link. Then: 

 =  −  (3.2) 

 =  + 2  (3.3) 
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Figure 3.3. Schematic diagram of one phase of an MMC-HVDC converter. Voltages are represented with 
solid arrows, and currents with dashed arrows. 

Considering the three phases, DC currents flowing through the positive and negative 
poles are calculated as follows: 

 =  


 =  
 + 12  

  (3.4) 

 =  


 =  
 − 12  

  (3.5) 

Summing and subtracting (3.4) and (3.5): 

 +  = 2  
  (3.6) 

 −  =  
  (3.7) 

From the previous equations, it can be deduced that: 
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• When no zero-sequence AC current exists, positive and negative DC-pole currents 
are equal: 

 =  =  =  
  (3.8) 

• When positive and negative DC-pole currents differ, then a zero-sequence current 
appears at the AC side: 

 −  =  3 (3.9) 

Applying Kirchhoff’s voltage law to the upper and lower converter arms of the phase-j in 
Figure 3.3 yields: 

 =  −  +    (3.10) 

 =  +  +    (3.11) 

In Figure 3.3, a DC offset voltage  is included in the fictitious DC-side neutral point 
to account for asymmetries in the positive and negative DC-pole voltages: 

 = 2 +  = 2 −  

 
(3.12) 

Accordingly, the pole-to-pole DC voltage and the DC offset voltage are given by: 

 =  +   (3.13) 

 =  − 2  (3.14) 

Subtracting (3.10) from (3.11) yields: 

 −  = −2 + 2 −    (3.15) 

A new variable can be introduced, which can be regarded as a virtual potential [72], [87]: 
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 =  − 2  (3.16) 

Then, (3.15) can be written as: 

 =  − 12    (3.17) 

From (3.17), and considering the three phases, the zero-sequence equation is derived: 

 =  − 12   −  (3.18) 

From the previous equation, it can be deduced that: 

• When the positive and negative DC-pole voltages are equal, the neutral point 
voltage is zero, and there is no zero-sequence AC voltage. 

 =  = 12  (3.19) 

• When the positive and negative DC-pole voltages differ, a zero-sequence AC 
voltage appears in the system: 

 =  + 12   +  (3.20) 

If the converter is grounded on its AC side, (3.20) can be rewritten by replacing 
0acu  with 

the voltage drop through the equivalent grounding impedance: 

 = − − 12  +   −  (3.21) 

Therefore, the DC asymmetric operation is related to the zero–sequence quantities on the 
AC side of the converter. 

Under DC asymmetric operation, the power asymmetry  between poles is defined 

by: 

 = 12  −   = 12   −    (3.22) 

Considering (3.9) and (3.12), the power asymmetry can be expressed as follows: 
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 = 12  +   + 34  +   (3.23) 

Equation (3.23) reveals the main variables that affect the DC power asymmetry, making 
easier the study of these quantities from the point of view of DC systems. In (3.23), the 
pole-to-pole DC voltage is unaffected by the DC offset voltage (see (3.13)) and, therefore, 
also by the zero-sequence. On the other hand, the sum of the positive and negative DC-
pole currents is unaffected by the zero-sequence (see (3.6)). Thus, it can be said that the 
first term in (3.23) represents the power asymmetry due to voltage asymmetry, whereas 
the second term stands for the power asymmetry caused by a current asymmetry. 
Moreover, the second term only appears in symmetrical monopolar stations since they 
can be earthed on their AC side. 

Therefore, from equations developed in this section, in case of asymmetrical operation in 
an HVDC system due to a contingency, the impact on the quantities of the system can be 
assessed based on the following: 

• The magnitude of the power asymmetry. As (3.22) expresses, a contingency or 
fault affecting both DC poles will not produce any asymmetry. If it affects just 
one of them, the higher the power missing, the higher the asymmetry. 

• The earthing system and topology of the HVDC station. When an asymmetry in 
DC-pole currents and/or voltages occurs, a zero-sequence voltage and/or current 
appears on the AC side of the converter. The contribution of all these quantities 
to the power asymmetry depends on the topology and the earthing system, as 
expressed by (3.23). 

However, additional aspects will influence the dynamic behaviour of the entire system 
during asymmetrical operation. The earthing impedance of symmetrical monopolar 
stations transfers the perturbation from the affected grid pole to the healthy one through 
a DC current and/or voltage asymmetry. As a result, positive and negative pole converters 
will react to an asymmetrical perturbation according to (3.4), (3.5) and (3.12) in the 
opposite direction. Therefore, the control strategy of the HVDC grid and the stations 
involved are also crucial aspects during asymmetrical operation. A case study approach 
is used in the next section to obtain a general overview of the problems that may arise 
due to the asymmetrical operation of the grid under different possible circumstances. This 
comprehensive analysis allows for getting guidelines and recommendations to select an 
appropriate grounding impedance for each situation. 

3.4. Study cases 
The behaviour of an HVDC system during an asymmetrical operation is analysed in this 
chapter through EMT simulations performed in DIgSILENT PowerFactory. Several cases 
are examined to study the impact of the earthing impedance of symmetrical monopolar 
stations on the HVDC system under different circumstances. Cases 1-4 analyse the 
influence of the earthing resistance of symmetrical monopolar stations on the response of 
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an HVDC system during asymmetrical operation, considering the most usual control 
strategies of HVDC grids. Cases 5-6 evaluate the impact of the earthing impedance of 
symmetrical monopolar stations on the protection system of the HVDC grid. The purpose 
of this analysis is to provide guidelines for choosing a suitable earthing impedance for 
symmetrical monopolar stations in heterogeneous HVDC grids. 

The heterogeneous three-terminal HVDC grid used in this demonstration is depicted in 
Figure 3.4. Two bipolar stations (Cb-A, Cb-B) and one symmetrical monopole station 
(Cm-C) are interconnected. All converters are considered to be MMC-VSC type. The 
asymmetrical operation is obtained with the outage of one of the converters of a bipolar 
station. The main parameters are gathered in Table 3.1. The converter controllers are 
extracted from [85]. 

 

Figure 3.4. Three-terminal meshed heterogeneous HVDC system. 

Table 3.1. Parameters of the system. 

AC grid system voltage 220 kV RMS 
Nominal frequency 50 Hz 

DC grid system voltage +/-350 kV 
Rated active power of converters 800 MW 

Number of SMs per arm 400 
SM capacitor 10 mF 
Arm inductor 28 mH 
Line length 200 km 

Line parameters (R, L, G, C) (for 0.001 Hz) 
0.011 Ω/km, 0.9356 mH/km, 

0 µS/km, 0.0123 µF/km 

Regarding the grounding system, the dashed line in Figure 3.4 is used explicitly for the 
symmetrical monopolar station because the purpose is to obtain general conclusions 
without focusing on any predefined grounding topology. The three grounding systems 
shown in Figure 3.2 for symmetrical monopolar stations behave like a reactance in series 
with resistance from the zero-sequence point of view. Thus, in each case, three different 
values for the grounding resistance () in the AC side of the symmetrical monopolar 
HVDC station Cm-C are considered: a) 0 p.u., b) 0.5 p.u., c) ∞ p.u. 
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Figure 3.5. Negative pole outage in four different cases for asymmetrical operation analysis 

Figure 3.5 briefly overviews the selected study cases 1-4, indicating the negative pole 
under outage (following a contingency) and the control mode in each HVDC station. 

The dynamic behaviour of the grid in each case is analysed through the evolution of DC 
voltages and currents and zero-sequence quantities on the AC side of Cm-C. Moreover, 
the active power flow on both sides of HVDC stations is examined. Power is positive 
when flowing from the AC side to the DC side, according to the references in Figure 3.3. 

3.4.1. Case 1. Centralised voltage control in Cm-C station. Outage of the negative 
pole converter of the Cb-A station. 

In this first case, the monopolar converter assumes the voltage control of the DC grid. 
Both bipolar stations are operating in constant active power transfer mode. The loss of 
the negative pole at the Cb-A station is analysed. Current and voltage responses in the 
Cm-C converter are shown in Figure 3.6. In addition, Figure 3.7 shows the AC and DC 
active power flow in the three stations. 

When the converter is grounded, the change in DC voltage results in the actuation of the 
Cm-C DC voltage controller to keep the pole-to-pole DC voltage at the setpoint value. 
Still, the system may become unstable in case of null grounding resistance, as the red 
curves show in Figure 3.6. This is due to two opposite effects: a) the Cm-C DC-pole 
voltages cannot change from their initial value to the new steady state since there is no 
zero-sequence voltage and the controller fixes the pole-to-pole DC voltage; b) the zero-
sequence current injection resulting from the asymmetry tends to change the DC-pole 
voltages in the opposite direction, also involving the power controller of the other HVDC 
stations. Additionally, this instability is transferred as undamped oscillations of active 
power to the AC side of the Cm-C HVDC station, as seen in the three upper graphs in 
Figure 3.7. By contrast, if the value of the earthing resistance increases, the power 
oscillation damping also increases, and the system is stable after the disturbance. 
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Figure 3.6. Case 1 – Cm-C currents ( ,   and ) and voltages ( ,   and ) under different 
values of the Cm-C earthing resistance. 

 

Figure 3.7. Case 1 - DC and AC active power flow in the three HVDC stations under different values of 
the Cm-C earthing resistance. 

When the system is isolated from the ground (  = ∞), the DC voltage variation after the 
contingency results in a zero-sequence voltage on the AC side of the Cm-C HVDC 
station. This voltage leads the system to a new steady state at a higher voltage level at one 
pole (negative pole) and a lower voltage level at the other pole (positive pole) (Figure 
3.6). The increase in the pole voltage will negatively affect the insulation level. The 
voltage drop of the other pole will saturate the converter and reduce its transmission 
capacity, resulting in an imbalance of power on the AC side (Figure 3.7). This impact can 
be reduced by decreasing the earthing resistance value of the Cm-C station. 
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3.4.2. Case 2. Centralised voltage control in Cb-B station. Outage of the negative 
pole converter of the Cb-A station. 

In this case, the Cb-B bipolar station is responsible for the DC voltage control of the 
system, and the other stations work in power control mode (see Figure 3.5). Under these 
control conditions, the outage of the negative pole at the Cb-A station is analysed. 

Figure 3.8 shows the voltage and current response of the Cm-C station, whereas the DC 
and AC power flows in each HVDC station are plotted in Figure 3.9. Only the negative 
pole in the Cb-B HVDC station changes its active power contribution after the 
contingency. 

Looking at Figure 3.8, the system becomes unstable when the grounding resistance is 
zero, as in the previous case. From (3.21), it is clear that as long as the positive and 
negative DC voltages differ, the derivative of the zero-sequence current on the AC side 
is not null when the resistive part of the grounding impedance is zero. Therefore, the zero-
sequence current increases continuously. In this case, the Cm-C HVDC station should be 
disconnected since the uncontrolled rise in the zero-sequence current results in an 
overcurrent in the three upper arms. Increasing the value of the earthing resistance 
improves the system stability. 

 

Figure 3.8. Case 2 – Cm-C currents ( ,   and ) and voltages ( ,   and ) under different 
values of the Cm-C earthing resistance. 
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Figure 3.9. Case 2 - DC and AC active power flow in the three HVDC stations under different values of 
the Cm-C earthing resistance. 

When the system is isolated from the ground, the pole outage causes a transient voltage 
at the DC poles, but the system is stable. In addition, the Cb-B DC voltage controller acts 
and drives voltage to its reference value in the three scenarios under analysis because 
each pole of the bipolar station Cb-B can control the positive and negative DC voltage 
independently. Nevertheless, a slight voltage asymmetry always exists in the system due 
to other losses in both poles of the DC grid. From Figure 3.9, it can be inferred that there 
is no apparent influence of the earthing resistance on the AC power injection. 

3.4.3. Case 3. Centralised voltage control in Cb-B station. Outage of the negative 
pole converter of the Cb-B station. 

The purpose of this case is to show the behaviour of the system when a pole is 
disconnected at the HVDC station that controls the DC voltage (Cb-B), being the 
remaining converters in active power control mode. It is worth mentioning that the control 
strategy of the grid is the same as in the previous case; what changes is the control mode 
of the converter suffering the outage. 

Figure 3.10 displays the voltages and currents at the Cm-C HVDC station. Figure 3.11 
shows the DC and AC active power flow in each station. 
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Figure 3.10. Case 3 – Cm-C currents ( ,   and ) and voltages ( ,   and ) under different 
values of the Cm-C earthing resistance. 

 

Figure 3.11. Case 3 - DC and AC active power flow in the three HVDC stations under different values of 
the Cm-C earthing resistance. 

When the converter Cm-C is grounded, the appearance of the zero-sequence quantities 
due to the asymmetry transfers the disturbance to the healthy pole. It contributes to 
balancing the DC voltage in the affected one. Moreover, the positive Cb-B converter 
regulates its active power injection to keep the positive DC voltage setpoint, stabilising 
the negative pole. Although the system is stable, a resistive earthing value improves the 
damping of the oscillations on both the DC and the AC side, as observed in Figure 3.10 
and Figure 3.11. However, because of the zero-sequence current, the positive DC current 
increases, and the negative one decreases (see Figure 3.10). Increasing the Cm-C earthing 
resistance will reduce the zero-sequence current and, thus, the overcurrent. However, it 
will produce a DC overvoltage. 

Unlike the previous cases, the system becomes unstable when the Cm-C station is isolated 
from the ground. The DC current imbalance at the negative pole causes an increase in the 
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DC voltage at that pole. The positive DC voltage remains almost constant since the 
positive pole of the Cb-B converter controls the DC voltage. Since the control logic of 
the Cm-C converter tries to keep the active power constant, the DC current at both poles 
must progressively decrease. The negative DC voltage will continue to rise steadily until 
the currents at the negative pole of the grid reach a new balance. The negative DC voltage 
reaches about 3.40 p.u. after 2 seconds of simulation, but the scale in Figure 3.10 is 
adjusted to a lower value to improve the visualisation and analysis. 

Notice that the network control strategies in cases 2 and 3 are identical before the 
contingency, but the results differ. Therefore, the control strategy of the HVDC grid and 
the grounding impedance of symmetrical monopolar stations are not the only aspects 
impacting the asymmetrical operation but also the control mode of the lost converter. 

3.4.4. Case 4. Distributed voltage control in Cb-B y Cm-A stations. 

The outage of a pole in an HVDC station that operates in active power control mode is 
simulated, with the rest of the converter stations in Vdc/P droop control mode. Two 
different droop gains () have been considered in this case: a) 0.05 p.u. and b) 1 p.u. 

Figure 3.12 and Figure 3.13 show that the system is unstable for any of the values of 
earthing resistance when  is 0.05 p.u. This is due to the high level of sensitivity to 

voltage deviations rather than the resistance value. Therefore, the contingency makes the 
system unstable, affecting both DC and AC sides. 

 

Figure 3.12. Case 4,  = 0.05 p.u. – Cm-C currents ( ,   and ) and voltages ( ,   and ) 
under different values of the Cm-C earthing resistance. 
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Figure 3.13. Case 4,  = 0.05 p.u. - DC and AC active power flow in the three HVDC stations under 
different values of the Cm-C earthing resistance. 

If  = 1.00 p.u., the system maintains stability for all the scenarios evaluated, as 

shown in Figure 3.14 and Figure 3.15. The fact of using one of the grounding systems or 
another has a significant impact on overcurrents and voltage deviations produced in the 
system during the transient, as well as in the new steady state.  

The voltage deviation increases with the increase in the Cm-C grounding resistance value 
while the overcurrent is reduced. Therefore, the most significant voltage deviation 
appears when the Cm-C station is not grounded, as seen in Figure 3.14. This can cause 
two problems depending on the sign of the variation: a high voltage level endangers all 
the equipment; an excessively low voltage can saturate converters and limit their 
transmission capacity. 

 

Figure 3.14. Case 4,  = 1.00 p.u. – Cm-C currents ( ,   and ) and voltages ( ,   and ) under different values of the Cm-C earthing resistance. 

However, Figure 3.14 shows that the highest current appears when the Cm-C station 
grounds through zero resistance. Therefore, all equipment is at risk of damage in this 
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scenario unless the protections act. Therefore, a compensation between the value of the 
highest current and the magnitude of the voltage deviation is necessary by selecting an 
adequate resistance value. As for the AC side, the earthing resistance does not affect the 
active power injected (see Figure 3.15) unless the converters saturate due to low DC 
voltage. 

 

Figure 3.15. Case 4,  = 1.00 p.u. - DC and AC active power flow in the three HVDC stations under 
different values of the Cm-C earthing resistance. 

Table 3.2 summarises the critical situations during asymmetrical operation in each study 
case depending on the grounding resistance value of the symmetrical monopolar station. 
Although the 0.5 p.u. resistance value offers good behaviour in most cases, it is worth 
mentioning that a different resistance value could lead the system to overcurrent, 
overvoltage, a saturation of converters, power oscillation or even unstable situations. 

Table 3.2. Summary of effects produced by the asymmetrical operation in the different cases. 
 

Grounding resistance 
Study Cases 0 p.u. 0.5 p.u. ∞ p.u. 

Case 1 DC current instability 
AC power oscillations 

- 
DC overvoltage 

Converter saturation 

Case 2 
DC current instability 

DC overcurrent 
- - 

Case 3 
DC overcurrent 

AC power oscillations 
DC overcurrent 

DC overvoltage 
DC voltage instability 

Case 4 ( = 0.05) General instability General instability General instability 

Case 4 ( = 1) DC overcurrent - 
DC overvoltage 

Converter saturation 

3.4.5. Cases 5 and 6. Effect of the short-circuit location. 

Based on the analysis of cases 1-4, a suitable earthing impedance can be chosen for 
symmetrical monopolar stations to improve the dynamic response during asymmetrical 
operations. However, when a new HVDC station is connected to a DC system, the 
grounding impedance also affects short-circuit currents. That is why the primary purpose 
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of these cases is to assess the impact of the Cm-C grounding impedance on the short-
circuit currents in the event of a pole-to-ground fault. It is assumed that the neutral point 
of the two bipolar HVDC stations is connected through a metallic return solidly earthed 
in the Cb-A station. 

A pole-to-ground fault at the negative pole of the line connecting the Cm-C and Cb-A 
stations has been simulated in two different locations, as shown in Figure 3.16. In the first 
case, the fault is close to the Cb-A station, whereas in the second, it is close to the Cm-C 
station. Short-circuit currents flowing through the line to the fault are examined in both 
cases. 

 

Figure 3.16. Short-circuit location in two different cases for asymmetric operation analysis. 

Results are depicted in Figure 3.17 and Figure 3.18. The two upper graphs of each figure 
compare the currents obtained with a high reactance and three different magnitudes of 
resistance. The two lower graphs compare the currents with zero grounding resistance 
and two different inductance values. Besides, the graphs on the left show the currents 
flowing from terminal Bm-C towards the fault, and the right graphs show the currents 
flowing from terminal Bb-A. 

 

Figure 3.17. Case 5 - Short-circuit currents at both ends of the line under different Cm-C earthing systems 
when the fault is near the Cb-A station. 
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Figure 3.18. Case 6 - Short-circuit currents at both ends of the line under different Cm-C earthing systems 
when the fault is near the Cm-C station. 

From the analysis of Figure 3.17 and Figure 3.18, it can be concluded that the grounding 
impedance significantly influences the short-circuit currents flowing from the Bm-C 
terminal (Cm-C station). The impact is less critical on short-circuit currents flowing from 
the Bb-A terminal (Cb-A station). However, it is still important as the short-circuit current 
grows gradually, achieving a difference of several kA after the first three hundred 
milliseconds of the fault.  

Therefore, the grounding impedance of symmetrical monopolar stations barely modifies 
the contribution from the rest of the converter stations to the short-circuit current during 
the first moments after the fault. This suggests that the connection of a new symmetrical 
monopolar station to an HVDC system with bipolar stations will not affect the existing 
fast-acting protections in the system. Hence, the dimensioning of the symmetrical 
monopolar station grounding impedance should be selected considering two criteria: 
aiming for a proper operation of the grid during asymmetrical conditions and the 
contribution of this station to short-circuit currents. 

3.5. Conclusions 
In this work, as far as the authors know, the effect of the grounding impedance of 
symmetrical monopolar stations on heterogeneous meshed HVDC grids is analysed for 
the first time. One of the most significant findings is that the magnitude of the earthing 
resistance plays a crucial role in the asymmetrical operation of the HVDC grid. The 
results from this study indicate that the value of this resistance should be chosen according 
to the overall control strategy of the HVDC grid and the control mode of the lost 
converter. Otherwise, inappropriate values can lead to overcurrents, overvoltages, a 
saturation of converters, power oscillations or instability situations. Generally, using a 
grounding resistance offers a satisfactory performance in most cases, but specific 
analyses of the circumstances are recommended. 
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It is also shown that the grounding impedance of symmetrical monopolar stations barely 
modifies the short-circuit current contribution from the rest of the stations during the first 
tens of milliseconds after a pole-to-ground fault. Fast-acting protection systems will clear 
the short-circuit contribution from the rest of the converters before any impact can be 
observed. This suggests that the criteria to select the grounding impedance of symmetrical 
monopolar stations should focus on the performance during asymmetrical operations and 
their current contribution in case of pole-to-ground faults. 

Additionally, this chapter highlights the complexity of defining a single methodology to 
be applied to all HVDC grids due to their different technology and specific grid planning 
development. Particular attention should be paid when designing and planning HVDC 
grids with heterogeneous configuration stations to guarantee viability and reliability even 
under asymmetrical operation. These findings provide insights for future research on the 
impact of the design parameters on the system dynamics, the implementation of zero-
sequence controls in symmetrical monopolar stations to improve the dynamic response 
and the development of rules for the design of the grounding impedance under 
asymmetrical operation. 
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CHAPTER 4. SMALL-SIGNAL MODELLING2 

This chapter provides a new small-signal stability model for analysing the asymmetrical 

DC operation. The model has been validated with EMT dynamic simulations considering 

several values for the grounding impedance and different control strategies in the system. 

 
2 This chapter reproduces part of the content published in J. Serrano-Sillero and M. Á. Moreno, “Small-signal stability 
analysis of the asymmetrical DC operation in HVDC networks,” Electr. Power Syst. Res., vol. 214, p. 108942, Jan. 
2023. 
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4.1. Introduction 
Chapter 3 has demonstrated that an asymmetrical DC operation can lead a heterogeneous 
DC system to instability. Control interactions and stability have been widely studied 
through dynamic EMT simulations and small-signal analysis approaches in the literature. 
Most of these works perform the analysis considering a homogeneous DC grid with a 
single HVDC station topology [88]–[90], although there are some exceptions where DC 
systems with MMC-VSC and LCC-based HVDC stations are examined [27], [91]–[93]. 
However, the stability analysis in heterogeneous DC systems still needs further research. 

Furthermore, the study through time-consuming time-domain simulations is not feasible 
for that purpose, especially in the case of large HVDC systems. Therefore, the stability 
study through a small-signal analysis approach can provide further information and is a 
powerful tool to be applied in large DC systems.  

The first step to perform such a small-signal analysis is to count with valid HVDC station 
models. However, small-signal models present in the literature focus on the small-signal 
research during symmetrical operation of the DC system [90], [94]–[96], so they do not 
model either explicitly both DC poles or the grounding system. Both factors are essential 
for analysing the asymmetrical DC operation, although. 

For that reason, the primary purpose of this chapter is to develop suitable models for 
small-signal analysis of DC grids during asymmetrical DC operation. Thus, the main 
contributions of the chapter are a) the development of a small-signal stability model that 
is feasible for asymmetrical DC operation studies, grounding systems design and control 
tunning, and b) the validation of the small-signal model with electromagnetic transients 
(EMT) dynamic simulation in PowerFactory. 

The chapter is organised as follows: section 4.2 describes the system used for the study 
and its small-signal model; section 4.3 presents the validation of the small-signal model 
with EMT dynamic simulation; and finally, the conclusions are gathered in section 4.4. 

4.2. System modelling 
To address the analysis of DC asymmetrical operation in an MTDC system, where 
symmetrical monopolar and bipolar topologies coexist without galvanic isolation 
between them, a simple model has been considered in PowerFactory. This model consists 
of a DC link connecting a bipolar station with a symmetrical monopolar one, as shown in 
Figure 4.1. The symmetrical monopolar HVDC station uses a zig-zag transformer as a 
grounding system, whereas the bipolar HVDC station is solidly earthed. For the MMC-
VSCs, the Average Value Model (AVM) is adopted [85], [97]. Therefore, the valves are 
not explicitly modelled, and the AC side is represented through a controlled voltage 
source on each arm. The capacitor voltages of all submodules are assumed to be equal; 
thus, no circulating currents flow between the phase legs. The DC side is modelled as a 
current source with the equivalent capacitance of the submodules in parallel. 
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Figure 4.1. Connection of a symmetrical monopolar HVDC station with a bipolar one. 

Figure 4.1 also represents the general control scheme for the symmetrical monopolar 
HVDC station. An analogous controller applies for each converter of the bipolar station. 
These controllers are based on those described in [85], and their gains are gathered in 
Table B.2 in Appendix B.  

4.2.1. State–space representation 

The system shown in Figure 4.1 can be modelled as a compound of three equivalent 
circuits, as depicted in Figure 4.2: the AC side of the bipolar station, in red colour; the 
AC side of the monopolar station, in blue paint; and the DC side, in green colour. Also, 
the control system for the monopolar station converter is represented in yellow. As 
mentioned, analogous controllers apply to the bipolar station converters. The Phase-
Locked Loop (PLL) in Figure 4.1 is not considered in Figure 4.2 since the dynamics of 
the PLL hardly affect the DC asymmetrical operation. 

 

 

Figure 4.2. Per unit equivalent system for the AC side of the bipolar (red) and monopolar (blue) station, 
the DC side (green) and the control system (yellow). 

The equivalent circuits in Figure 4.2 are explained below. Positive references for voltages 
and currents are shown. 

The electrical equations are presented in a synchronous reference frame where the direct 

axis is aligned with the voltages   and  , respectively. Considering that the bipolar 

station works symmetrically, the voltage   will be aligned with   and thus also 
with the direct axis of the synchronous reference frame. 
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Converters are represented as voltage sources at their AC side (,  and ) in series 

with the equivalent impedance of a leg   and 
 . Each converter is connected to its 

respective AC grid through a transformer represented by its equivalent series impedance 
( and ). The zig-zag transformer of the symmetrical monopolar HVDC station is 

modelled as an open circuit for the positive and negative sequences, but as an equivalent 
inductance per phase () and an equivalent resistance from the star point to ground () 
for the zero-sequence. The earth current circulating per each phase is represented by . 
The external AC grids are modelled by Thévenin equivalent circuits. Furthermore, several 
capacitors () of small capacitance are located at some busbars of the AC systems for 

convenience, to make the voltage at that point a state variable.  

Regarding the equivalent circuit of the DC system, the current sources at both ends 
represent the current injection from HVDC stations. The DC current injection from the 
symmetrical monopolar HVDC station is modelled as two current sources coupled by the 
expression  −  = 3. Therefore, when there is no earth current, both sources can 
be simplified into a single current source injecting a current  . The equivalent capacitor 
of the monopolar HVDC station ( ) is divided into two capacitors located between each 

DC pole and the middle point  ( = 2 ). For the DC line, a nominal π-model is used. 

At the terminals of the bipolar HVDC station, the corresponding half capacitance of the 
π-model of the line () is grouped with the equivalent capacitor of each converter of 
the bipolar HVDC station ( ), so that  =  + . 

Finally, the coupling between the two AC areas and the DC link is the result of applying 
the active power balance equation to each converter: 

, , + , , + 2, , = 12  +  (4.1) 

,±,± + ,±,± = 12 ±± (4.2) 

The inner voltage dynamics of each converter are governed by its control system. As 
mentioned, Figure 4.2 shows the controller part considered for developing the linearised 
model in the monopolar station.  

Besides, Figure 4.3 shows the block diagram of the outer loop (a-e) and inner loop (f) 
controllers. The outer controller of each converter consists of two independent control 
loops that generate the active current reference ,∗  and the reactive current reference ,∗ . The inner controller computes the components of the converter inner voltage in the 

synchronous reference frame (, and ,). 
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Figure 4.3. Outer Control Loops (a-e) and inner control loop (f). 

The set of equations that describe the complete control of each converter, together with 
the electrical equations from Figure 4.2, constitute the state-space representation of the 
system. The values of the passive elements and the control parameters are gathered in 
Appendix B. 

4.2.2. Small–signal modelling 

The state-space model representation comprises a nonlinear system that can be linearised 
around an operating point to obtain a small-signal model, as in (4.3). 

∆ =   ∆ +   ∆ (4.3) 

The state variables vector ∆ consists of six sub-vectors that contain the states of the six 
subsystems that make up the complete system (AC side of the monopolar HVDC station, 
AC side of the bipolar HVDC station, DC electrical system, and control system of each 
converter): 

∆ = ∆   ∆   ∆  ∆   ∆   ∆  (4.4) 

These state vectors are described in (4.5) - (4.10). Notice that the elements of the state vectors 
corresponding to the outer control can vary depending on the control strategy implemented. In 
this case, the change of the controllers related to the active power and DC voltage regulation is 
only considered for validation. 

∆ = ∆,   ∆,   ∆,   ∆,   ∆,   ∆,  (4.5)    

∆ = ∆,  ∆,  ∆,   ∆,   ∆,   ∆,   ∆,  ∆, … 
(4.6) … ∆,   ∆,   ∆,   ∆,   ∆,   ∆,   ∆,   ∆,  
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∆ =  ∆  ∆  ∆  ∆  ∆   ∆   ∆ (4.7) 

∆ =  ∆,   ∆,   ∆   ∆  ,    ∆,   ∆,   ∆  ∆  ,      ∆,   ∆,   ∆   ∆  , 
DC voltage control 

Active power control 

DC voltage – active power 
control 

(4.8) 

∆ = ∆,  ∆,  ∆   ∆ ,    ∆,  ∆,  ∆  ∆ ,     ∆,  ∆,  ∆   ∆ ,  
DC voltage control 

Active power control 

DC voltage – active power control 
(4.9) 

∆ =  ∆,  ∆,  ∆   ∆ ,    ∆,  ∆,  ∆  ∆ ,     ∆,  ∆,  ∆   ∆ , 
DC voltage control 

Active power control 

DC voltage – active power control 
(4.10) 

In summary, the small-signal model of the system includes 41 state variables.  

Regarding the states ∆ , ∆, ∆, ∆, ∆, ∆, ∆, ∆, ∆ and ∆, the linearization is done by taking into account the equivalent circuits in Figure 4.2 
and the block diagrams in Figure 4.3. The bipolar HVDC station is assumed to operate 
symmetrically in the initial operating point and, therefore, no zero-sequence 
current/voltage is considered. Subscript o indicates the value of a variable in the initial 
operating point. These considerations yield the next expressions: 

∆ ≈ −∆, + ∆∗  (4.11) 

∆ ≈ −, ∆, − , ∆, − , ∆, + ∆∗  (4.12) 

∆± ≈ −,± ∆,± − ,± ∆,± − ,± ∆,± + ∆∗± (4.13) 

∆± ≈ −,± ∆,± + ,± ∆,± + ,± ∆,± + ∆∗± (4.14) 

∆ = ∆ 1 − 2 +  − ∆ 1 − 2 + 
− ∆ 2 +  + ∆ 2 +    (4.15) 

∆ =  ∆ 1 − 2 +  − ∆ 1 − 2 + 
− ∆ 2 +  + ∆ 2 +   (4.16) 

∆± = ∆± + ∆±    (4.17) 
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where the linear expressions that describe the DC currents ∆ and ∆ are presented 

in (4.18) and the linear expression for ∆ and ∆ is obtained in (4.19). 

∆± ≈ 2  , , + , , , + ,   ∆ + ∆
− 2  , ∆, + , ∆, + , ∆, + , ∆,, + ,  ± 32 ∆ (4.18) 

∆± ≈ 2  ,± ,± + ,± ,± ,±  ∆±

− 2  ,± ∆,± + ,± ∆,± + ,± ∆,± + ,± ∆,±,±  (4.19) 

The expressions defining the remaining states of the vector ∆ are first-order linear 
equations drawn directly from Figure 4.2 and Figure 4.3 and can be consulted in 
Appendix B. 

4.3. Validation of the small–signal model 
Once the equations and assumptions that define the proposed small-signal model have 
been introduced, this section gathers a validation of the model against EMT dynamic 
simulations in PowerFactory. 

An asymmetrical perturbation is simulated by applying a slight step in the setpoint of one 
of the converters in the bipolar HVDC station. The response of both models is then 
compared.  

Figure 4.4 shows the power flow results for the initial operating point considered. Red 
values represent the active power flow in MW, and blue values the reactive power flow 
in Mvar. The black arrows indicate the positive direction of the power flow. Finally, the 
voltage magnitude, in p.u., and phase angle, in degrees, are represented inside a box. 

 

Figure 4.4. Initial conditions of the system for the base case. 

The operating point shown in Figure 4.4 represents a high active power transfer from the 
monopolar to the bipolar HVDC station. This scenario is convenient for the analysis 
because, as explained later in Chapter 5, it is under these circumstances that stability is 



ANALYSIS OF HETEROGENEOUSLY CONFIGURED CONVERTER STATIONS IN HVDC GRIDS UNDER 
ASYMMETRICAL DC OPERATION 

72 

most compromised from the perspective of the asymmetrical DC operation. However, 
other operating conditions will also be discussed in Chapter 5. 

The validation encompasses different control strategies and different grounding 
impedance values. In addition, the effect of the controller parameters is also assessed. 

4.3.1. Centralised voltage control in the symmetrical monopolar station 

This section gathers the validation of the small-signal model of the system when the 
symmetrical monopolar station controls the DC voltage, and the bipolar station controls 
the active power flow. Furthermore, the symmetrical monopolar stations control the AC 
voltage, whereas the bipolar one controls the reactive power flow.  

In this case, the asymmetrical disturbance used for the validation consists of a small step 
(0.01 p.u.) in the active power reference of the negative pole converter of the bipolar 
station. 

Figure 4.5 and Figure 4.6 show the comparison of the time-domain responses for several 
grounding resistance values. The consistency in the time-domain responses of both 
models allows us to validate the new small-signal model. 

Different dynamic behaviours can be identified: an unstable and oscillatory for a zero-
resistance value, an underdamped response for 0.05 p.u. resistance value, an overdamped 
response for 0.25 p.u. resistance value and an unstable non-oscillatory response for 0.6 
p.u. resistance value (this response is shown partially to represent the curves on a proper 
scale). Note that positive and negative DC quantities present an opposite response to one 
another. 
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Figure 4.5. DC quantities response to a DC asymmetry for several grounding resistances. 

 

Figure 4.6. Zero-sequence voltage and earth current response to a DC asymmetry for several grounding 
resistances. 

4.3.2. Centralised voltage control in the bipolar HVDC station 

This section deals with validating the small-signal model of the system when the 
symmetrical monopolar station controls the active power and the bipolar station controls 
the DC voltage. In addition, as in the previous case, the symmetrical monopolar stations 
control the AC voltage, while the bipolar station controls the reactive power flow. 

The asymmetrical disturbance provoked in this case consists of a small step (-0.0005 p.u.) 
in the DC voltage reference of the negative pole converter of the bipolar station. The 
comparison comprises different values of grounding resistance () and proportional gain 
of the DC voltage controller (. The inductance of the grounding system remains 
constant at 1.63 p.u. (1.59 H). The initial conditions of the simulation are those 
represented in Figure 4.4.  
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Figure 4.7 and Figure 4.8 show the time-domain responses of the PowerFactory model 
and the small-signal model for zero grounding resistance and two different values of  (0.1 and 8 p.u.). As can be observed, the system is stable for  = 8, but not for  = 0.1. 

 

Figure 4.7. DC voltages and currents response to a DC power asymmetry for two values of  with  
= 0 p.u. 

 

Figure 4.8. Zero-sequence voltage and earth current response to a DC power asymmetry for two values of  with  = 0 p.u. 

To compare the effect of the grounding resistance, the same simulation is performed 
considering a 0.6 p.u. resistance. Results in Figure 4.9 and Figure 4.10 show that the 
response presents a faster transient, and the system is no longer unstable. However, there 
is still a poorly damped irregular oscillation for  = 0.1, which indicates several 
poorly damped oscillatory modes that do not depend on the grounding resistance. 
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Figure 4.9. DC voltages and currents response to a DC power asymmetry for two values of  with  
= 0.6 p.u. 

 

Figure 4.10. Zero-sequence voltage and earth current response to a DC power asymmetry for two values of  with  = 0.6 p.u. 

Note that in all cases, the positive and negative DC variables present an opposite response 
to each other. 

The figures above prove that the small-signal model faithfully reflects the dynamic 
behaviour of the EMT simulation in PowerFactory. 

4.3.3. Distributed DC voltage – active power droop control 

This section aims to validate the linear model of the system implementing the distributed 
DC voltage droop control with the EMT model in PowerFactory. As in the previous cases, 
the symmetrical monopolar stations control the AC voltage, while the bipolar station 
controls the reactive power flow. 
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The asymmetrical disturbance for the comparison consists of a small step (-0.01 p.u.) in 
the active power reference of the negative pole converter of the bipolar station. Different 
values of grounding resistance () and DC voltage droop coefficients  have been 

considered. The inductance of the grounding system remains constant at 1.63 p.u. (1.59 
H). The initial conditions of the simulation are those represented in Figure 4.4.  

Figure 4.11 and Figure 4.12 show the time-domain responses of the PowerFactory model 
and the small-signal model for zero grounding resistance and two different values of 
droop coefficient   (0.1 and 1 p.u.). The droop coefficient is configured to the same 

value in both stations. As can be observed, the system is stable for  = 0.1 , but not 

for  = 1. 

 

Figure 4.11. DC voltages and currents response to a DC power asymmetry for two values of  with  
= 0 p.u. 

 

Figure 4.12. Zero-sequence voltage and earth current response to a DC power asymmetry for two values of  with  = 0 p.u. 
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To compare the effect of the grounding resistance, the same simulation is performed by 
considering a resistance of 0.6 p.u. Results in Figure 4.13 and Figure 4.14 show that the 
response presents a faster transient for  = 0.6 compared to the previous case. In 
addition, the system is no longer unstable. 

 

Figure 4.13. DC voltages and currents response to a DC power asymmetry for two values of  with  
= 0.6 p.u. 

 

Figure 4.14. Zero-sequence voltage and earth current response to a DC power asymmetry for two values of  with  = 0.6 p.u. 

Note that positive and negative DC quantities present an opposite response to one another. 
Furthermore, the steady-state reached after the disturbance and the degree of DC voltage 
and DC current asymmetry depend on the droop coefficient. More importantly, the figures 
above prove that the small-signal model faithfully reflects the dynamic behaviour of the 
EMT simulation in PowerFactory. 
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4.4. Conclusions 
This chapter has presented a new small-signal stability model for analysing the 
asymmetrical DC operation in HVDC systems with different HVDC station topologies 
and without galvanic isolation between them. In addition, the small-signal model includes 
the grounding system and equations for each pole separately; these considerations 
differentiate it from existing models and constitute a novelty. Finally, the new model has 
been validated against EMT simulations considering different control strategies. 

The advantages of this model are: 1) it allows the identification of stability issues related 
to the asymmetrical DC operation that cannot be detected with other small-signal models, 
and 2) it can be applied to larger HVDC systems. Although time-domain simulations can 
represent this type of instability, they are inefficient for performing stability studies on 
large systems. Besides, they do not provide an easy method to recognise the main 
parameters and variables involved in a specific oscillation of the system. 
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CHAPTER 5. SMALL-SIGNAL STABILITY 
ANALYSIS3 

The small-signal stability during asymmetrical operation considering different 

topologies, grounding impedances, or control strategies is yet to be addressed in the 

literature. For that reason, this chapter further investigates the role of the grounding 

impedance, controllers, and operating point in the small-signal stability of the system. 

Additionally, a new controller to enhance the system stability is proposed. 

 

 

3 This chapter reproduces part of the content published in J. Serrano-Sillero and M. Á. Moreno, “Small-signal stability 

analysis of the asymmetrical DC operation in HVDC networks,” Electr. Power Syst. Res., vol. 214, p. 108942, Jan. 2023. 
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5.1. Introduction 
This chapter analyses how the asymmetrical DC operation affects the stability of a 
heterogeneous DC system. Accordingly, the new small-signal model described in Chapter 
4 is utilised in this chapter to carry out the study. Most research papers assess stability 
from a symmetrical DC operation perspective. For example, the control interactions and 
their design were analysed in [90], [98]; the effect of a new connection of an HVDC 
station on DC voltage stability was studied in [94]; references [95], [99] examined the 
influence of the DC power flow direction on stability; power and DC voltage oscillations 
were investigated in [100], [101]. Even the stability of systems with LCCs and VSCs has 
been evaluated [91], [101]. Nonetheless, all the mentioned works neglected relevant 
aspects to analyse asymmetrical DC operation, such as representing the quantities of the 
positive and negative poles separately or including the grounding system in the analysis.  

Furthermore, the small-signal analysis allows the identification of which system 
parameters are involved in the dynamics related to the asymmetrical DC operation and to 
define its appropriate values, both for controllers and equipment. 

The main contributions of this chapter are summarised as follows: a) the analysis of the 
main aspects to be considered for the system operation considering different control 
strategies; b) the effect that the design of the grounding impedance has on the stability of 
the system in different conditions; c) the main parameters of the system control that 
intervene in the small-signal stability during asymmetrical operation are identified, and 
their effect is examined; and d) the design of a controller that enhances system stability 
during asymmetrical DC operation when existing controllers cannot improve stability is 
proposed. 

The chapter is organised as follows: section 5.2 explains the main results derived from 
the small-signal analysis when the symmetrical monopolar station implements a 
centralised DC voltage control and introduces a new controller to enhance the system 
stability; section 5.3 focuses on the small-signal analysis of the system considering that 
the bipolar station implements a centralised DC voltage; section 5.4 carries out the small-
signal research evaluating a distributed DC voltage control as control strategy of the 
system; and finally, the conclusions are gathered in section 5.5. 

5.2. Small–signal stability analysis with centralised DC voltage control 
in the symmetrical monopolar station 
This section analyses the small signal analysis of the system in Figure 4.1 when the 
symmetrical monopolar station controls the DC voltage and the AC voltage, whereas the 
bipolar station controls the active and the reactive power flow.  

The small-signal stability of the system is assessed from different perspectives that cover 
the following aspects: a) influence of the grounding impedance, b) influence of the DC 
current, and c) sensitivity to the system parameters.  
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5.2.1. Influence of the grounding system resistance 

The grounding resistance plays a key role in the asymmetrical DC operation since it 
determines the behaviour of the earth current () and the zero-sequence voltage (). 

The impact of its value on the small-signal stability is analysed through the root locus of 
the system in Figure 5.1 under the initial conditions described in Figure 4.4. 

 

Figure 5.1. Root locus of the system for a grounding resistance sweep. 

Figure 5.1 shows that a single mode is affected by the grounding resistance near the 
imaginary axis. This mode is critically damped for a resistance value of 0.19 p.u. and can 
be underdamped or even non-stable and oscillatory for lower resistance values, as well as 
overdamped or non-stable aperiodic for larger values. 

The normalised participation of the states in the mode as a function of the resistance is 
depicted in Figure 5.2. Again, only states with participation greater than 0.01 are shown. 

 

Figure 5.2. Participation factor for a range of grounding resistance. The grey, red and white areas represent 
unstable, underdamped, and overdamped modes. 

As shown in Figure 5.2, the main variables participating in the mode are the earth current, 
the DC current, and the DC voltages at the bipolar station terminals. Around the resistance 
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value matching the critically damped mode, the participation factors change significantly 
due to the division of the mode into two aperiodic ones [102], representing an interaction 
between the earth current and the DC currents with the DC voltages. 

The dynamic pattern of the mode can be observed in the DC voltages, DC currents, and 
earth current, according to Figure 5.3, so it does not spread to the rest of the AC system. 
Notice that in the overdamped region, as the resistance rises, the observability is hindered 
for the currents while it is enhanced for the voltages. 

 

Figure 5.3. Mode observability (left) and controllability (right) as a function of grounding resistance. The 
grey, red and white areas represent unstable, underdamped, and overdamped modes. 

According to Figure 5.3, the mode can be controlled by the zero-sequence reference 
voltage of the monopolar HVDC station and the active power references of the bipolar 
HVDC station. In particular, the zero-sequence voltage shows high controllability for low 
grounding resistances where the mode is oscillatory. 

It is worth noting that the present controllers do not influence this specific mode since 
their states do not participate in it, nor is the mode observable in the controller 
measurements as feedback. 

5.2.2. Influence of the grounding system inductance 

The grounding inductance is also decisive for the asymmetrical DC operation since it 
impacts the transient response of the system. From the small-signal stability perspective, 
its influence on the eigenvalues is proved in Figure 5.4 for a constant grounding resistance 
(30.625 Ω - 0.1 p.u.). The initial conditions are those shown in Figure 4.4. 
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Figure 5.4. Root locus of the system for a grounding inductance sweep. 

There is a single mode affected by the grounding inductance. The damping and the 
frequency of the mode decrease as inductance increases, leading to system instability if 
the grounding inductance reaches large enough values (around 9 p.u. – 3067 H), typical 
of a star point reactor used as a grounding method. 

Figure 5.5 indicates that this mode is the same as in the case of the grounding resistance 
since the same states participate in the mode. Observe that the grounding inductance does 
not affect the participation of DC voltages. However, its increment raises the participation 
of earth current and reduces the participation of DC currents. 

 

Figure 5.5. Participation factors for a grounding inductance range. The grey and red areas represent unstable 
and overdamped modes, respectively. 

The observability of the mode against the inductance value of the grounding system is 
presented in Figure 5.6 (left). The mode is observable in DC voltages and currents and 
earth current. Still, as inductance rises, the observability increases in DC voltages and 
decreases in earth current and DC currents. Regarding the AC system, as the mode is only 
observable in the zero-sequence variables for any value of grounding impedance, it does 
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not spread beyond the delta-winding of the transformer. Thus, it does not affect the 
stability of the remaining AC system. 

 

Figure 5.6. Mode observability (left) and controllability (right) as a function of the grounding system 
inductance. The grey and red areas represent unstable and underdamped modes, respectively. 

Figure 5.6 (right) indicates that the main inputs that can control the mode continue to be 
the zero-sequence voltage reference of the monopolar station (,∗) and the active power 

references of the bipolar station (∗ and ∗), regardless of the inductance. 

5.2.3. Influence of the initial DC current before disturbance 

This section delves into the impact of the DC current on the small-signal stability, 
specifically in the mode related to DC asymmetrical operation. For this analysis, the 
grounding resistance and inductance are 0 p.u. and 1.63 p.u., respectively. 

To perform the DC current sweep, the active power references of the bipolar HVDC 
station are changed from those of the load flow shown in Figure 4.4 so that the complete 
DC current range is evaluated. The movement of the eigenvalues against the initial DC 
current is displayed in Figure 5.7. 

 

Figure 5.7. Root locus of the system as a function of the initial DC current. 

Figure 5.7 shows that several modes are affected by DC current, but the least damped and 
potentially unstable is the one related to DC asymmetrical operation. Indeed, it is worth 
noting that DC current directly affects the damping of this mode whilst hardly modifying 
its frequency. Furthermore, the mode is stable for a negative DC current direction, even 
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considering a zero grounding resistance value. Thus, this fact confirms that the direction 
of the DC current determines system stability. 

For the sake of simplicity, the participation factors, observability, and mode 
controllability are not shown since they remain unchanged for any value of the DC 
current, maintaining the values shown in Figure 5.2 and Figure 5.3 for a zero-grounding 
resistance. 

5.2.4. Influence of other system parameters 

Figure 5.8 shows the sensitivity of the mode related to the asymmetrical DC operation, 
where the sensitivity of the mode λ to the element  of the state matrix  is defined as 

follows: 

 =  =  +   (5.1) 

 

Figure 5.8. Sensitivity of the real and imaginary parts of the mode. 

Observe that the main parameters affecting the mode are the zero-sequence impedance 
ratio, the DC voltage and DC current, the line impedance ratio, and the equivalent 
capacitance of the bipolar HVDC station. 

The zero-sequence resistance  =    +3 to inductance  =    + ratio 

represents the highest impact on the real part of the mode and an important weight in its 
frequency. Both the real and imaginary parts of the mode diminish as this ratio rises. The 
resistance to inductance ratio of the DC line has the same trend but its weight is much 
smaller. 

The parameter composed of the initial DC current and DC voltage of the bipolar station, 
together with its equivalent capacitance (), also modifies the real and imaginary parts 
of the mode. Observe that this element represents an equivalent conductance to 
capacitance ratio. This equivalent conductance is negative when the DC current is 
positive, reducing the system damping. 
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The element of the state matrix that depends on the equivalent capacitance of the bipolar 
HVDC station, together with another that depends on the zero-sequence inductance, 
represent the main elements that affect the frequency of the mode. 

Since the mode shows no noticeable sensitivity to the parameters of the controllers, it 
cannot be controlled by the typical control loops shown in Figure 4.3. 

5.2.5. Zero–sequence controller design 

The results suggest that it is possible to design a controller to dampen the mode related 
to DC asymmetric operation. Given the impact of the grounding impedance on the mode, 
the controller will be implemented in the monopolar station. 

From a protection design perspective, a low grounding resistance allows for easy fault 
detection and faster tripping of relays. Still, it can lead to the development of an unstable 
or poorly damped mode. Therefore, the proposed controller is designed to improve the 
stability for low grounding resistance scenarios, regulating the zero-sequence voltage 
according to the measurement of the earth current. The controller is shown in Figure 5.9 
and has two main control actions, provided by the upper and the lower path, which may 
or may not be combined. 

 

Figure 5.9. Controller to enhance system stability during asymmetrical operation. 

In the upper path, the gain  acts as a virtual grounding resistance so that it can be used 

to enhance the stability for any resistance value. Therefore, the movement of the mode as 
a function of this gain is similar to the movement presented in Figure 5.1 for a grounding 
resistance sweep, as displayed in the left graph in Figure 5.10. Therefore, the steady-state 
operating point after the disturbance changes depending on its value. 

The lower path of the controller in Figure 5.9 has the advantage of working only during 
the transient without affecting the steady state. The right graph in Figure 5.10 displays 
the mode change with the rise of  for a zero-grounding resistance when  = 0. The 

damping of the unstable mode greatly enhances, even becoming an overdamped mode. 
Since the controller only acts during the transient and does not modify the effective 
grounding resistance in case of faults, it hardly affects the performance of protections.  
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Figure 5.10. Root locus of the system for different values of   (left) and  (right). 

The tuning of the proposed controller must be done considering the grounding impedance 
and the entire operating range of the HVDC system to achieve an appropriate response 
under all circumstances. 

5.3. Small–signal stability analysis with centralised DC voltage control 
in the bipolar station 
The analysis in 5.3 demonstrated that an asymmetrical DC operation could lead to 
instability or provoke undesired oscillations in the DC system. Specifically, the zero-
sequence voltage and current resulting from that asymmetrical operation, and their 
interaction with the DC voltage and currents of the system, were the origin of the 
instability. That is why a zero-sequence controller was developed to improve the small-
signal stability of the system. 

This section analyses the same system (see Figure 4.1) under a different control strategy. 
The bipolar HVDC station controls the DC voltage, and the symmetrical monopolar 
HVDC station regulates the active power flow. This control scheme implies that the 
bipolar HVDC station can hold the active power of each pole separately to keep the pole-
to-ground DC voltage at a specific value, which will strongly affect the response of the 
system during asymmetrical operation. 

To begin with the small signal stability analysis of the system in these circumstances, the 
influence of the grounding impedance is studied. This first analysis also identifies which 
modes are involved in the asymmetrical DC operation. As a second step, a sensitivity 
analysis is carried out on the identified modes to find the most critical system parameters 
affecting them. Finally, the influence of these parameters on the small-signal stability of 
the system is examined.  

The operating point chosen for the small-signal stability analysis is shown in Figure 4.4. 
It allows for comparing the small-signal stability of this case with the control strategy 
used in section 5.2 in similar circumstances. Nonetheless, other operation points will be 
considered later in this section. The parameters of the system and controllers are gathered 
in Appendix B.  
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5.3.1. Influence of the grounding system resistance 

In section 5.2, it was proved that the grounding resistance plays a key role in the 
asymmetrical DC operation since it determines system stability. However, for the case 
analysed in this chapter, the root locus for a grounding resistance sweep is depicted in It 
points out that the system is stable regardless of the grounding resistance value. 
Therefore, the change of control strategy of the DC grid has considerably impacted the 
asymmetrical DC operation from the point of view of stability. The value of the grounding 
inductance is kept constant at 1.63 p.u. to obtain the results depicted in Figure 5.11. 

 

Figure 5.11. Root locus of the system for a grounding resistance sweep. 

Figure 5.11 shows that the grounding resistance affects both a real mode and an 
oscillatory mode. The oscillatory mode turns into two real modes as the grounding 
resistance rises, but its decay rate is so high that it hardly impacts the dynamic behaviour 
of the system. On the other hand, the real mode represents the dominant dynamics for low 
values of the grounding resistance due to the proximity to the origin, thus affecting the 
settling time after a disturbance.  

The participation of the states of the system in the real and the oscillatory mode, as a 
function of the grounding resistance, is represented in Figure 5.12. 



ANALYSIS OF HETEROGENEOUSLY CONFIGURED CONVERTER STATIONS IN HVDC GRIDS UNDER 
ASYMMETRICAL DC OPERATION 

90 

 

Figure 5.12. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode for a grounding resistance sweep. The white zone represents a real and stable mode; the red zone 
represents an underdamped mode. 

Figure 5.12 reveals that among the states with the highest participation in each mode are 
the earth current, the DC voltages, and the DC currents. These states also participated in 
the mode analysed in the last chapter. However, because of the new control strategy, the 
states of the DC voltage controller also present a noticeable participation in both modes. 

Additionally, the real mode shows an interaction with the reactive power controller for a 
specific range of values of the grounding resistance due to the approach of this mode to 
the modes related to the reactive power controllers. Although this mode has a high decay 
rate for such a range of values, this interaction should also be considered during the design 
because it can negatively affect stability in other circumstances with lower decay rates. 
Finally, the oscillatory mode also shows appreciable participation of the AC active 
currents of the bipolar station. 

The observability graphs of both modes, displayed in Figure 5.13, prove that the dynamics 
of these two modes appear in the DC system, the earth current, and the active current of 
the AC side of the bipolar HVDC station. 

 

 

Figure 5.13. Observability of the real (a) and the oscillatory (b) mode for a grounding resistance sweep. 
The white zone stands for a real and stable mode; the red zone represents an underdamped mode. 

However, note that the modes appear in counter-phase in both AC active currents, as 
Figure 5.14 shows. Therefore, the modes are cancelled beyond the common point of both 
converters forming the bipolar HVDC station and do not affect the rest of the AC system. 
Furthermore, there is a 180-degree difference between the phases of the observed positive 
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and negative DC variables. That is, these modes tend to cause a divergence between the 
DC positive and negative pole quantities, which is a characteristic of the asymmetrical 
DC operation. 

 

Figure 5.14. Observability polar plot for the real (a) and the oscillatory mode (b) for a grounding resistance 
value of 0.1 p.u. 

The controllability of both modes is shown in Figure 5.15 as a function of the grounding 
resistance. These modes can be controlled mainly through the zero-sequence voltage 
reference of the monopolar station or the DC voltages references of the bipolar one. Since 
both modes are stable, implementing any particular controller may not be necessary. 

 

Figure 5.15. Controllability of the real (a) and the oscillatory (b) mode for a grounding resistance sweep. 
The white zone stands for a real and stable mode; the red zone represents an underdamped mode. 

Therefore, the results indicate that very low values of grounding resistance do not cause 
instability but instead give rise to a slow transient response due to the proximity of the 
real mode to the origin, while larger values improve the dynamics. 

5.3.2. Influence of the grounding system inductance 

The grounding inductance does not affect the steady state of the asymmetrical DC 
operation. Still, it contributes to the transient response and stability of the system facing 
an asymmetrical DC operation. Its effect on the system stability is proved by tracking the 
trajectory of the system modes for a grounding inductance sweep, as depicted in Figure 
5.16 (the grounding resistance is kept constant at 0.1 p.u). 
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Figure 5.16. Root locus of the system for a grounding inductance sweep. 

According to Figure 5.16, the grounding inductance value affects both a real mode and 
an oscillatory mode. These modes are the same as for the case of the grounding resistance 
sweep, as shown by the participation factors in Figure 5.17. 

A high grounding inductance value improves the damping ratio of the oscillatory mode, 
although this mode still has little impact on system stability due to its fast time constant. 
Regarding the real mode, the increment of the inductance decreases its decay rate, 
provoking a slow transient response in extreme cases, which should be avoided. 
Therefore, large grounding resistances and low grounding inductances improve system 
stability. 

Regarding the real mode participation factors depicted in Figure 5.17, the increment of 
the inductance increases the participation of the earth current and reduces that of the DC 
voltage controller. As for the oscillatory mode, the DC voltages of the bipolar station 
show the highest participation for low inductance values, whereas, for larger values, the 
participation of the DC voltage controller is the highest. 
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Figure 5.17. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode for a grounding inductance sweep. The white zone stands for a real and stable mode; the red zone 
represents an underdamped mode. 

Figure 5.18 shows that both modes are also observable in the same variables as in the 
grounding resistance case. However, the real mode is mainly observed in the DC currents, 
the earth current, and the active AC current of the bipolar station. In contrast, the 
oscillatory mode appears predominantly in the active AC current of the bipolar HVDC 
station. 

 

Figure 5.18. Observability of the real (a) and the oscillatory (b) mode for a grounding inductance sweep. 
The white zone stands for a real and stable mode; the red zone represents an underdamped mode. 

As for controllability (Figure 5.19), the zero-sequence voltage and DC voltage references 
are the main input of the system controlling both modes. The controllability of the real 
mode enhances with the inductance value, but a higher inductance diminishes the 
controllability of the oscillatory one through the zero-sequence voltage. 

 

Figure 5.19. Controllability of the real (a) and the oscillatory (b) mode for a grounding inductance sweep. 
The white zone stands for a real and stable mode; the red zone represents an underdamped mode. 



ANALYSIS OF HETEROGENEOUSLY CONFIGURED CONVERTER STATIONS IN HVDC GRIDS UNDER 
ASYMMETRICAL DC OPERATION 

94 

5.3.3. Sensitivity analysis 

According to the participation factors for the different grounding resistance and 
inductance values, both modes represent an interaction of the DC voltage with the earth 
current. However, their different decay rate indicates that each mode represents an 
interaction of a different nature. Therefore, the system parameters influencing these two 
modes are analysed through a sensitivity analysis according to Equation (5.1). 

Figure 5.20 shows the elements of the state matrix for which the real mode presents 
greater sensitivity. The results indicate that the real mode is mainly influenced by two 
factors: a) the system impedance in the path of the earth current and b) the dynamics of 
the DC voltage of the bipolar HVDC station. The impedances forming part of the earth 
current path are the grounding impedance, the arm impedance of the monopolar HVDC 
station, and the impedance of the DC system. On the other hand, the DC voltage dynamics 
of the bipolar HVDC station are related to the DC current balance and are represented by 

the terms of the state matrix containing the factor 
 . Specifically, the terms related to 

DC voltage dynamics for which the mode is most sensitive are the equivalent capacitance 
at the DC side of the bipolar HVDC station and the modulation factor, which 
approximates the relationship between the AC active current and the DC current of each 
converter in the bipolar station. 

This suggests that this mode essentially depends on the topology and impedance of the 
system rather than the tuning of the existing controllers or the operation point. Other 
parameters different from those in Figure 5.20 may affect the mode but to a lesser extent.  

In summary, the resistance-to-inductance ratio of the zero-sequence impedance of the 
system is the main factor affecting this mode. An increase in this ratio or the equivalent 
capacitance of the bipolar HVDC station increases the decay rate of the mode. Regarding 
the operating point, working with a lower modulation factor also increases the decay rate 
of the mode. 

 

Figure 5.20. Sensitivity of the real mode. 

Regarding the oscillatory mode, Figure 5.21 shows that it is affected by three dynamics: 
a) the DC voltage controller dynamics, b) the DC voltage dynamics of the bipolar station, 
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and c) the earth current dynamics. Among them, the dynamics of the DC voltage 
controller have the most significant impact, overall, the proportional gain . The 
integral gain  also affects the mode, but the sensitivity is much smaller. The 

dynamics of the DC voltage are represented by the terms containing the factor 
  and, for 

this mode, apart from the equivalent capacitance of the bipolar station itself, is very 
dependent on the operating point in terms of modulation factor and current direction. 
Finally, the earth current dynamics also influence the mode, as the terms containing the 

factor 
  reveal.  

In summary, incrementing the proportional gain of the DC voltage controller improves 
the damping ratio of the mode since it reduces its frequency and increases its decay rate. 
From the point of view of the operating point, a higher modulation factor improves the 
damping ratio of the mode together with an active power flowing from the bipolar to the 
monopolar station. Furthermore, the increase of the zero-sequence resistance to 
inductance ratio also improves the decay rate of the mode. 

 

Figure 5.21. Sensitivity of the oscillatory mode. 

Therefore, based on the previous analysis, the real mode represents the response of the 
earth current and its effect on the quantities of the system as a function of the system 
impedance. In contrast, the oscillatory mode is more related to the response of the DC 
voltage controller to that asymmetry in the DC system. Therefore, apart from the 
grounding impedance, the most critical factors for which the modes have shown great 
sensitivity are the initial operating point and the DC voltage controller gains. These 
aspects will be analysed in the following sections with further detail, although they are 
expected to have much more impact on the oscillatory mode than the real one. 

5.3.4. Influence of the operating point 

This section addresses the impact of the operating point on small-signal stability, 
specifically in the modes related to the asymmetrical DC operation. The sensitivity 
analysis showed that the real mode is hardly affected by this factor but not the oscillatory 
mode. Since a large grounding resistance improves the decay rate of both modes, it is set 
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to zero for worst-case conditions. The analysis focuses on the DC current and the DC 
voltage, while the grounding resistance and inductance are kept constant at 0 and 1.63 
p.u., respectively. 

Figure 5.22 shows that the magnitude and direction of the DC current influence more than 
two modes. The real and the oscillatory modes related to the asymmetrical DC operation 
are among them, according to the participation factors shown in Figure 5.23. Nonetheless, 
the real mode is barely influenced by the DC current. In contrast, the oscillatory one 
changes from real to oscillatory as the DC current changes from negative to positive 
values, i.e., as the active power flows from the monopolar to the bipolar station to a 
greater extent. However, this oscillatory mode keeps a fast time constant and damping 
ratio regardless of the DC current; thus, it less impacts the system stability. 

 

Figure 5.22. Root locus of the system for a DC current sweep. 

Figure 5.23 shows that the magnitude and direction of the initial DC current hardly 
modify the participation of the states in the real mode. However, in the case of the 
oscillatory mode, the participation of the DC voltage of the bipolar station increases as 
the magnitude of the initial DC current flowing from the bipolar to the monopolar station 
does. 
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Figure 5.23. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode for a DC current sweep. The white zone stands for a real and stable mode; the red zone represents an 
underdamped mode. 

Concerning the initial DC voltage, Figure 5.24 shows the trajectories of the eigenvalues 
for a DC voltage sweep considering the negative and positive direction of the DC current. 
According to Figure 5.24, the DC voltage does not impact the real mode, only in the 
oscillatory one. Even though the oscillatory mode worsens its damping ratio, it is still 
damped enough for both DC current directions. The participation factors, observability, 
and controllability are not shown since they are similar to those shown previously. 

 

Figure 5.24. Root locus of the system for an initial DC voltage sweep for both directions of the DC current: 
a) positive DC current direction and b) negative DC current direction. 

Therefore, the initial DC voltage or current hardly affects stability during asymmetrical 
DC operation. They are less decisive than in the case presented in section 5.2, where the 
monopolar station controlled the DC voltage. The main mode participating in the 
asymmetrical operation affected by these variables is the oscillatory mode. Its decay rate 
and damping ratio are large enough not to compromise the small-signal stability. 

5.3.5. Influence of the DC voltage controller 

Unlike in section 5.2, where the symmetrical monopolar HVDC station controls the DC 
voltage, the DC voltage controller is expected to influence the asymmetrical DC 
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operation. Specifically, the sensitivity results depicted in Figure 5.21 proved that the 
oscillatory mode related to the asymmetrical DC operation is affected by the tuning of 
the DC voltage controller. Therefore, the impact of the proportional and integral gains is 
explored below.  

The effect of the proportional gain is shown in Figure 5.25, which demonstrates that 
several modes are affected by this gain. 

 

Figure 5.25. Root locus of the system for a sweep of the proportional gain of the DC voltage controller. 

Observe that, for small gain values, there are three oscillatory modes close to the 
imaginary axis. One is unstable, and the other modes have a damping ratio lower than 5 
per cent. As the proportional gain increases, two become aperiodic modes that approach 
the imaginary axis again. In addition, a real mode is affected to a lesser extent by this 
gain, which is also close to the imaginary axis and diminishes its decay rate as the 
proportional gain increases. The real and non-stable oscillatory modes are the two modes 
related to the asymmetrical DC operation, as inferred from the participation factors shown 
in Figure 5.26.  

Therefore, Figure 5.25 proves that a small or zero proportional gain of the DC voltage 
controller worsens system stability from the asymmetrical DC operation perspective, but 
also in a broader sense since other modes are considerably affected that are not related to 
the asymmetrical operation. In turn, higher gain values prevent instability, but a value 
around 9 p.u. achieves the greatest damping of these three oscillatory modes. 

The participation factors of the real and the oscillatory mode related to the asymmetrical 
DC operation are depicted in Figure 5.26. In the case of the real mode, as the proportional 
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gain of the DC voltage controller increases, the participation of the DC voltage controller 
states also rises and diminishes that of the earth current. As for the oscillatory mode, the 
participation of the different states varies considerably depending on the proportional gain 
value. Note that when the mode is overdamped, the mode turns oscillatory again and 
appears as an interaction with these reactive power controllers. 

 

Figure 5.26. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode for a proportional gain of the DC voltage controller sweep. The white zone stands for a real and 
stable mode; the red zone represents an underdamped mode, and the grey indicates an unstable mode.  

Figure 5.27 shows the variables where these two modes are observable as a function of 
the proportional gain of the DC voltage controller. As previously mentioned, the real 
mode is not very sensitive to the variation of the  gain. Therefore, its observability 
does not present any change. By contrast, the observability of the oscillatory mode suffers 
a higher variation as the proportional gain changes. For small proportional gain values, 
where this mode is more significant from the point of view of stability, this mode is 
underdamped and even unstable. It is mainly observable in the AC active currents, earth 
current, DC currents, and DC voltages. Although this underdamped or unstable 
oscillation appears in the AC active currents of the bipolar station, it does not affect the 
rest of the AC system because the oscillation in the AC active current is in counter-phase 
between poles, as shown in Figure 5.14. 

In addition, note that the abrupt change in the observability of the oscillatory mode occurs 
due to an interaction when this mode approaches the modes related to that controller. 

 

Figure 5.27. Observability of the real (a) and the oscillatory (b) mode for a sweep of the proportional gain 
of the DC voltage controller. The white zone stands for a real and stable mode, the red zone represents an 
underdamped mode, and the grey indicates an unstable mode. 
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Therefore, according to the results, the proportional gain of the DC voltage controller is 
a critical parameter that influences the asymmetrical DC operation and other system 
dynamics. Therefore, this gain should be tuned aiming for the proper dynamic behaviour 
of the system in different circumstances, including the asymmetrical DC operation. 

Similarly, the integral gain of the DC voltage controller () also affects several modes 
in the system, as can be observed in Figure 5.28, including those related to the 
asymmetrical DC operation. Notice that for a zero integral gain value, there are two real 
eigenvalues in the origin due to eliminating the two states of the DC voltage controller. 

 

Figure 5.28. Root locus of the system for an integral gain of the DC voltage controller sweep. 

The participation factors shown in Figure 5.29 demonstrate that the real mode and one of 
the oscillatory modes affected by the integral gain of the DC voltage controller are the 
two modes related to the asymmetrical DC operation. According to Figure 5.28, the 
oscillatory mode associated with the asymmetrical operation can be tuned to be 
underdamped, critically damped, or overdamped. Hence, the integral gain should be 
chosen in such a way as to ensure proper dynamic behaviour. As for the real mode, despite 
varying its decay rate with the integral gain, its variation is limited, and it still has a low 
decay rate regardless of the integral gain value.  

Again, Figure 5.29 reflects the interaction between the DC voltage and reactive power 
controllers. Although this interaction does not present any issue from a stability 
perspective in these circumstances, due to the fast time constant of the modes, it should 
be considered for tuning the DC voltage and the reactive power controller. 
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Figure 5.29. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode for a sweep of the integral gain of the DC voltage controller. The white zone stands for a real and 
stable mode. 

Figure 5.30 shows that the integral gain does not influence the observability of the real 
mode. Both are mainly observable in the AC active currents of the bipolar station, the 
earth current, the DC currents, and the DC voltages. 

 

Figure 5.30. Observability of the real (a) and the oscillatory (b) mode for a sweep of the integral gain of the 
DC voltage controller. The white zone stands for a real and stable mode; the red zone represents an 
underdamped mode. 

The analysis of this section demonstrates that the DC voltage controller settings affect 
significatively to the stability of the system, not only from the point of view of the 
asymmetrical DC operation. Several modes are influenced by the DC voltage controller 
gains, including the two modes related to the asymmetrical operation. Nonetheless, the 
effect on the real mode associated with the asymmetrical operation is limited. The 
proportional gain value mainly affects the oscillatory mode, which can be unstable for 
low values. Regarding the integral gain, low values make the two modes related to the 
asymmetrical operation become aperiodic modes close to the origin, causing a very slow 
transient. Therefore, in this case, and unlike the case discussed in the last section, the 
correct tuning of the DC voltage controllers is essential to achieve stability during 
asymmetrical DC operations. 

5.3.6. Impact of the zero–sequence controller 

The previous section introduced a zero-sequence controller to enhance system stability 
during an asymmetrical DC operation. However, this controller is unnecessary in the 
present case since correctly tuning the DC voltage controller is enough to keep the system 



ANALYSIS OF HETEROGENEOUSLY CONFIGURED CONVERTER STATIONS IN HVDC GRIDS UNDER 
ASYMMETRICAL DC OPERATION 

102 

stable. Nonetheless, the controllability and observability of the two modes related to the 
asymmetrical DC operation have demonstrated that this zero-sequence controller can 
control them. Therefore, it is worth assessing whether the existence of this controller in 
the symmetrical monopolar HVDC station improves or degrades the stability and 
dynamic response when the DC grid is regulated by the control strategy studied in this 
section. Therefore, the effect of the zero-sequence controller in the monopolar station and 
its gain values are considered below. 

The effect of the gain  is shown in Figure 5.31 (a). On the one hand, the controller 
introduces a new real mode that moves from  = −3.3333  to the left in the complex 
plane as the gain increases. On the other hand, the two modes affected by the 
asymmetrical DC operation are also affected by this controller gain. The oscillatory mode 
increases its decay rate, whereas the real mode decreases it. Therefore, the effect of this 
gain is a longer stabilisation time after a disturbance in the DC voltages, DC currents, the 
earth current, and the active currents of the bipolar HVDC station. 

 

Figure 5.31. Root locus of the system for a sweep of the gain  (a) and  (b) of the zero-sequence 
voltage controller. 

On the other hand, the proportional gain  of the zero-sequence controller moves the 

modes related to the asymmetrical operation similarly to the grounding resistance, as 
shown in Figure 5.31 (b). This improves the decay rate of the real and the oscillatory 
mode but modifies the steady state during a permanent asymmetrical DC operation. 

5.4. Small–signal stability analysis with distributed DC voltage – active 
power droop control 
Sections 5.2 and 5.3 have demonstrated that the asymmetrical DC operation can lead to 
instability under certain conditions. In addition, the control strategy of the system has 
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proved to have a profound impact on these conditions and the dynamic behaviour during 
asymmetrical DC operation. 

In this section, the system in Figure 4.1 is analysed by implementing a distributed DC 
voltage droop control as a control strategy. This control scheme implies that both stations 
regulate the DC voltage according to their droop coefficients. Therefore, due to the 
relationship between asymmetrical DC operation and how the system DC voltage is 
controlled, this control strategy is expected to affect the system response during 
asymmetrical operation strongly. 

Following a similar procedure as in the previous sections, the influence of the grounding 
impedance on system stability is studied as a first step in identifying the modes related to 
the asymmetrical DC operation. Then, the main system parameters that affect these modes 
are identified through a sensitivity analysis that allows a deeper understanding of their 
impact on the system stability during asymmetrical DC operation. 

The initial operating point of the previous chapters is chosen for the analysis (see Figure 
4.4). This operating point allows comparing the small-signal stability of the system 
implementing the distributed DC voltage droop control with the control strategy used in 
sections 5.2 and 5.3 in similar circumstances. Nonetheless, other points of operation will 
be considered across the section and indicated where appropriate. The parameters of the 
system and controllers are gathered in Appendix B. 

5.4.1. Influence of the grounding system resistance 

First, the small-signal stability of the system is analysed for a range of grounding 
resistance values. The value of the grounding inductance is kept constant at 1.63 p.u. The 
root locus obtained is depicted in Figure 5.32. It shows that two modes are affected by 
the grounding resistance and, thus, are involved in the asymmetrical DC operation of the 
system. Figure 5.32 also reveals that the system remains stable for the entire range of 
grounding resistance values analysed and the study conditions. 

In addition, implementing the DC voltage droop control strategy has caused the 
appearance of an additional poorly damped oscillatory mode in the vicinity of the 
imaginary axis unaffected by the grounding resistance (−5.441 ± 210.020). 
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Figure 5.32. Root locus of the system for a grounding resistance sweep. 

Regarding the two modes affected by the change in the grounding resistance, Figure 5.32 
shows that they are a real mode and an oscillatory mode. The oscillatory mode has a low 
damping ratio for small grounding resistance values, and it is generally insensitive to 
changes in the grounding resistance. 

The real mode has a slow decay rate for small grounding resistance values but gradually 
increases with grounding resistance. Therefore, for a considerable grounding resistance, 
the real mode hardly affects the dynamic response during asymmetrical DC operation. 

To identify the states involved in each mode, Figure 5.33 represents the participation of 
the system states in the real and the oscillatory mode as a function of the grounding 
resistance. 

 

Figure 5.33. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode as a function of the grounding resistance. The white zone stands for a real and stable mode; the red 
zone represents an underdamped mode. 

Figure 5.33 reveals that the states with the highest participation in each mode are similar 
to those shown in the previous case, where the monopolar station controlled the active 
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power flow. However, because of the change of the control strategy, the controller states 
that participate in the modes for this case are those related to the DC voltage droop 
controller of each converter of the bipolar station. Note that the state of the DC voltage 
droop controller of the monopolar station does not participate in any of these two modes. 

Regarding the real mode, although the DC voltage droop controller states of the bipolar 
station participate in it, their participation is small compared to the earth current, which 
presents the highest participation. On the other hand, the main states that participate in 
the oscillatory mode are the DC voltage droop controller of each converter of the bipolar 
station and the DC voltages of the bipolar station. In contrast, the participation of the earth 
current is not as significant. This indicates that the real mode is mainly related to the 
dynamics of the earth current and its interaction with the DC variables, and the oscillatory 
mode primarily represents the dynamics of the DC voltage and the response of the DC 
voltage droop controllers of the bipolar station.  

As in section 5.3, where the monopolar station controls the active power flow, the 
observability graphs of both modes, displayed in Figure 5.34, prove that the dynamics of 
these two modes appear in the DC system, the earth current, and the active current at the 
AC side of the bipolar HVDC station. 

 

Figure 5.34. Observability of the real (a) and the oscillatory (b) mode as a function of the grounding 
resistance. The white zone stands for a real and stable mode; the red zone represents an underdamped mode. 

Since both modes are related to the asymmetrical DC operation, which involves a 
different active power flow transmitted by each pole of the DC link, the dynamics of the 
asymmetrical behaviour appear in the AC active current of each converter in the bipolar 
station. From Figure 5.35, note, however, that there is a 180-degree phase difference in 
the observability of the DC variables of the positive and negative poles. This also applies 
to the AC active currents of the positive and negative pole converter of the bipolar station. 
Therefore, the modes cancel beyond the common point in the bipolar HVDC station and 
do not affect the rest of the AC system. The 180-degree phase difference between the 
observed positive and negative DC variables indicates that these modes tend to cause a 
divergence between the DC variables of both poles, a characteristic of the asymmetrical 
DC operation. 
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Figure 5.35. Observability polar plot for the real (a) and the oscillatory (b) mode for a grounding resistance 
of 0.1 p.u. 

The controllability of both modes is shown in Figure 5.36 as a function of the grounding 
resistance. Both modes exhibit high controllability for small grounding resistance values 
through the zero-sequence voltage references of the monopolar station and the DC voltage 
references of the bipolar station. 

Therefore, as both modes are observable at the DC voltages of the bipolar station, they 
can be controlled by the DC voltage droop controllers of the converters of the bipolar 
station. However, the controllability via DC voltage references decreases considerably 
for the real mode in case of higher grounding resistances, although it has a fast decay rate 
under these conditions. 

The controllability through the zero-sequence controller discussed in the previous cases 
is also possible for both modes. However, the oscillatory mode presents lower 
controllability through this method for larger grounding resistances. 

 

Figure 5.36. Controllability of the real (a) and the oscillatory (b) mode as a function of the grounding 
resistance. The white zone stands for a real and stable mode; the red zone represents an underdamped mode. 

Therefore, the results evidence that very low values of grounding resistance do not cause 
instability, but more significant values improve the dynamics during asymmetrical 
operation by increasing the decay rate of the real mode and the damping ratio of the 
oscillatory one. 

Although the analysis focuses on modes related to asymmetrical DC operation, it is 
important to note that the mode with the worst damping in Figure 5.32 (−5.441 ±210.020) is not involved in this type of operation. Even so, the cause of this poorly 
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damped mode is worth looking into, and its participation factors are depicted in Figure 
5.37.  

Observe that the main variables that participate in the mode are the DC currents, the DC 
voltages, the AC active current of the monopolar station, and the states of the DC voltage 
droop controllers of both the bipolar and the monopolar station. These participation 
factors suggest that the mode represents the interaction between the DC voltage droop 
control of the monopolar and the bipolar station via the system DC variables. 

Therefore, it is likely that the −5.441 ± 210.020 mode can be further damped by proper 
adjustment of the DC voltage droop regulators. 

 

Figure 5.37. Participation factors of the -5.441±j210.020 mode. 

5.4.2. Influence of the grounding system inductance 

In this section, the study of the asymmetrical operation when the system implements a 
distributed DC voltage droop control strategy continues by analysing the effect of the 
grounding inductance on the small-signal stability. 

Figure 5.38 shows the trajectory of the modes for a range of grounding inductance values 
while the grounding resistance is kept constant at 0.1 p.u. 



ANALYSIS OF HETEROGENEOUSLY CONFIGURED CONVERTER STATIONS IN HVDC GRIDS UNDER 
ASYMMETRICAL DC OPERATION 

108 

 

Figure 5.38. Root locus of the system for a grounding inductance sweep. 

Figure 5.38 shows that the grounding inductance value affects a real mode and an 
oscillatory mode. These modes are the same as for the case of the grounding resistance 
sweep, as shown by the participation factors in Figure 5.39. 

Compared with the root locus in Figure 5.32, these two modes worsen their damping ratio 
and reduce their decay rate as grounding inductance increases. For small values of 
grounding inductance, the system response during asymmetrical DC operation is 
governed mainly by the oscillatory mode due to the rapid decay rate of the real mode. 
Nonetheless, for high values of grounding inductance, the real mode progressively 
approaches the imaginary axis becoming a slow mode that dominates the response during 
asymmetrical DC operation. The change in the grounding inductance does not affect the 
worst damped mode. Therefore, large grounding resistances and low grounding 
inductances improve system stability. 

The participation factors in Figure 5.39 show that the earth current is the main 
participating state in the real mode, whereas the DC voltage of the bipolar station and the 
DC voltage droop controller state of each converter in the bipolar station are the main 
states that participate in the oscillatory mode. 
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Figure 5.39. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode as a function of the grounding inductance. The white zone stands for a real and stable mode; the red 
zone represents an underdamped mode. 

Figure 5.40 shows that both modes are also observable in the same variables as in the 
grounding resistance case. The real mode is mainly observed in the active AC currents of 
the bipolar station, the DC currents, and the earth current, whereas the oscillatory mode 
appears predominantly in the active AC current of the bipolar HVDC station and the DC 
voltages. 

 

Figure 5.40. Observability of the real (a) and the oscillatory (b) mode as a function of the grounding 
inductance. The white zone stands for a real and stable mode; the red zone represents an underdamped 
mode. 

As for controllability (Figure 5.41), the zero-sequence voltage and DC voltage references 
are the main inputs controlling both modes. The controllability of the real mode through 
the zero-sequence voltage of the monopolar station or the DC voltage references of the 
bipolar station is affected by the value of the grounding inductance. Still, the mode is 
controllable by these inputs for the entire inductance range. Regarding the oscillatory 
mode, its controllability by the DC voltage references of the bipolar station is hardly 
affected by the grounding inductance. By contrast, the controllability of the oscillatory 
mode through the zero-sequence voltage reduces considerably as the grounding 
inductance rises. 

Since both modes are observable in the DC voltages of the bipolar station and are 
controllable through the DC voltage references of the bipolar station, they can be 
controlled by adjusting these DC voltage droop regulators. However, the effect of the DC 
voltage droop controller can be more limited in the real mode since the observability of 
this mode in the DC voltages is smaller. 
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Figure 5.41. Controllability of the real (a) and the oscillatory (b) mode as a function of the grounding 
inductance. The white zone stands for a real and stable mode; the red zone represents an underdamped 
mode. 

Although both the real and the oscillatory modes keep stable for the different values of 
grounding resistance and inductance assessed, a more detailed analysis is necessary to 
explore how these modes evolve depending on other system parameters or operating 
points. 

5.4.3. Sensitivity analysis 

Having identified the two modes related to the asymmetrical DC operation, it is worth 
analysing what other factors may influence them and, thus, the small-signal stability of 
the system during asymmetrical DC operation. Therefore, a sensitivity analysis is 
performed according to Equation (5.1). 

Figure 5.42 and Figure 5.43 show the elements of the state matrix for which the real mode 
and the oscillatory mode present greater sensitivity. The results indicate that almost the 
same elements of the state matrix affect both modes, although the weight of each 
component is different for each of them. Therefore, these elements can be grouped into 
four categories: a) the dynamics of the earth current through the zero-sequence 
impedance, b) the initial operating point on the AC side of the bipolar station, c) the 
dynamics of the DC voltage droop controllers of the bipolar station and, d) the dynamics 
of the DC voltage of the bipolar station. 

According to Figure 5.42 and Figure 5.43, as the ratio of resistance to the inductance of 
this impedance increases, the decay rate in both modes also increases, and the frequency 
of the oscillatory mode decreases. Note that the zero-sequence impedance on the AC side 
of the symmetrical monopolar station comprises the grounding impedance and the arm 
impedance of the monopolar station.  

However, the sensitivity of the real mode to the zero-sequence impedance is higher than 
the sensitivity of the oscillatory mode. These conclusions are aligned with the results 
obtained in the previous sections. 

Regarding the operating point on the AC side of the bipolar station, the magnitude of the 
controlled AC voltage of each converter of the bipolar station is the main variable that 
affects the modes. To a lesser extent, the reactive current also has a certain impact on 
them. 

Increasing the AC voltage magnitude increases the decay rate and reduces the frequency 
of the oscillatory mode. Regarding the real mode, the influence of the AC voltage 
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magnitude depends on the proportional gain of the DC voltage droop controllers of the 

bipolar station  : for small gains, the increase of the controlled AC voltage 

increases the decay rate of the mode. In contrast, for higher gains, the effect is the 
opposite. As for the reactive current, the absorption of reactive current also improves the 
dynamic behaviour of both modes. 

 

Figure 5.42. Sensitivity of the real mode 

 

Figure 5.43. Sensitivity of the oscillatory mode. 

The proportional   and integral   gains of the PI regulator composing 

the DC voltage droop controller of each converter of the bipolar station together with the 

droop coefficient   have also a considerable impact on both modes.  

The increases of the proportional gain   tends to make the real mode slower, 

increasing the decay rate and reducing the frequency of the oscillatory one. On the other 

hand, regarding the integral gain  , its increment reduces the decay rate of both 

modes and augments the frequency of the oscillatory one. As for the droop coefficient 
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 , higher values increase the decay rate of the real mode but reduce the decay rate 

and the frequency of the oscillatory one.  

Note that neither the gains of the PI regulator nor the droop coefficient of the DC voltage 
droop controller of the monopolar station impact the real and oscillatory modes involved 
in the asymmetrical DC operation. 

The dynamics of the DC voltage of the bipolar HVDC station are related to the DC current 

balance, and it is represented by the terms of the state matrix containing the factor 
 . 

Specifically, the terms related to the DC voltage dynamics for which both modes are more 
sensitive are the equivalent capacitance at the DC side of the bipolar HVDC station and 
the modulation factor, which approximates the relationship between the AC active current 
and the DC current of each converter of the bipolar station.  

Increasing the modulation factor or reducing the equivalent capacitance  tends to 
reduce the decay rate of the real mode but increases the one of the oscillatory modes. 

Additionally, the oscillatory mode is also affected by another term related to the dynamic 

of the DC voltage ,±
,±   that can be considered as an equivalent resistance to 

capacitance ratio that approaches part of the response of the bipolar converter as an 
equivalent impedance. In this sense, the higher the DC current injected by the bipolar 
station to the DC link, the faster the decay rate and the higher the frequency of the 
oscillatory mode. 

Therefore, based on the above analysis, although similar factors affect both modes, the 
real mode is much more dependent on the dynamics of the earth current, which depend 
primarily on the grounding impedance and secondarily on the DC voltage droop 
regulation of the bipolar station.  

On the other hand, the DC voltage droop regulation of the bipolar station and the 
dynamics of the DC voltage are the main aspects affecting the oscillatory mode. 

Hence, besides the grounding impedance already analysed, the principal factors for which 
the modes have shown great sensitivity are the initial operating point and the settings of 
the DC voltage droop controller of the bipolar station. 

5.4.4. Influence of the operating point 

This section addresses the impact of the operating point on the modes related to the 
asymmetrical DC operation. Since a large grounding resistance enhances the decay rate 
of both modes, it is set to zero to analyse the operating point so that the worst conditions 
from the stability point of view are considered. Thus, the grounding resistance and 
inductance are held constant at 0 and 1.63 p.u., respectively, during this section. 
Following the conclusions of the sensitivity analysis, the study of the operating point 
focuses on the impact that the initial magnitude of the DC current, DC voltage and AC 
voltage at the bipolar station have on the modes related to the asymmetrical DC operation. 
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As for the initial DC current, Figure 5.44 shows that its magnitude and direction influence 
more than two modes. It is important to note that the DC current is considered to have a 
positive direction when the active power flows from the monopolar station to the bipolar 
one. As expected from the sensitivity analysis, the initial DC current does not affect the 
real mode but the oscillatory mode related to the asymmetrical operation. In particular, 
the initial DC current modifies the decay rate of the oscillatory mode while hardly 
impacting its frequency. The worst damped mode not involved in the asymmetrical DC 
operation also worsens its damping ratio as the initial DC current increases. 

Therefore, a high amount of active power flowing from the monopolar station to the 
bipolar station worsens system stability. However, it does not cause instability with the 
current parameterisation of the DC voltage droop controllers. 

 

Figure 5.44. Root locus of the system as a function of the initial DC current. 

Figure 5.45 shows that the magnitude and direction of the initial DC current hardly 
modify the participation of the states in the real and oscillatory modes involved in the 
asymmetrical DC operation. 
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Figure 5.45. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode as a function of the initial DC current. The white zone stands for a real and stable mode; the red zone 
represents an underdamped mode. 

Concerning the initial DC voltage, Figure 5.46 shows the trajectories of the eigenvalues 
as a function of the initial DC voltage. According to Figure 5.46, high DC voltages 
improve the decay rate of the real mode and reduce the frequency of the oscillatory one. 
However, the effect on the real part of the oscillatory mode depends on the DC current 
direction. 

 

Figure 5.46. Root locus of the system as a function of the initial DC voltage for both directions of the DC 
current: a) positive DC current direction and b) negative DC current direction. 

Therefore, the operating point of the DC system does not significatively affect the real 
mode. Moreover, although the initial DC voltage affects its decay rate, the impact is much 
smaller than that of the grounding impedance. By contrast, the operating point of the DC 
system has a higher effect on the oscillatory mode than the grounding impedance, 
especially the magnitude and direction of the DC current. 

To finish with the operating point study, the initial magnitude of the AC voltage at the 
bipolar station is analysed next. Figure 5.47 shows the movement of the eigenvalues for 
a range of initial AC voltage magnitudes at the bipolar station. Both the real and 
oscillatory modes increase their decay rate as the AC voltage magnitude rises, but the 



SMALL-SIGNAL STABILITY ANALYSIS 

115 

frequency of the oscillatory mode hardly changes. However, as in the case of the initial 
DC current and DC voltage, the effect on the real mode is small compared to the influence 
of the grounding impedance. The impact on the oscillatory mode is modest but more 
significant than the real one. However, it is not a crucial factor either. 

 

Figure 5.47. Root locus of the system as a function of the initial magnitude of the AC voltage. 

After analysing the influence of the operating point on the modes involved in the 
asymmetrical DC operation, it can be concluded that this point hardly impacts the real 
mode, being its impact higher on the oscillatory mode, especially the DC current. 

5.4.5. Influence of the DC voltage droop controller 

According to the sensitivity analysis presented in Figure 5.42 and Figure 5.43 for the real 
and the oscillatory modes, the adjustment of the DC voltage droop controllers of the 

bipolar station influence both modes. In particular, the proportional   and 

integral   gains of the PI regulator and the droop coefficient  .  

The influence of these gains is assessed using the operating point shown in Figure 4.4, 
while the grounding resistance and inductance are held constant at 0 and 1.63 p.u., 

respectively. First, the effect of the proportional gain   on the small-signal stability 

of the system during asymmetrical DC operation is examined. Figure 5.48 shows the 
trajectories of the eigenvalues as a function of this gain. 
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Figure 5.48. Root locus of the system as a function of  . 

Several modes are influenced by the gain  , including the two modes involved in 

the asymmetrical DC operation, as the participation factors in Figure 5.49 prove. In 
addition, the worst damped mode unrelated to the asymmetrical DC operation also 

improves its damping ratio as the proportional gain   rises. 

The effect that the gain   has on the two modes related to the asymmetrical DC 

operation is different. The real mode is not as sensitive as the oscillatory mode to the 
change in the gain and reduces its decay rate as the gain augments. In contrast, the 
oscillatory mode increases its damping ratio until it becomes an aperiodic mode as the 
gain increases. In addition, note that once the oscillatory mode becomes a real mode, it 
turns into an oscillatory mode again due to an interaction with another mode, although it 
is well-damped. 

Therefore, Figure 5.48 proves that a small or zero proportional gain   of the DC 

voltage droop controller of the bipolar station worsens system stability, not only during 
asymmetrical DC operation but also during regular operation.  

Figure 5.49 shows the participation factors of the two modes related to the asymmetrical 

DC operation as a function of the gain  . The earth current is the main variable 

that participates in the real mode, although its participation diminishes in favour of the 
participation of the states of the DC voltage droop controllers of the bipolar station as the 
gain augments. On the other hand, the participation factors of the oscillatory mode 
involved in the asymmetrical DC operation exhibit abrupt changes as the gain increases. 
Clearly, they show the interaction with the reactive power controller. 
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Figure 5.49. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode as a function of the proportional gain of the DC voltage droop controller. The white zone stands for 
a real and stable mode, and the red zone represents an underdamped mode. 

Figure 5.50 shows the variables where these two modes are observable as a function of 
the proportional gain of the DC voltage controller. Both modes are observable in the DC 
voltages, the DC current, the earth current, the AC active current at the bipolar station, 
and the states of the DC voltage droop controllers of the bipolar station for every value 
of gain. However, the observability graph of the oscillatory mode shows that during the 
interaction with the mode related to the reactive power controller of the bipolar station, 
the observability in the AC reactive current at the bipolar station also rises. 

 

Figure 5.50. Observability of the real (a) and the oscillatory (b) mode as a function of  . The white 
zone stands for a real and stable mode, and the red zone represents an underdamped mode. 

According to the results, the proportional gain of the DC voltage droop controller of the 

bipolar station   is a critical parameter that influences not only the asymmetrical 

DC operation but also other system dynamics. Therefore, this gain should be tuned aiming 
for the proper dynamic behaviour of the system in different circumstances, including the 
asymmetrical DC operation. 

Similarly, Figure 5.51 shows that the integral gain of the DC voltage droop controller of 

the bipolar station   also affects several modes in the system. One of the 

oscillatory modes affected by this gain is unstable for small values of this gain. 
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Figure 5.51. Root locus of the system as a function of  . 

The participation factors shown in Figure 5.52 demonstrate that the real mode and the 
unstable oscillatory mode affected by the integral gain of the DC voltage droop controller 
are the two modes related to the asymmetrical DC operation. Furthermore, the oscillatory 
mode with a damping ratio lower than 5% enhances its damping ratio as the integral gain 
augments. 

 

Figure 5.52. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode as a function of  . The white zone stands for a real and stable mode, the red zone for an 
underdamped mode, and the grey zone for an unstable mode. 

Therefore, the integral gain should be adjusted considering its impact on the modes 
related to the asymmetrical DC operation to avoid instability or a very slow transient. 
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To finish with the analysis of the influence of the DC voltage droop controller on the 
modes involved in the asymmetrical DC operation, the effect of the droop coefficient is 
analysed below. 

Previously, the droop coefficient of both stations has been kept constant at 0.1 p.u., 
according to the value in Appendix B. Below, the impact of the droop coefficients on the 
system stability is analysed. Figure 5.53 (a) shows the movement of the eigenvalues when 
the droop coefficient of the monopolar station changes and those of the bipolar station 
are kept constant at 0.1 p.u. On the other hand, Figure 5.53 (b) shows the eigenvalues 
movement for changes in the droop coefficient of the bipolar station while maintaining at 
0.1 p.u. the one of the monopolar station.  

 

Figure 5.53. Root locus of the system as a function of the droop coefficient of a) the symmetrical monopolar 
HVDC station and b) the bipolar HVDC station. 

Figure 5.53 (a) shows that the droop coefficient of the monopolar station   affects 

several modes in the system. Particularly, the worst damped mode unrelated to the 
asymmetrical DC operation becomes a non-stable oscillatory mode for small droop 
coefficients of the monopolar station. However, as expected from the results of the 
sensitivity analysis in Figure 5.42 and Figure 5.43, the two modes related to the 
asymmetrical DC operation are not affected by this droop coefficient. Nonetheless, it can 
be concluded that higher values for the droop coefficient of the monopolar station 
improve the system stability. 

On the other hand, Figure 5.53 (b) shows that the droop coefficient of the bipolar station   also affects several modes in the system, including the two modes involved in 

the asymmetrical DC operation, as evidenced by the participation factors depicted in 
Figure 5.54. Note that the oscillatory mode related to the asymmetrical DC operation 
becomes a non-stable oscillatory mode for high values of the droop coefficient, whereas 
the real mode notably increases its decay rate. Therefore, the droop coefficient of the 
bipolar station causes an opposite effect on both modes. Furthermore, observe that for 
small droop coefficients, the real mode approaches the imaginary axis and turns into a 
very slow mode. In contrast, the oscillatory mode decreases its damping ratio but remains 
stable. The increment of the droop coefficient of the bipolar station also diminishes the 
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damping ratio of the other oscillatory mode that is not involved in the asymmetrical DC 
operation. 

High droop coefficients in the bipolar station imply that this station loses its ability to 
control the DC voltage effectively, which explains why the oscillatory mode related to 
the asymmetrical DC operation turns unstable. 

 

Figure 5.54. System variables with the highest participation factor in the real (a) and the oscillatory (b) 
mode as a function of  . The white zone stands for a real and stable mode, the red zone for an 
underdamped mode, and the grey zone for an unstable mode. 

The analysis of this section demonstrates that the DC voltage droop controller settings 
affect significatively to the stability of the system, not only from the point of view of the 
asymmetrical DC operation. However, the two modes involved in the asymmetrical DC 
operation are only influenced by the DC voltage droop controller settings of the bipolar 
station. 

The proportional   and integral   gains affect more significatively the 

oscillatory mode and, to a lesser extent, the real mode. Small values for these gains 
generally decrease the damping ratio of the oscillatory mode, making it more unstable. 
However, large values of the proportional gain may cause the real mode to approach the 
imaginary axis, resulting in a slow transient during asymmetrical DC operation. 

Similarly, the droop coefficient value   should be chosen carefully, paying 

attention that high values make the system unstable and low values lead to poorly damped 
oscillatory modes and a real mode close to the origin, implying very slow transients. 
Therefore, unlike the case where the monopolar station controls the DC voltage, the 
correct tune of the DC voltage droop controllers is important to achieve stability during 
asymmetrical DC operations. 

5.4.6. Impact of the zero–sequence controller 

The zero-sequence controller introduced to enhance system stability during asymmetrical 
DC operations is unnecessary when the system implements a distributed DC voltage 
droop control strategy since the system stability depends on the correct tuning of the DC 
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voltage droop controller. Nevertheless, from the controllability and observability studies, 
this zero-sequence controller can control both modes related to the asymmetrical DC 
operation. Therefore, the impact of this controller in the symmetrical monopolar HVDC 
station on the stability and the dynamic response when the distributed DC voltage droop 
control regulates the DC grid is assessed below. 

The effect of the gain  in the modes of the system is shown in Figure 5.55 (a). On the 
one hand, the controller introduces a new real mode that moves from  = −3.3333  
to the right in the complex plane as the gain increases, implying a very slow transient in 
the system during asymmetrical operation. On the other hand, the real and the oscillatory 
modes increase their decay rate, although the latter is not significant.  

 

Figure 5.55. Root locus of the system for a sweep of the gain  (a) and  (b) of the zero-sequence 
voltage controller. 

As for the proportional gain , it behaves as a virtual grounding resistance moving the 

mode, as shown in Figure 5.55 (b). This improves the decay rate of the real and the 
oscillatory mode but modifies the steady state during a permanent asymmetrical DC 
operation. 

5.5. Conclusions 
This chapter has analysed the small-signal stability of a heterogeneous DC system under 
asymmetrical DC operation using the model developed in Chapter 4. 

The analysis has demonstrated that the small-signal stability during the asymmetrical DC 
operation is very dependent on the control strategy of the system and the specific control 
implemented in each topology. 

When the system implements a centralised voltage control in the symmetrical monopolar 
HVDC station, the main factors that influence the stability during asymmetrical DC 
operation are a) the grounding impedance and b) the point of operation, particularly the 
direction of the DC current in the system. It is also important to highlight that under this 
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control strategy, the controllers of the HVDC stations do not have any impact on the 
stability related to the asymmetrical operation. 

In addition, in the case of the bipolar station is responsible for the DC voltage regulation, 
the small-signal analysis has identified that two main factors influence the system stability 
during the asymmetrical DC operation: a) the grounding impedance and b) the tuning of 
the DC voltage controller. Besides, under this scenario, the voltage controller of the 
bipolar station affects the stability of other modes different from those related to the 
asymmetrical DC operation. 

Finally, when a distributed DC voltage control is implemented, the main aspects that 
impact the stability during asymmetrical operation are a) the grounding impedance and 
b) the settings of the DC voltage droop controller of the bipolar station. Although the 
droop controller of the monopolar station does not influence the stability during 
asymmetrical DC operation, it affects the stability due to interactions with the controller 
of the bipolar HVDC station. 

Therefore, since the grounding impedance is a common factor that directly affects the 
small-signal stability of the system during asymmetrical operation, it should be designed 
incorporating the stability constraints as an additional design criterion.  

In addition, due to the influence that the parameterisation of the controllers has over the 
stability under asymmetrical operation, their configuration and design must consider this 
type of functioning and avoid a design based solely on symmetrical operation scenarios. 

Furthermore, the small-signal model may also be used to develop controllers that improve 
the dynamic response of the system during asymmetrical DC operation, tune them, or 
select their best location in the case of large DC systems. 

Future works should explore the implications of the asymmetrical DC operation in larger 
DC grids. 
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CHAPTER 6. CONCLUSIONS 

This final chapter summarises the main conclusions and contributions of the thesis and 

points out possible continuation lines for future work. 
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6.1. Summary 
The primary objective of this thesis has been to analyse the asymmetrical operation of 
DC systems formed by different HVDC station topologies with varying grounding 
systems and working with different control strategies. The study has been carried out 
from various approaches that encompass the load-flow calculation, the dynamic EMT 
simulation, the small-signal modelling, and the small-signal stability analysis. The 
assessment from these different perspectives has identified the main aspects involved in 
the asymmetrical DC operation and the operational issues that the asymmetrical DC 
operation poses for the correct working of the whole system. The main contributions of 
the thesis are presented in section 6.2; the main conclusions drawn from each chapter are 
gathered in section 6.3; and, finally, recommendations for future work are provided in 
section 6.4. 

6.2. Contributions 

• Load-flow-based assessment of a DC system composed of different topologies of 
HVDC stations, grounding systems and DC-DC converters that identifies the 
main parameters that participate in the asymmetrical DC operation steady state 
and their impact on the complete system while different control strategies are 
considered. 

• Dynamic evaluation of a system composed of different HVDC stations topologies 
and grounding systems, which identifies the main parameters involved in the 
transient response during asymmetrical DC operation and their impact on the 
system considering different control strategies. 

• Assessment of the impact that the connection of a symmetrical monopolar station 
to a bipolar system has over the existing protections considering different 
grounding impedances. 

• Development of small-signal models suitable for analysing the asymmetrical DC 
operation and their validation against EMT dynamic simulations considering 
different controllers and grounding impedances. 

• Small-signal stability assessment of a system composed of different HVDC 
station topologies and grounding schemes, which identifies the main system 
variables and control parameters involved during asymmetrical operation 
considering different control strategies. 

• Development of a controller that enhances the system stability when existing 
controllers are insufficient. 

6.3. Main conclusions  
The main conclusions of each chapter of the thesis are gathered below. 
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6.3.1. Conclusions on the load flow analysis 

Chapter 2 has dealt with the asymmetrical operation of a meshed DC grid composed of 
different MMC-VSC-based station topologies and DC-DC converters from a load-flow 
approach for the first time in the literature. 

It has been found that the main aspects that influence the steady state after an 
asymmetrical contingency are: a) the grounding resistance of each symmetrical 
monopolar HVDC station; b) the control role of each bipolar HVDC station, which can 
be approximated as an equivalent resistance for the steady-state analysis, and its point of 
operation; and c) the ability of DC-DC converters to provide galvanic isolation or not. 

Results in this chapter demonstrate that different combinations of the previously listed 
aspects cause other DC voltage and current asymmetries along the DC system, which are 
related to component overloading and excessive voltage deviations.  

Therefore, this chapter highlights the importance of performing this type of N-1 analysis 
to identify potential issues after the occurrence of certain asymmetrical contingencies in 
the DC network. Furthermore, this methodology can be used to plan and design remedial 
action schemes and point out grid elements needed for reinforcement. 

In addition, this steady-state approach can be used as an additional criterion for the design 
of the grounding scheme, the control strategy of the DC network, or to decide which type 
of DC-DC converter topology can be suitable in a specific location. 

6.3.2. Conclusion on the EMT dynamic analysis 

In Chapter 3, the asymmetrical DC operation of a DC system composed of MMC-VSC-
based bipolar and symmetrical monopolar stations is analysed through dynamic 
simulations for the first time. 

The analysis identifies that the transient response during asymmetrical DC operation is 
strongly determined by the grounding impedance, the role of the converter suffering the 
contingency and the control strategy of the complete system. 

The diverse combinations of grounding resistance and control strategies can cause 
overvoltages, overcurrents, converter saturation, oscillations at the DC and AC side of 
the converter, and instability. In general, solid or high grounding symmetrical monopolar 
stations conduct the system to any of the situations described above, so a specific value 
of grounding resistance is recommended from the point of view of the asymmetrical DC 
operation. 

In addition, it is also found that the grounding impedance of a symmetrical monopolar 
station connected to an existing bipolar system does not affect the performance of the 
existing protections if they present fast actuation. 

6.3.3. Conclusions on the small-signal modelling 

A new small-signal stability model valid for the analysis of DC systems working during 
asymmetrical DC operation is presented in Chapter 4. The small-signal model is validated 
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against EMT dynamic simulations using different control strategies, grounding 
impedance values and control parameters. 

This model can diagnose stability issues related to the asymmetrical operation that cannot 
be detected with other small-signal models. Furthermore, it can be used to study the 
stability of large DC systems avoiding the high computational burden of EMT 
simulations. 

6.3.4. Conclusions on the small-signal analysis 

Chapter 5 addresses the small-signal stability analysis of a DC system composed of a 
bipolar and a symmetrical monopolar station. 

The main findings are that the system stability during asymmetrical DC operation is 
highly determined by the control strategy of the system and the grounding impedance of 
the symmetrical monopolar station. Furthermore, depending on the control strategy, other 
important factors from the stability point of view are identified: 

• The DC current direction plays a crucial role in the stability when the symmetrical 
monopolar station controls the DC voltage. However, the parameters of the 
controllers of both stations do not affect the asymmetrical response. 

• The proportional and integral gains of the DC voltage controller have a high 
weight on the system stability when the bipolar HVDC station controls the DC 
voltage. 

• When a distributed control is implemented, only the droop coefficient and the 
proportional and integral gains of the droop controller of the bipolar HVDC 
station affect the system stability. 

Furthermore, a new controller is proposed based on the small-signal analysis results to 
improve the system stability when the symmetrical monopolar station controls the DC 
voltage. 

The results obtained from the small-signal analysis of such a heterogeneous system have 
provided additional criteria for designing the grounding impedance and configuring and 
designing the controllers. 

6.4. Future works 
To widen the scope of the work presented in this thesis, some topics for future 
investigation are proposed below. 

Load flow analysis 

Development of standard methodologies considering the asymmetrical DC operation for 
system planning, grounding impedance design, remedial action schemes design or 
selection and optimisation of the location of DC-DC converters considering its galvanic 
isolation capability. In addition, the analysis could be extended to systems with VSC and 
LCC-based technology. 
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Dynamic analysis 

Analysis of the asymmetrical DC operation in larger systems, incorporating other 
elements such as different topologies of DC-DC converters. Furthermore, the effect of 
varying topologies in the protection system could also be assessed. 

Small-signal modelling for the analysis of the asymmetrical DC operation 

Develop suitable small-signal models for other components, such as DC-DC converters 
or LCC topologies.  

Small-signal stability analysis of the asymmetrical DC operation 

Study the small-signal stability of larger and more complex DC systems under 
asymmetrical DC operation, considering other components and new controllers. Assess 
the impact of other grid components, the location of the grounding point or new control 
strategies on the small-signal stability.
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A.1. System parameters 
System parameters and base values are presented in the following tables. 

Table A.1. Rated values of the system 

System Nominal Voltage Rated frequency Rated Power 

AC Onshore 380 kV RMS LL 50 Hz 

1000 MVA 
AC Offshore 145 kV RMS LL 50 Hz 

DC Symmetrical Monopole +/- 200 kV - 

DC Bipole +/- 400 kV - 

 

Table A.2. General HVDC station data 

HVDC station Cm-E1 Cm-B3 
Cm-A1 

Cm-B2 

Cm-C1 

Cm-F1 

Cb-A1 

Cb-B1 

Cb-B2 

Cb-C2 Cb-D1 

Configuration Symmetrical Monopolar Bipolar 

Rated power per 

 converter (MVA) 
200 1200 800 800 1200 800 800 

Converter 

Transformer 

Reactance (mH) 139 23 35 35 23 69 35 

Resistance (Ω) 1.45 0.242 0.363 0.363 0.242 0.726 0.363 

Primary 

winding 

voltage (kV) 

145 380 380 145 380 145 145 

Secondary 

winding 

voltage (kV) 

220 220 220 220 220 220 220 
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Table A.3. DC-DC converter data 

DC-DC converter Rated transformation ratio Rated power 

Cd-B1 ±400 kV/±400 kV 2000 MW 

Cd-E1 ±400 kV/±200 kV 1000 MW 

 

Table A.4. Line parameters for power flow simulations 

Line type R [Ω/km] L [mH/km] C [μF/km] G [μS/km] Max. current [A] 

DC OHL +/- 400kV 0.0114 0.9356 0.0123 - 3500 

DC OHL +/- 200kV 0.0133 0.8273 0.0139 - 3000 

DC cable +/- 400kV 0.011 2.615 0.1908 0.048 2265 

DC cable +/- 200kV 0.011 2.615 0.2185 0.055 1962 

AC cable 145kV 0.0843 0.2526 0.1837 0.041 715 

AC OHL 380kV 0.0200 0.8532 0.0135 - 3555 
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A.2. Operational data 
The default operation data of each element in the system is gathered in this section. 

Table A.5. Operational data of AC generators 

AC Generator Rated LL RMS Voltage Type Control Set points 

G-A0 380 kV Voltage source 
AC voltage magnitude 1.00 p.u. 

AC voltage angle 0.00 º 

G-A1 380 kV Power source 
Active power 2000 MW 

Reactive power 0 Mvar 

G-B0 380 kV Voltage source 
AC voltage magnitude 1.00 p.u. 

AC voltage angle 0.00 º 

G-B1 380 kV Power source 
Active power 1000 MW 

Reactive power 0 Mvar 

G-B2 380 kV Power source 
Active power 1000 MW 

Reactive power 0 Mvar 

G-B3 380 kV Power source 
Active power 1000 MW 

Reactive power 0 Mvar 

G-C1 145 kV Power source 
Active power 500 MW 

Reactive power 0 Mvar 

G-C2 145 kV Power source 
Active power 500 MW 

Reactive power 0 Mvar 

G-D1 145 kV Power source 
Active power 1000 MW 

Reactive power 0 Mvar 

G-F1 145 kV Power source 
Active power 500 MW 

Reactive power 0 Mvar 
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Table A.6. Operational data of AC loads 

AC Load L-A1 L-B1 L-B2 L-B3 L-E1 

Active power -1000 MW -2200 MW -2300 MW -1900 MW -100 MW 

Reactive power 0 Mvar 0 Mvar 0 Mvar 0 Mvar 0 Mvar 

 

Table A.7. Operational data of DC-DC converters 

DC-DC converter Active power setpoint 

Cd-B1 600 MW (from Bb-B1x to Cb-B1) 

Cd-E1 300 MW (from Bb-E1 to Bm-E1) 

 

Table A.8. Operational data of HVDC stations in DC system DCS1 

HVDC station Control Set points 

Cm-A1 
DC voltage control 1.00 p.u. 

Reactive power control 0.00 Mvar 

Cm-C1 
Active power control -400 MW 

Reactive power control 0.00 Mvar 
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Table A.9. Operational data of HVDC stations in DC system DCS2 

HVDC station Control Set points 

Cm-B2 
DC voltage droop control 

kdroop = 0.2 p.u. (based on its rated power) 

Pref = -105.86 MW 

vdc_ref = 1.00 p.u. 

Reactive power control 0.00 Mvar 

Cm-B3 
DC voltage droop control 

kdroop = 0.2 p.u. (based on its rated power) 

Pref = 800.00 MW 

vdc_ref = 1.00 p.u. 

AC voltage magnitude control 1.00 p.u. 

Cm-E1 
AC voltage magnitude control 1.00 p.u. 

AC voltage phase control 0.00 º 

Cm-F1 
AC voltage magnitude control 1.00 p.u. 

AC voltage phase control 0.00 º 
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Table A.10. Operational data of HVDC stations in DC system DCS3 

HVDC station Control Set points 

Cb-A1 
DC voltage droop control 

kdroop = 0.2 p.u. (based on its rated power) 

Pref = -1942.06 MW 

vdc_ref = 1.00 p.u. 

AC voltage magnitude control 1.00 p.u. 

Cb-B1 
DC voltage droop control 

kdroop = 0.2 p.u. (based on its rated power) 

Pref = 1500.00 MW 

vdc_ref = 1.00 p.u. 

AC voltage magnitude control 1.00 p.u. 

Cb-B2 
DC voltage droop control 

kdroop = 0.2 p.u. (based on its rated power) 

Pref = 1700.00 MW 

vdc_ref = 1.00 p.u. 

AC voltage magnitude control 1.00 p.u. 

Cb-C2 
AC voltage magnitude control 1.00 p.u. 

AC voltage phase control 0.00 º 

Cb-D1 
AC voltage magnitude control 1.00 p.u. 

AC voltage phase control 0.00 º 



 

ix 

APPENDIX B. SMALL-SIGNAL MODELLING 
DETAILS4 

 

 

4 This appendix reproduces part of the content published in J. Serrano-Sillero and M. Á. Moreno, “Small-signal stability 

analysis of the asymmetrical DC operation in HVDC networks,” Electr. Power Syst. Res., vol. 214, p. 108942, Jan. 2023. 
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B.1. Parameters 
Table B.1. System parameters 

Description Symbol Value 

Base values 

Voltage 

Vb 

Power 

Sb 

Frequency 

ωb 

Grid frequency  1 p.u. 
- - 

100π rad/s 

Equivalent impedance of 
AC networks 

 0.0265 p.u. 
380 kV 

800 MVA 

 0.0027 p.u. 

Equivalent impedance of 
transformers 

  0.18 p.u. 

380/200 kV 
  0.006 p.u. 

  0.36 p.u. 

  0.012 p.u. 

Arm impedance of 
converters 

  0.1815 p.u. 

200 kV 
  0.0605 p.u. 

  0.363 p.u. 

  0.121 p.u. 

Equivalent capacitance of 
converter submodules  

( also includes the 
capacitance of the DC 
line) 

 28.8634 p.u. 

± 350 kV 400 MVA 

 28.9817 p.u. 

Equivalent parameters of 
the DC line 

 0.1183 p.u. 

 0.0072 p.u. 

 0.1920 p.u. 

Resistance between the 
neutral point of the zig-
zag transformer and 
ground (changed along 
Chapter 5) 

 0 p.u. 

Equivalent default 
inductance of the zig-zag 
transformer (changed 
along Chapter 5) 

 1.6327 p.u. 
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Table B.2. Control parameters 

Description Outer Controller Inner Controller 

Symbol                   
Value 7.465 253.81 0 33 0 30 0 30 0.48 149 0.27075 0.1815 

B.2. Dynamic Equations 
AC side equations of the symmetrical monopolar HVDC station: 

∆, = ∆, − ∆, −  ∆, + ∆,   (B.1) 

∆, = ∆, − ∆, −  ∆, − ∆,   (B.2) 

∆, = ∆, − ∆, + ∆,   (B.3) 

∆, = ∆, − ∆, − ∆,   (B.4) 

∆, = ∆, − ∆, −  ∆, + ∆,   (B.5) 

∆, = ∆, − ∆, −  ∆, − ∆,   (B.6) 

∆ = ∆2 − ∆2 −  ∆  (B.7) 

AC side equations of the bipolar HVDC station: 

∆, = ∆, − ∆, −  ∆, + ∆,   (B.8) 

∆, = ∆, − ∆, −  ∆, − ∆,   (B.9) 

∆, = ∆, − ∆, − ∆, + ∆,   (B.10) 
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∆, = ∆, − ∆, − ∆, − ∆,   (B.11) 

∆,± = ∆, − ∆,± −  ∆,± + ∆,±   (B.12) 

∆,± = ∆, − ∆,± −  ∆,± − ∆,±   (B.13) 

∆,± = ∆,± + ∆,± + ∆,±   (B.14) 

∆,± = ∆,± + ∆,± − ∆,±   (B.15) 

∆,± = ∆,±2 − ∆,±2 −  ∆,± + ∆,±  (B.16) 

∆,± = ∆,±2 − ∆,±2 −  ∆,± − ∆,±  (B.17) 

DC side equations: 

 =  1 − 12 + 2
 −  1 − 12 + 2

 −  12 + 2
+  12 + 2

  
(B.18) 

 =  1 − 12 + 2
 −  1 − 12 + 2

 −  12 + 2
+  12 + 2

  
(B.19) 

 =  −  −    (B.20) 
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 =  −  −    (B.21) 

 =  −    (B.22) 

 =  −    (B.23) 

 


