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Abstract 

This paper explores MTDC control expectations and attempts to investigate the challenges preventing 

usage of MTDC grid to enhance power system stability. Protection and dispatching are not in the scope 

of this paper. Dynamic performance up to tens of seconds is only considered (AC voltage regulation is 

therefore not studied here).  

Introduction 

Power system network is undergoing structural changes mainly driven by the increase of share of 

renewable energies [1] implying more power electronic (PE) interfaced grids. These changes create 

challenges for the TSOs to operate the system. To solve this issue, reinforcement and/or upgrading of 

the grid is one solution and development and expansion of High-Voltage Direct Current (HVDC) [2] 

has proven to be the most adapted upgrading solution in many situations. A more complex configuration 

of power transmission through DC lines is called MTDC implicating multiple terminals of conversion 

and therefore a more elaborated system compared to point-to-point HVDC. Since renewable power 

production devices are replacing classical machines, their intermittence decreases reliability of primary 

reserves of power system. Another problem emerges directly from the use of PEs: the inertia classically 

provided to the system by AC generators is not equivalently provided directly by power converters 

interfacing electrical production [3].  While PE devices allow faster and more flexible power control for 

stability enhancement [4], their vulnerability against perturbations makes power system less robust. 

The increasing integration of HVDC in the current grid, will lead to complex interconnected AC/DC 

grids. Controllability of HVDCs could serve in stabilizing the system [5] such as in power flow 

balancing and participation to frequency services to HVAC side [6]. MTDC grid can contribute to power 

balancing of connected AC grid by charging or discharging DC grid capacitances. However, if no power 

storage or fast production systems are connected to the system, the DC power needed power should 

come from/go to another AC system, causing its imbalance. The increasing amount of HVDC, together 

with the use of supplementary controllers leads to interactions – between initially decoupled AC systems 

connected through DC lines or between AC and DC systems too – that affect global AC/DC power 

system stability due to coupling between the modes of both grids. For this reason, MTDC grid control 

must be optimized: what terminal to take the power from? What amount of power to take from each 

terminal? Interoperability questions emerge too (feasibility, coordination, automation of actions, etc). 
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This paper examines the literature of AC & DC power system stability solutions especially looking at 

how DC system can help enhance AC stability. The paper first investigates the DC grid stability 

requirements and challenges that may affect it as well as proposed solutions. It looks then for existing 

solutions to enhance AC stability and checks their limits. Note that AC power system controllers will 

not be explored but instead the possibilities offered by HVDC links will be specially studied. This paper 

does not attempt to survey all supplementary controllers that can be added to enhance AC & DC stability 

but focuses on main ones to move to expectations from these controllers in case of MTDC grid. It also 

studies some difficulties that could prevent MTDC direct replacement of HVDCs and proposes first 

steps for AC & DC power system stability enhancement through optimal usage of MTDC grid. 

This paper is organized as follows. Section II summarizes offered possibilities for AC stability 

enhancement through HVDC supplementary controllers. Section III explores the requirements and 

challenges in DC grid. Section IV reviews opportunities offered by MTDC grid control to enhance AC 

& DC stability and the difficulties to implement the control. Section V concludes the paper. 

I. AC grid stability 

a. Requirements for AC stability 

TSOs require from the classical AC system to be ‘N-1 criterion’-compliant meaning that control should 

withstand loss of one component (line, generation unit, etc) in an initial grid operating with N 

components. 

AC grid stability is classically divided into three main aspects [7] [8]: 

• Rotor angle: transient able to split system or small disturbance creating power oscillations, 

• Frequency: short term or long term, 

• Voltage: large or small disturbance. 

b. HVDC control to meet requirements of AC stability 

When HVDC system interfaces AC system, these stability aspects can be deteriorated or even 

jeopardized if no proper control is implemented and, on the opposite, enhanced in case of appropriate 

control. In contrast, oscillating modes may be excited and wide AC grid oscillations may occur when 

improper HVDC power control is applied. In [9], power reference of converters needed to be manually 

reduced to help damp power oscillations. Finally in the case of system split incident in January 2021 

(Continental Europe Synchronous Area), one recommendation in the final report was to seek better 

frequency support through HVDC links [10].  Thus, the question of HVDC system control arises 

directly. 

 

Since power converters used to interface AC and DC grids are high-speed components that help also 

integrate remote renewable energy sources, better flexibility, and controllability in dynamic hosting of 

AC systems can be reached. In this context of new AC/DC system, HVDC part of the system is required 

not only to allow for power transfer but to assist AC grid in stability conservation or enhancement. The 

current situation is a proliferation of VSC power converters throughout the global power system, and 

the same is expected for future developments of the grid allowing thereby for better control of HVDC 

power flows. However, the impact of power electronic devices on AC system may not only be positive 

for stability since bad interactions may occur as it has been already observed and analyzed. 

 

As shown in [5], some functionalities are expected from HVDC operating as either embedded or non-

embedded lines in AC power systems, all of them feasible with VSCs: 

• AC Voltage control 

• Sub-synchronous damping 

• Frequency control (Frequency Containment Reserve delivery) 

• Emergency Power Control 

• Power Oscillation Damping 

• AC line emulation 



• Synthetic Inertia 

 
If first two controls do not influence others directly (reactive power in action), the remaining ones can 

even cancel themselves if not properly implemented [5] [11]. 

To enhance AC/DC stability, some degrees of freedom using HVDC grid through its power converters 

are to: 

• Add controllers for power reference of converters, 

• Dynamically adjust the gains of the controllers, 

• Or to recalculate more convenient setpoints as converter inputs after solving for optimal power 

flow. 

 
Other possibilities include modification of AC grid topology or update design requirements (line 

capacity limits, power converters nominal power). The focus here will be on first three approaches.  

In the following, a non-exhaustive list of potential controllers will be presented as they will be reused 

in the last part of this paper. For each controller, many technologies exist, each having its own 

advantages and drawbacks despite being innovative. A zoom is made on two approaches for rotor angle 

stability enhancement. 

 

o Power Oscillation Damping 

 

Table 1: Proposed key points for POD control. These can be extended to all HVDC-based 

controls which will be dealt with in the following sections. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this section, discussion is focused on some parts of control strategy and data acquisition of Table 1. 

Data acquisition part may be common for all controls presented in the following sections. 

 

Before implementing Power Oscillation Damper (POD), the PSS was a decentralized method allowing 

for independent power oscillation damping action for each generator. New designs such as PSS4B and 

adaptive tuning of PSS can play a significant role in small-signal interarea mode damping [12], [13]. 

However, PSS requires tuning of 6 parameters (1 gain and 5 time constants) and a centralized POD can 

also play a supplementary role for a given power system’s optimal operation. Figure 2 in article [14] 

shows that remote signal used to ensure power oscillation damping can outperform local signals but 

delay margins limit their performance. However, only time delays’ effects were studied in the article 

while remote signals imply using of wide-area measurement systems and availability and robustness of 

signal against noise were not treated in the study. Two other important points to evaluate when adding 

a POD are the placement of the actuator and parameter tuning. 

Control strategy

•Power System 
Stabilizer

•Power Oscillation 
Damper (local & 
remote inputs)

•Load shedding 
(load side) & bang-
bang type 
(converter side) 
controls

•Operating Point 
Adjustment

•Model Predictive 
Control

Observability

•Signals that contain 
most significant 
information (check 
section IV)

Data acquisition

•Measurements

•Ttransmission 
system

•Time delays

•Processing time

Actuators

•Synchronous 
generators

•HVDC interfaced 
converters (LCC vs 
VSC)



POD controllers are widely studied today, and the emergence of machine learning and artificial 

intelligence allows for new ways at tuning their parameters. Figures 6.12 to 6.18 in [15] compare 

different machine learning-based algorithms that predict eigenvalues and classify them to the true 

eigenvalues of the IEEE 14-bus power system. Promising results are shown but more investigation is 

needed for real-time real-life application of the deep-learning-based power oscillation damping. To what 

extent the predictions provided are robust against system noises since a trade-off must be found between 

processing time and accuracy? The ‘intelligent POD’ (iPOD) then ‘multi-band iPOD’ (MiPOD) shown 

in [16], [17] is one of the possible improvements proposed for intelligent tuning of POD but its 

comparison with conventional PSSs showed that in certain circumstances the latter can have better 

results. It is true that, compared to conventional PSS, the ‘MiPOD’ needs to tune only 1 parameter per 

oscillation band and assures selective and adaptive damping as well, but it assumes a control dependent 

on wide-area measurements (availability and[18] reliability [18], transmission, processing [19]) and 

communication delays. 

 

Finally, complementary action to POD control (added in the system to increase the damping of the 

modes at the same operating points via usage of supplementary controllers) are bang-bang type control 

[20], Operating Point Adjustment (OPA) [21] and Model Predictive Control that takes also the dynamics 

of the system into consideration instead of just performing optimal power flow. This moves the system 

to a new condition to have better damping of critical modes. In case of OPA for instance, POD can be 

the first action implemented against disturbances, while OPA can be the longer-term action to improve 

system’s small signal stability. Moreover, OPA can be applied before the occurrence of a disturbance, 

providing therefore additional stability margins. Coordination between POD and OPA may be needed, 

too. 

o Angle Difference Controller (ADC): AC line emulation 

 

To enhance transient stability, one possibility is to emulate AC lines through VSC-HVDC control. 

Although this simple measure is normally done for better steady state of the AC system (powerflow 

concerns), it can also enhance dynamic behavior of the power system. 

The injection of synchronizing power (not only damping power) by POD through DC lines to support 

AC grid in case of three-phase fault was investigated [22] in addition to the main topic of transient 

stability enhancement. 

 

Although ADC controller is a simple controller, particular attention is needed on filtering time constant 

of ADC which may impact transient stability negatively as was learnt in the case of INELFE DC 

interconnection [23] [24]. Extremely quick or slow time constants of ADC are considered to enhance 

transient stability while other values can jeopardize system stability. Since ADCs are mostly used for 

steady state concerns, choosing a slow time constant is the best option to avoid transient instability. 

II. DC grid stability 

a. Requirements for DC stability 

In [25], DC power system stability was explored through multiple case studies at converter’s level and 

this affects stability of whole DC system – which affects AC & DC stability. A study of DC power 

system stability was done in [26] for distribution systems. If stability is only considered through 

checking range of operation of DC components’ variables at steady state in the article, it is however 

important to check the paths the DC voltage and powers follow to move from one operating point to the 

steady state equilibrium point. Should an HVDC power system be considered stable if at some point of 

the operation the system deviates ‘significantly’ from nominal values before moving to acceptable 

equilibrium point at steady state? Moreover, stability margins are not the same for a DC power system 

where converters are saturated compared to a system operating at lower power stress. The problem is 

more eminent when converter ratings (voltage, power, etc) are violated. Therefore, a DC power system 

may be considered stable if the whole trajectory including first one operating point till a steady state is 

reached is acceptable (within tolerated range) and allows for higher stress. Otherwise, the equilibrium 

point, if one is reached, may be considered critical or unstable. 



 

As a basis for operation, the availability and reliability of HVDC systems depend on its topology and 

the used components. Requirements for individual components should normally be specified during 

planning of the HVDC grid. For DC system stability, the main variable that should be monitored in DC 

operation is the DC voltage. However, the current regulations available in [27] are general requirements 

that need to be “specified” by TSOs at each time specific network codes are needed for AC/DC interface. 

Therefore, to preserve DC voltage stability, some voltage profiles have been proposed as in figure 9 in 

[28] [29] to show to what extent DC voltage protections should stay untriggered but AC & DC 

interactions should be considered too to keep discrimination between AC & DC protections and avoid 

unvoluntary triggering of DC protections. Thus, conclusions for range of operation of DC voltage are 

not straightforward as coupling with AC side needs more examination and regulatory specifications are 

still missing. 

b. Challenges 

Sudden loss of power converter is one of the main events that may jeopardize DC grid operation. This 

can be expressed as instant active power loss of injection or extraction and EU legislation has already 

taken into consideration this case [27]. Nonetheless, network code does not express direct guidelines 

and methodologies for calculation of the maximum allowable active power loss and it is left for TSOs 

to define and apply them. 

While the impact on AC grid stability can be limited by this value, what about the impact on DC grid 

stability in case of MTDC system? Sudden loss of power converter can be much more impactful on DC 

side than on AC side, so what are needed controls to preserve DC stability in such case? 

III. Expectations from MTDC grid for AC/DC stability enhancement 

a. From point-to-point HVDC to MTDC 

• Transposition of some types of controls is not straightforward 

To maintain stability of DC grids, many DC Voltage control methods exist [30]. 

DC Voltage control exists for point-to-point (PtP) HVDC where one converter regulates DC voltage 

while the other controls power flow. However, connecting an AC grid to a Multi-Terminal DC system 

is not as simple as connecting it to a PtP HVDC due to added complexity. Paradoxically, when a power 

converter is down in a PtP HVDC, all the DC link gets down, but MTDC grid should allow for 

maintained operability even with one converter down making it a better solution than cascaded PtP 

HVDCs. 

Extension of DC voltage control from PtP to MTDC is possible through ‘master-slave control mode’ 

where one terminal plays the role of slack bus to control DC voltage by absorbing any power flow 

variation in DC grid while the remaining terminals control power flow. This strategy has however its 

own drawbacks since all balancing power responsibility lies on one converter and system (at least DC 

system) depends entirely on one component which fails to meet N-1 contingency criterion. 

To cope with this issue, ‘voltage-margin control mode’ was invented where terminals operate in constant 

power control mode until certain voltage range is violated (maximal power reached for converter in 

master mode) where they switch to constant voltage control mode. In this strategy, it is true that system 

does not rely on one converter for power flow and voltage control in disturbed situation, but it relies on 

it for steady-state operation and large efforts of power balance still rely on one component to a certain 

extent. Moreover, when power control mode switches, big power disturbances may occur, and AC grid 

may be destabilized. 

For these reasons, distributed voltage control is needed for MTDC: ‘DC voltage droop control’ [31] 

implicates more than one terminal in DC voltage and active power regulation. 

The DC Voltage droop control formula that will be used later in the paper is: 

𝑃ℎ𝑣𝑑𝑐𝑟𝑒𝑓
= 𝐾𝑑𝑐𝑑𝑟𝑜𝑜𝑝

∗ (𝑉𝑑𝑐𝑚𝑒𝑎𝑠
− 𝑉𝑑𝑐𝑏𝑎𝑠𝑒

) 

• One control action can affect more than only targeted stability aspect 

In MTDC grid, since multiple converters are involved, it is expected to benefit from the available power 

headroom of each one of them to add a control that helps AC system stability. However, implementing 

these controls must not be as straightforward as in PtP HVDC where effects are directly expected. 



For instance, in ‘master-slave’ configuration in HVDC, frequency droop should be implemented in 

converter in ‘slave’ mode since no power reference can be changed in converter in ‘master’ mode 

responsible of DC voltage regulation. Effect of frequency droop and DC voltage controls are known in 

advance. When transposed to MTDC, since DC voltage droop control mode is implemented instead of 

‘master-slave’ mode, all converters in this control mode are expected to have their power references 

changed according to the needed voltage control efforts for DC side. Frequency droop, in parallel, is 

expected to modify the power reference of given converters too according to the needed frequency 

control efforts for AC side. These two control efforts, normally destined to target separate stability 

aspects (DC voltage by DC voltage droop control & AC frequency by frequency droop control), will 

then interact [11] and affect each other in a way that may have better effects if the control actions are 

coordinated, if power injections and extractions are calculated by a higher-level controller. 

Therefore, need for global stability assessment and enhancement appears evident with hybrid AC/DC 

systems, and it gets even more important when complexity of MTDC systems is involved to be able to 

benefit from the flexibility expected from MTDC. 

b. Global AC/DC system stability enhancement 

i. Necessity of assessment for prioritization of stability aspects afterwards 

Before applying control to AC/DC system, assessment should be performed to have a clear vision of 

what stability aspect needs to be enhanced and in which priority. This means that a certain ‘score’ should 

be given to the system depending on each stability aspect state. 

• How should the ‘score’ be established? 

To do so, TSOs need indicators that reflect the power system’s stability state for each aspect of stability. 

For a given stability aspect ‘lambda’, proper indicators should be defined to help evaluate margins of 

stability and conclude whether the system is lambda-stable or not. These indicators will help control in 

allocating power according to the assessed ‘need’ for stability enhancement. The Key Performance 

Indicators chosen to calculate stability score are in their turn based on measurements coming from 

system PMUs. To give best assessment possible, observability study may be conducted to determine 

which measurements can best detect stability issues in the system. For instance, observability study 

helps choose the measurements that theoretically contain and illustrate best among available data for 

oscillating mode detection [32]. 

ii. Coordination of control actions 

• A ‘global’ score of the hybrid AC/DC system 

The score discussed above for each stability aspect should be combined with another stability aspect’s 

score so that priority can be established in stability enhancement efforts. For this reason, a global 

stability function needs to be calculated with dynamic weighting of each stability aspect’s indicators to 

put priority on most endangered stability aspect for enhancement. 

• Should all controls be always activated? What compromise is needed between control actions? 

Optimal placement of controllers can be a matter of fact due to added costs of each implemented control 

action. For this reason, placement of controllers or at least their activation must guarantee they 

maximally impact power stability for improvement, otherwise all power efforts are lost. Study may be 

conducted to determine what injection point of power control will theoretically have this highest impact. 

Since control effects are not just linear superposition of effects for each stability aspect, a compromise 

should be found so that control effects are the best for ‘global’ stability enhancement. With all degrees 

of maneuver offered by MTDC system (flexibility & maneuverability of power flows, additional control 

possibilities, effort mutualization for AC system stability enhancement, etc), control coordination 

becomes more prominent.  Though an optimization approach requires important calculation efforts, it 

guarantees the system has best control actions to enhance global stability. 

• ‘Global stability’ case study 

To evaluate the ‘global’ stability aspect of the system, the following benchmark (Fig.1) was simulated 

on Modelica-based environment. AC grids were tested alone then tested MTDC grid was added to 

connect AC zones 1 & 2. Generator units are equipped with speed governors. Initial power flow (table 

2) is performed to quickly reach steady state power curves before applying positive active power step at 

upper VSC. Before any disturbance, the power converters’ references are put to 0 and no power was 



flowing from/to AC side through them. Following case studies are performed to show effects of 

frequency droop control applied through VSC3 on non-targeted stability aspects: DC voltage of MTDC 

system and rotor angle of AC zone 2 (small-signal stability). 

 

Table 2: Power flow initialization of benchmark's generators and loads. Power 

converters deliver zero power output at initial system operation. 

Component Initial Active Power 

Flow (MW) 

Component Initial Active Power 

Flow (MW) 

Generator G1 500 Load L1 1027 

Generator G2 527 Load L2 300 

Generator G3 500 Load L3 700 

Generator G4 500   
 

 

 

 

 

 

 

Figure 1: Used benchmark for AC & DC stability study. 

 

o First case study: interaction between frequency droop and DC voltage droop controls 

affecting DC voltage stability. A step of 𝑃VSC1 asked by AC Zone 1 (could be load 

change, compensation of generator/line tripping, etc.) 

In this case study, DC voltage drop for same DC Voltage droop gain at VSC2 (8MW/kV) was observed 

with different values of frequency droop gains through sweeping this parameter and running multiple 

simulations. The following results were observed:  

 

 
Figure 2: DC voltage profiles for different frequency 

droop gains. Single effect of DC voltage droop control and 

its combined effect with frequency droop control is shown. 

 

However, as was mentioned before, global stability evaluation is needed before concluding on the 

usefulness of a proposed control (frequency droop in this case). Therefore, rotor angle stability was 

studied in a second approach. 

DC voltage drop due to single effect of DC 

voltage droop control. 

For 100 MW step, final DC voltage value is 

calculated as the following: 

𝑉𝑑𝑐𝑓𝑖𝑛𝑎𝑙
=  𝑉𝑏𝑎𝑠𝑒𝑑𝑐

−
𝑃𝑠𝑡𝑒𝑝𝑉𝑆𝐶1

𝐾𝑑𝑐𝑑𝑟𝑜𝑜𝑝

 

𝑉𝑑𝑐𝑓𝑖𝑛𝑎𝑙
= 387500 𝑉 

𝑉𝑑𝑐𝑓𝑖𝑛𝑎𝑙
= 0.96875 𝑝. 𝑢. 

Frequency droop control degrades DC 

voltage’s transient and final values. Increased 

voltage drop comes with increased value of 

frequency droop controller gains. 



o Second case study: effect of frequency droop on rotor angle stability. A step of 𝑃VSC1 

asked by AC Zone 1 (load change, compensation of generator/line tripping, etc.) 

 
In this case study, curves for different values of the step at VSC1 are compared to emphasize the effect 

of the single presence/absence of frequency droop control at VSC3. The following results were obtained 

by simulation:  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Frequency droop control affects positively power oscillations in this case since first swing is smaller 

when frequency droop gain is bigger (for highest power step at VSC1, first swing oscillation values are 

shown in Fig. 3). This reflects better rotor angle stability in AC system zone 2. 

The equation for frequency droop controller output is: 

𝑃ℎ𝑣𝑑𝑐𝑟𝑒𝑓
= 𝐾𝑓𝑑𝑟𝑜𝑜𝑝

∗ (𝑓𝑚𝑒𝑎𝑠 − 𝑓𝑛). 

As this mathematical expression suggests, frequency droop first detects difference between the nominal 

frequency and the measured one. Due to added power stress in AC zone 2, power starts to oscillate due 

to excited modes. As known, frequency acts similarly as the oscillating active power in the AC zone. 

Therefore, due to relatively large time reaction of generator turbine governors and the relatively small 

structural damping, speed of generators tends to increase with positive power oscillation and to decrease 

with negative oscillation. This explains measurable frequency oscillations at G4. 

In this logic, as previous equation shows, frequency droop measures these oscillations in 𝑓𝑚𝑒𝑎𝑠 and tends 

to reduce the difference between oscillating frequency and fixed nominal frequency which leads to 

damping of power oscillations like what would PODs do. The damping is more eminent compared to 

case without frequency droop because VSC3’s power injections act very fast and damping is not due to 

turbine governors and generator’s damping in this case. 

 

Finally, as it is clear in the above figure, the steady state of the power flow has higher values when 

frequency droop is implemented than when it is deactivated. This adds stress to the system and capacity 

limits of AC lines subject to the added stress must be respected when implementing control. 

If frequency droop needs to be implemented, a compromise must be found between DC voltage stability, 

frequency stability and rotor angle stability while respecting all power system constraints. This approach 

needs to be implemented to enhance any aspect of power stability and it is currently under study. 

Conclusion 

Introduction of power electronics helps in power system stability enhancement when proper assessment 

and controls are applied. MTDC grid can be involved in stability enhancement since it provides wide 

control opportunities and flexibility. While AC networks have already well-established network codes, 

proper codes for DC grids are still required nonetheless to ensure MTDCs’ usage leads to better AC/DC 

power system operation. 

As was shown in the case studies, power converters’ supplementary controllers have effects not only on 

targeted stability aspects but on other aspects as well. The need for a new and adapted approach is then 

Figure 3: Power oscillations observed at AC line connecting L3 to bus connecting VSC3 and G4 for 

different step heights. 

Left side: frequency droop is deactivated (gain = 0). Right side: frequency droop gain = 100 MW/Hz. 
 



evident to avoid antagonist effects of future controllers. For optimal power stability improvement, local 

and wide-area measurements may be needed to perform best stability assessment due to observability 

issues. Most important is that, as opposed to conventional enhancement approaches, ‘global’ stability 

enhancement requires coordination of control from MTDC’s potential controllers as was highlighted by 

the shown results. 

Ongoing works are on establishing rigorous assessment approaches that allow to evaluate AC & DC 

power system stability to enhance it in a future step. 

References 

[1] ‘bp Statistical Review of World Energy 2021’. Statistical Review of World Energy BP, 2021. [Online]. 

Available: https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-

economics/statistical-review/bp-stats-review-2021-full-report.pdf 

[2] I. Oleinikova and E. Hillberg, ‘micro vs MEGA: trends influencing the development of the power system’, 

p. 92, 2022. 

[3] A. Fernández-Guillamón, E. Gómez-Lázaro, E. Muljadi, and Á. Molina-García, ‘Power systems with high 

renewable energy sources: A review of inertia and frequency control strategies over time’, Renewable and 

Sustainable Energy Reviews, vol. 115, p. 109369, Nov. 2019, doi: 10.1016/j.rser.2019.109369. 

[4] W. Feng, Q. Shi, H. Cui, and F. Li, ‘Optimal power allocation strategy for black start in VSC-MTDC 

systems considering dynamic impacts’, Electric Power Systems Research, vol. 193, p. 107023, Apr. 2021, 

doi: 10.1016/j.epsr.2021.107023. 

[5] ‘HVDC Links in System Operations’, ENTSO-E, 2019. 

[6] B. Silva, C. L. Moreira, L. Seca, Y. Phulpin, and J. A. Pecas Lopes, ‘Provision of Inertial and Primary 

Frequency Control Services Using Offshore Multiterminal HVDC Networks’, IEEE Trans. Sustain. 

Energy, vol. 3, no. 4, pp. 800–808, Oct. 2012, doi: 10.1109/TSTE.2012.2199774. 

[7] ‘Definition and Classification of Power System Stability IEEE/CIGRE Joint Task Force on Stability 

Terms and Definitions’, IEEE Trans. Power Syst., vol. 19, no. 3, pp. 1387–1401, Aug. 2004, doi: 

10.1109/TPWRS.2004.825981. 

[8] N. Hatziargyriou et al., ‘Definition and Classification of Power System Stability – Revisited & Extended’, 

IEEE Trans. Power Syst., vol. 36, no. 4, pp. 3271–3281, Jul. 2021, doi: 10.1109/TPWRS.2020.3041774. 

[9] ‘Analysis of CE Inter-Area Oscillations of 1st December 2016’, ENTSO-E, Boulevard Saint-Michel, 15 - 

1040 Brussels - Belgium, ENTSO-E SG SPD REPORT, Jul. 2017. Accessed: Jul. 15, 2021. [Online]. 

Available: https://eepublicdownloads.entsoe.eu/clean-

documents/SOC%20documents/Regional_Groups_Continental_Europe/2017/CE_inter-

area_oscillations_Dec_1st_2016_PUBLIC_V7.pdf 

[10] ‘Continental Europe Synchronous Area Separation on 08 January 2021 ICS Investigation Expert Panel  

Final Report   Main Report’, ENTSO-E, Jul. 2021. 

[11] S. Akkari, M. Petit, J. Dai, and X. Guillaud, ‘Interaction between the Voltage-Droop and the Frequency-

Droop Control for Multi-Terminal HVDC Systems’, p. 7, Apr. 2016. 

[12] Z. Assi Obaid, L. M. Cipcigan, and M. T. Muhssin, ‘Power system oscillations and control: Classifications 

and PSSs’ design methods: A review’, Renewable and Sustainable Energy Reviews, vol. 79, pp. 839–849, 

Nov. 2017, doi: 10.1016/j.rser.2017.05.103. 

[13] W. Peres, ‘Multi-band power oscillation damping controller for power system supported by static VAR 

compensator’, Electr Eng, vol. 101, no. 3, pp. 943–967, Sep. 2019, doi: 10.1007/s00202-019-00830-9. 

[14] N. T. Anh, L. Vanfretti, J. Driesen, and D. Van Hertem, ‘A Quantitative Method to Determine ICT Delay 

Requirements for Wide-Area Power System Damping Controllers’, IEEE Trans. Power Syst., vol. 30, no. 

4, pp. 2023–2030, Jul. 2015, doi: 10.1109/TPWRS.2014.2356480. 

[15] T. Bogodorova, S. A. Dorado-Rojas, and L. Vanfretti, ‘DeepGrid: A Deep Learning Computing System 

for Resilient Grid Operations’, RPI, Dec. 2020. 

[16] G. N. Baltas, N. B. Lai, L. Marin, A. Tarraso, and P. Rodriguez, ‘Grid-Forming Power Converters Tuned 

Through Artificial Intelligence to Damp Subsynchronous Interactions in Electrical Grids’, IEEE Access, 

vol. 8, pp. 93369–93379, 2020, doi: 10.1109/ACCESS.2020.2995298. 

[17] G. N. Baltas, N. B. Lai, A. Tarraso, L. Marin, F. Blaabjerg, and P. Rodriguez, ‘AI-Based Damping of 

Electromechanical Oscillations by Using Grid-Connected Converter’, Front. Energy Res., vol. 9, p. 

598436, Mar. 2021, doi: 10.3389/fenrg.2021.598436. 

[18] R. Preece, J. V. Milanovic, A. M. Almutairi, and O. Marjanovic, ‘Damping of inter-area oscillations in 

mixed AC/DC networks using WAMS based supplementary controller’, IEEE Trans. Power Syst., vol. 28, 

no. 2, pp. 1160–1169, May 2013, doi: 10.1109/TPWRS.2012.2207745. 

[19] L. Vanfretti, S. Bengtsson, and J. O. Gjerde, ‘Preprocessing synchronized phasor measurement data for 

spectral analysis of electromechanical oscillations in the Nordic Grid: PREPROCESSING 



SYNCHRONIZED PHASOR MEASUREMENT DATA FOR MODE ESTIMATION’, Int. Trans. Electr. 

Energ. Syst., vol. 25, no. 2, pp. 348–358, Feb. 2015, doi: 10.1002/etep.1847. 

[20] K. W. V. To, A. K. David, and A. E. Hammad, ‘A robust co-ordinated control scheme for HVDC 

transmission with parallel AC systems’, IEEE Trans. Power Delivery, vol. 9, no. 3, pp. 1710–1716, Jul. 

1994, doi: 10.1109/61.311190. 

[21] O. Kotb, M. Ghandhari, R. Eriksson, R. Leelaruji, and V. K. Sood, ‘Stability enhancement of an 

interconnected AC/DC power system through VSC-MTDC operating point adjustment’, Electric Power 

Systems Research, vol. 151, pp. 308–318, Oct. 2017, doi: 10.1016/j.epsr.2017.05.026. 

[22] J. C. Gonzalez‐Torres, G. Damm, V. Costan, A. Benchaib, and F. Lamnabhi‐Lagarrigue, ‘Transient 

stability of power systems with embedded VSC‐HVDC links: stability margins analysis and control’, IET 

Generation, Transmission &amp; Distribution, vol. 14, no. 17, pp. 3377–3388, Sep. 2020, doi: 

10.1049/iet-gtd.2019.1074. 

[23] P. L. Francos, S. S. Verdugo, H. F. Alvarez, S. Guyomarch, and J. Loncle, ‘INELFE &#x2014; Europe’s 

first integrated onshore HVDC interconnection’, in 2012 IEEE Power and Energy Society General 

Meeting, San Diego, CA, Jul. 2012, pp. 1–8. doi: 10.1109/PESGM.2012.6344799. 

[24] J. Renedo, L. Sigrist, L. Rouco, and A. Garcia-Cerrada, ‘Impact on power system transient stability of AC-

line-emulation controllers of VSC-HVDC links’, in 2021 IEEE Madrid PowerTech, Madrid, Spain, Jun. 

2021, pp. 1–6. doi: 10.1109/PowerTech46648.2021.9494939. 

[25] D. Carroll and P. Krause, ‘Stability Analysis of a DC Power System’, IEEE Trans. on Power Apparatus 

and Syst., vol. PAS-89, no. 6, pp. 1112–1119, Jul. 1970, doi: 10.1109/TPAS.1970.292701. 

[26] S. D. Sudhoff, S. F. Glover, S. D. Pekarek, E. J. Zivi, D. E. Delisle, and D. Clayton, ‘Stability Analysis 

Methodologies for DC Power Distribution Systems’, p. 10, 2003. 

[27] ‘COMMISSION  REGULATION  (EU)  2016/  1447  -  of  26  August  2016  -  establishing  a network  

code  on  requirements  for  grid  connection  of  high  voltage  direct  current  systems  and  direct  

current-connected  power  park  modules’, p. 65. 

[28] British Standards Institution, HVDC Grid Systems and connected Converter Stations. Guideline and 

Parameter Lists for Functional Specifications. Part 1, Part 1,. 2020. 

[29] Conseil international des grands réseaux électriques, Ed., Guidelines for the preparation of connection 

agreements or grid codes for multi-terminal DC schemes and DC grids. Paris: Cigré, 2016. 

[30] T. K. Vrana, J. Beerten, R. Belmans, and O. B. Fosso, ‘A classification of DC node voltage control 

methods for HVDC grids’, Electric Power Systems Research, vol. 103, pp. 137–144, Oct. 2013, doi: 

10.1016/j.epsr.2013.05.001. 

[31] E. Prieto-Araujo, A. Egea-Alvarez, S. Fekriasl, and O. Gomis-Bellmunt, ‘DC Voltage Droop Control 

Design for Multiterminal HVDC Systems Considering AC and DC Grid Dynamics’, IEEE Trans. Power 

Delivery, vol. 31, no. 2, pp. 575–585, Apr. 2016, doi: 10.1109/TPWRD.2015.2451531. 

[32] Y. Chompoobutrgool and L. Vanfretti, ‘Identification of Power System Dominant Inter-Area Oscillation 

Paths’, IEEE Trans. Power Syst., vol. 28, no. 3, pp. 2798–2807, Aug. 2013, doi: 

10.1109/TPWRS.2012.2227840. 

 


