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Abstract 
This paper presents a structured approach for analysing the 
effect of HVDC transmission system expansion on the small 
signal dynamics. The methodology decomposes the 
expansion of the system into a sequence of steps and aims 
especially at identifying the eigenvalues associated with 
interactions between the initial system and an added converter 
terminal. The procedure is illustrated with an example of 
expanding a point-to-point HVDC connection to a three-
terminal radial configuration. The modes highlighted as 
responsible for the interactions between the initial system and 
the added third terminal are compared to the interaction 
modes identified by participation factor analysis. The 
presented results demonstrate that these two approaches 
present an excellent correlation and reveal complementary 
information. 

1 Introduction 
High Voltage dc (HVDC) transmission systems based on 
Voltage Source Converters (VSC) are emerging as a viable 
option for large-scale power transfer and cross-border system 
integration [1], [2]. VSC technology is also enabling the 
development of Multi-Terminal dc (MTDC) grids [3]. 
However, large-scale MTDC grids will likely evolve by 
extending point-to-point connections and by the merging of 
smaller MT-HVDC systems [4]-[6]. Thus, it is of critical 
importance to ensure interoperability and stable operation of 
the interconnected system in case of gradual expansion of an 
MTDC grid. 
 
Small-signal stability of large-scale power systems is 
traditionally studied by eigenvalue analysis. Such analysis can 
reveal valuable information about the dynamic properties of a 
system, including how the individual state variables 
participate in each dynamic mode and the sensitivity of each 
mode to the various parameters in the system [7]. Several 
small-signal studies for MT-HVDC systems have been 
presented during the last years, demonstrating that MT-
HVDC systems can present stable operation for a wide range 

of conditions [8]-[11]. Such studies normally consider a given 
power system configuration, and potential issues related to 
system expansion are typically assessed by comparing the 
behaviour before and after the addition of HVDC terminals.  
 
To support the comparative analysis of small-signal stability 
studies, as well as investigations of large signal transients and 
protection issues, a large-scale MTDC test system has been 
presented by Cigré [12]. In, [13], this test system was used to 
analyse the effects of a gradual system expansion. This study 
demonstrated that stability could be ensured when an HVDC 
system is expanded by adding interconnections and converter 
terminals. Furthermore, the results indicated that expansion of 
the system mainly led to additional eigenvalues in similar 
locations as for the smaller systems. Although this type of 
analysis can be utilized to identify instabilities or poorly 
damped oscillatory modes, it does not directly provide clear 
indications on how potential problems originate from the 
interconnection of the subsystems. 
 
This paper presents a structured approach for identifying the 
impact of expanding an HVDC transmission system by 
adding converter terminals or cable connections. This 
approach allows for attributing the changes in small-signal 
dynamics resulting from the system expansion to the 
following causes:  

1) Changes of equivalent system parameters: 
accounting for either changes of controller 
parameters for accommodating the interconnection, 
or changes of equivalent physical parameters due to 
the electrical interconnection. 

2) Change of steady state operating conditions: 
accounting for the influence of the non-linearity of 
the system on the eigenvalues when the system is 
forced into another operating point. 

3) Dynamic interaction between the different elements 
of the system: accounting for the changes of the 
eigenvalues that result only from the dynamic 
coupling between two defined sub-systems.  

By separating the change of the eigenvalue positions 
associated to the two first causes from the third, the influence 
of interactions within the system can be separately identified. 
For further understanding the impact of connecting two 
different sub-systems on the eigenvalues of the overall 
system, the results from the presented analysis are evaluated 
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with respect to the method for identification of interaction 
modes in VSC HVDC systems based on aggregated 
participation factors presented in [14]. The results indicate 
that the system eigenvalues that can be identified by the 
proposed approach as associated with the system interactions 
are coinciding with the interaction modes identified according 
to the definition proposed in [14]. Thus, the presented 
analysis is contributing to the understanding of how the 
impact of system expansion on small-signal dynamics can be 
analysed and interpreted. 

2 Stepwise eigenvalue analysis of system 
interconnection  

In order to understand and classify the impact of 
interconnecting two systems on the small-signal dynamics, 
additional intermediate steps can be introduced in the 
transition from two disconnected systems to a single 
interconnected system. This subdivision allows for attributing 
the overall change in small-signal dynamics to the different 
implications associated with the interconnection. It should be 
noted that the presented steps are introduced in a 
mathematical perspective to gain more insight and are not 
corresponding to any physical sequence of interconnection. 

2.1 Definition of incremental steps for analysis of system 
interconnection 

The connection of two subsystems can be analysed by 
consecutively evaluating the following proposed steps:  

1. The starting point for the analysis should be a 
reference case for the initial configuration before the 
interconnection. If relevant, the added system can 
also be studied in its initial steady-state conditions.  

2. The second step accounts for variations in the 
parameters of the individual subsystems implied by 
the interconnection. For example, control parameters 
can be updated to reflect the retuning of the 
controllers in the two separate subsystems to 
accommodate the interconnection. This step also 
includes updates of equivalent electrical parameters 
in case the electrical interconnection implies parallel 
or series connection of equivalent resistances, 
inductances or capacitances. Note that the two 
subsystems are still analysed as separate systems. 

3. The steady-state operating point can change due to 
the interconnection of the two initially separate 
subsystems. For systems containing nonlinearities, 
this implies a change of the linearization point. The 
third steps assumes two subsystems as in the second 

step but operating in the steady state conditions of 
the interconnected system. 

4. As a last step, the eigenvalues of the interconnected 
system are evaluated. The difference in eigenvalues 
compared to the previous step will identify the 
change of eigenvalue locations and stability 
properties that are caused by the interactions 
between the two subsystems in the interconnected 
system.  

By analysing the interconnection of systems according to 
these four steps, the change of small-signal dynamics due to 
the interconnection can be classified. Moreover, the last step 
separates the effects of dynamic interactions between the 
subsystems from those related to changes in the system 
parameters or steady state operating conditions.  

2.2 Interpretation of the defined steps 
In the following, it is assumed that a dynamic system can be 
represented on linearized time-invariant state-space form [7]: 

0 0x A x x B x u  (1) 
The mathematical expression of the four presented steps for 
analysing the interconnection of two subsystems can be 
summarized as shown in Fig. 1. The first step corresponds to 
the analysis of the two systems, S1, and S2, in the 
disconnected state, denoted by a superscript 'D' for the A-
matrices. Since the systems are independent, they can be 
directly assembled into a linearized state-space model, at the 
linearization point x0

D, and have a block-diagonal form when 
analysed together. Thus, the eigenvalues of the two systems 
can be calculated as: 

D D D D
1 S1 0 S2 0

TT T
eig eig x eig xA A A  (2) 

In the second step, superscript 'C' for the A-matrices indicates 
an update of system parameters corresponding the 
configuration of the interconnected system. However, in this 
step the A-matrices are still established independently for the 
two separate systems at their individual operating points. In 
the third step, the A-matrices are established for the steady-
state operating conditions x0

C of the interconnected system, 
resulting in AC(x0

C). Thus, all parameters and operating 
conditions will be as in the interconnected system, but the 
eigenvalues for the two systems are still independent and can 
be calculated according to (2). 
 
The last step of the interconnection analysis is to establish the 
overall A-matrix for the entire system. This is obtained by 
including the off-diagonal submatrices  and , which 
originally are terms from the B-matrices of the independent 
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Fig. 1. Illustration of step-wise analysis of the A-matrix representing the small-signal dynamics of two systems to be 
interconnected 
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systems that are associated with state-variables of the 
interconnected system. Thus, the introduction of these off-
diagonal submatrices will ‘connect’ state variables of the two 
systems, and by that influence the eigenvalues of the A-
matrix for the interconnected system. However, if the inputs 
of a subsystem do not depend only on the states of the other 
subsystems, but also on states of the subsystem itself, the 
diagonal block matrixes must also be modified to represent 
the interconnection. This modification can be defined by 
introducing the incremental interconnection matrixes  and 

 for systems S1 and S2 respectively, as shown Fig. 1. 
Considering the difference between steps 3 and 4 in Fig. 1, it 
can be understood that the matrix elements within , ,  
and  will be responsible for the resulting interactions in the 
interconnected system. 

2.3 Continuous transition between disconnected and 
connected systems 

For further analysing the differences between the eigenvalues 
in the third and fourth step from Fig. 1, it is possible to define 
an interconnection variable k for the submatrices , ,  and 

 as given by: 
C C C C
S1 0 0 0

C C C C
0 S2 0 0

0 1

k

k

x k k x

k x x k

A x
A

A x
 (3) 

If the transition from step 3 to step 4 is introduced gradually 
by varying k between 0 and 1, the impact on the eigenvalue 
trajectories from disconnected to interconnected conditions 
(and hence the interactions) can be visualised.  

3 Example of stepwise eigenvalue analysis 
The proposed approach for stepwise analysis of system 
interconnection is illustrated with reference to the case of a 
point-to-point (P2P) HVDC transmission scheme expanded to 
a 3-terminal (3T) system.  

3.1 System configuration 
The investigated system configuration is represented in Fig. 2, 
with the initial P2P transmission scheme shown in the upper 
part of the figure and the two terminals denoted as A and B. 
An additional converter terminal denoted as C is connected 
by a cable to terminal A in the 3T configuration. The P2P 
system is assumed to operate in steady state with power 

flowing from terminal A to terminal B (PA,ac = 0.548 pu, 
PB,ac = 0.540 pu). The 3T system is assumed to operate in 
steady-state with power flowing from terminal A to terminal 
B and C (PA,ac = 0.848 pu, PB,ac = 0.274 pu PC,ac = 0.564 pu). 
The only interconnection variables are the voltage vdc,A at the 
dc-side of converter station A and the currents at the cable 
end connected to this terminal. 
 
The converter terminals are assumed to be Modular 
Multilevel Converters (MMCs) controlled by an ac-side 
power controller with a dc voltage droop as shown in Fig. 3. 
Furthermore, the MMC are controlled with a standard 
decoupled current control, as well as an energy-based control 
strategy for regulating the internal circulating current and 
energy sum dynamics [15]. The main parameters of the 
system are listed in Table I, and the control parameters of the 
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Fig. 2. Overview of investigated VSC-HVDC system, considering the expansion from a P2P scheme to a 3T HVDC grid. 

,
abc
u lg

dq

abc

,*abc
iv

Current
Control

*
,i dv*

,l di

*
,l qi

,l di

,l qi

Locked
Phase

Loop
*
,i qv

dcC

dcv

fL

abc
lI

fC
gZ

abc
ov

abc
gV

M
od

ul
at

io
n

,*abc
cv

a
uAa

lA

b
lA

c
lA

b
uA

c
uA

dqz

abc

AC-side

Current
Control

*
,c dv

*
,c qvCirculating

*
,c zv

PLL

PLL

*
,c ziSum

Energy
Controller

*w

w

abc
ci

,c di

,c qi

,c zi

PLL

dqz
abc

dq
abc abc

li

AC Power
Control
with DC

*
dcv

,dc fv

,dc sI

*
acp

,ac fp

Droop

aL

aL

aL

aL

aL

aL

abc
oI

Fig. 3. Overview of MMC HVDC terminal and control system 

Parameter Value Parameter Value 

Rated voltage VS,LL,RMS 220 kV Filter inductance lf 0.204 pu

Rated power Sb 1200 MVA Filter resistance rlf 0.005 pu

Rated angular frequency b 2 *50 Hz Filter capacitance cf 0.089 pu
Current controller gains, kpc, 
kic 

0.26, 2.14 Grid voltage vg 1.0 pu 

Power controller gains, kpp, kip 1, 100 PLL Low pass filter, 
LP,PLL 500 rad/s

Power measurement filter, Tf,p 7.6 ms PLL gains, kp,PLL, ki,PLL 0.084, 
4.691 

Table I Parameters of investigated system configuration 
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two systems are maintained unaltered after the 
interconnection (i.e. no retuning of the controllers).  

3.2 System modelling 
The system is modelled with a non-linear state-space 
representation and is linearized according to (1). The ac-side 
electrical circuit and the associated control of each HVDC 
terminal are modelled according to [16], [17], while a 
simplified representation of the internal dynamics of the 
stored energy and the circulating currents of the MMC are 
modelled according to [18]. The resulting state variables 
associated with each HVDC terminal are given by (4). The 
electrical variables are defined in Fig. 3, while  represents 
integral states of the ac-side current controllers and  is an 
internal variable associated with an algorithm for damping ac-
side oscillations [17]. All state variables with subscript 'PLL' 
are related to the Phase Locked Loop and further explained in  
[17]. The states vdc,f and pac,m represent filtered measurements 
of the dc voltage and ac-side power respectively, while  is a 
state linked to the integral term of the ac-side power 
controller. The zero sequence circulating current of the MMC, 
responsible for the active power exchange with the dc-
terminals, is represented by ic,z and the total stored energy in 
the MMC is represented by w , while z and k  are the states 
of the associated PI-controllers [18]. 
 
The two cables connecting the converter terminals in Fig. 2 
are modelled with a frequency-dependent pi-equivalent model 
according to [19], as shown in Fig. 4. The state variables in 
this cable model are defined on general form by (5). For sake 
of simplicity a model with m = 3 parallel branches and n = 4 
pi-sections is applied for both cables despite their different 
length. 
 
Based on the equations presented in [17], [18] and [19], the 
state-space model of the overall system is established. The 
corresponding states, and their order as assumed in the 
following analysis are defined by (6). 

3.3 Eigenvalue calculation for the interconnection steps  
As a starting point, the eigenvalues of the P2P configuration 
are shown in Fig. 5 a), while the eigenvalues of the added 
terminal are shown in Fig. 5 b). An overview of all 
eigenvalues for the interconnected system is shown in Fig. 5 
c). Most of the eigenvalues for the interconnected system are 
located in close proximity to the combined set of eigenvalues 
of the two separate subsystems. This corresponds to the 
interconnected system exhibiting dynamics that resemble 
those of its components. Indeed, Fig. 5 a), b) and c) illustrate 
the results usually obtained from the traditional approach of 
analysing a system before and after interconnection. 
However, it is relatively difficult to interpret the results and 
identify the causes of the differences between the modes in 
the two separated subsystems and the interconnected systems.  
 
In contrast, two enlarged views showing the eigenvalues 
calculated from a stepwise analysis of the interconnection 
according to section 2 are presented in Fig. 6. The 
eigenvalues calculated in step 1 for the P2P system and in 
step 4 for the interconnected 3T system are denoted as "P2P" 
and "3T", respectively. Furthermore, the eigenvalues of the 
intermediate step 2 and 3 are denoted as "P2PC" and "3TD" 
respectively. The differences in the eigenvalues between step 
1 and the step 2 indicate the influence of the equivalent cable 
capacitance on some of the oscillatory modes that according 
to the results in [14] are expected to be mainly associated 
with the cables. The figure also shows that these eigenvalues 
remain almost in the same positions when passing from step 2 
to step 3, which indicates a negligible influence from the 
steady state operating conditions and linearization point. This 
indicates that eigenvalues strongly associated with the cable 
dynamics are not significantly depending on the operating 
conditions, which should be expected since the cable model 
itself is linear. 
 
Finally, the modes associated to the dynamic interactions 
between the two subsystems are revealed by the differences 
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Fig. 4. Frequency-dependent pi-model of HVDC cable  
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between the eigenvalues from step 3 and step 4. Indeed, 
comparing the eigenvalues denoted as "3TD" and "3T" in Fig. 
6 clearly highlights how some eigenvalues are significantly 
influenced by the interconnection, while others remain in 
almost identical positions. In particular, it can be noticed how 
two pairs of complex conjugate eigenvalues with real part 
close to 300 for the "3TD" move noticeably toward the right, 
or to the left in the final "3T" configuration. 

3.4 Matrix elements responsible for interactions 
Since the only interconnection between the systems are the 
capacitor voltage vdc,A at terminal A and the current in the last 
section of the cable from terminal A to C, the matrixes  and 

 from section 2.2 will be zero. Thus, the off-diagonal 
submatrices  and  will determine the interactions in the 
system. To understand the interconnections in the system, it is 
relevant to identify the terms included in these submatrices, 
and. The structure of the resulting A matrix of 3T case and 
the elements responsible for the interconnection are illustrated 

in Fig. 7, which is showing the non-zero elements of all the 
sub-matrixes.  
Considering the structure of the 3T system and the states 
listed in (6), it can be found that the elements of  and  that 
are marked with red in Fig. 7 are given by (7) and (8), 
respectively. The states that will influence vdc,A due to (7), are 
given by (9) and represent the three inductors in the parallel 
branches of the pi section closest to converter terminal A in 
the cable from A to C. Similarly, only the voltage vdc,A will 
influence these three currents according to the elements of  
defined in (8). 
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b b b
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Since these elements can be directly associated with the 
interactions appearing when connecting the two systems S1 
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Fig. 5. Eigenvalues of the two systems before the interconnection, and of the interconnected system 

Fig. 6. Partial overview of eigenvalues calculated for the different steps of the interconnection analysis 
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and S2, they can also be used to illustrate the transition 
between the disconnected and interconnected system 
configurations, as proposed in section 2.3. 

3.5 Interconnection trajectory of eigenvalues  
Although the analysis of Fig. 6 reveals the changes in the 
eigenvalues associated with each step defined in section 2, the 
results might still be difficult to interpret. For instance, it can 
be difficult to trace a single eigenvalue before and after the 
interconnection, especially if the location of the eigenvalue 
changes significantly and/or moves to a location close to 
other eigenvalues. However, the variable k defined in (3) can 
be used to define a smooth transition from the analysis of the 
disconnected systems (k = 0) to the interconnected system 
configuration (k = 1) and will provide a simple visualization 
of how the eigenvalues change. Considering the matrix 
elements from (7) and (8), it can also be noticed that a value 
of k = 0 will correspond to equivalent inductances and 
capacitances at the interconnection approaching infinity, 
which would imply an effective decoupling of the dynamics 
in the two systems.  
 
Fig. 8 shows with magenta colour the eigenvalue trajectories 
when sweeping k in the range from 0 to 1. The initial 
eigenvalue locations for step 3 and the eigenvalues for the 
interconnected 3T system corresponding to step 4 are marked 
respectively with blue and green dots as in Fig. 6. The 
magenta trajectory illustrates visually how the eigenvalue 
locations change due to the interconnection of the two 
subsystems and offers a quantitative measure of the effect of 
the interactions on the system dynamics. As expected from 
Fig. 6 several of the complex conjugate eigenvalues with real 
part around 300 are significantly influenced by the 
interconnection. Similarly, there are also several eigenvalues 

with real part around 100 when the systems are not coupled 
that are noticeably influenced by the interconnection. 
However, since these eigenvalues were close to each other in 
Fig. 6, it was not easy to identify how each mode was 
moving, while this is clearly illustrated by their eigenvalue 
trajectories in Fig. 8. 

4 Comparison to participation factor-based 
identification of interaction modes  

For further demonstrating the relevance and validity of the 
presented approach, the results from the last step of the 
analysis are compared to those that can be obtained with the 
method for identifying system interactions presented in [14].  

4.1 Participation factor-based identification of 
interaction modes 

The aggregated participation ,i of a sub-system  in a mode 
i is defined in the remainder of the study as [14]:  

,
,

i
i

i

p
p

 (10) 

where ||p ,i|| and ||pi|| are the L1-norms of the vector containing 
the participation factors associated with the states of sub-
system  and the vector containing all the participation factors 
for mode i, respectively. The relative aggregated participation 
of a subsystem is defined as: 

,
,

,

i
i

i
S

 (11) 

A dynamic mode is then defined as an interaction mode if the 
relative aggregated participation factors are higher than a 
threshold  for at least two subsystems. Thus, for the case of 
only two interconnected systems S1 and S2, an eigenvalue is 
considered an interaction mode if S1,i >  and S2,i > . 

4.2 Comparative analysis and discussion 
As a reference for comparing the results from the 
participation factor analysis according to [14] with the result 
presented in section 3, Fig. 9 a) shows all eigenvalues of the 

Fig. 7. Overview of non-zero matrix elements for the different 
sub-matrixes of the interconnected 3T HVDC system 
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interconnected system with real part over 1000. 
Furthermore, Fig. 9 b) shows the interaction modes identified 
from the aggregated participation factor analysis. An 
overview of the relative aggregated participation factors with 
respect to system S1 for all the modes of the interconnected 
system are shown in Fig. 9 c), when the threshold  is set to 
20 %. In the figure, the interaction modes are displayed as red 
bars, while the blue bars represent local modes for S1 or S2. 
 
Fig. 10 is showing a combined evaluation of the 
interconnection sweep from Fig. 8 and the participation factor 
analysis from Fig. 9 b). The figure shows the same eigenvalue 
trajectories for the interconnection variable k as in Fig. 8, but 
in this case, the interaction modes from Fig. 9 b) are marked 
with a black circle. It can be clearly noticed that all 
eigenvalues moving significantly due to the interconnection 
are also interaction modes according to the participation 
factor analysis. This highlights a strong correlation between 
the two methods. At a first glance it appears that the method 
from [14] identifies more interaction modes than those 

associated with a magenta trace. However, by enlarging the 
scale of the plot, it can be found that all eigenvalues identified 
as interaction modes by the participation factor approach are 
influenced by the interconnection of the system. This may be 
explained observing that the trajectory of eigenvalues as a 
function of k indicates also how sensitive the eigenvalue is to 
the interconnection, while the participation factor analysis 
identifies only the sharing of the dynamics between more 
subsystems. From this perspective, the two approaches seem 
to be compatible and partially complementary. Thus, results 
from the presented approach can be utilized either 
independently or to obtain further understanding and insight 
into results obtained from participation factor analysis. 

5 Conclusion 
The paper presented a structured approach for analysing the 
effect on small-signal dynamics from the expansion of a 
HVDC transmission system. The method is based on a 
conventional state space representation of the system and on 
eigenvalue analysis. The transition from the initial system to 

 a) Eigenvalues of interconnected system b) Identified interaction modes  c) Aggregated participation factors  
Fig. 9. Results from participation factor analysis according to [14] 

Fig. 10. Comparison between results from participation factor analysis and eigenvalue trajectory for seamless system 
connection for identifying interactions between the interconnected systems 
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the expanded system is decomposed in a sequence of steps 
with a clear mathematical definition, which allows for easily 
identifying the modes that are influenced by the 
interconnection. Thus, modes associated with interactions 
between terminals can be separated from local modes. 
Moreover, the methodology offers the possibility to 
distinguish the variations in the dynamic modes due to 
adjustments of the control parameters and differences in the 
steady state operating conditions from those more strictly 
related to the interconnection of the subsystems. A numerical 
example has been presented, based on the expansion of a 
point-to-point MMC HVDC connection to a radial three-
terminal configuration. Moreover, the methodology has been 
evaluated against results from participation factor analysis 
and the interactions modes identified by those two methods 
have been compared. The results indicate a good agreement 
between the two procedures. 

Acknowledgements 
The work of SINTEF Energy Research was supported by the 
project ‘Protection and Fault Handling in Offshore HVDC 
Grids’ (ProOfGrids), financed by the Norwegian Research 
Council together with industry partners EDF, National Grid, 
Siemens, Statkraft, Statnett, Statoil and NVE.  
Jef Beerten is funded by a postdoctoral research grant from 
the Research Foundation – Flanders (FWO). 

References 
[1] N. Flourentzou, V. G. Agelidis, G. D. Demetriades, 

"VSC-Based HVDC Power Transmission Systems: An 
Overview," in IEEE Transactions on Power Electronics, 
Vol. 24, No. 3, March 2009, pp. 592-602 

[2] J. Peralta, H. Saad, S. Dennetiére, J. Mahseredjian, S. 
Nguefeu, "Detailed and Averaged Models for a 401-
Level MMC-HVDC System," in IEEE Trans. on Power 
Delivery, Vol. 27, No. 3, July 2012, pp. 1501-1508 

[3] H. Rao, "Architecture of Nan'ao Multi-terminal VSC-
HVDC System and Its Multi-functional Control," in 
CSEE Journal of Power and Energy Systems, Vol. 1, 
No. 1, March 2015, pp. 9-18 

[4] S. Cole, T. K. Vrana, O. B. Fosso, J.-B. Curtis, A.-M. 
Denis, C.-C. Liu, "A European Supergrid: Present State 
and Future Challenges," in Proceedings of the 17th 
Power System Computation Conference, PSCC 2011, 
Stockholm, Sweden, 22-26 August 2011, 7 pp.  

[5] T. K. Vrana, R. E. Torres-Olguin, B. Liu, T. M. 
Hailesellassie, "The North Sea Super Grid – A Technical 
Perspective, in Proceedings of the 9th IET International 
Conference on AC and DC Power Transmission, ACDC 
2010, 19-21 October 2010, London, UK, 5 pp. 

[6] D. Van Hertem and M. Ghandhari, “Multi-terminal VSC 
HVDC for the european supergrid: Obstacles,” in 
Renewable and Sustainable Energy Review, vol. 14, no. 
9, pp. 3156–3163, December 2010 

[7] P. Kundur, "Power System Stability and Control," New 
York, USA, McGraw-Hill, 1993. 

[8] G. O. Kalcon, G. P. Adam, O. Anaya-Lara, S. Lo, and 
K. Uhlen, “Small-signal stability analysis of multi-
terminal VSC-based DC transmission systems,” IEEE 
Transactions on Power Systems vol. 27, no. 4, 
November 2012, pp. 1818–1830 

[9] N. Chaudhuri, R. Majumder, B. Chaudhuri, and J. Pan, 
“Stability analysis of VSC MTDC grids connected to 
multimachine AC systems,” IEEE Trans. on Power 
Delivery, vol. 26, no. 4, pp. 2774–2784, October 2011 

[10] G. Pinares, M. Bongiorno, "Modeling and Analysis of 
VSC-based HVDC Systems for DC Network Stability 
Studies," in IEEE Transactions on Power Delivery, vol. 
31, no. 2, April 2016, pp. 848-856 

[11] M. K. Zadeh, M. Amin, J. A. Suul, M. Molinas, O. B. 
Fosso, "Small-Signal Stability Study of the Cigré DC 
Grid Test System with Analysis of Participation Factors 
and Parameter Sensitivity of Oscillatory Modes," in 
Proc. of the 18th Power Systems Computation Conf., 
PSCC 2014, Wroc aw, Poland, 18-22 Aug. 2014, 8 pp. 

[12] T. K. Vrana, Y. Yang, D. Jovcic, S. Dennetiére, J. 
Jardini, H. Saad, "The CIGRE B4 DC Grid Test 
System", CIGRE Electra Magazine, 2013 

[13] M. Amin, M. K. Zadeh, J. A. Suul, E. Tedeschi, M. 
Molinas, O. B. Fosso, "Stability analysis of 
interconnected AC power systems with multi-terminal 
DC grids based on the Cigré DC grid test system," in 
Proc. of the 3rd Renewable Power Generation Conf., 
RPG 2014, Naples, Italy, 24-25 September 2014, 6 pp. 

[14] J. Beerten, S. D'Arco, J. A. Suul, "Identification and 
Small-Signal Analysis of Interaction Modes in VSC 
MTDC Systems," in IEEE Transactions on Power 
Delivery, Vol. 31, No. 2, April 2016, pp. 888-897 

[15] J. Beerten, G. Bergna Diaz, Salvatore D'Arco, Jon Are 
Suul, "Comparison of Small-Signal Dynamics in MMC 
and Two-Level VSC HVDC Transmission Schemes," in 
Proc. of the 4th IEEE Int. Energy Conf., ENERGYCON 
2016, Leuven, Belgium, 4-8 April 2016, 6 pp. 

[16] N. Kroutikova, C. Hernandez-Aramburo, and T. Green, 
“State-space model of grid-connected inverters under 
current control mode,” IET Electric Power Applications, 
vol. 1, no. 3, pp. 329–338, May 2007. 

[17] S. D'Arco, J. A. Suul, M. Molinas, "Implementation and 
Analysis of a Control Scheme for Damping of 
Oscillations in VSC-based HVDC Grids," in Proc. of the 
16th International Power Electronics and Motion 
Control Conference and Exposition, PEMC 2014, 
Antalya, Turkey, 21-24 September 2014, pp. 586-593 

[18] G. Bergna Diaz, J. Suul, and S. D’Arco, “Small-signal 
state-space modeling of modular multilevel converters 
for system stability analysis,” in Proc. of the IEEE 
Energy Conversion Congress and Exposition, ECCE 
2015, Montreal, Québec, Canada, Sep. 20-24, 2015, pp. 
5822–5829 

[19] J. Beerten, S. D'Arco, J. A. Suul, "Frequency-Dependent 
Cable Modelling for Small-Signal Stability Analysis of 
VSC HVDC Systems," in IET Generation Transmission 
& Distribution, Vol. 10, No. 6, April 2016, pp. 1370-
1381 

 

This is the accepted version of a paper published in 13th IET International Conference on AC and DC Power Transmission - ACDC 2017 
DOI: 10.1049/cp.2017.0050



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




