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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
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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.

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.

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

2)

3)
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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

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

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

In the following, it is assumed that a dynamic system can be
represented on linearized time-invariant state-space form [7]:
Ax =A(x,)-Ax+B(x,)-Au (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 x,°, and have a block-diagonal form when
analysed together. Thus, the eigenvalues of the two systems
can be calculated as:

T "
cig(a)=| eig(al () eiw(al() | @
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 xo* of the interconnected system,
resulting in A%(x¢%). 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).

Interpretation of the defined steps

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 I' and ©, which
originally are terms from the B-matrices of the independent
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Fig. 2. Overview of investigated VSC-HVDC system, considering the expansion from a P2P scheme to a 3T HVDC grid.

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
II 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 I', @, ®
and IT 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 & for the submatrices I', @, ® and

II as given by:

AS (xf)-&-k ~(I)(x5')
k-© (xoL )

kT(xf)

(€)
AS (x§)+k-l'l(xoc)

A

k
k=0—1

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

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

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

flowing from terminal A to terminal B (P44 = —0.548 pu,
Ppoc = 0.540 pu). The 3T system is assumed to operate in
steady-state with power flowing from terminal A to terminal
B and C (Pyuc =—0.848 pu, Pgac = 0.274 pu Pcyc = 0.564 pu).
The only interconnection variables are the voltage vqc. 4 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

Parameter Value Parameter Value
Rated voltage Vs 1z rus 220 kV Filter inductance /, 0.204 pu
Rated power S, 1200 MVA |Filter resistance 7y 0.005 pu
Rated angular frequency w, |2n*50 Hz |Filter capacitance ¢, 0.089 pu
lfu”em controller gains, kves 1956 5 14 |Grid voltage 7, 1.0 pu
Power controller gains, £, k;, |1, 100 PLL Low pass filter, 500 rad/s
WLP.PLL

. 0.084,

Power measurement filter, 7j, |7.6 ms PLL gains, &y pr., kiprs 4691

Table I Parameters of investigated system configuration
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Fig. 4. Fre_quency—dependent pi-model of HVDC cable

the

two systems are maintained unaltered after

interconnection (i.e. no retuning of the controllers).

3.2

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 y 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 va.rand pucm represent filtered measurements
of the dc voltage and ac-side power respectively, while p 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 i.. and the total stored energy in
the MMC is represented by ws, while & and ks are the states
of the associated PI-controllers [18].

System modelling

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).

Xyme = I:vu,d Vou Ua g Va V¢ Yoa Ya Pa Py Veia Veirg
XCable = I:ll,l ll,l ll,n vc,l 12,1 12,2 . Vc,m—l lm,l lm,2

c_ T
X = [XMMC] Xumcz  Xcavleas  Xmmes  Xcable A-C]

Xs1 Xs2

4

G
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3.3

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
¢). 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.

Eigenvalue calculation for the interconnection steps

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 "P2P“" and "3TP"
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

Epy OO0p, Vg Vies P Paewm 1l Ws Ky fz:. (4)
T

b | (5)

(6)
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Fig. 6. Partial overview of eigenvalues calculated for the different steps of the interconnection analysis

between the eigenvalues from step 3 and step 4. Indeed,
comparing the eigenvalues denoted as "3TP" 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 "3TP" move noticeably toward the right,
or to the left in the final "3T" configuration.

34

Since the only interconnection between the systems are the
capacitor voltage vq. 4 at terminal A and the current in the last
section of the cable from terminal A to C, the matrixes ® and
II from section 2.2 will be zero. Thus, the off-diagonal
submatrices I' 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

Matrix elements responsible for interactions

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 I' and © that
are marked with red in Fig. 7 are given by (7) and (8),
respectively. The states that will influence vy 4 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 vi.4 will
influence these three currents according to the elements of @
defined in (8).

[0) , ,
r“m WXsrcmeac | : - - o (7)

Ceq,A C“LA Ceq,A

T
) - Dy D Do (8)
X2, Cable A-C Ve A o
Icable a-c 2cable A-C 3cable A-C
T

XSZ-Cable A-C T ': ll‘rlci\ble AC llvzcms AC l]‘3cﬂb]:‘ AC :| (9)

Since these elements can be directly associated with the
interactions appearing when connecting the two systems S1
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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

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 & 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.

Interconnection trajectory of eigenvalues

Fig. 8 shows with magenta colour the eigenvalue trajectories
when sweeping k& in the range from O 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
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Fig. 8. Eigenvalue trajectory obtained by seamless
interconnection of the system according to (3)

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 7, of a sub-system o in a mode
i is defined in the remainder of the study as [14]:

p...

el

where |[po,|| and ||pi|| are the L;-norms of the vector containing
the participation factors associated with the states of sub-
system a and the vector containing all the participation factors
for mode 7, respectively. The relative aggregated participation
of a subsystem is defined as:

p = na,i
” an.i

res

N (10)

(11)

A dynamic mode is then defined as an interaction mode if the
relative aggregated participation factors are higher than a
threshold y 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 ps;; > y and ps2; > y.

4.2

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

Comparative analysis and discussion
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Fig. 9. Results from participation factor analysis according to [14]
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Fig. 10. Comparison between results from participation factor analysis and eigenvalue trajectory for seamless system
connection for identifying interactions between the interconnected systems

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 y 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 & 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

7

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 & 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

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
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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.
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