Special issue @
Call for Papers

Be Seen. Be Cited.
Submit your work to a new
IET special issue

Read more

I
= The Institution of
— Engineering and Technology


https://ietresearch.onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Acc72fb5b-7589-4c41-81af-0c8452c0f194&url=https%3A%2F%2Fietresearch.onlinelibrary.wiley.com%2Fhub%2Fjournal%2F17518695%2Fhomepage%2Fcfp%3Futm_medium%3Ddisplay%26utm_source%3Ddartads%26utm_content%3DIET_ePDF_call_for_papers_feb23%26utm_term%3DGTD&pubDoi=10.1049/gtd2.12874&viewOrigin=offlinePdf

Received: 24 October 2022

Revised: 18 April 2023

'-) Check for updates

Accepted: 13 May 2023 | IET Generation, Transmission & Distribution

DOI: 10.1049/gtd2.12874

ORIGINAL RESEARCH

|
_— The Institution of
I | T En;inneselrirl:g;oar;g Technology Wl LEY

Transient stability versus damping of electromechanical

oscillations in power systems with embedded multi-terminal

VSC-HVDC systems

Javier Renedo' |

VE'TSI ICAT, Universidad Pontificia Comillas,
Madrid, Spain

2Instituto de Investigacion Tecnologica (IIT), ETSI
ICAI, Universidad Pontificia Comillas, Madrid, Spain

Correspondence

Aurelio Garcia-Cerrada, Instituto de Investigacion
Tecnologica (IIT), ETSI ICAI, Universidad
Pontificia Comillas, Madrid, Spain.

Email: aurelio@jit.comillas.edu

Pre-print: J. Renedo, L. Rouco, A. Garcia-Cerrada, L.
Sigrist, “Coordinated control in multi-terminal
VSC-HVDC systems to improve transient stability:
Impact on electromechanical-oscillation damping,”
arXiv:2208.00083, Online:
https://doi.org/10.48550/arXiv.2208.00083
(accessed 12-10-2022), pp. 1-17, 2022.

Funding information

Spanish Government and MCI/AEI/FEDER (EU),
Grant/Award Number: RTI2018-098865-B-C31;
Madrid Regional Government, Grant/Award
Number: P2018/EMT-4366

1 | INTRODUCTION

Luis Rouco

z | Aurelio Garcia-Cerrada’ | Lukas Sigrist

Abstract

Multi-terminal high-voltage direct current technology based on voltage-source converter
stations (VSC-MTDC) is expected to be one of the most important contributors to the
future of electric power systems. In fact, among other features, it has already been shown
how this technology can contribute to improve transient stability in power systems by the
use of supplementary controllers. Along this line, this paper will investigate in detail how
these supplementary controllers affect electromechanical oscillations, by means of small-
signal stability analysis. The paper analyses two control strategies based on the modulation
of active-power injections (P-WAF) and reactive-power injections (Q-WAF) in the VSC sta-
tions which were presented in previous work. Both control strategies use global signals of
the frequencies of the VSC-MTDC system and they presented significant improvements
on transient stability. The paper will provide guidelines for the design of these type of
controllers to improve both large- and small-disturbance angle stability. Small-signal sta-
bility analysis (in Matlab) has been compared with non-linear time domain simulation (in
PSS/E) to confirm the results using CIGRE Nordic32A benchmark test system with a
VSC-MTDC system. The paper analyses the impact of the controller gains and communi-
cation latency on electromechanical-oscillation damping. The main conclusion of the paper
is that transient-stability-tailored supplementary controllers in VSC-MTDC systems can be
tuned to damp inter-area oscillations too, maintaining their effectiveness.

has been proposed in Italy [7]. Meanwhile, actual exam-

ples of multi-terminal VSC-HVDC systems in operation in

Multi-terminal high voltage direct current systems based on
voltage source converters (VSC-HVDC) is a key technol-
ogy for bulk power transmission and for the integration of
renewable resources into power systems [1—3]. This enabler
technology has received attention worldwide [4] and sev-
eral conceptual large VSC-HVDC grids have already been
proposed in the literature. For example, in Europe, an
HVDC-based supergrid has been proposed for bulk power
transmission through different countries and integration of
offshore wind energy [1, 2]. In North America, a Macro-
grid consisting of several interregional HVDC interconnections
has been proposed for massive integration of renewable
energy sources [5, 6]. Similarly, an HVDC-based hypergrid

China are Zhoushan 5-terminal HVDC system [8], Nan’ao
3-terminal HVDC system [9-11] and Zhangbei 4-terminal
system [12].

Power-electronic-based devices are expected to have a
relevant impact on power system stability [13], for small-
disturbance [14-17] and large-disturbance phenomena [18].
Although it is clear that the main aplication of VSC-HVDC
systems is power transmission, they can also help to improve
the operation of power systems by means of supplemen-
tary controllers [19-22]. Previous publications have proposed
supplementary controllers in multi-terminal VSC-HVDC sys-
tems (VSC-MTDC) to improve rotor-angle stability against
small disturbances (electromechanical oscillations, that is,
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power-oscillation damping, POD) and against large distur-
bances (transient stability).

The work in [23] proposed controllers in VSC-HVDC
links to damp electromechanical oscillations (also known as
power-oscillation-damping (POD) controllers), by modulating
active-power (P) through a VSC-HVDC link and reactive-power
(Q) injections at both converter stations. The controllers were
designed using on robust control techniques. Ref. [24] analysed
POD controllers in VSC-HVDC systems, using active-power
flow through the link as output signal, and the frequency dif-
ference between the two AC terminals of the link as input
signal. The paper discussed the design of the gain of the POD
controller. The work in [25, 26] proposed POD controllers in
VSC-MTDC systems, where the VSCs modulate their P injec-
tions using the information from a Wide Area Measurement
System (WAMS). The work in [27] proposed POD controllers
in DC-voltage-droop-controlled VSC-MTDC systems. In this
control strategy, one converter of the VSC-MTDC changes
its DC-voltage set point proportionally to the locally mea-
sured frequency deviation, using the concept of DC-voltage
loop shaping. The work in [28] proposed POD controllers in
VSC-MTDC systems to modulate P and reactive-power (Q)
injections of the VSCs and using global measurements of the
frequencies at the connection points of the VSC stations of
the MTDC system. The work in [29] proposed the concept of
virtual friction, applied to P injections of VSC-MTDC systems
interconnecting asynchronous AC areas, to damp electrome-
chanical oscillations and to improve the performance of the
overall system. Ref. [30] proposed POD controllers in a VSC-
HVDC link embedded in an AC grid based on Linear Matrix
Inequality (LMI) optimisation and modulating P/Q) injections at
the converter stations. POD controllers in VSC-MTDC systems
of the references discussed above presented promising results.
The work in [31] proposed POD controllers in VSC-MTDC
systems embedded in the power system using model predic-
tive control, showing good results. Active-power injections are
the input signals and the controllers require information from
a WAMS. Ref. [32] showed that POD controllers could also
be implemented in offshore wind warms connected through
VSC-HVDC links, taking advantage of the energy stored in the
capacitors of the DC side.

The improvement of transient stability of a power system
using a VSC-MTDC system has already been addressed in the
literature. The work in [33] proposed a control strategy in VSC-
MTDC systems for transient-stability improvement, where VSC
stations control their P injections based on a bang-bang con-
troller and using the speed deviations of the generators with
respect to the speed of the centre of inertia (COI) as input
signals. Ref. [34] proposed controlling P injections of the VSC
stations of a MTDC system based on a sliding-mode strategy
and also using global measurements. The work in [35] pro-
posed a control strategy where VSC stations controlled their
P injections, using global measurements of the frequencies of
the MTDC system. This control strategy is a generalisation of
the one proposed in [36] for point-to-point VSC-HVDC links,
which modulates the active power transmitted through the link
proportionally to the frequency deviation between the two AC

terminals of the link. The work in [37] used the same input sig-
nal as in [35], but to control the Q injections of the VSC stations.
The work in [38] proposed an active-power control strategy in
VSC-MTDC systems using global measurements of the angles
and frequencies at the connection point of the VSC stations.

In general, small- and large-signal rotor-angle stability are
related and improving the latter often improves the former too,
and vice-versa. However, this is not a always the case. For exam-
ple, the study presented in [39] shows that an increase in the
gain of the PSS of a synchronous generator improves the damp-
ing ratios of electromechanical modes, while transient stability
deteriorates, in the system analysed. In the publications dis-
cussed above of POD controllers and transient-stability-tailored
controllers in VSC-MTDC systems, each work focuses on the
particular application of each controller. However, these stud-
ies do not focus on the impact of the controllers on both
rotor-angle stability phenomena together. Hence, the following
questions remain open:

* What is the impact of transient-stability-tailored controllers
in VSC-MTDC systems on electromechanical-oscillation
damping?

* Could transient-stability-tailored controllers in VSC-MTDC
systems help to damp electromechanical oscillations too and
play the role of POD controllers?

This paper addresses these two questions and studies the
impact of transient-stability-tailored supplementary controllers
in VSC-MTDC systems on electromechanical-oscillation damp-
ing by means of small-signal stability analysis. The paper
analyses two control strategies based on the modulation of
active-power injections (P-WAF) [35] and reactive-power injec-
tions (Q-WAF) [37] in the VSC stations of the MTDC system.
Both control strategies use global signals of the frequencies of
the VSC-MTDC system and they presented significant improve-
ments on transient stability. Results suggest guidelines for the
design of these type of controllers to improve both, large- and
small-disturbance angle stability. Small-signal stability analysis
techniques (in Matlab) will be used to assess electromechanical-
oscillation damping, while non-linear time domain simulation
(in PSS/E) will be used to confirm the results. Contribu-
tions will be illustrated in the Nordic32A test system with
an embedded VSC-MTDC system. The paper analyses the
impact of the controller gains and communication latency on
electromechanical-oscillation damping,

Preliminary results were presented by the authors in [40],
where a small-signal stability analysis of strategy P-WAF was
carried out in a small test system. This paper extends the
results an analyses not only the modulation of P injections (P-
WAF), but also the modulation of Q injections (Q-WAF) and
simultaneous modulation of P and Q injections (PQ-WAF).
Furthermore, this paper presents the results in a larger test sys-
tem (Nordic32A benchmark system) and it analyses the impact
of communication latencies on the performance of the control
strategies, which was not analysed in [40].

The rest of the paper is organised as follows. Section 2
describes how VSC-MTDC systems are modelled. Section 3

95UB01 T SUOLLLIOD 3AIIe1D) 3[cfedtdde U Aq peusenob ae il VO ‘85N JO 3N o} Akeiqi8UlIUO AS|IA LD (SUONIPUOD-PUE-SWLBIALI0D" A5 | IM Afe.d1|Bu UO//ScIY) SUORIPUOD PUe S 1 U1 89S *[£202/60/70] Uo AreiqiTauliuo A(IM ‘(ouleAnge ) sqnopesy Ad /82T ZpB/6r0T 0T/I0pw0d A8 1M Aelq /Ul U0 essa B /Sy Lol pepeojumoq ‘ST ‘€202 'S698TSLT



RENEDO ET AL. 3479
. Pei, Qi . Pdeii . Apmax
Psi Gsi ~— _VSCi — Udoy leci facj Laeii a)* 1 STw
Toi rsi Lsi ‘ i rom = 1+ sTr 1+sTw Supplementary
— — . i control
ga | G ?@ S L ® AP

i ; de, Idc,ik

I I Lac,ix ref jref
e | ' Ps Is.d

Peit Pdcit Piossi = 0 DG grid = controller
0
Udc Ps

FIGURE 1 VSCand the HVDC grid based on the principles of [41].

describes the transient-stability-tailored control strategies in
VSC-MTDC systems which will be analised in the paper. Sec-
tion 4 presents the results obtained in the paper. Section 5
presents the conclusions obtained in this work. Finally, the
Appendix contains the data used.

2 | MODELLING OF MULTI-TERMINAL
VSC-HVDC SYSTEMS

In VSC-MTDC systems, more than two VSC stations are con-
nected to the same HVDC grid. Figure 1 depicts the dynamic
model of a VSC connected to an HVAC grid and to an HVDC
grid, following the guidelines of [41—44] for electromechanical-
type models of these types of systems (type-6 models, according
to the classification of reference [45]). Outer control loops of
VSCs are modelled in detail, while inner cutrrent control loops
are approximated by a first-order transfer function between the
current references and their actual values.

All the details of the dynamic model for VSC-MTDC systems
used in this work can be found in [46] and, therefore, they are
not included in this paper. The details of the linearised model
used for small-signal stability analysis can be found in [40]. The
initial operating point of the VSC-MTDC system is obtained
with the AC/DC power flow method proposed in [47].

3 | CONTROL STRATEGIES

The control strategies to be investigated were proposed and
described in detail in in [35, 37] and this paper will analyse their
impact on electromechanical-oscillation damping. Only the key
aspects of the controllers are described in this section, in order
to make the paper self contained.

When a disturbance occurs in a power system, bus frequen-
cies change and, during the transient, frequencies at different
buses of the system are not the same [48, 49]. This is the main
reason why control strategies for transient stability improve-
ment using global measurements (such as generator speeds or
the speed of the COI) have proved to be effective in different
contexts [33, 50].

In the control strategies to be analysed in this work,
global-but-practical measurements are used: they use global
information of the dynamic behaviour of the system, but
restricting the communication system between the converter
stations of the VSC-MTDC system. Every converter of the
VSC-MTDC system compares its own frequency measured at
the AC bus with a frequency set point, which is calculated as the

Apgef,DC

Udc DC-voltage droop

FIGURE 2  Strategy P-WAFE Frequency in pu.

weighted average of the frequencies measured at the AC side of
the VSC stations (weighted-averaged frequency, WAF):

n n
W' =a= ) aqw, pu,a, €01, Ya,=1. (1)
k=1 k=1

where @, is the frequency measured at the AC bus of VSC,
in pu.

The frequency error signal is used by every VSC to modulate
its P Injection (strategy P-WAF) and/or its Q injection (strategy
Q-WAF).

3.1 | Strategy P-WAF

Figure 2 shows the block diagram of control strategy P-
WAF [35], where the frequency set point of the controller is
calculated as in (1), which requires a communication system
among the converter stations of the VSC-MTDC system, which
is a strong but realistic restriction.

The behaviour of strategy P-WAF is as follows. During the
transient produced by a disturbance, the frequencies seen the
VSCs will change. If a VSC has the frequency above (below) the
WAE, it will decrease (increase) its P injection, aiming to pull
together the speeds of the generators of the system.

In order to share the control effort among all converters
and avoid DC-voltage fluctuations, reference [35] proposed the
following relationship between the gains and the weighting
coefficients of the WAF:

kp !
Lk = g, with /ép,j" = Z /ép’j'. (2)
J=1

&p,1

while making o, proportional to the nominal apparent power
of each VSC, of the MTDC system.

3.2 | Strategy Q-WAF

Figure 3 shows the block diagram of control strategy
Q-WAF [37], where the frequency set point of the controller
is also calculated as in (1). The controller is activated only if the
AC voltage at the connection point is above a certain threshold
Vi (v = Vif u, > V), to guarantee the control actions only
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after the fault is cleared (preventing the controller acting during
a short circuit). This precaution improves the performance of
the controller.

The behaviour of strategy Q-WAF is as follows. If a VSC
has the frequency above (below) the WAFE, it will increase
(decrease) its Q injection, aiming to pull together the speeds of
the generators of the system.

The work in [37] used the following design:

/é n
0,k
= kg = Z kg, ©)

ko1 j=1

4 | RESULTS

The case study considered consists of the CIGRE Nordic32A
benchmark test system [51] with a 3-terminal VSC-HVDC sys-
tem, as shown in Figure 4. Each VSC has a nominal apparent

TABLE 1 Initial operating point of the VSC-MTDC system.

Converter Pfl. (MW) le, (MVAr) ux",i (pu) ugm, (pu)
VSC1 —350.00 0.00 1.0100 1.0006
VSC2 500.00 150.00 0.9982 0.9978

VSC3 —190.08 100.00 1.0149 1.0000

power of 1000 MVA. A critical scenario with poorly damped
inter-area oscillations is considered. The modifications made to
stress the system and the data of the VSC-MTDC system are
provided in the Appendix.

Each VSC of the MTDC system is controlled with DC-
voltage droop control and constant reactive power injection.
Table 1 depicts the initial steady-state operating point of the
VSC-MTDC system, calculated with an AC/DC power flow
[46, 47].

The dynamic model of the system in Figure 4 has been
linearised around the steady-state operation point and the lin-
earised model has been implemented in Matlab-based Small
Signal Stability Tool (SSST) [52], as desctibed in [40]. The

linearised system reads:
Ax = AAx. “

where A € R”*"x is the state matrix, Ax € R”>*1 is the vector
of increments of the state variables and 7, is the number of state
variables of the system.

Electromechanical oscillations have been identified using
eigenvalue techniques and participation-factors [53—55]. The
system has two inter-area modes with low damping ratios, as
depicted in Table 2.

The information about the electromechanical oscillations
between different synchronous machines in the system can
be extracted from the right eigenvectors of the linearised sys-
tem (4), which are known as mode shapes [56]. The right
cigenvector o, € C*! associated to eigenvalue A, satisfies:

ﬂ'kvk = Al}k. (5)

The information of the oscillation of mode 4, of a certain state
variable of (4), x;, can be analysed with the position of the right
eigenvalue associated to the state vatiable 2, € C. In particular,
the phases of the mode shapes ;. provide information about
which state variables oscillate together with or against to other
state variables, when a certain mode is excited.

Figures 5 and 6 show the shapes of inter-area modes A and B
(right eigenvectors associated to the speeds of the synchronous
machines), respectively. In inter-area mode A, synchronous
machines in the North oscillate against synchronous machines
in the South and in the Centre: mode shapes of the speeds of the
generators in the North have opposite phases to mode shapes of
the speeds of the generators in the South. In inter-area mode B,
synchronous machines in the North and South oscillate against
machines in the Centre: mode shapes of the speeds of the gen-
erators in the North and South are in phase, while they have
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TABLE 2 Inter-area modes.
Mode Eigenvalue (rad/s) ¢ (%) Freq. (Hz) Dominant machines Oscillation
A —0.1044 £ ;3.2333 3.23 0.51 G4072, G4063 North against
South & Centre
B —0.3186 + /5.2160 6.10 0.83 G4063, G4072, North and South
G1042 against Centre
Mode shape (a)
1 T 8 T S T \ - = C: 5 %
0.8f , \ ® \ ¢=10%
G in the North i — ' I
0.6 Generators in the South and enerators in the Nort E b= & \ _
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FIGURE 5  Shapes of inter-area mode A. 3 B |nter—area mode A
¢ @ |Inter-area mode B
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B
Mode shape
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08l Generators in the Centre | kp; (pu)
06f \L ) .
FIGURE 7  Strategy P-WAF. Impact of gains £p; on (a) evolution of
0.4 electromechanical modes and (b) damping ratio.
02t
g o
E (pu’s are referred to the converter rating) proved to be effective
02 T to improve transient stability [35, 37]. Now gains £p;, kg, =
-0.4f [0,500] pu will be explored. The trest of parameters of the
Generatos in the North and South . . . .
_06h i control strategies are provided in the Appendix.
osl | Figure 7 shows the evolution of the inter-area modes of the
system and their damping ratios as the gains of control strat-
g 05 0 05 1 egy P-WAF (P injections) increase. Initially, inter-area mode
Real .
e A moves towards the left-hand side of the complex plane as
; incr . t, for high val f th ntroller gain:
FIGURE 6 Shapes of inter-area mode B, kp,; increases. However, for high values of the controller gains

opposite phases to mode shapes of the speeds of the generators
in the South.

4.1 | Small-signal stability analysis

The impact of the controller gains of strategies P-WAF
(P injections) and Q-WAF (Qinjections) on inter-area modes
is analysed. Gains at all VSC stations were changed (satisfy-
ing (2) and (3)) and eigenvalues and their damping ratio were
obtained. Since gains in the range £p;, £¢; = [100,300] pu

this trend changes. The damping ratio of inter-area mode A
increases as &p, increases, it reaches its maximum value with
kp,; around 200 pu. Inter-area mode B follows a similar pat-
tern. The damping ratio of inter-area mode B increases as £p
increases and it approximately saturates with &p ; around 300 pu.
The damping ratios of inter-area modes A and B are much
higher than the ones obtained in the base case, for all values of
the controller gain £p ;. In addition, notice that controller gains
£p,; have small impact on the damping ratio of other modes.
Figure 8 shows the evolution of the inter-area modes of the
system and their damping ratios as the gains of control strat-
egy Q-WAF (Q injections) increase. Inter-area mode A moves
towards the left-hand side of the complex plane as £ ; increases
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Strategy Q-WAF. Impact of gains &4 ; on (a) evolution of

and its damping ratio increases, significantly. Inter-area mode B
also moves towards the left-hand side of the complex plane as
k), increases and its damping ratio also increases. However, the
d;mping ratio of mode B is lower than the one of mode A and
saturates. Therefore, controller gains £ ; have small impact on
the damping ratio of other modes.d.

Results prove that with reasonable values of the controller
gains for transient-stability improvement in strategies P-WAF
and Q-WAF (e.g. £p; = £#¢,; = 200 pu), inter-area modes are
also damped successfully without affecting other modes sig-
nificantly. Furthermore, small-signal stability techniques can
be used to design the controller gains in order to obtain the
required damping ratios of the electromechanical modes.

Notice that the improvements on the damping ratios of
inter-area modes achieved with transient-stability-tailored con-
trol strategies P-WAF and Q-WAF are comparable to those
obtained with specific POD controllers in VSC-HVDC sys-
tems (see [23] and [24], for example). The objective of analysing
the capability of transient-stability-tailored controllers to damp
electromechanical oscillations is not to replace POD controllers
and the use of each type of controller would depend on the par-
ticular stability phenomenon that is needed to be improved for
a certain power system. The objective of this work is to show
that the controllers analysed hete are an option to improve both
phenomena at the same time (rotor-angle stability against large
and small disturbances).

4.2 | Non-linear time-domain simulation

The performance of the control strategies has been tested
by means of non-linear time domain simulation in PSS/E
tool (electromechanical simulation), using the model proposed
in [46]. Four cases are compared:

20 i i i i i i i i i
0

time (s)

FIGURE 9 Difference of generator angles.

0.05

0.04

0.03

0.02
0.01

-0.011
-0.02

-0.03 1
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-0.05

time (s)

FIGURE 10 Frequency deviations with respect to the weighted-average
frequency (case P-WAF).

* Base case: no supplementary control strategy.

* P-WAF: Strategy P-WAF (P injections) (Figure 2), with &p; =
200 pu.

* Q-WAF: Strategy Q-WAF (Q injections) (Figure 3), with
kp,; = 200 pu.

. PNQ—\X/AF: Simultaneous modulation of P and Q injec-
tions with strategies P-WAF and Q-WAF, with £p; = &g, =
200 pu.

The rest of parameters of the control strategies are provided in
the Appendix.

Line 4012-4022 (see Figure 4) is tripped at # = 1 s. Figure 9
shows the difference between the bus-voltage angles of gen-
erators 4072 (North) and 4063 (South). The three control
strategies (P-WAFE, Q-WAF and PQ-WAF) succeed in damping
the inter-area oscillations present in the base case.

Figures 11 and 12 show the active- and reactive-power injec-
tions of the VSC stations, respectively. In strategy P-WAF, only
P injections are modulated. After the event, the P injection of
VSC 1 decreases (P absortion of VSC 1 increases) because its
frequency is above the WAF, while the P injections of VSCs 2
and 3 increase because their frequencies are below the WAF (see
Figure 10, as an example). Analogously, in strategy Q-WAF, only
Q injections are modulated. The behaviour of Q injections in
Q-WAF is similar to the behaviour of P injections in P-WAEF,
but with opposite direction, due to the negative sign of Figure 3.
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FIGURE 12  Reactive-power injection of each VSC (¢, ).

In strategy PQ-WAE, both, P and Q injections are modulated.
Both, modulation of P and/or Q injections of the VSC stations
contribute positively to damp inter-area oscillations.

Finally, an extremely severe fault is simulated, in order to
compare the performance of the control strategies in terms of
transient stability. A three-phase-to-ground short circuit applied
to line 4031-4041a (close to bus 4041) (see Figure 4), which is
cleared by disconnecting the two circuits of the corridor 100

180
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& 120} ]
2 100}
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s
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= 60l
S
= gof
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FIGURE 13 Difference of generator angles.

ms later. Figure 13 shows the difference of generator angles.
Synchronism is lost in the base case, while the system is stable
with control strategies P-WAF, Q-WAF and PQ-WAF. Hence,
the control strategies improve transient stability.

4.3 | Impact of communication latency

The impact of communication latency on the performance of
the control strategies is also analysed by introducing a delay
in the frequency set point calculated by each VSC (7) when
calculating the WAF in (1):

Co*

=de (6)
A second-order Padé’s approximation has been used to repre-
sent the transfer function of the delay in (6), as proposed in [57].
Realistic values for the delays (t = 50 ms and 7 = 100 ms) will
be tested [58].

The parameters of the control strategies are the same as the
ones used in Section 4.2.

43.1 | Small-signal stability analysis

Figure 14 shows the evolution of the inter-area modes of the
system and their damping ratios as the communication delays, 7,
increase when using control strategy P-WAF. Communication
latencies has very little effect on the damping ratios of inter-
area modes when using strategy P-WAF. This is consistent with
the analysis presented in [59]: the DC-voltage droop attenu-
ates significantly the effect of communication latency in strategy
P-WAE

Figure 15 shows the evolution of the inter-area modes of the
system and their damping ratios as the communication delays,
T, increase when using control strategy Q-WAE The damp-
ing ratio of inter-area modes decrease as communication delays
T increase, when using strategy Q-WAF. The impact is higher
on inter-area mode A. The damping ratios obtained in the
presence of communication delays are still much higher than
those obtained in the base case.
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43.2 | Non-linear time-domain simulation

Communication delays of 7 =50 ms and 7 = 100 ms were
tested, when using strategies P-WAF, Q-WAF and PQ-WAFE
The same disturbance than in previous section has been sim-
ulated. Line 4012-4022 is tripped at # = 1 s. Figure 16 shows
the difference between the bus-voltage angles of generators
4072 and 4063. The three control strategies (P-WAE, Q-WAF
and PQ-WAF) succeed in damping the inter-area oscillations

time (s)

FIGURE 16 Difference of generator angles. Impact of communication
delay 7.

present in the base case and the results are very similar to those
obtained with no communication latencies.

4.4 | Overall performance

This section analyses the overall performance of the control
strategies regarding:

* Rotor-angle stability against large disturbances (transient
stability) and

* Rotor-angle stability against small disturbances (electrome-
chanical oscillations)

Transient stability is the main application of control strate-
gies P-WAEF, Q-WAF and PQ-WAF and it has been analysed
in detail in [35, 37]. Nevertheless, results on transient stabil-
ity are also included in this paper, for reference, to evaluate
the overall performance of the control strategies. Transient-
stability margins are quantified using the critical clearing time
(CCT), which is defined as the maximum time duration that a
fault can stay before clearance without eventually provoking loss
of synchronism. An extremely severe fault is selected: a three-
phase-to-ground short circuit applied to line 4031-4041a (close
to bus 4041) (see Figure 4), which is cleared by disconnecting
the two circuits of the corridor (Fault I, for short). At the initial
operating point, each circuit of the corridor carries 644.50 MW.

Table 3 shows damping ratios and frequencies of the inter-
area modes A and B, and the CCT of Fault I, obtained
in the base case and for control strategies P-WAE, Q-WAF
and PQ-WAF. In all cases, controller gains are set to &p, =
kg, = 200 pu and the rest of the parameters as desctibed in
the Appendix. The control strategies significantly increase the
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TABLE 3

disturbance), TS: Transient stability (large disturbance).

Comparison. EO: Electromechanical oscillations (small

EO EO TS

Mode A Mode B Fault I
Case ¢ (%), f (Hz) ¢ (%), f (Hz) CCT (ms)
Base case 3.23 %, 0.51 Hz 6.10 %, 0.83 Hz 70 ms
P-WAE, 7 = 0 ms 19.27 %, 0.62Hz  17.38%,0.89 Hz 270 ms
P-WAF, 7 = 50 ms 19.29 %, 0.62Hz  17.39 %, 0.89 Hz 270 ms
P-WAF, 7 = 100 ms 19.30 %, 0.62Hz  17.39 %, 0.89 Hz 270 ms
Q-WAE, 7 = 0 ms 22.24%,0.53 Hz  13.18 %, 0.86 Hz 230 ms
Q-WAF, 7 = 50 ms 19.37 %, 0.54 Hz  13.06 %, 0.86 Hz 180 ms
Q-WAF, 7 = 100 ms 16.09 %, 0.54 Hz  12.73%,0.86 Hz 120 ms
PQ-WAE, 7 = 0 ms 22.74%,0.71 Hz  21.23%,091 Hz 320 ms
PQ-WAF, 7 = 50 ms 19.21 %, 0.70 Hz ~ 21.06 %, 0.91 Hz ~ 300 ms
PQ-WAE 7 =100ms  16.75 %, 0.69 Hz  21.06 %, 0.90 Hz ~ 280 ms

damping ratios of inter-area modes A and B, in compatison
with the base case. The damping ratios deteriorate slightly in the
presence of communication latency; however the improvements
are still significant. The control strategies increase the CCT of
Fault I significantly. Communication latencies do not reduce the
CCT in strategy P-WAF. This is consistent with the results pre-
sented in [59]: the DC-voltage droop attenuates the effect of
communication latency when modulating P injections. How-
ever, the impact of communication latency is stronger when
modulating Q injections with strategy Q-WAL. Nevertheless,
results obtained in the presence of communication latency are
better than those obtained in the base case.

Hence, results prove that control strategies P-WAF, Q-
WAF and PQ-WAF improve both transient stability and
electromechanical-oscillation damping, significantly.

5 | CONCLUSIONS

This paper analysed the impact of transient-stability-tailored
supplementary in VSC-MTDC
electromechanical-oscillation damping, by means of small-

controllers systems on
signal stability analysis. In the control strategies analysed, each
VSC of the MTDC system compares its own frequency with
the weighted-average frequency (WAF) of the VSC stations and
it modulates its P injection, Q injection or both simultaneously
(P-WAE, Q-WAF and PQ-WALF, respectively).

The conclusions obtained in this paper can be summarised as
follows:

* Control strategies P-WAF, Q-WAF and PQ-WAF can be
tuned to (a) improve transient stability and to (b) damp
inter-area electromechanical oscillations too.

* The control strategies produce good results in the presence of
communication delays, under small disturbances and under
large disturbances.

* Although bulk power transmission and the recollection of
non-dispatchable energy sources are the main purposes of a
multi-terminal VSC-HVDC system embedded in a conven-

tional HVAC system, the flexibility of VSC stations makes
it possible the contribution of these systems to the overall
improvement of the power system stability. This contribu-
tion adds a remarkable value to this technology and should be
taken into account when carrying out a cost-benefit analysis
in future developments. The economical benefit of angle-
stability controllers is strongly related to the increase of
transmission capacity between different areas in large power
systems.
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APPENDIX A: DATA

A.1 | Data of the test system

Data of the original CIGRE Nordic32A benchmark test system
can be found in [51, 60] and a comprehensive description of the
system can be found in [61]. Some modifications were made in
the test system used in this paper, in order to stress the system
and to reduce the damping ratio of inter-area oscillations. The
modifications made are detailed in [28]. Converter and HVDC
grid parameters are provided in Table Al.

A.2 | Parameters of the control strategies for the case
study

* P-WAF: £kp; = 200 pu,Ap,.; = 1.0pu, 7y ; = 0.1s, Ty ; =
10 s and a; = 1/3. The gains are in nominal p.u. Different
values of &p; are analysed in Section 4.1.

* Q-WAFE: £y, =200 pu, Ag,u; =10 pu, 77;=0.1 s,
Ty ;=10s, Vi, = 0.75 pu and @, = 1/3. The gains are
in nominal p.u. Different values of &y, are analysed in
Section 4.1. -

* PQ-WAF: The same parameters of strategies P-WAF and Q-
WAF are used.

TABLE A1 Converter & HVDC grid data. Base for pu: VSC’s nominal
appatent power.

Parameters

Nominal apparent power 1000 MVA

DC voltage +320 kV

AC voltage 300 kV

Configuration Symmetrical monopole
Active-power limits +1000 MW
Reactive-power limits +450 MVAr

Current limit 1 pu (d-axis priority)

DC-voltage limits +10 %
. 30
Max. modulation index (#!* = \/? ) 1.31 pu
2 Vs
Current-controller time constant (T) 5 ms

Connection impedance: 3, = r; + jx; 0.002 +j0.17 pu

(reactor + 300/400 kV transformer)
=0 I

ref ref
lq,/ - _q‘r,i /”.r,i

Active-power control
Reactive-power control
DC-voltage droop parameter (£, ;) 0.1 pu
VSCs’ loss parameters (a/b) 11.033 / 3.464 X107 pu
4.40 / 6.67 X107 pu

2.05Q /140.10 mH

VSCs’ loss parameters (,,./¢;,,)

DC-line series parameters (R ;;/Lq,ij)

DC-line shunt capacitance (Cy, ;) 1.79uF
VSC Eq. capacitance (Cyc ;) 193.21 uF
Total eq. DC-bus capacitance (Cy, ;) 195.00 uF
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