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Summary

The aim of this doctoral thesis was to investigate control strategies in Volt-
age Source Converter - High Voltage Direct Current (VSC-HVDC) multi-
terminal systems (VSC-MTDC, for short) to improve angle stability in hy-
brid HVAC/HVDC grids (under large and small disturbances).

The work was motivated by the growing interest of transmission system
operators (TSOs) in various parts of the world on this technology. Elec-
trical systems tend to be operated in increasingly stressed conditions (AC
lines closer to their stability limits, transmission of large amount of power
over long distances and less inertia, among others), which make angle sta-
bility a key limiting factor. Meanwhile, future electrical systems are ex-
pected to have an ever-increasing number of electronic power converters,
such as renewable generators interfaced by power converters, FACTS devices
and point-to-point and multi-terminal HVDC systems. Furthermore, hybrid
HVAC/VSC-HVDC transmission systems are being considered to facilitate
the integration of a large amount of renewable generation and to intercon-
nect different countries in different parts of the world. The main application
of any VSC-HVDC system will be power transmission. Nevertheless, due
to the fast control of the active and reactive power injections of the VSCs
stations, VSC-HVDC multi-terminal systems, when installed, seem to be an
attractive alternative to help improving angle stability.

Previous work has shown that, indeed, VSC-MTDC systems can improve
angle stability of electrical power systems significantly using suitable control
strategies. All those strategies had in common the use of global-but-difficult-
to-implement measurements, namely, the speed of all the generators of the
system and the speed of the centre of inertia (COT). This thesis investigates
control strategies based on “global-but-practical" measurements for (a) tran-
sient stability improvement and for (b) power-oscillation damping.

First of all, control strategies for P and the Q) injections of the VSCs
using the weighted-average frequency (WAF) of the converter stations of the
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VSC-MTDC system have been proposed to improve transient stability. The
results presented in this thesis have shown that large and small-signal angle
stability can be improved significantly using the proposed control strategies
and their implementation is easier than previous approaches that require a
Wide Are Measurement System (WAMS) with the masurements of the speeds
of all the generators of the system in real time.

Due to the promising results obtained for transient stability, supplemen-
tary controllers for power-oscillation damping (POD), using the same signals,
were also investigated, showing that the WAF could also be useful for this
purpose. A coordinated-design algorithm based on eigenvalue sensitivities
was used to design the POD controllers of the VSC-MTDC system.

The following conclusions have been obtained from the results of this
thesis:

e The proposed strategy P-WAF (for P injections of the VSCs) improves
transient stability significantly. It uses the weighted-average frequency
of the AC terminals of the VSC-MTDC system.

e The proposed strategy Q-WAF (for Q injections of the VSCs) also
improves transient stability significantly. It uses the weighted-average
frequency of the AC terminals of the VSC-MTDC system.

e The proposed local strategy Q-LWAF (for Q injections of the VSCs)
improves transient stability significantly. It behaves very much like
strategy Q-WAF, but it requires local measurements, only.

e The proposed POD controllers (for P and/or Q injections of the VSCs)
damp inter-area oscillations successfully. The coordinated-design al-
gorithm allows the POD controllers to damp a required set of modes,
obtaining the required damping ratios.
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Chapter 1

Introduction

1.1 HVAC and HVDC transmission

Electrical energy systems all over the world are been urged to incorporate an
ever-increasing amount of energy from renewable sources. Sometimes, these
sources are distributed and located close to the consumption points but they
may also be in remote sites far from consumer centres. For example, one
of the targets of the Furopean Union by 2050 is to reduce the greenhouse
gas emissions by 80-95 % (compared to 1990 levels) [1] and this is expected
to require the generation of, at least, 20 % to 27 % of its electricity from
renewable sources by 2020 and 2030, respectively [2,3]. Europe has plans
to include a large amount of offshore wind power from the North Sea [4],
which will require energy transmission through submarine cables over rela-
tively long distances. Furthermore, Furope also plans an increase in solar
photovoltaic generation and an increase of the contribution in solar energy
from neighbouring contries.

The increase in transmission capability with conventional High Voltage
Alternating Current (HVAC) long lines is often limited by technical aspects
which can be tackled with High Voltage Direct Current (HVDC) transmis-
sion [5,6]. Several point-to-point HVDC links are already in operation all
around the world (see Table 5 of [7]). The most relevant applications of
HVDC transmission are:

e Transmission of large amounts of power over long distances.

e Transmission through isolated cables (underground/submarine) over
middle-to-long distances.
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¢ Interconnection of asynchronous power systems.

For example, the transmission of bulk power over long HVAC lines is limited
due to stability limits and losses, while the transmission over isolated HVAC
cables is limited due to the shunt capacitance of the cables.

Initially HVDC installations are still more expensive than their HVAC
counterparts due to the cost and losses of the electronic power converters
required, unless the line exceeds a certain distance (known as the break-even
distance). Beyond this distance the need for reactive-power compensation
and the losses of the line in AC offset the cost associated with the con-
verter stations. The break-even distance is drastically reduced if submarine
or underground cables have to be used, due to the important reactive power
associated with the cable. Although the break-even distance depends on
many different variables (including social and political issues), it can be as
short as 50 km when cables are used.

Technical difficulties, environmental concerns, renewable resource inte-
gration, the need for grid upgrading, etc... have favoured proposals for build-
ing a European HVDC grid (known as “Supergrid" [8]) in order to (a) deal
with the intermittence of renewable generation [4,8,9] and (b) facilitate the
massive integration of offshore wind energy through submarine cables [10-12].
An HVDC supergrid must be based on a multi-terminal solution: a set of
more than two power converters with their DC terminals connected to a com-
mon HVDC grid, as shown in Fig. 1.1. A meshed multi-terminal HVDC grid
is preferred rather than a set of single point-to-point HVDC links to increase
the reliability of the system while reducing the number of converters, which
are the most expensive and lossy components of an HVDC system.

HVDC supergrids in Europe would ease, for example, the integration of
a large amount of offshore wind energy, mainly form the North Sea, and the
integration of solar energy from neighbouring countries across the Mediter-
ranean. Furthermore, grid-expansion plans in Europe also include the inter-
connection to the currently asynchronous Baltic Energy Market [13], which
is something that would also require the use of HVDC. Figure 1.2 ! shows
some possible topologies for an HVDC pan-European Supergrid, proposed
by Airctricity [8], Desertec [15] and “Friends of the supergrid" [14].

'Figs. 1.2-(a), 1.2-(b) and 1.2-(c) were obtained from [14], [8] and [15], respectively

2
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AC grid

Figure 1.1: Multi-terminal HVDC system.

(b)

Figure 1.2: Supergrids proposed by (a) Friends of the Supergrid (DC lines
in dark green), (b) Airtricty (DC lines in orange) and (c) Desertec (DC lines
in red).
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HVDC tenchnology can be based on:

1. Current Source Converters (CSC), also known as Line Conmutated
Converters (LCC)

2. Voltage Source Converters (VSC) 2

In LCC-HVDC tenchnology, the converters use thyristors, whilst VSC
converters need switches with turn-off capability such as Insulated Gate Bipo-
lar Transistors (IGBTS). Point-to-point LCC-HVDC and VSC-HVDC links
are shown in Fig. 1.3.

The best option for a multi-terminal HVDC system (MTDC, for short) is
VSC-HVDC technology [5], which presents some advantages for this purpose
in comparison with classic LCC-HVDC technology, mainly: the voltage level
of the DC grid is constant, each converter controls reactive power indepen-
dently and in both directions at the AC side, the converters introduce lower
levels of current harmonics than those with LCC technology, the connection
to weak grids is possible, the supply to passive grids is also possible and
it has black start capability. On the other hand, LCC-HVDC technology
is much more mature than VSC technology, and LCC converters have less
losses and higher DC-voltage and power ratings than VSC converters. A
comparison between LCC-HVDC and VSC-HVDC technologies is provided
in Table 1.1 [5,12,16-23]. A complete description of VSC-MTDC technology
and its applications can be found in references such as (6,24, 25].

LCC-HVDC Q

Q
—_— D( <
-+ —FTHAD—
AC grid 1 ‘[—’ AC grid 2
VSC-HVDC Q Q
> DC( e
1 <31
AC grid 1 ‘ > AC grid 2

Figure 1.3: Point-to-point LCC-HVDC and VSC-HVDC links.

’In [16], the term voltage-sourced converters (VSC) is used instead, to emphasise
that the DC link voltage must remain constant. However, the term used here is more
widespread.



1.1 HVAC and HVDC transmission

Table 1.1: LCC-HVDC and VSC-HVDC technologies. *: only possible with

series capacitor. **: only possible with full-bridge MMC.

[LCC-HVDC

VSC-HVDC

Maturity

many examples (1954-)

few examples (1997-)

max. Py to date

7200 MW

1000 MW

max. DC voltage to date | 800 kV +320 kV
max. distance to date 2375 km 970 km
P direction DC-voltage polarity DC-current direction
Power control fast very fast
Cables expensive:
mass-impregnated oil-filled | cheap: XLPE
to allow changes on
the DC-voltage polarity
Converter losses 0.7-0.8 % 0.9-1.7 %

Reactive power

the converters consume Q

bi-directional Q control
at each converter

Connection to limited* full

weak grids

Connection to no yes
passive grids

Connection to yes yes
asynchronous AC grids

Black start no yes
Current harmonics high content low content
Converter current limit yes difficult**
during DC faults

Cost (today) low high
HVDC multi-terminal difficult easy
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The latest VSC technology developed is the Modular Multilevel Con-
verter (MMC) [26,27] and the main manufacturers already have commer-
cial products for VSC-HVDC using this technology: Siemens [18], ABB [20]
and Alstom Grid (now General Electric (GE)) |21]. A state of the art of VSC-
HVDC technology can be found in [19] and in [22]. However, for the time
being, there still are many obstacles for a VSC-HVDC supergrid. Among
others [5,7],

e The technology for HVDC breakers is far from being mature.
e DC grids need new protection strategies.
e Technical standards must be developed for DC grids.

e The interaction between new DC grids and existing AC ones (impact
on power flows, controllability, stability, etc.) must be investigated
thoroughly.

e Power flow and voltage control in the DC grid must be addressed.

¢ Who would actually operate this supergrid in the present “multi-zonal"
environment with liberalised markets must be studied.

e The magnitude of the investment and the rate of return are still open
questions.

Nevertheless, although a large-scale supergrid cannot be expected in the
next few years, VSC-HVDC links or multi-terminal systems are already being
built or have been built and are having some impact on traditional AC power
systems.

1.2 Main objective of this thesis

The scenario described above leads to a picture of a stressed electrical system,
with transmission of large amounts of power over long distances, with conven-
tional generation but also with a large amount of renewable energy interfaced
through electronic generators. Solutions to tackle the coming challenges in-
clude Flexible AC Transmission Systems (FACTS) [28,29], HVDC systems
and energy storage systems. Among them, HVDC stands out as a technology
with a high potential for application in transmission systems [30]. In fact,
two-terminal links (mainly of LCC type) have already proved to be very use-
ful for the flexible operation of power systems. More recently, however, the

6
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application of multi-terminal VSC-HVDC systems have raised a number of
concerns and many of them still need a great deal of research.

It is clear that the main purpose of a VSC-HVDC grid must be related to
energy harvesting and transmission over long distances (often using cables)
but many other features of this type of systems can be used simultaneously to
contribute to a more flexible power system. Among many other possibilities,
this thesis will focus on:

e the potential of multi-terminal VSC-HVDC systems to improve angle
stability of hybrid HVAC/HVDC grids while maintaining flexible power
flow control.

A previous step before any type of analysis regarding hybrid HVAC/HVDC
systems is to have appropriate simulation tools and models [23]. Hence, an-
other target of this work has been to provide:

e a comprenhensive analysis and further development of software tools for
power-flow calculation and dynamic simulation for hybrid HVAC/VSC-
HVDC systems.

The state of the art of angle stability of hybrid HVAC/HVDC systems
will be further reviewed in Section 1.3 and the identified research niche will be
taken further towards the proposed PhD work. The available simulation tools
for power-flow calculation and dynamic simulation of hybrid HVAC/HVDC
systems will be analysed and summarised in Section 1.4.

1.3 Angle stability

According to the IEEE/CIGRE Joint Task Force on Stability Terms and
Definitions, angle stability is defined as [31] the ability of synchronous ma-
chines of an interconnected power system to remain in synchronism after
being subjected to a disturbance.

Angle stability can be classified into two types [31]:

e Large-disturbance (or transient) stability: the ability of the power
system to maintain synchronism when subjected to a severe disturbance,
such as a short circuit on a transmission line. The resulting system
response involves large excursions of generator rotor angles and s in-
fluenced by the nonlinear power-angle relationship.

7
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e Small-disturbance (or small-signal) stability: the ability of the
power system to maintain synchronism under small disturbances. The
disturbances are considered to be sufficiently small so that the system
of equations can be linearised for analysis purposes.

It is well known that angle stability can be improved with generators, FACTS
and HVDC systems, by means of suitable control actions affecting the elec-
tromagnetic load torque of the synchronous machines of the system. Along
this line, the main features of VSC-HVDC multi-terminal technology which
make it a promising option for angle stability improvement against both,
large and small disturbances, are:

e Fast control of the active-power (P) injections of the VSC stations.
e Fast control of the reactive-power (Q) injections of the VSC stations.

In this thesis, control strategies for P and Q injections of the converters
in VSC-MTDC systems to improve angle stability will be analysed. The
grid codes for hybrid HVAC/HVDC systems already require supplementary
controllers in the VSCs stations for ancillary services (frequency support,
synthetic inertia and power-oscillation damping) or Fault Ride Through Ca-
pability (FRT) [32]. Therefore, the implementation of supplementary control
strategies for angle stability improvement would require a very small addi-
tional investment.

1.3.1 Transient stability

Transient stability is a key limiting factor when HVAC transmission of bulk
power over long distances takes place [33-35]. The time constants for tran-
sient stability simulation are in the range of 0.1-10 s [36]. Transient stability
studies try to avoid events like the recent one in Turkey (31-03-2015) [37].
Initially, four long 400-kV lines were already out of service and the Turkish
grid was heavily loaded. Then, another 400-kV line was disconnected be-
cause of over-loading and this produced the loss of synchronism between the
Western and the Eastern areas of the Turkish Electric System, resulting in
the blackout of the whole system 12 s later.

In this thesis, control strategies (supplementary controllers) for the active-
and reactive-power injections in VSC-MTDC systems for transient stability
improvement will be considered. A general scheme for supplementary control
strategies for P and Q injections of the VSC stations is depicted in Fig. 1.4,
where, for example, the TSO’s P and Q set points are p? and ¢° and the

8
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supplementary set-point values for the P and Q injections are represented by
Apt and AL, respectively.? Using supplementary controllers, P and Q
injections are modulated during the transient, only, therefore the pre-fault
operating point of the VSC stations remains unchanged.

ref

AQs
ref ref
gs outer is .q
controller

(a) (b)
Figure 1.4: (a) P control and (b) Q control.

Control strategies in VSC-MTDC can use (a) local measurements, i.e.,
each converter can modulate its P and/or Q injections using measurements
available at the converter station, or (b) global measurements, i.e., each
converter can modulate its P and/or Q injections using measurements from
other parts of the system, in addition to those available at the point of
coupling.

A brief review of the previous research on P- and Q-control strategies in
VSC-MTDC systems for transient stability improvement is presented now,
although a much thorough review will be presented in Chapters 3 and 4,
respectively.

Many examples in the literature show that transient stability can be im-
proved by controlling P through LCC-HVDC links [38-44] and VSC-HVDC
links [43,45-48|. In a point-to-point HVDC link, the active-power controlled
by one converter station is supplied/evacuated by the other station. How-
ever, P control in a VSC-MTDC system is a more complicated problem than
before and coordination among the converter stations is required. More re-
cently, references [49-51| have shown that supplementary controllers for the
active power at each terminal of a VSC-MTDC system using global measure-
ments can improve power system transient stability. However, they have the
disadvantage that a Wide Area Measurements System (WAMS) is required
to obtain the speed of all the generators in real time. The question that
arises is whether transient stability could be improved by using less demand-

3For the explanation of the rest of variables in Fig. 1.4, see Chapters 3 and 4
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ing measurements, such as local measurements or global measurements only
at the converter stations.

Regarding, Q control, several references show that transient stability can
also be improved by appropiate control strategies for Flexible AC Transmis-
sion Systems (FACTS), such as Static Var Compensators (SVCs) or static
synchronous compensators (STATCOMs) [52,53|. In all these cases the con-
trollers act upon the reactive power injected into the grid. Since each VSC
converter of a VSC-MTDC system is able to control the reactive-power injec-
tion independently and in both directions, the potential of suitable reactive-
power control strategies to improve transient stability seems to be enormous.
To the best of the PhD candidate’s knowledge, the coordination of the re-
active power of the converters in a VSC-MTDC system for this purpose has
only recieved attention before in [49]. Nevertheless, the approach in that
reference requires the use of a WAMS with the speeds of all the genera-
tors available. In addition, some relevant aspects to be able to understand
the role of the reactive-power modulation were omitted (for example, the
reactive-power injections obtained by simulation are not shown). The work
reported here has investigated this issue in more detail and alternatives using
local and global measurements obtained from the VSC stations of the system
have been proposed and analysed.

Summarising, the following control strategies in VSC-MTDC systems for
transient stability improvement will be proposed in this PhD thesis:

1. P injections:

e P-WAF (global): In this strategy, each VSC modulates its P in-
jection proportionally to its frequency error, using the weighted-
average frequency of the VSC-MTDC system as frequency set
point.

e P-LF (local): This strategy tries to mimic strategy P-WAF, but
using local measurements obtained at the AC side of each con-
verter.

2. Q injections:

e Q-WAF (global): Similarly to P-WAF, VSCs modulate their Q
injections proportionally to their frequency error, also using the
weighted-average frequency of the VSC-MTDC system as frequency
set point. Although, with the opposite sign used in strategy P-
WAF.

10
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e Q-LWAF (local): This control law tries to mimic strategy Q-WAF,
but using local measurements. The weighted-average frequency is
estimated using local measurements together with an auxiliary
active-power control strategy (P-LF).

The proposed control strategies will be described in Chapters 3-5. Results
will show that strategies P-WAF, Q-WAF and Q-LWAF produce significant
improvements on transient stability and the mesurement system (all the fre-
quencies read by the VSC-MTDC system or the local frequency of each VSC)
is much easier to implement than the ones used in previous studies (the speeds
of all the the generators of the system). Strategy P-LF will show some im-
portant limitations for transient stability improvement, but will prove to be
useful to obtain global information of the VSC-MTDC by using local mea-
surements in strategy Q-LWAF.

Transient-stability assessment

Transient stability will be analised theoretically and by non-linear time-
domain simulation. Lyapunov theory will be used to analyse the stability of
the power system when using the proposed control strategies, following the
guidelines given in [54]. Simplified models of the power system were used,
including the non-linear dynamics of the generators, but using classical mod-
els and neglecting their controllers and the operation limits of the devices.
Although Lyapunov analysis gives useful insight into the behaviour of the
system, the non-linearities caused by the operation limits of the converters,
for example, may play a relevant role in transient stability.

Therefore, it is essential to investigate the system’s behaviour by simula-
tion in realistic scenarios, including detailed electromechanical models of the
generators and VSC converters.

Transient stability will be evaluated computing the critical clearing time
(CCT), which is defined as the maximum time that a fault can stay before
been cleared without loss of synchronism and it is often used as an indicator
of transient stability margin |[55]. In general, when a short circuit occurs in
an HV transmission line, its primary protection opens the breaker within 30-
100 ms after the fault (first zone distance relay) and the backup protection
will open 250-400 ms after the fault detection, if the primary protection fails
(second zone distance relay). The minimum CCTs admissible in a power
system can vary depending on the country [56], but a common practice is to
ensure that the CCTs are greater than 150 ms [57-59|.
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1.3.2 Small-signal stability

In small-signal stability, the dynamic equations of the system can be lin-
earised and stability will be assessed looking at the eigenvalues of the system.
In multi-machine systems, the eigenvalues of interest for angle stability are
the electromechanical modes, which are associated to the angles and speeds
of the synchronous machines. Electromechanical oscillations can be [33]: (a)
inter-area modes, which involve groups of generators within the system os-
cillating against each other (in the frequency range 0.1-0.7 Hz) or (b) local
modes, which involve oscillations between close-by generators (in the fre-
quency range 0.7-2 Hz). A comprehensive analysis of inter-area modes in
North America transmission system, using field measurements recorded in
Phasor Measurement Units (PMUs) can be found in Chapter 10 of [60]. Fur-
thermore, inter-area oscillations in Continental Europe electrical system were
reported in [61].

One of the most cost-effective and widely used ways to damp electrome-
chanical oscillations is to include Power System Stabilisers (PSSs) in some
generators of the system [62,63]. Nevertheless, supplementary controllers
for power-oscillation damping can also be implemented in FACTS [64-67],
wind farms [68,69] or HVDC systems [70]. Since the control in electronic
power converters is much faster than in synchronous generators, if electronic
devices (e.g. FACTS) are properly placed, they can be an attractive option
for power oscilllation damping.

Recent publications have proposed supplementary controllers for power-
oscillation damping (POD) in VSC-MTDC systems [71-77], showing promis-
ing results. Those strategies will be discussed in detail in Chapter 7. As in
the transient stability case, the use of wide-area signals may bring benefits
to the performance of damping controllers [75]. This has motivated the re-
search on new damping controllers using global measurements, but without
requiring a WAMS, very much in the line of the control strategies proposed
to improve transient stability.

Regarding small-signal angle stability:

1. This thesis investigates whether the control strategies proposed to im-
prove transient stability can also damp electromechanical modes.

2. This thesis proposes control strategies to modulate P and Q) injections
of the VSC stations of a VSC-MTDC system tailored to damp power os-
cillations. The design based on the difference between the frequency at
the AC side of each of the VSC stations (w;) and the weighted-average

12
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frequency (@) is explained in detail. Fig. 1.5 depicts the strategy pro-
posed for power-oscillation damping, where the input of the controllers
of VSC j will be given by y; = @ — w;. The proposed controllers will
be explained in detail in Chapter 7.

Apsref or Aqsref
=

1+STs1 Ns
K STw
y ° 1+sTw 1+s aT51) ~
gain  washout lead/lag
filter network

Figure 1.5: POD controller using P or Q injections of the VSCs.

Small-signal stability assessment

The system will be linearised and the damping of electromechanical modes
will be evaluated using eigenvalue analysis and frequency-domain methods [78-
80]. The procedure can be summarised as follows:

1. A steady-state operating point is calculated by solving a power flow.

2. The non-linear differential equations of the power system are linearised
around the operating point and a state-space model is obtained.

3. The eigenvalues and eigenvectors of the system matrix are computed.

4. The participation factors of each system state variable on each eigen-
value are calculated, in order to identify the electromechanical modes.

5. The response of the system is confirmed by time-domain simulation.
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1 Introduction

1.4 Modelling and simulation tools for hybrid HVAC
/ VSC-HVDC systems

Dynamic simulation of power systems can be divided into (a) electromechan-
ical simulation, which neglects some fast dynamics and is suitable for large
power systems with a good deal of conventional generators, and (b) electro-
magnetic simulation, which uses more detailed models and is appropriate to
test the control system of the devices and to analyse fast transients.

For angle stability analysis in conventional power systems with VSC-
MTDC systems, electromechanical simulation of hybrid HVAC/HVDC sys-
tems will be used. Nevertheless, several simulation tools have been used here:
power-flow algorithms to obtain the initial operating point and electromag-
netic simulation to validate the electromechanical models. Different types
of simulation and simulation tools available for hybrid HVAC/VSC-HVDC
systems will be summarised in this section. The simulation tools used in this
PhD project will be described in detail in Chapter 2.

For the purpose of this thesis, one can classify computer-aided tools as
follows.

e Steady-state or power-flow calculations
— To obtain viable operating points of the system.
e Dynamic simulation

— Non-linear time-domain simulation

+ Electromagnetic transient simulation (EMT) is used to anal-
yse fast transients in power systems. The time constants of
interest are between 1077 — 1072 s. Typical applications of
EMT simulation are [81,82]: insulation coordination studies
(over-voltages due to lightning and energisation), transient re-
covery voltage studies, harmonic studies and electronic power
devices (and their interaction with the power system). De-
pending on the application, different types of EMT models
should be used:

- Average models: These models only take into account the
first harmonic (50 or 60 Hz) and they are suitable for
power system studies or to study the stability of the main
control loops of electronic converters.

14



1.4 Modelling and simulation tools for hybrid HVAC / VSC-HVDC systems

- Switching models: These models represent the switches
of the power converters and they are used for more de-
tailed studies (e.g. harmonics or to study the behaviour
of semiconductor devices).

- Real-time simulators: These tools are intended for very
fast simulation of electrical systems combined with hard-
ware devices (this situation is often called Hardware-in-
the-loop or HIL simulation). The differential equations
must be solved in several computer cores working in par-
allel (parallel computing).

% FElectromechanical simulation or root-mean-square simulation
(RMS) is concerned with the electromechanical dynamics of
the electrical machines and it covers time constants from 0.1-
10 s [36]. In this type of simulation, dynamic models of the
generators, excitation systems and prime governors are used
while the dynamics of the AC lines are assumed to be instan-
taneous and they are represented by impedances.

— Small-signal analysis (SSA)

x Klectromagnetic approach: where a linearised version of EMT
average models are used to analyse the stability of systems in
which fast dynamics are of interest. For example, the stability
of a converter connected to the grid or the stability of the DC
grid in a hybrid AC/DC system.

* Electromechanical approach: where RMS models are linearised
and used to analyse the stability of large power systems, in
which the dynamics of interest are the electromechanical os-
cillations.

A summary of the applicability of different simulation tools is reported
in Tables 1.2-1.5.

PSS/E software has been used for power-flow calculation and electrome-
chanical simulation of hybrid HVAC/VSC-HVDC systems in this work. Since
PSS/E does not offer VSC-MTDC models within its libraries, the power-flow
algorithm and the dynamic models for VSC-MTDC systems had to be devel-
oped and are reported in this thesis. The tool developed has been validated
against an electromagnetic model in Simulink + SimPowerSystems and the
results have also been compared to those obtained with PowerFactory. This
study is described in Chapter 2. The resulting PSS/E tool has been used for
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Table 1.2: Simulation tools for power-flow calculation in AC/DC grids.

Tool type large AC/DC
(Power flow) systems grids
PSS/E commercial yes user defined
PowerFactory commercial yes yes
EUROSTAG commercial yes yes
MatACDC open source yes yes
PSAT open source yes user defined
SimPowerSystems || commercial no user defined

Table 1.3: Simulation tools for EMT simulation of AC/DC grids, including
real-time simulators. Type: C=commercial, F=free.

Tool type large average | switching | real time | AC/DC
(EMT) systems | models | models sim. systems
Simulink C no yes no no yes
PowerFactory C yes yes yes no yes
SimPowerSystems C no yes yes no yes
PSCAD C no yes yes no yes
EMTP-RV C yes yes yes no yes
RTDS C yes yes yes yes yes
eMEGAsim C yes yes yes yes yes
HYPERSIM C yes yes yes yes yes

Table 1.4: Tools for non-linear time-domain electromechanical simulation of
AC/DC grids. Type: C=Commercial, OS=Open source and free.

Tool type | large AC/DC
(RMS) systems systems
PSS/E C yes used defined
PowerFactory C yes yes
EUROSTAG C yes yes
PSAT (O yes user defined
MatDyn (ON] yes yes
SimPowerSystems C no user defined
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1.5 Outline of the thesis

Table 1.5: Tools to small signal-stability analysis of AC/DC grids. Type:
C=Commercial, OS=0pen source and free.

Tool type approach large AC/DC
(SSA) systems systems
PSS/E C | Electromechanical yes no
PowerFactory C | Electromechanical yes yes
EUROSTAG C | Electromechanical yes yes
SMAS3/SSST C | Electromechanical yes user defined
PSAT OS | Electromechanical yes user defined
Simulink C Electromagnetic no yes
PSCAD C Electromagnetic no yes

non-linear time-domain electromechanical simulation of hybrid HVAC/VSC-
HVDC systems when studying transient stability with the control strategies
proposed in this work.

Models of VSC-MTDC systems have been included in SSST, which is
a Matlab-based tool for small-signal analysis of large power systems, devel-
oped by the Institute for Research in Technology (IIT) of Comillas Pontifical
University. Small-signal analysis of test cases of hybrid HVAC/VSC-HVDC
system has been carried out with SSST and the results have been compared
with those provided by PowerFactory. This study is described in Chapter 6.
SSST has also been used for small-signal analysis of the control strategies
proposed in this work (Chapter 7).

1.5 Outline of the thesis

In Chapter 1 (this one), the motivation of the thesis, a review of previous
work in key areas and the identification of the niche for research are presented.

In Chapter 2, the models for power-flow calculation and electromechanical
simulation of VSC-MTDC systems are described and the implementation in
PSS/E is discussed. Chapter 2 also includes the validation of those models,
which will be used for simulation in the rest of the thesis.

Active-power control strategies for transient stability improvement (P-LF
and P-WAF) are proposed and analysed in Chapter 3. Reactive-power con-
trol stragies for transient stability (Q-WAF) are proposed and analysed in
Chapter 4. A communication-free control strategy for transient stability im-
provement, for the reactive-power injections of the VSC stations (Q-LWAF),
is proposed and described in Chapter 5. Control strategies proposed in chap-
ters 3-5 are the main contributions of the thesis regarding transient stability.

17



1 Introduction

In Chapter 6, a generalised model for small-signal angle stability anal-
ysis of hybrid HVAC/VSC-HVDC systems is proposed and validated. The
proposed linearised model will be used to analyse power-oscillation damping.
Chapter 6 provides the guidelines of the proposed model, but the details of
the formulation are reported in Appendix D. The model proposed in Chap-
ter 6 will be used for small-signal stability analysis of the control strategies
proposed in this thesis.

In Chapter 7, control strategies for power-oscillation damping are anal-
ysed. First of all, the capability of the control strategies proposed in Chap-
ters 3-5 to damp electromechanical oscillations is analysed. Finally, specific
controllers for power-oscillation damping are designed using coordinated-
design methods. The analysis and control strategies proposed in Chapter 7
are the main contributions of the thesis regarding small-signal angle stability.

Finally, the conclusions and contributions of this thesis and suggestions
for further research are reported in Chapter 8.

Several appendices have also been included, to cover useful details that
may be spared in a first reading, but will be needed to reproduce the results
shown in the main body of this document.
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Chapter 2

Modelling of VSC-MTDC
systems in PSS /E

2.1 Introduction

This chapter describes the implementation of a simulation tool for power-flow
calculation and dynamic simulation of VSC-HVDC multi-terminal systems
(VSC-MTDC) in PSS/E (a widely used commercial simulation tool for large
power systems [83]), which has been used to analyse rotor-angle stability.

Power-flow calculation is used to obtain the steady-state operating point
of a power system: the bus voltages and the power flows through the lines
and transformers are obtained, by using as input data the generation and
demand [55]. Power-flow calculation is an essential tool for transmission
system operators (TSOs) for planning and operation of the power system.
In this thesis, the power-flow algorithm is only used to obtain the initial
operating point for dynamic simulation. Results of the stability analysis will
be reported in the following chapters.

The rest of this chapter is organised as follows. A review of the state
of the art on modelling and simulation of VSC-MTDC systems is presented
in Section 2.2. The sequential AC/DC power-flow algorithm implemented
in PSS/E is described in Section 2.3. The dynamic model for VSC-MTDC
systems implemented in PSS/E is described in Section 2.4. The power-flow
algorithm and the dynamic model are validated in sections 2.5 and 2.6, re-
spectively. Results for the Cigré Nordic32A system with an embedded VSC-
MTDC, using the proposed PSS/E tool, are shown in Section 2.7. Finally, a
summary of the chapter is presented in Section 2.8 .
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2 Modelling of VSC-MTDC systems in PSS/E

2.2 Review of previous work

AC/DC power-flow algorithms can be classified into unified and sequential
methods. The former solves the power-flow equations of the AC and DC
grids together, whereas the latter has an external iteration in which the AC
and DC power flows are calculated sequentially. In general, unified methods
have better numerical stability but sequential methods can be incorporated
to existing AC power-flow tools without modifying the equations of the AC
power flow. Several steady-state models for AC/DC power-flow calculation
with VSC-MTDC systems have been reported in the literature, using uni-
fied methods [84-88] and sequential methods [89-95]. The most general
approaches are the unified algorithms proposed in [86—88| and the sequential
ones proposed in [91,93,95|, which are valid for hybrid AC/DC systems with
an arbitrary topology and they include all the components of VSC stations
(converters and filters), converter losses and converter limits. The unified
algorithms of [86, 87| have been coded with Matlab while the software used
to implement the unified algorithm of [88] was not specified in the paper.
In [91,93], the sequential algorithms have been implemented in Matlab +
Matpower [96]. The work in [91] culminated in the first open-source code for
power-flow calculation of AC/DC grids: MatACDC [97].

Dynamic simulation of power systems can be divided into [36] (a) elec-
tromechanical simulation, which neglects some fast dynamics and is suitable
for large-scale power systems, and (b) electromagnetic simulation, which uses
more detailed models and it is appropriate to investigate fast transients and
to test the control system of the devices used.

Regarding VSC-MTDC systems, a generalised model for electromechan-
ical transient simulation has been proposed and implemented in MatDyn
(see [98] and [99]) and was later improved in [100]. Similar models were
used in [101], using PSAT [102], and in [50,75,103,104], using PowerFactory
(DigSilent) [105]. A different modelling approach was proposed in [106] in-
cluding, explicitly, the modulation index of the VSCs. The electromechanical
models of [50,75,99-101,103,104,106-110] have in common that they repre-
sent the VSC stations of different technologies (e.g. 2-level VSC converters
or Modular Multilevel Converters (MMC)) in the same way and only the rel-
evant dynamics of the VSCs for electromechanical simulation are modelled.
Nevertheless, the work in [111] explores the impact of MMC systems on the
dynamic behaviour of the system using a fairly detailed model of the con-
verter stations, concluding that the actual energy control loop implemented
may show in the overall behaviour of the systems. The study in [111] also
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2.2 Review of previous work

concludes that, if the reference of the energy loop of the MMC is chosen
proportionally to the DC voltage, simplified electromechanical models of the
VSC stations (e.g. as in [99]) present a reasonable accuracy, regardless the
technology of the VSCs.

Several electromagnetic models have been presented in [112-119]. Re-
cently, a hybrid electromechanical and electromagnetic simulator for VSC-
HVDC systems has been proposed in [120]: it includes fast dynamics into
transient stability models, by using different time steps. A comprehensive
guide for the development of VSC-HIVDC models with different level of detail
can be found in [121,122].

PSS/E does not have available VSC-MTDC models within its libraries
and only a VSC-HVDC point-to-point model is offered. In this work, a
steady-state VSC-MTDC tool for power-flow calculation and an electrome-
chanical VSC-MTDC tool suitable for non-linear time-domain simulation,
have been developed for PSS/E. The tool follows the guidelines of type 6
model of [121,122] for electromechanical simulation and it has been (a) val-
idated against a detailed electromagnetic model in Matlab + Simulink +
SimPowerSystems [123] which includes the switching of 3-level power con-
verters and (b) against an electromechanical model in PowerFactory.

Two VSC-MTDC PSS/E user-defined models for electromechanical sim-
ulation have been published recently: [107] (improved in [108]) and [109].
Both models are based on similar ideas to those behind the model proposed
in this thesis. All of them are valid for hybrid AC/DC grids with arbitrary
topology, although they present some differences. The fast dynamics of the
inner current controllers are modelled with great detail in [109], they are
assumed instantaneous in [107,108] and they are approximated by a first
order system in this thesis. The results in [108,109] illustrate, by simulation,
that the dynamics of the inner controller are fast in comparison with the
dynamics of rest of the system, justifying the use of a simple model. This
approximation can lead to ignore the internal AC-voltage limit of the VSCs.
However, this limit is taken into account here by re-computing the current
set points if the limit is reached. In [107,108] and in the model proposed here,
the DC grid is modelled with all its components (capacitors, resistances and
inductances) whilst in [109], inductances are eliminated because they only
contribute to fast time constants. Converter losses are neglected in [107,108]
and approximated in [109]. In this work, converter losses are calculated us-
ing a quadratic function of the AC current as in [124,125]. The treatment
of converter losses of [107,108] and [109] simplifies the power flow algorithm,
but is not as general as the approach given here.
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2 Modelling of VSC-MTDC systems in PSS/E

The model proposed in [107], [108] was validated against an electromag-
netic simulator in [120], and the results showed good agreement. The model
proposed in [109] was validated against PSCAD (an electromagnetic simula-
tor |126]) and similar results seemed to be obtained with the electromechan-
ical and electromagnetic tools although the scale used to show the results is
not sufficiently detailed. The validation carried out in this thesis will clearly
show good agreement between the electromechanical model proposed and an
electromagnetic model, within the frequency range of interest.

2.3 AC/DC power-flow algorithm

The initial operating point for dynamic simulation will be obtained from the
AC/DC power-flow algorithm. The per-unit system used for the AC/DC
power-flow calculation is described in Appendix B.

The ideas behind VSC modelling for power-flow analysis are depicted
in in Fig. 2.1 [99, 100, 127]. Each converter is connected to the AC grid
and to the DC grid. The AC side is modelled by a voltage source é. =
e.Zd. coupled to the AC bus s (us = usZds) through a phase reactor, a
capacitor and a transformer (2. = rc+jwLc, Zf = —j1/(wCy) and Zip = rip+
JwLys, respectively). The capacitor, Cy, is a low-pass filter to compensate
the current harmonics of the VSC station at its value will depend on the
technology of the converters. For example, MMC stations will require small
low-pass filters or they could be even eliminated |128|. The DC side of the
converter is seen by the DC grid as a current injection ig.. AC and DC sides
are related by the energy conservation principle and the losses at the VSC
station, pyoss, are calculated using a quadratic function of the converter AC
current (rms), i., as proposed in [124]:

Pe + Pde + Ploss :07 Ploss :G+b'ic+0'i37 (21)

A current-controlled VSC station is able to control (a) the active power
injected into the AC grid, ps, or the DC voltage, ug., and (b) the reactive
power injected into the AC grid, ¢s, or the modulus of the AC voltage,
us. A general VSC-MTDC system with n converters and ny DC lines is
considered. For the power-flow analysis, it is assumed that one converter
controls the voltage of the DC grid (DC-slack bus) and all the others control
the active power. The sequential algorithm proposed in [91] has been used
in this work, since it can be easily implemented in only-AC tools, such as
PSS/E, without modifying the AC power-flow algorithm. Hence, the use
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2.3 AC/DC power-flow algorithm
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Figure 2.1: VSC-station modelling.

of VSC-MTDC systems can be easily explored using existing cases of large
HVAC systems. The algorithm runs as follows:

1. The k-th external iteration starts. An initial guess of the active power
injected into the AC grid by the DC-slack converter (pé’f%s, where ng
is the index of the DC-slack bus). If available, the results for iteration
k — 1 are used.

2. An AC power flow is calculated (calling PSS/E) by taking the variables
of the current external iteration k as the initial state (or an initial guess,
if started from scratch). All the VSC stations are seen as PQ or PV
buses from the AC grid (at the s-bus in Fig. 2.2), depending whether
they are controlling the reactive power or the AC voltage. The specified
active-power injections of the non-slack converters are constant during
the external iteration, whilE the specified active power of the DC slack
is allowed to vary during the external iteration (pgk,%s) Therefore, this
is a traditional AC power flow problem with a single AC-slack bus (a
generator of the AC grid).

3. The AC/DC coupling for each converter is solved: pg? (at c-bus in

Fig. 2.2) is calculated from the s-bus data, taking into account the
connection impedance. Also, the power injected by the VSC into the

DC grid (pgz)i) is calculated, by calculating the converter losses and by
using Eq. (2.1).

4. The DC power flow is solved for the DC grid (see Fig. 2.2). A Newton-
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2 Modelling of VSC-MTDC systems in PSS/E

Raphson algorithm has been used in this work. The DC-slack bus

specifies the fixed DC voltage (uj, n,) and the rest of DC buses specify
the active-power injections (pgz)i, which are known data for the DC
power flow, but are updated at each iteration k, as described in the

previous point). DC voltages are obtained together with the power of
the DC slack (p(k) )

de,ng

5. DC-slack iteration (£): A new value of pgfﬁzl) is obtained, iteratively,
(k)

den, taking into account the converter losses [91] (Fig. 2.2):

from p

(a) Initial value: pg ns) E
(b) Solve the branch s,ns — ¢,ns (Fig. 2.1, for the DC-slack bus

ns) with the data: ugp,, 0sn,, ¢sn, and pg%S (Newton-Raphson

..

method).

(¢) Obtain the new value of p((f,i;l) with Pacn, and Dioss . (z%é) using
(2.1).

(d) 1t |pf,fs1 — pc ns| < ¢, stop; if not, make ¢ = ¢+ 1 and return to

step b). The output is p(gkﬂ).

6. Convergence test: If \pskﬁf 2

and return to step 1).

ps ns| < e: stop and if not, make k = k+1

The main script was coded in Python and it calls PSS/E at each external
iteration k to solve the AC power flow. The DC power flow and the DC-slack
iteration scripts were also coded in Python. The solution of the AC/DC
power flow can later be used by PSS/E as the initial operating point for
dynamic simulation.
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Figure 2.2: AC/DC power flow.

2.4 Dynamic model

The dynamic model for VSC-MTDC systems to be used in PSS/E was in-
tended for electromechanical dynamic simulation, which covers time con-
stants from 0.01 s to 10 s [36]. Electromechanical models of a power system
take into account the slow dynamics of synchronous machines, their con-
trollers and other devices, while the AC branches are assumed to be quasi-
static. The model was split into converter models and the DC-grid model.

The dynamic model for VSC-MTDC systems must satisfy the time-step
requirements for electromechanical simulation. Typical values for the time
steps used are 0.1-10 ms, being 1 ms a commonly used value. Therefore,
the electromechanical model of a VSC-MTDC system must be the result of
a tradeoff between accuracy and computational time. The base values for
the AC/DC per-unit system are the same as those used for the power-flow
calculation and they are described in Appendix B.

The simplifications of the model will now be summarised and the scenar-
ios in which these types of models can be used will be discussed:

e VSC stations

The VSCs are represented according to type-6 models of [122] (elec-
tromechanical type). The closed-loop systems of the current controllers
are modelled as first-order systems, the outer controllers are modelled
in detail, the dynamics of the Phase Locked Loop (PLL) is neglected
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2 Modelling of VSC-MTDC systems in PSS/E

and the VSC electromechanical model used is independent of the tech-
nology, which means that some dynamics of MMC technology are ne-
glected. It is reasonable to use these simplifications for transient stabil-
ity studies, since (a) the transients of interest take about 0.5-15s and (b)
VSCs must have a good response of the inner and outer control loops
to be able to provide supplementary modulation for angle stability im-
provement, by manipulating the set points of the outer controllers.

e DC grids

The most important dynamics of the DC grids are the equivalent ca-
pacitances of the VSCs [129], therefore they are included in the model
at every DC bus. The dynamics of the DC lines are faster and reduced-
order models have been used for electromechanical simulation neglect-
ing their shunt capacitances and inductances [109], whilst other ap-
proaches included them using lumped 7 models [99,100,107,108]. The
latter choice has been used in this thesis, with the purpose of capturing
the interaction between supplementary controllers, DC-voltage droop
and the DC-grid dynamics. Notice that this modelling approach re-
quires lower time steps for time-domain simulation (i.e. 0.1 ms). Mean-
while, recent studies have shown that the accuraccy of the models for
the DC cables can be improved using higher-order models [130, 131],
by introducing additional series and parallel branches. However, no
significant impact is expected in transient stability studies.

e Connection to weak grids

Several publications have analysed the control of VSC-HVDC systems
connected to weak grids [132-136]. In these scenarios, the control of
the VSC stations is more difficult and simplified models as, the ones
used in this thesis, should not be used [136,137]. Instead, electromag-
netic models or more detailed electromechanical models (including the
details of the inner and outer controllers and the PLL) would be more
appropriate. The connection of VSCs to weak grids is left out of the
scope of this thesis: it would never be reasonable to implement sup-
plementary control strategies for angle stability improvement in VSCs
which have difficulties with the outer control system.

This modelling approach captures the relevant dynamics for electromechani-
cal simulation, while using a reasonable time step. Time steps of 0.1 ms have
been used for dynamic simulation of hybrid HVAC/VSC-HVDC systems in
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this thesis. If larger time steps are required, then the inner-current loop must
be assumed instantaneous and the DC lines must be modelled as resistances
(neglecting the inductances and the shunt capacitances). The latter simpli-
fications would have small impact on transient stability studies, since the
dynamics of interest are much slower.

2.4.1 VSC station model

Regarding the VSC model shown in Fig. 2.1: the connection impedance of
the VSC station and the rest of the AC grid were assumed to be quasi-static.
The VSC station is controlled using vector control, where the AC voltage is
aligned with the d-axis: us = us + 70. Hence, the active and reactive-power
injections of the VSC station are ps = usis q and gs = —Usis q.

Active and reactive power are controlled with an inner current loop and
with an outer control loop [99]. The inner current loop time constants (1-
10 ms [23]) are much faster than the time constants of the synchronous
machines and their controllers and they have been approximated by a first-
order system, as shown in Fig. 2.3, where dedf ) ig,eqf are the current set points.
Instantaneous current loops are used in [107,108| but the approach here adds
some flexibility.

Either the active power ps; or the DC voltage wug. is controlled with the
d-axis current is4 using Proportional-Integral (PI) controllers, as depicted
in Figure 2.4a. Similarly, the g-axis current is used to control either the
reactive power or the AC-voltage modulus (Fig. 2.4b). The time constants
of the outer loops are between 1 ms and 100 ms [23].

The converter model was implemented with the operating limits for active
and reactive power: Pz, Prin, @maz, @min and with the maximum current
limit 45 ymaz, which can be set to d-axis priority, g-axis priority or equal prior-
ity [107]. The maximum output AC voltage of a VSC station depends on the
DC voltage and the maximum modulation index (ecmaz = Mmaztde) [100].

f

This limit is also taken into account: if e’ > €c,maz, the current set-point

values are re-calculated using ec,maxéégef as internal voltage, as depicted in
Fig. 2.3.
2.4.2 HVDC-grid model

The dynamic model of the HVDCgrid (or simply DC grid, for short) includes
the VSC stations, the capacitors and the cables, following the guidelines
of [99]. The input signals of the system are the current injections, Ig. =
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Figure 2.3: Approximation of the inner current loop.
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Figure 2.4: Outer controllers. Cy(s) = Kpg+Kr /s where z = d1,d2, ¢1, ¢2.
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(idei) € R™1 which model the DC side of the converters. The DC cables
are represented by an equivalent m-model, with resistance rgc ;;, inductance
Ligci; and shunt capacitance Ce.;; (Fig. 2.5). An equivalent capacitor at
each DC bus is used to model the capacitor of the converter, Cysc i, and the
capacitance of the DC cables, Cc.;;/2, as depicted in Fig. 2.6:

C ..
Caci = Cvscyi + Z 7626’” (2.2)
J#i

ldc,2
Udci foci Fdcj Lacii
‘ l TCcc,ij /2 IC_C'K
| |Cvsci Fdeik
ICcc,iklz L ek
VSC converter i DC grid

Figure 2.6: Model of the VSC stations and the DC grid.

The model also includes a shunt conductancek, gq.;, at every DC bus,
which can be used to model resistive loads. The state variables of the system
are the voltages at the DC buses, Uge = (uge;) € R™}, and the currents
through the DC lines, Icc = (iccy) € R™*! . Therefore, the differential
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2 Modelling of VSC-MTDC systems in PSS/E

equations for the DC grid are [99]:

dU,
Cac— ~GacUge — Aclec + Iye (2.3)
dlc
de dt AZUdc - Rchcc (2~4)
where:  Gge = diag(gqc,i), Cac = diag(Cac;q) € R™™" (2.5)

Ry. = diag(rdcvg), Lg. = diag(LdM) € RMX"L

and Ac. = (ay) € R™™ ig the incidence matrix of the DC grid, whose
elements are:

+1 if line ¢ is defined leaving node 1.
ayy = —1 if line ¢ is defined entering node 3. (2.7)
0 if line £ is not connected to node 1.

2.4.3 AC/DC coupling

AC and the DC sides of each VSC ¢ are coupled by the energy conservation
principle (2.1). At each time step, AC and the DC systems are updated
sequentially and pg.; is obtained from p.;. The currents injected by the
VSC stations into the DC grid are calculated as:

idc7i _ pdc,i _ _(pc,i +ploss,i) Vi — 1’ n (28)

Udc,i Udc,i

2.4.4 Control of the VSC-MTDC system

The most common control options for VSC-MTDC systems are [138,139|:
(a) centralised control, in which one converter controls its DC voltage and
all the others control their active power injected into the AC grid and (b)
distributed control, in which the DC-voltage control is shared among a set of
converters, with the so-called DC-voltage droop. In the distributed control
scheme, the active-power set point of each VSC station reads [100]:

1
kd ] (ugc,i — Ude,i (t>) (29)

e (1) =0, —

where pgi and ug .; are the active-power injection and the DC voltage of the
i-th VSC at the steady-state operating point, respectively.
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2.5 Validation of the AC/DC power flow algorithm

The design of the DC-voltage droop constants (k4.;) must ensure (a)
the stability of the system, (b) the steady-state active-power contribution of
each converter to the DC-voltage control and (c) the maximum steady-state
DC-voltage deviations. Several studies have already addressed the design of
the DC-voltage droop constants in VSC-MTDC systems [100,101, 113,117,
138,140,141].

2.4.5 Implementation in PSS/E

The VSC-MTDC model has been coded in FORTRAN as a PSS/E user-
defined model. User-defined models in PSS/E can be “generator-type", “governor-
type", “exciter-type" or “stabiliser-type" models, among others. At the end,
user-defined models are subroutines with certain characteristics. For exam-
ple, a “generator-type" model injects current into the grid, but “governor"
or “exciter" types can be used to manipulate variables of other models of
the system even if they are really not modelling a true governor or a true
excitation system. A user-defined model of a VSC-MTDC system must fit
with the flexibility of PSS/E software.

The proposed VSC-MTDC model consists of n “generator-type" models
for the converters and one “governor-type" model for the DC grid. DC-
voltage droop control or controllers for ancillary services could have been
included in the VSC models but, for flexibility, they were implemented in
independent models which change the set-point values for the converter mod-
els. Along these lines, the DC-voltage control has been implemented as an
“exciter-type'" model that changes the active-power set point of the convert-
ers according to (2.9). Supplementary control strategies for angle stability
improvement have been included in the simulation tool in very much the
same way.

2.5 Validation of the AC/DC power flow algorithm

In this Section, the AC/DC power-flow algorithm implemented in PSS/E is
validated against MatACDC tool [97], which for the time being is the only
open-source tool for power-flow calculation of AC/DC systems.

The test system considered for the validation is composed of caseb5_stagg
(AC grid) and case5_stagg_MTDCslack.m (DC grid) of MatACDC, which is
shown in Fig. 2.7. The data of this test system are reported in Section A.1
and the specified variables of the VSCs for the power flow read:
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2 Modelling of VSC-MTDC systems in PSS/E

e VSCI1: Mode P; — Qg, con PSOJ = —60 MW y le = —40 MVAr.
e VSC2: Mode Uy, — U, con uSQQ =1lpuy u872 =1 p.u.

e VSC3: Mode Py — Qs, con Py =35 MW y Q%5 =5 MVAr.

s

u=1.06<«0°.u

Q 45+j15 MVA 40+j5 MVA
1 T 3

| BEd

&3] vsc2

s

5
20+j10 MVA 60+j10 MVA

u=1lpu

Figure 2.7: Leuven test system.

The tolerance for the mismatches of the net P and Q) injections for the
AC power flow was set to 1072 p.u. (default value in PSS/E), while the
tolerance for P mismatches for the DC power flow was set to 10~* p.u. The
net mismatches at the non-slack AC and DC buses obtained with the AC/DC
power-flow algorithm in PSS/E are reported in Table 2.1, illustrating the
convergence of the power flow.

The results of the AC/DC power flow obtained with MatACDC tool and
with the PSS/E tool developed in this thesis are included in Tables 2.2-2.5,
showing very good agreement.

Hence, the sequential algorithm for power-flow calculation of AC/DC
systems in PSS/E has been validated.
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2.5 Validation of the AC/DC power flow algorithm

Table 2.1: Results of the AC/DC power flow using the proposed PSS/E tool.
Mismatches at the non-slack AC and DC buses.

AC bus pP — pcalc (p_u) q°P — qcalc (p'u)
2 3.16 x 107 1.73 x 107
3 —0.16 x 1076 —0.31 x 1076
4 0.98 x 1076 —1.39 x 1076
5 —6.25 x 1076 —5.28 x 1076
DC bus | p)b — pg‘élc (p.u) -
1 —2.05 x 10710 -
3 1.72 x 1075 -

Table 2.2: Results of the AC/DC power flow. AC grid.

PSS/E (proposed) MatACDC
bus u (p.u)  (deg) u (p.u) 0 (deg)
1 1.0600 0.000 1.0600 0.000
2 1.0000 -2.383 1.0000 -2.383
3 1.0000 -3.894 1.0000 -3.895
4 0.9960 -4.260 0.9960 -4.262
5 0.9908 -4.149 0.9908 -4.149

Table 2.3: Results of the AC/DC power flow. VSC stations.

‘ Modelo ‘ PSS/E (proposed) ‘ MatACDC

Converter 1 2 3 1 2 3
AC bus 2 3 5 2 3 5
P, (MW) -60.00 20.78  35.00 -60.00 20.76  35.00

Qs (MVAr) -40.00 7.13 5.00 -40.00 7.14 5.00
us (p-u) 1.000 1.000 0.991 1.000 1.000 0.991
s (deg) -2.383 -3.894 -4.149 -2.383 -3.8905 -4.149
P. (MW) -59.92 20.78  35.02 -59.92 20.76  35.02

Q. (MVAr) -32.63 -0.64  -0.37 -32.63 -0.65  -0.37
ec (p-u) 0.890 1.007 0.995 0.890 1.007 0.995
de (deg) -13.017 -0.650 1.442 -13.017 -0.655  1.442
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Table 2.4: Results of the AC/DC power flow. DC buses.

PSS/E (proposed) MatACDC
bus DC uge (p-u) Pie MW) | wuge (pu) Py (MW)
1 1.0079 58.6518 1.0079 58.6274
2 1.0000 -21.9254 1.0000 -21.9013
3 0.9978 -36.1856 0.9978 -36.1856

Table 2.5: Results of the AC/DC power flow. DC branches.

PSS/E (proposed) MatACDC
linea DC Pcc,ij (MW) Pcc,ij (MW) Pcc,ij (MW) Pcc,ij (MW)
1-2 30.6821 -30.4411 30.6648 -30.4242
1-3 27.9697 -27.6887 27.9625 -27.6816
2-3 8.5157 -8.4969 8.5228 -8.5040

2.6 Validation of the dynamic model

The dynamic model developed in PSS/E was compared with a detailed elec-
tromagnetic model in Matlab + Simulink and with an electromechanical
model in PowerFactory. A guideline for modelling VSC-MTDC systems in
PowerFactory can be found in [103].

The test case consists of three infinite grids coupled synchronously with
HVAC lines and a 3-terminal VSC-HVDC system, as shown in Fig. 2.8. The
parameters are shown in Table A.6 of Section A.2. The test case considered
is a simple extension of test system power_hvdc_vsc provided by Matlab +
Simulink + SimPowerSystems [142]. A time step of At = 0.1 ms was used for
electromechanical simulation in PSS/E and PowerFactory, while a time step
of At = 7.4 us was used for electromagnetic simulation in SimPowerSystems.

Converters VSC1 and VSC3 control their active-power injections, while
VSC2 controls the DC voltage. All VSCs control their reactive-power injec-
tions. The VSC stations in Matlab were simulated using the models available
in example power_hvdc_vsc provided by Matlab: three-level neutral point
clamped (NPC) VSC stations controlled with single-phase carrier-based si-
nusoidal pulse width modulation (SPWM).

The initial steady-state point of the VSC-MTDC system is:
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Ps1, Ps2

1 2
91 - YSCl +-100 kV dc VSCZ/ . Q—s>
OO HE——HRE-CDO——0)
Grid1 Ue30-100 kv 100230k 7 | Grid2
230 kv 230 kv

Ps3 .
Qs3  VSC3
- / \

0 <

Us‘a\
Grid 3 230:100 kV
230 kv

Figure 2.8: Test system for validation.

e VSC1 (s,1): P2} = —100 MW and Q9 , = 0 MVAr.
e VSC2 (5,2): ug,, =1 p.uand QF, =0 MVAr (DC-slack).
e VSC3 (s,3): P23 =—50 MW and QY3 = 0 MVAr.

The following step changes were simulated:

e From “2?; =1puto uZifQ =1.05p.uatt=1s.

o From P[{ = —100 MW to PIY/ = —50MW at t = 1.5 5.

e From ngf =0 MVAr to ngf = —50MVAr at t = 3 s.

Results obtained with each tool are compared in Fig. 2.9 showing good
agreement within the scope of each simulator. Only the results obtained
with Simulink spresent a high-frequency ripple, due to the electronic power
switches.

Therefore, the proposed PSS/E model for electromechanical simulation
of VSC-MTDC systems has been validated.
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Figure 2.9: Validation of the VSC-HVDC multi-terminal model.
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2.7 Case study

A 3-terminal VSC-MTDC system built into the modified Cigré Nordic32A
system [143] has been simulated (see Fig. 2.10). This system will be used
in this thesis for angle stability analysis. The test system is described in
Section A.3.1 (operating point A) of the Appendix. The parameters of the
converters and the DC grid were similar to those in [114,124] (see Table A.8
of Section A.3). The time step for dynamic simulation was set to 0.1 ms.
The initial steady-state specified operating points of the converters were:

e VSCI1: P} = —350 MW and Q9 = 0 MVAr (P, — Q).
e VSC2: Py =500 MW and ul , = 1 pu (P — Uy).

e VSC3: uy, 5 =1 p.uand QF 3 =100 MVAr (Uge — Q).

The initial steady state of the AC/DC grid is obtained by the power-
flow calculation and is reported in Table 2.6 whilst the control modes of
the converters during the dynamic simulation are summarised in Table 2.7.
VSC2 controls its active-power injection and its AC-voltage magnitude to
constant values. The DC-voltage control is shared by converters 1 and 3
using a DC-voltage droop control strategy. They inject the active power
demanded by VSC2, into the DC grid. A droop constant of k4e; = 10 %
was used for each VSC (in p.u’s with respect to the rating of the converters).
VSCs 1 and 3 also control their reactive-power injections to constant values.

Table 2.6: Power flow solution. Converters and DC grid.

‘ Converter ‘ 1 ‘ 2 ‘ 3 ‘
AC bus, DC bus 4012, dcl 4044, dc2 4062, dc3
P, (MW), Qs (MVAr) | -350.0,0.0 500.0, 15.8 | -190.8, 100.0

us (p.u), ds (deg) 1.006, 1.21 | 1.000, -46.59 | 1.016, -41.81
P. (MW), Q. (MVAr) | -349.8, 20.69 | 500.5, 58.59 | -190.7, 107.69
ec (pu), dc (deg) 1.007, -2.17 | 1.007, -41.73 | 1.033, -43.60

Pioss (MW) 12.8 13.9 12.0
\ DC grid \ \ \ |
DC bus, type 1, Pdc 2, Pdc 3, Udc
Ugde (p-u) 1.00053 0.99769 1.00000
Py (MW) 336.99 -514.36 178.74
DC branch 1-2 1-3 2-3

Pecijy Pecji (MW) | 284.3,-283.5 | 52.7,-52.7 | -230.9, 231.4
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Figure 2.10: Nordic 32A system with an VSC-MTDC system.

Table 2.7: Converter Control Modes for dynamic simulation.

‘ Converter ‘ Control mode d ‘ Control mode ¢ ‘
VSCi1 P; — Uy, droop Qs constant
VSC2 P, constant U, constant
VSC3 P; — Uy droop Qs constant
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2.7.1 Set-point change

A set-point change from P;Ef = 500 MW to P;Ef = 600 MW at t = 1 s.
Fig. 2.11 shows the active power injected by the VSC stations into the AC
grid (Ps;) and the DC voltages (uqc;), Fig. 2.12 shows the reactive-power
injections (Qs,;) and the AC voltages (us;). The active-power flows through
the DC lines are shown in Fig. 2.13.

VSC2 changes its active-power injection, as requested, while the DC volt-
age is maintained close to its set point (differences are due to the droop
control) (Fig. 2.11). VSCI and VSC3 change their active-power injections
according to the droop control, to maintain the power balance in the DC
grid; and the power flows through the DC lines change accordingly.

Finally, VSC2 controls its AC voltage to 1 p.u , while VSC1 and VSC3
maintain a constant reactive-power injection (Fig. 2.12).

700 ‘
600/
500 —.—I
= L
£ 400 !
300
200f—a 1
100 ‘ ‘ ‘ —s——Ps]
0 1 2 3|7*Ps2 14
time (s) —A—-Ps3
1.02 ‘
—=—Udcl
1.01f —e—Udc2|]
—A—Udc3
A
0.99F
0.98 ‘
0 1 3 4

2
time (s)

Figure 2.11: P injections and DC voltages. (The signs of P and Ps3 were
changed).
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Figure 2.12: Q injections and AC voltages (and detail).
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2.7.2 Fault simulation

At t = 0.2 s, a short circuit occurs at bus 4012 in line 4012-4022 and it is
cleared by disconnecting the line 130 ms later. Fig. 2.14 shows the active-
power injections and the DC voltages ; Fig. 2.15 shows the reactive-power
injections (Qs,;) and the AC voltages (us;). The different time frames of
the AC and DC system dynamics can be clearly seen in Figs. 2.14 and 2.15:
the transients of the AC voltages (and the reactive-power injection of VSC2,
which varies to control the AC voltage) take several seconds while the tran-
sients of the DC voltages last some milliseconds. Different time scales are
used to represent the results in Figs. 2.14 and 2.15 in order to have a reason-
able resolution for each variable.

During the short circuit, the AC voltage of bus 4012 drops to zero, VSC1
reaches its current limit (see Fig. 2.16, which shows the magnitude of the
converter currents (is;), in p.u referred to the converter’s rating) and no
active or reactive power can be injected by VSC1 (Figs. 2.14 and 2.15). After
the fault clearing, VSC1 is able to control the active- and reactive-power
injections successfully. VSC3, which is far from the fault, does not reach its
current limit and it is able to supply the required active power for DC-voltage
control during the fault and maintains its reactive-power injection during
the simulation. VSC2 does not reach the current limit either and controls
its active power successfully. However, when controlling its AC voltage to 1
p.u, the reactive power occasionally reaches its upper limit (Fig. 2.15). The
control of the AC voltage of VSC2 can be appreciated clearly in plot at the
bottom of Fig. 2.15, where the AC voltages at the PCC are represented in
a shorter time span. The contingency also provokes oscillations in the DC
voltages (Fig. 2.14).

Hence, results of sections 2.7.1 and 2.7.2 show that a VSC-MTDC system
can be plugged into a large case in PSS/E, using the proposed tool for power-
flow calculation and electromechanical simulation.
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Figure 2.14: P injections and DC voltages. (The signs of Ps; and Ps 3 were
changed).
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Figure 2.15: Q injections and AC voltages (and detail).
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Figure 2.16: Converter currents (magnitude in nominal p.u.).

2.8 Summary

This chapter can be summarised as follows:

e A PSS/E tool for power-flow calculation and dynamic simulation of
large AC/DC grids with VSC-MTDC systems has been presented. To
date, PSS/E does not include such a model within its libraries. The
procedure used makes it possible to easily add a DC grid to any existing
large AC case in PSS/E.

e The sequential algorithm for power-flow calculation of hybrid AC/DC
systems with VSC-MTDC systems, implemented in PSS/E, has been
validated against MatACDC.

e The dynamic model for VSC-MTDC systems in PSS/E proposed in this
chapter has been validated against a detailed electromagnetic model in
Matlab + Simulink 4+ SimPowerSystems and against an electromechan-
ical model in PowerFactory (DigSilent).

e The flexibility of the proposed model has been illustrated simulating
a 3-terminal VSC-HVDC system built into the Cigré Nordic32A test
system.
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Chapter 3

Active-power control strategies
for transient stability
improvement

3.1 Introduction

This chapter proposes a control strategy for the active-power (P) injections
of the VSC stations in VSC-MTDC systems to improve transient stability.
In the proposed strategy, each VSC uses frequency measurements from all
the VSC stations of an MTDC system. This chapter also discusses the use
of local, global (at the VSC stations) or global (WAMS, such as the speeds
of the generators) measurements in control stratregies for transient stability
improvement.

The rest of the chapter is organised as follows. Section 3.2 presents a
review of previous work on P control strategies in VSC-MTDC systems for
transient stability improvement. Section 3.3 describes P control strategies
for transient stability improvement. Section 3.4 details a theoretical analysis
of the control strategies. Section 3.5 tests the performance of the control
strategies by means of electromechanical time-domain simulation. The effect
of the communication latency on the performance of the proposed control
strategy is analysed in Section 3.6. Finally, the conclusions are reported in
Section 3.7.
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3.2 Review of previous work

In multi-machine systems, large disturbances will cause the separation of the
rotor angle of some machines with respect to some others during the tran-
sient. If the contingency is severe enough, synchronism will be lost, leading to
cascade failures (i.e. disconnection of generators due to their under- or over-
speed protections, line tripping or load shedding, among others) wich could
cause a blackout of the system. It is well known that control strategies in gen-
erators, FACTS and HVDC systems can help to improve transient stability.
Control strategies in either of these systems can use (a) local measurements
or (b) global measurements. If chosen appropriately, global measurements
are richer than local measurements because they inform of the global be-
haviour of the system. However, they require a communication system and
signals will be subject to communication delays.

Transient stability has been traditionally addressed, locally, by control-
ling the electromagnetic torque of synchronous generators [33| with fast au-
tomatic voltage regulators (AVR). Control of the mechanical power would
also be, theoretically, possible for this purpose but it is slow in traditional
generators except in steam turbines with fast valving [33]. However, in mod-
ern VSC-MTDC systems, the active-power injections of the VSC stations
can be controlled fast, which makes these type of systems a very attractive
alternative to improve transient stability.

Previous publications have shown that transient stability can be, indeed,
improved by using suitable active-power control strategies for point-to-point
VSC-HVDC links [43,45-48]. The work in [45] proposed to modulate the
active power of a VSC-HVDC link (placed in parallel with an AC line) ac-
cording to a non-linear function, containing the product of the cosine of the
angle difference between both terminals of the link and the sign of the fre-
quency difference between both terminals. The derivation of this control law
was not explained in the paper, but simulation results in a small test sys-
tem showed that the rotor angle response is improved when implementing
this control strategy. Ref. [46] analysed a system with two asynchronous
AC areas connected by a VSC-HVDC link and it showed that the Critical
Clearing Time (CCT) of a short circuit in one of the two AC areas could be
increased by using an emergency power-reversal control in the VSC-HVDC
link, in order to evacuate active power from the faulted area. Although only
the case of two asynchronous areas was analysed, similar conclusions could
be expected if the two AC areas were synchronous.

The work in [47] proposed the control of the active power through the
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VSC-HVDC link proportionally to the frequency difference between the two
ends of the link. Under a contingency, the link would extract active power
from the AC terminal with higher frequency to inject it to the part of the
system with lower frequency. The idea behind this strategy is to try to
slow down the generators close to the VSC station which sees the highest
frequency and to accelerate the generators close to the terminal which sees
the lowest frequency. The results presented in [47] confirmed the effectivness
of this approach.

More recently, [48] proposed a control strategy to coordinate several
point-to-point VSC-HVDC links for transient stability improvement, based
on a model-based predictive controller and using measurements of the speeds
of all the generators of the systems. The controller tries to pull together the
generators of the system by introducing the square of the speed deviation of
each generator with respect to the speed of the centre of inertia (COI) in the
cost function of the model-based predictive control algorithm.

In [43], the active power through a VSC-HVDC link was controlled pro-
portially to the frequency deviation of the terminals, as in [47], and this
was compared with the case of constant active power through the link.
Reactive-power control and the impact of the current limiter priority were
also analysed, showing that reactive-power control could also be attractive
for transient stability improvement.

In a point-to-point VSC-HVDC link, the coordination of the two con-
verter stations is bound by the fact that all the energy entering the link
through one end has to leave through the other end. Meanwhile, in VSC-
MTDC systems, how the converters are coordinated to improve transient
stability (or to provide any other ancillary service) while maintaining a zero
net energy balance in the DC system is a more complicated problem. Re-
cently, some publications have explored active-power control in VSC-MTDC
systems for transient stability improvement [49-51, 144].

The work in [49] showed that supplementary Lyapunov-based control
strategies for the active- and reactive-power injections at each terminal of an
VSC-MTDC system connecting two areas can improve angle stability, after
a fault in one of the areas. In these controllers, the supplementary power
to be injected by each VSC is computed by using a linear combination of
the speeds of all the synchronous generators in both areas. However, the
improvements are not quantified.

A much more thorough study is presented in [50] where also a Lyapunov-
based control strategy for an MTDC system is used to improve power system
transient stability. The performance of the algorithm is evaluated computing
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3 Active-power control strategies for transient stability improvement

the critical clearing times (CCT) for some faults. In [50], a fixed amount of
active power is injected (evacuated) into (from) the AC grid by each VSC
if the input signal of the controller is above (below) a threshold. The input
signal depends on the deviation of the speeds of the generators with respect to
the speed of the COI (see Subsection 3.3.3). An alternative control strategy
(using the frequency deviation between two terminals of the VSC-MTDC)
is also investigated, but better results were obtained using the speed of the
COLI.

More recently, an active-power control strategy based on siliding mode
robust control was proposed in [51]. In this control strategy, each converter
requires the speed of the COI and the mechanical and electrical power mea-
surements of all the generators of the system to compute the supplementary
active-power reference. Simulation results show that transient stability is
improved by using this strategy, but the improvements were not quantified.

Reference [144] proposed active-power set-point adjustments (corrective
actions) in VSC-MTDC systems to improve transient stability: when a fault
is detected, the VSC stations change their P set points to reduce the angle
deviations of a set of critical AC tie lines. Set-point adjustement methods
(as in [144]) are different to supplementary control strategies (as in [49-51]).
In the former, the post-fault steady-state set points of the VSC stations are
changed, while, in the latter, the control actions of the VSC stations only
act during the transients, without modifying the post-fault set points. This
thesis only focuses on supplementary control strategies.

Clearly, the control strategies proposed in [49], [50] and [51] require a
Wide Area Measurement System (WAMS).

In this chapter, a new active power control strategy based on the fre-
quency measurements in all the VSC stations of the MTDC system is pro-
posed to improve transient stability. In comparison to [49], [50] and [51], the
global data used here are much easier to obtain, since each VSC has always
available the frequency at its AC side (e.g. using a PLL), for synchronisa-
tion purposes, and it could be communicated to all the others in different
ways. In fact, point-to-point VSC-HVDC links already in service have a
communication system between their terminals [145].

Besides, an active-power control strategy using local measurements at
each converter station will also be investigated in this chapter, as an alter-
native to the one based on global measurements in all the converter stations.
This local control strategy is based on the ideas for frequency control pre-
sented in [146] and [147]. The purpose of exploring the use of local measure-
ments is to evaluate if reasonable improvements on transient stability could
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be obtained avoiding any type of communication system. Moreover, even if
better results were obtained using global measurements, reliable local control
strategies could always be used as backup for global control strategies.

3.3 Control strategies

The active-power (P) injections of the converters in VSC-MTDC systems
(ps,i) must be coordinated in order (a) to achieve the desired operating point
and (b) to control the DC voltage of the HVDC grid (see [138,139]). As
discussed in [139], a DC-voltage droop is more appropriated for large HVDC
grids than the use of a single DC slack. In addition to the DC-voltage control,
converters can be coordinated to provide ancillary services to the AC grid,
such as frequency support [146-152] or to improve rotor-angle stability under
small [71-76] or large disturbances [49-51]. These applications can be tackled
by adding supplementary terms to the set point of the outer controllers of
the converters.

The set point for the active-power injection of each converter ¢ into the
AC system can be written as:

Pl () = P = o (ues = waea(t) + A0S (1
C,1

= p, + AL ) + Al (1) (3.1)

R

Ap? (1)

5,1

where the first term (pgi) is the active-power injection of the VSC in the

operating point established by the TSO, the second term (Apgi.f DY imple-
ments the DC-voltage droop controller (ugcvi is the voltage at the DC side of

the converter at the operating point) and the third term (Apﬁf ) is an addi-
tional supplementary set point for transient stability improveﬁqent. Besides,
Uge,i is the measured DC voltage and kg ; is the DC-voltage droop constant.

The scheme proposed for the frequency-based P controller of a converter is
shown in Figure 3.1, where w is the frequency at the AC bus of the VSC (each
VSC to be controlled), w* is the frequency set point, kp is the proportional
gain, Appmqe is the power limit value, Ty is the time constant of a low-
pass filter used to eliminate noise from the frequency measurements (100 ms
is recommended by [153]|) and T, is the time constant of a washout filter
used to avoid power modulation under steady-state frequency offsets (1-20 s,
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according to [33]).

af‘c 1 _,kp_,ﬁ
-% 1+ STf

Supplementary
control

. ref

outer Isd
?_’ controller [ ™
0
Udc i ps
- kdc Ap gef,DC

Udc DC-voltage droop

Figure 3.1: Supplementary frequency-based control.

Based on Fig. 3.1, two control strategies for transient stability improve-
ment are proposed in this chapter. They differ only in the way in which the
frequency set point w* is calculated before it is compared to the actual AC
frequency of the converter station:

e A global control strategy that uses a weighted average of the frequencies
measured at the AC side of the VSC stations of the MTDC system (P-
WAF, for short).

e A local control strategy that uses the nominal frequency of the system
(P-LF, for short).

Moreover, results with the strategy in [50]| (also based in global measure-
ments) will be compared with those of the proposed one as a kind of bench-
mark.

3.3.1 Weighted-average frequency control strategy (P-WAF)

It is implementated as in Fig. 3.1 using:
n n
Wi == Zakwk, with oy € [0,1] and Zak =1. (3.2)
k=1 k=1

where wy is the frequency at the AC bus of VSC k. The design of a4 is
postponed to Section 3.4.1.
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The idea behind this control strategy is to evacuate (inject) active power
from the AC terminals of the VSC-MTDC where the frequency is above (be-
low) the weighted average. The philosophy is somehow similar to the one
behind the use of the COI speed in [50], but using only the measurements
of the frequency at each AC bus of the VSC-MTDC system which is more
practical: these measurements are always available at each VSC for synchro-
nisation purposes. The proposed control strategy extends to multi-terminal
VSC-HVDC systems the approach of [47], which modulates the active power
of a VSC-HVDC link proportionally to the frequency difference between the
two terminals.

Strategy P-WATF was mainly motivated by the results of [154-156], which
showed that the speed of the COI could be used with advantages when con-
trolling the excitation of synchronous generators to improve transient stabil-
ity.

It should be noticed that if the VSC-MTDC system were embedded in a
meshed grid, the washout filter in Fig. 3.1 would not be necessary, because a
frequency offset would be cancelled, eventually. Nevertheless, a washout filter
is still recommended, in case that the frequency offsets of the measurements
system of each converter station are different.

3.3.2 Local frequency control strategy (P-LF)

Based on the local frequency control scheme proposed in [146,147] for fre-
quency support, a local control scheme is used here for transient-stability
support. It is implemented as in Fig. 3.1 making:

wi =wp =1 p.u. (3.3)

This control strategy has the advantage that each VSC only uses local
measurements to calculate its set point. Meanwhile, the balance between the
power entering or leaving the DC grid will be maintained, ultimately, by the
DC-voltage droop control, as detailed in [146,147].

It should be notice that strategy P-LF, which is devoted for angle-stability
support, has certain similarities to control schemes for frequency support [146,
147] (i.e. frequency droop). The difference is that strategy P-LF has a
washout filter T;,, which ensures that the controller does not act against
steady-state frequency deviations.
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3 Active-power control strategies for transient stability improvement

3.3.3 Time optimal control Lyapunov function (TO-CLF)

Time Optimal Control Lyapunov’s Function (TO-CLF) strategy was pro-
posed in [50] and it is described in this subsection because it will compared
with the proposed strategies (P-WAF and P-LF).

In strategy TO-CLF, the following value is calculated for each converter
VSC-j in the VSC-MTDC system:

$(j) = =Y bpjk (wak — weor) (3.4)

Vk

where bp ;i accounts for the effect of a power injection using VSC-j on the
speed of the generator k (wg i) (see Eq. (C.8) of Section C.2, of the Appendix)
and weor is the speed of the COI of the AC system (see Section C.2).

Station VSC-j would inject a fixed supplementary amount of active power
APmaz,; into the AC system according to:

7 +Apmar,j if ¢(]) > +e
Apz; = _Apmax,j if (b(j) < —e€ (35)
0 otherwise

where e and Apj,qz,; are parameters to be designed.

A direct measurement of the speed of all generators is used for feedback
and, unlike the two previous strategies, the controller is not a proportional
one but a non-linear one of the so-called “bang-bang" type. In [50], one
converter of the VSC-MTDC controls the DC voltage (DC-slack bus) while
the rest participate in the control strategy. In order to avoid the overload of
the DC-slack converter, a linear optimisation problem is solved at each time
step to redistribute the active-power set points.
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3.4 Theoretical analysis of the control strategies

3.4.1 Interaction between the AC-side control and the DC-
voltage droop

The interaction between control strategies P-WAF and P-LF and the DC-
voltage droop control will now be studied analytically with the following
assumptions:

e the dynamics of the DC grid have been neglected since they are much
faster than the dynamics of the AC system (i.e. the DC grid has been
modelled as an aggregated capacitor),

e the limits of the converters and their controllers are not taken into
account and

e the controllers in Fig. 3.1 are working within their frequency bandwidth
and the filters (for the frequency measurement and the washout) can
be neglected.

Strategy TO-CLF is not included here because it uses a sufficiently large
slack converter in the VSC-MTDC system to always maintain a constant
DC value.

If a steady-state active-power imbalance occurs in the VSC-MTDC sys-
tem, the converters with DC-voltage droop control will change their active
power in order to maintain the DC voltage. If the DC-voltage change is
similar in all terminals, the contribution of each converter will be approx-
imately proportional to the relative droop gain of each converter (g;), as
shown in [101]. Moreover, since the dynamics of the VSC-MTDC system
are much faster than the dynamics of the AC system [23], slow changes in
the active-power supplementary references of the converters will be reached
almost instantaneously, leading to:

- 1/kqei
A re{f,DC ~ g < A ref ;= c,i '
ps,z g ; sz{;) y g ZZ,:l 1/kdc7k (3 6)

ref
Aptotal
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Strategy P-WAF

According to Fig. 3.1, within the bandwidth of the controller and if no limits
are reached, the supplementary reference using strategy P-WAF is:

ApY =~ kpi(wf — wi) = kpa(@ — w) (3.7)

Hence, the total active-power supplementary reference can be manipulated
as:

Apye) = ZA el ka,k(@ — W)

k=1
- RN kp
= kepr) (@ — 5P,
(o) (o= 20 g )
- - - kp
— k o — i
(o hew) (o owe = 3 o)
- - kpk
= k T 3.8
<k1 P,k) 2 (Oék Z]:1 kRj)wk (3.8)
Eq. (3.8) shows that if the weights in (3.2) verify
k n
ap = k::;’ kpr = ; kpj, (3.9)

the total supplementary reference change in the VSC-MTDC system will be
Apyel, = 0in (3.8), yielding Ap)"” ~ 0 in (3.6). In other words, there
is no change in the DC voltage during the transients and, therefore, if the
operating limits are not reached, low impact of the DC-voltage droop control
on the performance of this power control strategy is expected. Notice that
the gains in (3.6) and (3.2) must be referred to the same p.u base values.

Strategy P-LF

Assuming again that the controller is within its bandwidth and no limits
are reached, the supplementary reference using strategy P-LF is Apmf
kpi(wo — wz). Hence, the total active-power supplementary reference can be
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manipulated as:

>k T ,DC
Ap, = Apl +ap (3.10)

n
srf — 0 s0i)
k=1

1

= kpi(wo —w;) — 9@[2 kp g (wo — wi)
k=1

n
kp
= gikpr E ﬁwk — kpiw; + kpiwo — gikpTwo
P
k=1 P

Using w from (3.2), with the weights defined in (3.9):
Ap;l- o~ kpyi(@ — w,—) + (wo — wz‘)(kﬁpﬂ' — gikpj) (3.11)

which shows that, if kp; = g;kpr is verified and there is no saturation,
strategies P-WAF and P-LF produce the same contribution of Apy ;. How-
ever, in the latter, the contribution of the DC-voltage droop is not zero. In
P-LF a DC-voltage droop control is mandatory.

Finally, the conditions that the gains in strategy P-LF must verify to
produce the same behaviour as strategy P-WAF (kp; = gikpr) are:

kp, 1/kae,
pi o Mk (3.12)

dickry 200 (V k)

Notice that the conditions in (3.12) mean equal relative gains for the AC and
DC side control strategies.

3.4.2 Lyapunov-based stability analysis

Lyapunov theory can be used to prove that the control strategies P-WAF and
P-LF improve power system transient stability (see Appendix C). A similar
analysis for strategy TO-CLF was reported in [50]. The same assumptions
used in Subsection 3.4.1 are now used here.

A power system with VSCs can be written as a set of differential-algebraic
equations (& = F(x,z), 0 = H(z,z)), using a power-injection model for
each VSC, as shown in [47,54]. Using the implicit theorem, if 0H /0z is non-
singular, the system is locally equivalent to a set of differential equations and
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can be written as [47,54]:
z = f(x) (3.13)

To start with, the VSCs are considered to be injecting a constant (uncon-
trolled) power and [54] and [47] show that an energy function (V(x), for
short), such as those studied in [34, 157], can be written for the system
in (3.13) and it satisfies the necessary and sufficient conditions for the stabil-
ity of the system at an operating point xg: V(x) > 0 if & # xg, V(xo) = 0,
and V() < 0 in the neighbourhood of &g [158]. A function V(x) that verifies
the stability conditions is said to be a Lyapunov’s function.

The system with controlled VSCs (power injections are allowed to vary)
is written as [47,50,54]:
z=f(x)+g(x)u (3.14)

where f(x) includes constant power injections by the VSCs and w is the
control strategy to be implemented in the VSC stations.

If the energy function V used before for the uncontrolled system is pro-
posed as a Lyapunov’s function candidate for the controlled system, it will
satisfy V > 0 and its derivative will depend on the control law used. The
derivative of this function reads [47,54]:

vunctr vctr

V=VV-&=VV.f(x)+VV- g(x)u (3.15)

where Vunctr is equal to the derivative with the uncontrolled system and it
is proved to be Vnetr < 0 [47]. Therefore, if the control law for the VSCs
satisfies Vi < 0, too, the system in (3.14) can be said to be stable. Refer-
ence [47] writes Vctr for a two-VSC system using a structure preserving model
for the power system (see Section C.3 of the Appendix), and generalising for
n VSCs of an MTDC system, one can write:

vct'r = Z Aps,i(wi - WCOI) (316)
=1

Analysis of the investigated control strategies

Including the weighted-average frequency in (3.16), assuming that all the
VSCs participate in the control strategy and no reactive power is modulated,
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one has:

ctrl = Z Aps z Wi — (W - WC’OI Z Aps i (317)

=1

e Strategy P-WAF

In this control strategy, inside the bandwidth of the controller, the to-
tal active-power change of each converter is given by: Aps; = Apf,; =
kpi(@ — w;). Replacing this expression in (3.17) and taking into ac-
count that > " | Aps; = 0 when using this control strategy (with
a; =kpi/kpr):

ctrl = _ka7w Wl ,0 (318)

which proves that strategy P-WAF makes V in (3.15) a Lyapunov’s
function.

e Strategy P-LF

If kp; = gikpr, strategie;s P-LF and P-WAF have the same behaviour
(see Section 3.4.1), and V., < 0. Therefore, strategy P-LF also makes
V in (3.15) a Lyapunov’s function.

3.4.3 Limitations of the theoretical analysis

The theoretical analysis carried out in subsections 3.4.1 and 3.4.2 gives a
useful ingight into the performance of strategies P-WAF and P-LF. However,
the non-linearities caused by the operating limits, for example, which may
be relevant when studying transient stability, were not taken into account.
Furthermore, (3.6) and (3.11) imply that the DC-voltage droop controllers
detect instantaneously the voltage variation produced by the active power
modulation like if the DC link were a single equivalent capacitor. However,
the DC system consists of lines/cables with resistances and inductances, too.
Therefore, the above control strategies will now be investigated by simu-
lation in realistic scenarios, including all the converter limits and DC-side
inductances and resistances.
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3.5 Results

This section contains an investigation of the different control strategies for
transient stability improvement described in Section 3.3, in case of different
faults. The control strategies have been tested and compared by simulation
using the PSS/E model for VSC-MTDC systems presented in Chapter 2.

The case study consists in the modified Cigré Nordic 32A grid [159] with
a 3-terminal VSC-HVDC system described in Section A of the Appendix. In
order to consider a more heavily loaded case, the load in the central area
has been increased in 580 MW (operating point B of Section A). The initial
operating point of the VSC-MTDC system is also reported in Section A. The
system has been simulated using a time step of At = 0.1 ms.

The following control strategies have been compared:

e DCO0: No supplementary control (only DC-voltage droop).
e P-LF: Local frequency control (and DC-voltage droop).
e P-WAF: Weighted-average frequency control (and DC-voltage droop).

The parameters used for the control strategies (see Fig. 3.1) are kp; = 200
pu, Tt; =018, Ty; =158, Apmazi = 1 p.u, ag, = 1/n and kg4 ; = 0.1 p.u.
Gains are in p.u., referred to the converters’ ratings.

Additionally, some results with strategy TO-CLF have been included for
comparison with the P-WAF (both using global measurements). In this case,
VSC1 and VSC2 control their P injections, while converter VSC3 is the DC
slack. Parameters of TO-CLF were set by engineering judgement to e = 0.001
pu. and Appeei = 380 MW (0.38 p.u.). The performance of TO-CLF is
strongly dependent of the value of Apy,q,,; which, if chosen as small as in [50],
could not cope with the severe fault investigated below. Therefore, this value
was increased up to the maximum value of App,z; that produces the best
results.

3.5.1 Fault I: Severe fault

A symmetrical short circuit was applied to line 4031-4041a (at bus 4041) (see
Fig. A.3 of Appendix A) at t = 1 s and it was cleared by tripping both circuits
of the corridor (4031-4041a and b) after 390 ms (Fault I). Initially, each
circuit carried 726.29 MW and, therefore, the event was extremely severe.
Two representative generators have been chosen to plot the results: G4012
(North area) and G4062 (South area).
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3.5 Results

The rotor-angle difference between the chosen machines is shown in Fig. 3.2.
Synchronism is lost when no supplementary control strategy is implemented
(DCO) or when using the local supplementary control strategy (P-LF). Only,
strategies P-WAF, proposed in this work, and TO-CLF proposed in |50] suc-
ceed in maintaining synchronism.

350

300

250

6G,4012 B 6G’4062(deg)

time (s)

Figure 3.2: Generator angles: Fault [ cleared after 390 ms.

Active-power injections of the converters and the DC-voltages are shown
in Figs. 3.3 and 3.4, respectively. Using strategy P-WAF, the converters
modulate their P injections comparing the weighted-average frequency with
the frequency measured at each converter station. The frequencies measured
at each station and the weighted frequency using strategy P-WAF are shown
in Fig. 3.5. Strategy P-LF performs worse than P-WAF because the DC
voltages (Fig. 3.4) at the VSC stations in the former soon reach their limit
(1.1 p.u.) and active-power injections are locked by the DC-voltage control.
Meanwhile, if strategies P-WAF and TO-CLF are used, only very small DC-
voltage fluctuations can be seen.

Finally, the critical clearing times (CCTs) obtained for Fault I with con-
trol strategies DCO, P-LF, P-WAF and TO-CLF are 105 ms, 115 ms, 390 ms
and 410 ms, respectively. Clearly, for this severe fault, strategy P-WAF im-
proves transient stability, significantly, in the system considered, and works
much better than strategies DCO and P-LF. The best performance is ob-
tained with strategy TO-CLF although the CCT is close to the one obtained
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Figure 3.3: Fault I cleared after 390 ms. P injections (Ps ;)
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Figure 3.4: Fault I cleared after 390 ms. DC voltages (uqc;)
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Figure 3.5: Fault T cleared after 390 ms (P-WAF). Weighted-average fre-
quency (WAF), VSC-station frequencies and frequency deviations with re-
spect to the WAF.
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by P-WAF. However, strategy P-WAF is much easier to implement thant
strategy TO-CLF, because in the fomer each VSC uses the weighted-average
frequency and its frequency measurement, whilst in the latter the converters
need the speeds of all the generators of the system.

The input signal of strategy P-WAF is much easier to implement than the
input signal of strategy TO-CLF. The effect of the bang-bang limit on the
performance of TO-CLF was investigated in Fault I using the CCTs obtained
(see Table 3.1). If Appaq,i is too high, the performance deteriorates, because
current limits can be reached and the active-power modulation is limited to
prevent the saturation of the DC slack.

Table 3.1: TO-CLF: effect of the bang-bang saturation parameter.

Fault 1 DCO TO-CLF
Apmazi (MW) | - | 100 200 380 400
CCT (ms) | 105 | 207 287 410 376

3.5.2 Fault II: Less severe fault

In order to understand better the behaviour of strategies P-LF and P-WAF
when the DC-voltage limits are not reached, a less severe fault has also been
simulated: a three-phase short circuit is placed in line 4012-4022, at bus 4012
(where VSC1 is connected), and is cleared by disconnecting the line after 120
ms (Fault II, for short). The rotor-angle difference is shown in Fig. 3.6 and
the active power and DC-voltages of the converters are plotted in Fig. 3.7.
The system’s synchronism can be maintained even without taking any action:
a different stable equilibrium point is reached without the faulted line.

The case with the largest rotor-angle differences is when no supplemen-
tary control is implemented (DCO0). During the fault, converter VSC1 can
not inject active power with none of the three alternatives because its current
limit is reached. After the fault is cleared, the active-power injection of each
converter in strategies P-LF and P-WAF is modulated producing a damping
effect on the rotor-angle oscillations. In fact, active-power injections of the
converters are remarkably similar with these two control strategies (Fig. 3.7)
and they produce, apparently, the same effect on the generators’ dynamics
(unlike in the case of Fault I), as predicted in Section 3.4.1. However, strat-
egy P-LF shows larger DC voltage variations than those shown by strategy
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Figure 3.6: Generator angles. Fault II cleared after 120 ms.

P-WAF although DC voltages are within limits in both (right-hand side of
Fig. 3.7).

The critical clearing times obtained for Fault II are 188 ms, 218 ms and
224 ms, using strategies DCO, P-LF and P-WAF, respectively. Thus, for Fault
I1, better results are obtained with strategy P-WAF than those obtained with
strategy P-LF.

The most important conclusion drawn from this simulation is that strat-
egy P-LF can produce a similar response to strategy P-WAF, if no limits are
reached, even if the former uses local measurements only. However, as seen
in Section 3.5.1, when using strategy P-LF, severe faults will produce im-
portant fluctuations in the DC voltages, provoking that the converters reach
their DC-voltage limits and jeopardising the performance of strategy P-LF.
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Figure 3.7: Fault Il cleared after 120 ms. P injections and DC-voltages.
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3.5.3 Critical clearing times

The critical clearing times (CCTs) have been calculated for the set of con-
tingencies described in Table 3.2. The CCTs obtained for each contingency
are given in Table 3.3.

Clearly, CCTs can be increased significantly by implementing strategy
P-WAF and the results are nearly-always better than in the base case (DCO0)
or using strategy P-LF. Although, naturally, the numerical results obtained
change with the fault simulated. For example, the CCT of Fault I can be
increased substantially using P-WAF strategy, while the CCT of Fault III is
almost the same in all cases. In the latter, active-power modulation in the
VSC-MTDC system cannot prevent loss of synchronism in generator 1021,
which is close to the point of the short circuit. In Fault IV, the CCT obtained
with P-LF is lower than the one obtained with DC0. This problem can
be avoided by rducing the controller gain or saturating the supplementary
reference, as will be discussed in Subsection 3.5.4.

Finally, it has to be underlined that no fault was found with longer CCT
in the base case (DCO0) than the one obtained using strategy P-WAF.

Table 3.2: Fault description.

Short circuit | close clearing
at line ¢ — j | to bus
Fault I 4031-4041a 4041 | Lines 4031-4041a&b
disconnected
Fault 11 4012-4022 4012 Line disconnected
Fault 111 4012-4022 4022 Line disconnected
Fault IV 4032-4044 4044 Line disconnected
Fault V 4011-4022 4011 Line disconnected

3.5.4 TImpact of the control parameters

In view of (3.18), higher values of kp; in both strategies P-WAF and P-LF
should produce better results. In theory, a larger saturation band (£Apmaz,i)
will also be more beneficial. However, as seen in the simulations, the active-
power modulation can produce DC-voltage fluctuations, which are critical
specially in strategy P-LF. Therefore, gains and saturation parameters should
be carefully tuned.

Table 3.4 shows the CCTs for faults of Table 3.2, using strategies P-WAF
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3.5 Results

Table 3.3: Critical clearing time (CCT) for different faults.

Fault (ms) || DCO PLF P-WAF
CCT (ms) | CCT (ms) | CCT (ms)
Fault 1 105 115 390
Fault 11 188 218 224
Fault II1 237 241 240
Fault IV 390 306 824
Fault V 205 229 235

and P-LF, respectively, with different values of kp; and £Ap;,4.,;. Tables 3.4
and 3.5 show that, in general, much better results can be obtained with
strategy P-WAF than with strategy P-LF, in agreement with the simulations
of the previous sections.

Table 3.4: Effect of parameters kp; and Apmaq,; of P-WAF.

| P-WAF | CCT (ms)

kp; (p.u) 0 50 200 500 1000

(Apmam,i =1 p.u)
Fault 1 105 211 390 525 555
Fault II 188 212 224 125 181
Fault IIT 237 239 240 241 241
Fault IV 390 568 824 802 794
Fault V 205 225 235 213 210
APmaz.i (p-1) 0 01 02 05 1.0

(kpi =200 p.u)
Fault I 105 237 332 390 390
Fault 1T 188 199 210 224 224
Fault III 237 239 240 240 240
Fault IV 390 440 512 818 824
Fault V 205 214 224 235 235

Using strategy P-WAF if a large gain of kp; = 500 p.u is chosen for all
VSCs, the CCT of Fault I increases significantly (from 105 ms in DCO case
to 525 ms). However, for the same gain, the CCT of Fault II decreases from
188 ms to 125 ms, because the current limiter blocks VSC1 and the active-
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3 Active-power control strategies for transient stability improvement

power imbalance in the DC grid is so large that the DC-voltage reaches its
limit. This problem can by tackled saturating the controller. For example,
if kp; = 500 p.u and Appaez; = 0.5 p.u, the CCT of Fault II is 218 ms.
Nevertheless, gains kp; < 500 p.u are recommended. Good results have
been obtained with kp; = 200 p.u.

If the saturation parameter is reduced, the effect of strategy P-WAF on
angle stability will be less significant, as expected. Nevertheless, a significant
improvement can be obtained also when the saturation bandwidth is small

(Apmaz,; = 0.2 p.u).

Table 3.5: Effect of parameters kp; and Appaq,; of P-LF.

P-LF | CCT (ms)
kp; (p.u) 0 50 200 500 1000
(Apmax,i =1 p-u)
Fault I 105 204 115 70 62
Fault 11 188 212 218 208 201
Fault 111 237 239 241 240 235
Fault IV 390 437 306 300 300
Fault V 205 225 229 221 216
ADPmaz,i (p-u) 0 01 02 05 1.0
(kpi =200 p.u)
Fault I 105 106 109 109 115
Fault 11 188 191 193 202 218
Fault II1 237 239 239 239 241
Fault IV 390 390 390 391 306
Fault V 205 207 209 217 229

In strategy P-LF, results deteriorate when kp; > 50 p.u due to the fluctu-
ation of the DC-voltage, which can reach its limits if the fault is severe enough
(recall Section 3.5.1). Limiting the supplementary reference ( £Apyqz) can
prevent this problem, but no improvements on the CCTs can be obtained.
Only if kp; is very low, some marginal improvements can be achieved. For
example, Table 3.5 shows that, if kp; = 50 p.u, the CCT of Fault I improves
from 105 ms to 204 ms.
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3.6 The effect of communication latency

The impact of communication latency on the performance of strategy P-WAF
has been investigated. For this purpose, the frequency at each terminal ¢
measured by converter j has been assumed to be delayed as:

(2

w! = wie T with Tij = Tioj + TZ-)]-( (3.19)
where 7'% is a constant value (7 = 0 for i = j) and TZ»‘}( is a stochastic random
variable (which changes over time) with a triangular distribution centred at
zero with upper and lower limits +A7. The delay has been implemented in
PSS/E by using a second-order Padé’s approximation.

The value of the delays will depend on the communication technology
and on the computation time of the signal. Despites those factors, realistic
values for the communication delays in wide area control systems are below
110 ms, according to [160].

Communication latency provokes that the frequency set point is com-
puted with delayed measurements of frequencies at the AC side of the con-
verters. This could lead to a situation in which the total active-power com-
manded by strategy P-WAF is not zero any more: » ., Ap;eif(t) # 0. The
DC-voltage control scheme of the VSC-MTDC will compensate this imbal-
ance and the performance of the system will also depend on how the DC
voltage is controlled. Therefore, the impact of the comunication delays on
strategy P-WAF will be analysed in the following cases:

e Strategy P-WAF with distributed DC-voltage control (as done so far).

e Strategy P-WAF with centralised DC-voltage control (In this case VSC1
and VSC2 modulate their P injections according to strategy P-WAF,
whilst VSC3 is the DC-slack converter).

Notice that when using strategy P-WAF with centralised DC-voltage con-
trol, the converters which modulate their active-power injections should not
have the DC-voltage droop term in Fig. 3.1.

3.6.1 Communication latency and strategy P-WAF with dis-
tributed DC-voltage control

Results of Fault I cleared after 300ms, using strategy P-WAF and considering
different communication delays are shown in Figs. 3.8 and 3.9. The rotor-
angle difference between generators (G4012 and G4062 obtained for each case
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3 Active-power control strategies for transient stability improvement

proves that the communication latency have a small negative impact on the
performance of strategy P-WAF (Fig. 3.8) and similar active-power modu-
lation is produced for delays below 300 ms (Fig. 3.9a). Synchronism is lost
when the delays are 7;; = 350 &= 20 ms, which are beyond reaslistic values.
The time response of the DC voltages in Fig. 3.9b shows that the longer
the communication delays, the larger the DC-voltage fluctuations are. In
fact, the DC-voltage upper limit of the three converters is reached when
7i; = 350 £ 20 ms. The DC-voltage droop also plays a role in the per-
formance of strategy P-WAF when the control signals have communication
latency. In strategy P-WAF, the communication delays will provoke that
the frequency set point (weighted average frequency) is computed wrongly
(e.g. see Fig. 3.10). One of the consequences is that control strategy P-
WAF is not ensuring » ;" Apgeif = 0 anymore. However, the converters
also react under that power imbeﬂance, due to the DC-voltage droop scheme.
Results in Fig. 3.8 shown that this interplay attenuates the negative effect of
the communication latency on the system performance, but the DC-voltage
fluctuations increase (Fig. 3.9b). If one or more converters reach their DC-
voltage limits, control strategy P-WAF would not work properly any more.

The CCTs obtained for the faults described in Table 3.2, using strategy
P-WAF with communication latency, are reported in Table 3.6. Results
confirm that reasonable improvements are obtained with strategy P-WAF.
The delays have more impact in some faults than in others. For example,
no negative impact of the communication delays on the CCT of Fault 11 was
observed, whilst more noticiable reduction of the CCTs of Faults [ and IV
was observed. As discussed above, the impact of the communication latency
is reduced by the DC-voltage droop control and the critical factor is whether
any DC-side converter voltage reaches its operation limits and this depends
on the fault type and duration.

Since the DC-voltage fluctuations are the result of the imbalance caused
by the communication latency when using strategy P-WAF and its interac-
tion with the DC-voltage droop control, a question that arises naturally is
whether this effect could be mitigated by limiting the supplementary refer-
ence provided by strategy P-WAF (i.e. Appmaa,; of Fig. 3.1). The CCTs of
the same faults described before but obtained using strategy P-WAF setting
the saturation parameter to Appqz; = 0.35 p.u (350 MW) for different delay
values are shown in Table 3.7. By limiting the P supplementary set point,
the negative impact of the communication latency seems to be attenuated
for some faults. For example, if Apyezs = 1 p.u, delays of 250 £ 20 ms
reduce the CCT of Fault IV from 824 ms to 309 ms (which is smaller than
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Figure 3.8: P-WAF with DC-voltage droop. Fault I cleared after 300 ms.
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Figure 3.9: P-WAF with DC-voltage droop. Fault I cleared after 300 ms.
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Figure 3.10: P-WAF with DC-voltage droop control. Fault I cleared after
300 ms. Frequencies seen by VSC1 for the computation of the frequency set
point when the communication latency is 100 £ 20 ms.
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the one obtained in the base case: 390 ms). Whereas, if Appqq.; = 0.35 p.u,
the CCT of Fault I is reduced from 613 to 588 ms. However, for other faults,
no significant differences when reducing Appqz; were observed. Finally, it
is worth pointing out that, in general, the CCTs obtained with strategy P-
WAF with Appmeei = 0.35 p.u tend to be shorter than the ones obtained
with Appqez,i = 1 p.u because, in the former case, the control action of the
converters is limited.

Table 3.6: CCTs. P-WAF with DC-voltage droop.

P-WAF  with delay

Fault DCO | delay=0 50ms  100ms 200ms 250ms 300ms 350ms
+10ms £20ms +20ms =£20ms +20ms £20ms
CCT CCT CCT CCT CCT CCT CCT CCT

(ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms)

Fault I 105 390 390 388 382 375 336 299
Fault IT | 188 224 224 224 227 228 228 228
Fault 111 | 237 240 240 240 240 240 240 240
Fault IV | 390 824 823 823 375 309 308 308
Fault V | 205 235 235 235 237 237 237 237

Table 3.7: CCTs. P-WAF with saturation Appee; = 0.35 p.u. (P-WAF with
DC-voltage droop).

P-WAF with delay
Fault DCO delay=0 100 £ 20ms 250 £ 20ms 350 % 20ms
CCT (ms) | CCT (ms) CCT (ms) CCT (ms) CCT (ms)
Fault I 105 362 339 307 272
Fault 11 188 224 224 214 206
Fault I11 237 241 240 239 239
Fault IV 390 613 606 588 583
Fault V 205 235 235 223 216

3.6.2 Communication latency and strategy P-WAF with cen-
tralised DC-voltage control

In this case, VSC1 and VSC2 have strategy P-WAF implemented (without
DC-voltage droop), whilst VSC3 controls the DC-voltage of the DC grid.
In order to avoid the overloading of the DC-slack converter (VSC3), the
supplementary set point of VSC 1 and 2 have been limited to Appmaz; =
0.35 p.u.
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Results for Fault 1T cleared after 300 ms when using strategy P-WAF
subject to different communication delays are shown in Figs. 3.11 and 3.12.
The time response of the rotor angle difference of generators G4012 and
(4062 is shown in Fig. 3.11, to illustrate that, when using a centralised
DC-voltage control scheme, transient stability deteriorates greatly due to
communication delays (see Fig.3.8 for comparison to the case with distributed
DC-voltage control). With centralised DC-voltage control, communication
delays of 200 £ 20 ms cause instability for this fault.

P injections of the converters and the DC voltages are shown in Figs 3.12a
and 3.12b, respectively. Unlike with the DC-voltage droop control, using a
centralised scheme the communication delays do not cause significant DC-
voltage deviations (see Fig. 3.12b), because VSC3 is in charge of controlling
the DC voltage. For the same reason, the active-power imbalance introduced
by the communication delays when computing the supplementary active-
power set point of VSC 1 and 2 is compensated only by VSC3. Therefore,
the control actions commanded by strategy P-WAF are more inaccurate with
the presence of communication latency and therefore the negative impact is
more important.

The CCTs of the same faults as before (described in Table 3.2) when
using strategy P-WAF and a centralised DC-voltage control are depicted
in Table 3.8. In this case, the CCTs deteriorate more than when using
strategy P-WAF with DC-voltage droop control, although still signifcant
improvements can be obtained with communication latency as big as 200 +
20 ms.

Table 3.8: CCTs. P-WAF with centralised DC-voltage control (VSC3 is the
DC slack).

P-WAF  with delay

Fault DCO | delay=0 50ms  100ms 140ms 200ms 250ms  300ms
+10ms +£20ms £20ms +£20ms £20ms +20ms
CCT | CCT CCT CCT CCT CCT CCT CcCcT
(ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms)

Fault I 105 357 349 321 301 281 272 272
Fault IT | 188 219 219 220 221 220 218 218
Fault IIT | 237 241 241 241 241 241 241 241
Fault IV | 390 632 600 507 473 453 353 318
Fault V | 205 232 232 232 232 232 232 231
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Figure 3.11: P-WAF with centralised DC-voltage control (VSC3 is the DC
slack). Fault I cleared after 300 ms. Generator angle difference.
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Figure 3.12: P-WAF with centralised DC-voltage control (VSC3 is the DC
slack). Fault I cleared after 300 ms.
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3.6.3 Discussion

The analysis carried out for the communication latencies can be summarised
as follows:

3.7

Significant improvements on transient stability can be obtained with
strategy P-WAF even with communication delays higher than realistic
values for this application. For example, strategy P-WAF still increase
the CCTs of all the faults analysed when the communication delays are
as big as 200 £ 20 ms.

The negative impact of communication latency is attenuated by using
strategy P-WAF with a distributed DC-voltage control scheme, instead
of P-WAF with a centralised DC-voltage control scheme.

With communication delays, the interaction between strategy P-WAF
and the DC-voltage droop control causes DC-voltage fluctuations, which
could be bounded by limiting the supplementary active-power set point.

Conclusions

The results presented in this chapter have shown that:

The proposed strategy P-WAF improves transient stability significantly.

The advantage of the proposed strategy P-WAF with respect to previ-
ous ones for VSC-MTDC systems is that it uses global measurements
which are much easier to implement: it uses the weighted-average fre-
quency of the AC terminals of the VSC-MTDC system, while previous
approaches require measurements of the speeds of all the generators of
the system.

In general, higher gains in strategy P-WAF produce better results,
although converter limits must be considered. A compromise must be
reached. Good results were obtained with kp; = 200 p.u.

The impact of the communication latency on strategy P-WAF is very
small.

The improvements on transient stability produced by local strategy P-
LF are very limited, since the DC-voltage fluctuations jeopardise the
performance of this control strategy.
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Chapter 4

Reactive-power control
strategies for transient stability
iImprovement

4.1 Introduction

This chapter proposes a control strategy for the reactive-power (Q) injections
of the VSC stations in VSC-MTDC systems to improve transient stability.
In this strategy, each VSC uses frequency measurements from all the VSC
stations of a VSC-MTDC system.

The rest of this chapter is organised as follows. A review of the state
of the art on reactive-power control strategies in VSC-MTDC systems for
transient stability improvement is presented in Section 4.2. The proposed
Q control strategy is described in Section 4.3. A theoretical analysis of the
proposed control strategy is provided in Section 4.5. The proposed Q control
strategy is tested by numerical simulation in Section 4.5. The impact of the
communication latency is analysed in Section 4.6. Section 4.7 compares P
and Q modulation for transient stability improvement. Finally, Section 4.8
presents the conclusions of the chapter.

4.2 Review of previous work

As discussed in Chapter 1, transient stability can be improved controlling the
electromagnetic torque of synchronous generators [33] which, basically, can
be done controlling the voltage throughout the electrical grid. Traditionally,
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this could only be achieved by controlling the excitation of generators or with
fixed shunt capacitors [33]. However, the development of power electronics
for flexible AC transmission systems (FACTS) in the last two decades has
made it possible to use more flexible solutions such as static var compensators
(SVCs) or (above all) static compensators based on VSCs (STATCOMs) [52,
53,161].

Examples of transient stability improvement with FACTS can be found
in [52] and [53|. The former derives a reactive-power control strategy for
STATCOMs using Lyapunov theory. The performance of the proposal was
verified by simulation in a single machine connected to an infinite bus (SMIB
system) but its behaviour in a multi-machine system was not investigated.
Reference [53] proposed a hybrid discontinuous/continuous control strategy
for SVCs and STATCOMSs. The complement to the set point of the controlled
variable is raised to its maximum value during the first swing and, afterwards,
it is made proportional to the speed deviation of a near-by machine. Tran-
sient stability is improved in SMIB and multi-machine systems, although
further improvement may be expected using global measurements [154].

In VSC-HVDC systems (either point-to-point or multi-terminal) each
converter is able to control the reactive-power injection independently and
some publications have already explored reactive-power control in connection
to transient stability. For example, in [48], the active- and reactive-power
injections of multiple VSC-HVDC point-to-point links are coordinated for
transient stability improvement. A model predictive control based on the
speeds of all the generators of the system with respect to the COI speed is
used. A similar approach was used in [162] to coordinate HVDC links and
series FACTS, for transient stability improvement. The work reported in [43]
studied the impact of active- and reactive-power control strategies for VSC-
HVDC links on transient stability. Traditional constant reactive power and
constant AC voltage strategies were first analysed, but the reactive-power
modulation using the average of the frequencies at both ends to estimate
the COI speed, showed better results. It is worth pointing out that the
coordination of reactive-power injections of several FACTS devices or point-
to-point VSC-HVDC links is equivalent to the coordination of the reactive-
power injections of a VSC-MTDC system, since they are independent in each
VSC.

To the best of the author’s knowledge, the coordination of the reactive
power of the converters in an VSC-MTDC system for this purpose has only
been studied in [49], in which a VSC-MTDC system interconnecting two
asynchronous AC areas is used with a Lyapunov-based control law for, both,
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the active- and the reactive-power injections. Regarding the reactive-power
modulation, which is the focus of this chapter of the thesis, [49] calculates
the supplementary reactive-power command using the speed deviation of each
generator of the two areas with respect to the ideal and constant synchronous
speed, requiring an extensive global measurement system. In addition, it is
difficult to evaluate the damping contribution of the reactive-power modula-
tion, since the reactive-power injections of the VSCs are not plotted in the
paper.

More recently, a local fast voltage support control at the VSC stations
of an MTDC system was proposed in [163]| to improve transient stability.
This controller consists of a supplementary reactive-power set point that
increases if the AC voltage at the PCC drops. Although it is clear that this
strategy helps to slow down the generators which are close to the converter
station, further improvements may be expected using some kind of global
measurements.

The analysis in [43,48,162| for HVDC links and the work in [49] for
VSC-MTDC systems, show that the use of global measurements (the speed
of all generators with or without calculating the speed of the COI speed)
for reactive-power control strategies can improve transient stability. How-
ever, given the difficulty of measuring the speed of all generators in the
system, this chapter proposes a coordinated control strategy using, only, the
frequencies measured at the VSC stations (already available for synchroni-
sation). The approach is similar to the one proposed in the previous chapter
for the active-power injections (P-WAF), but, in this case, the weighted-
average frequency is used to modulate the reactive-power injections. The
use of this set of measurements was motivated by the good results obtained
in the previous chapter and by the good results obtained in [43] modulating
the reactive-power injections of a point-to-point VSC-HVDC link using the
frequency average of both ends of the link. The results will show that, with
this approach, the Critical Clearing Times (CCTSs) for various faults can be
increased significantly.

4.3 Control strategies

In VSC-MTDC systems, the reactive-power (Q) injections of the converters
can be controlled independently because there is no “reactive power" in the
DC grid. The converters can control their () injections or AC-voltages to
constant values or, similarly to the active-power control, supplementary set
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points can be included in the outer control loop to provide ancillary services.
In this work, @ supplementary controllers for transient stability improvement
are studied. The Q set point of converter ¢, including its supplement, can be
written as:

0. (t) =, + A (1) (4.1)

where qgﬂ- is the reactive power at the operation point and Aq;c;f is the
supplementary Q reference.

The frequency measured at each terminal of the VSC-MTDC is proposed
here to control the @ injection of each converter according to the general
approach depicted in Figure 4.1, where w is the frequency at the AC bus
of the converter, w* is the frequency reference, kg is the proportional gain,
A@mag is the Q limit of the supplementary reference, T is the time constant
of a low pass filter used to eliminate noise from the frequency measurements
and T, is the parameter of a washout filter.

a)* 1 ko sTw
-% 1+ sTr 1+sTw

Supplementary
control
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outer Isq
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Figure 4.1: Control for the reactive-power injection of a VSC.

Two Q-control strategies for transient stability improvement will be anal-
ysed and compared:

e A new global control strategy using the weighted-average of the fre-
quencies measured at the AC terminals of the VSC-MTDC system
(Q-WAF, for short).

e A local frequency control strategy (Q-LF, for short).
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4.3.1 Strategy Q-WAF

In this alternative, each converter modulates its reactive-power injection with
the scheme showed in Figure 4.1, using a frequency set point as:

n
wi = Zakwk (4.2)
k=1

where wy, is the frequency of the AC bus of converter k, o € [0,1] and
Y p_i o = 1. Therefore, each converter of the VSC-MTDC system will
inject (or consume) reactive power if its frequency is above (or below) the
weighted average in (4.2). This should reduce the electromagnetic torque
applied to those synchronous machines below the reference speed (even if
they are already accelerating) while increasing the electromagnetic torque to
those above the reference speed (even if they are decelerating). This idea
was motivated by the results obtained in [43,48,154| and by the good results
obtained in the previous chapter, using the weighted-average frequency of
the VSC-MTDC to modulate the active-power injections of the converters.

4.3.2 Strategy Q-LF

Alternatively, the Q injection of each converter could be modulated propor-
tionally to its frequency deviation (local) with respect to the nominal fre-
quency (avoiding communications). Therefore, w} = 1 p.u. in Fig. 4.1: if the
measured frequency rises, each converter will inject reactive power seeking
to increase the electromagnetic torque seen by the system generators.

4.4 Theoretical analysis of the control strategies

Lyapunov theory will be used to analyse the performance of the reactive-
power control strategies theoretically. In Chapter 3, Lyapunov theory was
already used to analyse the proposals for active-power modulation. In that
case, a structure-preserving model was used to represent the power system in
the theoretical analysis, using suitable energy functions already available as
Lyapunov’s function candidates. Using that type of models was straightfor-
ward, since they include frequency-dependent loads and the VSCs were rep-
resented in the same way (as active-power injections which could modulate
their active-power output as a function of frequency). Unfortunatelly, those
models do not allow frequency-dependent reactive-power injections. There-
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fore, they cannot be used directly to carry out a Lyapunov-based stability
analysis of the reactive-power modulation of the converters of a VSC-MTDC
system. Alternatively, a classical reduced network model of the power system
will be used for this analysis (see Section C.2 of the Appendix for details).
It will prove to be useful for this analysis (in spite of its simplicity).

The following assumptions were accepted for the theoretical analysis:

e The reactive-power injections of the converters are assumed to be con-
trolled instantaneously, since their dynamics are much faster than the
dynamics of the synchronous generators.

e Limits of the converters are not taken into accout.

e A reduced grid model with classical representation of the synchronous
generators is used.

These hypotheses make it possible to analyse the impact of the reactive-
power injections of the VSC-MTDC stations on the synchronous machines
while using relatively simple equations. Nevertheless, some of the simplifica-
tions considered may have an impact on transient stability. For example, the
operating limits of the converters may be reached often when large distur-
bances occur. Therefore, the performance of the control strategies will also
be evaluated by simulation in Section 4.5, by using detailed electromechani-
cal models of the VSC-MTDC system, the generators and their controllers,
including limits.

4.4.1 Power system model

Usually, for stability analysis purposes, the power system is represented using
a reduced network model, with a classical model for the generators, and with
VSCs being modelled as power injections [47,54,164]. Hence:

bc = oc (4.3)

. _ P,
b = M Y[P-P.+ ACEIM] (4.4)

where:

. SG and @g € R"¢*1 are vectors with the rotor angles and speeds of
the generators, respectively, all referred to the COI (0¢,; = g — dcor
and Wg; = wg,i — weor).- The number of generators of the system is
ng.
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4.4 Theoretical analysis of the control strategies

e M = diag(Mj,) € R"¢*"¢ ig a diagonal matrix with the moments of
inertia of the generators.

e P and P, € R"¢*! are vectors containing the net mechanical power
and the electrical power injections of the generators, respectively.

o My =37 My, and Poor = > 3%, (Pk — Pe,i). Subscript k refers to
each generator.

The effect of P and Q injections of the VSC-MTDC system (inputs) can
be included implicitly in the expression of the electrical power vector P,
following the guidelines given in [50]:

P, = P} + BpAP, + BoAQ; (4.5)
where PJ*¢ is the electrical power vector without P and Q modulation and:

e Bp € R"¢*" accounts for the effect of the active-power modulation
A P; of the VSCs on the electrical power vector P, and n is the number
of VSCs of the MTDC system.

e Bg € R"¢*™ accounts for the effect of the Q modulation AQs of the
VSCs on the electrical power vector Pe.

Matrix Bg = (bg,ki) can be decomposed as:
Bq = MqgBq,r (4.6)

where Mg € R"6*" is a dimensionless matrix and Bg r = diag(bgr,) is
a diagonal matrix containing the sum of all the elements of each column of
matrix BQ (bQ,T,i = Zzgl bQ,kzi)~

In inductive systems, such as HVAC grids, the elements of matrix Bg are
non negative if the machines are generating active power, which means that a
positive Q injection in one bus contributes to raise the voltages of the systermn,
provoking the rise of the electromagnetic torque seen by the generators. As
mentioned previously, the effect of the Q) injections of the converters on the
different generators is contained in matrix Bg and matrix Mg = (mg i)
weights the effect of the Q injection of each VSC converter i on the electrical
power of each generator k. The decomposition in (4.6) will be useful for the
analysis that follows.
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4 Reactive-power control strategies for transient stability improvement

4.4.2 Lyapunov-based stability analysis

Lyapunov’s theory is used for stability analysis (see Section C.1 of Ap-
pendix C). For the theoretical analysis, the dynamics of the power injections
of the VSCs are assumed instantaneous, since their time constants (1-100
ms) are much faster than the electromechanical oscillations (1-10 s):

AP, ~ AP AQ,~ AQ", (4.7)

where APsref and AQ;ef are the vectors containing the P and Q set points.
AP, =0 and u = AQ; to consider ) control, only.

Uncontrolled system

Without control, the input vector is set to zero: u = AQs = 0. Refs.
[34,47,54] showed that the uncontrolled system is stable and the following
energy function of the system is a Lyapunov’s function [34,50]:

1 ng ng ng—1 ng
Vo= B ; Mg i — ;pkﬁc,k - kz_:l l_zk;rl ererbr cos(dgk — dc1) + Co

(4.8)

where by; is the transfer susceptance between generators k and [, e; is the
internal voltage of each generator, dg ; is the rotor angle of generator ¢ and
wa,;i 1s the speed of generator ¢. Cj is used to make V = 0 at the operating
point.

For the uncontrolled system, the derivative of V is equal to zero: Vunctr =
0 [34].

Controlled system

The energy function of the uncontrolled system (4.8), used for the controlled
system, will have a derivative (3.15) with Vg, given by:

Ver = —0&BoAQs=—(MEoe)TBrAQ, (4.9)

Stability will be guaranteed if AQs makes V., < 0.
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4.4 Theoretical analysis of the control strategies

4.4.3 Discussion of the control strategies
Q-WAF

Within the bandwidth of the controllers:
AQ; = KQL:JC = KQ((.UC — (Dl) (4.10)

where @c € R™! is the vector of the frequency deviations at the AC side
of the converters with respect to the weighted-average frequency (w), Kq =
diag(kg;) € R™™ is the gain matrix and 1 € R™ ! is a column vector
filled with ones. Manipulating V., in (4.9) to include the weighted-average
frequency explicitly, gives:

Ver = —(M{éoa) BorAQs+ (weor — @)1 BorAQ, (4.11)

Vct'r,A VCtT,B

where @g = wg — @l and 1 € R"6*! represents a column vector filled with
ones.

In general, the relationship between the generator speeds and the bus
frequencies is nonlinear and hard to obtain explicitly and an approxima-
tion will be used to be able to continue with the analysis. Since matrix
Bqg = MgBg,t measures the effect of the Q injections of the VSCs on the
electrical power of the generators, it will also be used to approximate the fre-
quencies at the AC terminals of the VSC-MTDC system (@¢) as a function
of the generator speeds: @o =~ Mgdjg. Therefore, since AQs = Kgwc in
strategy Q-WAF, (4.11) leads to:

Ver ~ —@&(BrKq)@c + (woor —0)17 (BeKg)@c  (4.12)

VctT,A thT‘-,B

Since Bg,r and K@ are non-negative diagonal matrices, ch A is a (neg-
ative) quadratic form of &¢ and, hence, it is non-positive. Unfortunately,
the sign of VctT,B will be, in general, unknown. However, chB is a lin-
ear function of @ whilst ch A 18 a quadratic function of the same variable.
Therefore, the absolute value of the former is expected to be smaller than the
one of the latter (above all for large deviations of the frequency with respect
the weighted-average frequency @c which implies large modulation AQs).
Furthermore, since the weighted-average value of the converter frequencies
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4 Reactive-power control strategies for transient stability improvement

w and wcor can be expected to change more slowly than the converter out-
put frequencies. It can also be expected that (0 — wecor) will grow more
slowly than |@c| (and |AQs|). Hence, Ve g, even if positive, should never
outweigh the negative value of Vct,,, B. Besides, if possible, the weights oy
should be calculated so that @ ~ wcor and, therefore, ch B =~ 0. Under
these circumstances, the total Vctr will be non-positive too and the control
strategy Q-WAF would improve transient stability.

The approximation @o ~ Mgtfug used to derive (4.12) from (4.11) cal-
culates the frequency at the AC side of each converter station i as a function
of the speeds of the generators, asigning a weight mgq i; to the speed of each
generator k:

@i G =Y morien (4.13)

This assumption only gives a rough approximation of the frequencies at
the AC side of the converters, based on intuition. Simulation results sup-
port this assumption, but it could not be proved theoretically. Although the
accuracy of this approximation may be questionable, it has been observed,
from simulation results, that the sign the frequency deviation of a VSC con-
verter with respect to the weighted-average frequency has almost always the
same sign as the approximation given by (4.13). Hence, the expression of the
derivative V. (4.11) can be written again, assuming strategy Q-WAF and
without including the approximation, as:

Verr = — (@& (BorKq)oc + (weor — )17 (BoKg)wc (4.14)

vct'r,A Vctr,B

where GJE:“ = Mgcbg.

From (4.14), Ve, 4 can be written explicitely as:

n

VCtT',A = - Z(bQ,T,ik‘Q,i)watd)i (415)
=1

which proves that if d)fSt and @; have the same sign, then Vctr, A 1s non positive,
since the terms bg 1,;kq,; are non negative.

86



4.5 Results

Strategy Q-LF

Using this control strategy, the negativeness of Vg, cannot be guaranteed
and its performance will be tested by simulation, only.

4.5 Results

The reactive-power control strategies presented have been tested by simula-
tion in the modified Cigré Nordic 32A system with a 3-terminal VSC-MTDC
system (see Section A.3) in the heavily loaded scenario (described in Ap-
pendix A.3.2). The operating point of the VSC-MTDC system is also re-
ported in Section A.3. The PSS/E model reported in Chapter 2 has been
used.

First of all, the following Q-control strategies will be analysed and com-
pared with several faults:

e Q0: Constant reactive-power injection of each converter (no modula-
tion).

e Q-LF: The reactive-power injection of each converter is controlled using
the local frequency strategy.

e Q-WAF: The reactive-power injection of each converter is controlled
using the weighted-average frequency of the VSC-MTDC system as
the frequency set point.

The parameters used for the control strategies (Fig. 4.1) are kg; = 200
pu, Tt; =0.1s, Ty; =158, Agmaz, = 1 p.u and ag, = 1/3. The gains are
in nominal p.u of each converter.

4.5.1 Fault 1l

A 3-phase-to-ground short circuit has been applied to line 4031-4041a (at bus
4041) when ¢t = 1 s. The fault is cleared by fully disconnecting the corridor
(4031-4041 a and b) 300 ms later (Fault I, for short).

The rotor-angle difference between machines 4012 (North) and 4062 (South)
is shown in Figure 4.2. Synchronism is lost with no Q modulation (Q0) and
when using strategy Q-LF, while strategy Q-WAF stabilises the system.

Q injections of the VSC stations into the AC grid are shown in Figure 4.3.
With strategy Q-WAF, Q injections are modulated successfully. The reactive
power of converter VSC1 reaches its upper limit (4450 MVAr) during less
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Figure 4.2: Fault I cleared after 300 ms. Generator angle difference.

than a second (f = 2.1 s). Meanwhile, strategies Q0 and Q-LF produce
no beneficial effect and they cannot maintain stability. In the latter case,
the converter reactive-power limits are reached most of the time. All Q
injections with strategy Q-LF are positive initially ( Fig. 4.3) because the
three frequencies measured at the VSCs increase. However, with strategy Q-
WAF, VSCs only inject Q at the points with larger frequency growth (those
above the average).

The critical clearing time (CCT) for this fault using strategy QO is 105
ms; it is 0 ms (unstable) using Q-LF and improves to 370 ms with Q-WAF.
A CCT of 0 ms (when using Q-LF) means that the system loses synchronism
when corridors 4031-4041 a and b are tripped, even if there is no short circuit.
Therefore, increasing the electromagnetic torque in all the AC buses is not the
best option (even if frequency is rising); one should only act upon those with
the larger frequency growth, with the purpose of slowing them down [156].

Finally, an approximation of the derivatives in (4.11) using strategy Q-
WAF are shown in Fig. 4.4 and they were found similar and negative in
strategy Q-WAF, except in a limited number of points during the simulations.
Although stability is not rigorously guaranteed, none of the simulated cases
was found to be problematic.
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4.5.2 Critical clearing times (CCTs)

Several faults have been simulated (see Table 3.2 of Chapter 3). The CCTs of
each fault have been obtained for the base case (Q0) and for control strategies
Q-LF and Q-WAF (see Table 4.1). Results show strategy Q-WAF increases
the CCTs significantly. Furthermore, results show that local strategy Q-LF
produces very poor results. Therefore, the latter strategy is discarded for
transient-stability support.

Table 4.1: CCTs for simulated faults.

Fault Q0 Q-LF Q-WAF
CCT (ms) | CCT (ms) | CCT (ms)
Fault I 105 0 370
Fault 11 188 190 247
Fault I11 237 225 253
Fault IV 390 344 564
Fault V 205 207 250

4.5.3 Impact of the control parameters

The impact of kg ; and Agmaq,i of strategy Q-WAF (Fig. 4.1) on the CCTs
is investigated in Table 4.2. CCTs increase if gain values kg ; are augmented,
since gains kg ; determine how much reactive power is modulated by each
converter under a frequency error. Nevertheless, very large gains should
not be used, because the converters may reach their reactive-power and/or
current limits very often during contingencies. In this work, good results have
been obtained with kg; = 200 p.u. (nominal p.u’s of the VSC stations).
Naturally, higher values of Agmaq,; Will also produce higher values of the
CCTs since each VSC will have a larger margin for its Q injection. However,
TSOs may prefer to limit @ modulation in order to optimise other aspects
of the system. The results of Table 4.2 show that reasonable improvements
could be achieved with low values of the saturation parameter Agpqe,. For
example, if Agpaq,; = 0.2 p.u (nominal p.u’s), the CCT of Fault I increases
from 105 ms to 277 ms.
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Table 4.2: Effect of parameters kg ; and Agpqz,i of Q-WAF.

| Q-WAF | CCT (ims) |
kg (p-u) 0 50 200 500 1000
(AQmam,i =1 p'u)
Fault T 105 171 370 390 423
Fault II 188 209 247 260 264
Fault TIT 237 242 253 263 268
Fault IV 390 483 564 554 550
Fault V 205 222 250 262 266
Agmaz,i (p-u) 0 0.1 02 0.5 1.0
(kg,i =200 p.u)
Fault 1 105 203 277 306 370
Fault II 188 202 214 242 247
Fault III 237 242 248 253 253
Fault TV 390 435 486 557 564
Fault V 205 216 226 247 250

4.5.4 Comparing with strategy Q-CLF

In [49], control strategies for the active- and reactive-power injections of a
VSC-MTDC system for transient stability improvement were proposed. In
that approach, the control laws were also derived using Lyapunov theory and
they make use of global measurements: the speed deviation of each generator
of the system with respect to the synchronous speed (Awg). Good results
were obtained in [49]. However, P or ) control strategies were evaluated
simultaneously and the effect of either P and Q modulation, separately, was
not studied. In this section, control strategy Q-WAF will be compared with
the reactive-power control strategy proposed in [49] (Q-CLF, for short), in
which reactive-power set points are computed as:

AQL = K{(BR) Awe = Ko(MQ)T Awe (4.16)

where Bg = MC%B% is the one defined in Section 4.4.1 evaluated at the
operating point. The gain matrix Kg = K’QB% has been defined in order
to be able to compare the results with Q-WAF, using the same gains.

The same scheme (Fig. 4.1) and parameters have been used for the com-
parison of Q-WAF and Q-CLF and only the input signal has been changed.
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Results in Table 4.3 show that strategy Q-WAF, proposed in this chapter,
produces better results than Q-CLF. Probably, the main improvement on
angle stability against large disturbances in [49] was due to the active-power
strategy and not to the reactive-power strategy. Besides, using 1 p.u as the
frequency set point (like in Q-CLF) has clear limitations. For example, in
faults that produce acceleration of all generators, the use of the weighted-
average frequency of several buses of the grid makes it possible to slow down
some generators, while others are accelerated, in order to reduce the tran-
sient angle separation. Last but not least, strategy Q-WAF requires fre-
quency measurements at the VSC stations, which are always available for
synchronisation purposes, while Q-CLF requires global measurements of all
the machines of the system and, therefore, requires an additional measure-
ment system.

Table 4.3: CCTs obtained with two Q-based strategies.

Fault QO Q-WAF Q-CLF
CCT (ms) | CCT (ms) | CCT (ms)
I 105 370 0
II 188 247 193
111 237 253 228
A% 390 564 344
A% 205 250 211

4.6 The effect of communication latency

Since strategy Q-WAF uses global measurements, the effect of the commu-
nication latency was also investigated introducing a delay in the frequency
at terminal ¢ measured by VSC j (w)):

J —Tij$ _ .0 X _ .0
w; =wie V7 T =T+ 15 =15 £ AT, (4.17)

0
where 7; i

is a constant value (1) = 0 for i = j) and Tl-)j( is a stochastic
random variable which follows a triangular distribution with upper/lower
limits A7 and centred at zero. The delay was implemented in PSS/E using
a second-order Padé’s approximation.

The impact of the communication latency is illustrated in Fig. 4.5, where
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simulation results of Fault I cleared after 150 ms are shown. As the communi-
cation latencies are greater, the rotor-angle difference of generators 4012 and
4062 are greater during the transient, leading to the loss of synchronism for
latencies of 150 4= 20 ms. Therefore, the greater the communication latency
is, the more difficult is for strategy Q-WAF to improve transient stability.

200

—a— Q-WAF: delay 0 ms
Q-WAF: delay 50+ 10 ms
—4— Q-WAF: delay 80+ 20 ms
—— Q-WAF: delay 100+ 20 ms
—o— Q-WAF: delay 150+ 20 ms

86.4012 ~ 8.4062(d€9)

time (s)

Figure 4.5: Generator angle difference: Fault I cleared after 150 ms.

The CCTs of faults [-V obtained for different latency values when using
strategy Q-WAF are provided in Table 4.4. CCTs are increased significantly
when using Q-WAF, although the improvement deteriorates, in most cases,
as the communication delay increases. The effect of the communication de-
lay is most noticeable in Fault I (a severe fault) although the CCT obtained
in the worst case (139 ms) is still greater than the CCT in the base case
Q0 ( 105 ms). CCTs in other faults are only marginally affected by commu-
nication latency. Surprisingly, the measurement delay has a different pattern
in Fault TV, but this is the only case found during the simulation work carried
out.
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Table 4.4: CCTs for simulated faults.

Q-WAF with delay
Fault QO delay=0 50 4+ 10ms 80+ 20ms 100 £+ 20ms 150 4 20ms
CCT (ms) | CCT (ms) CCT (ms) CCT (ms) CCT (ms) CCT (ms)
Fault I 105 370 320 192 171 139
Fault 11 188 247 235 228 225 215
Fault III 237 253 248 246 243 241
Fault IV 390 564 581 591 603 781
Fault V 205 250 240 233 231 224

4.7 Comparing active- and reactive-power control

The control strategy proposed in this chapter (Q-WAF) is similar to the con-
trol strategy proposed in Chapter 3 (P-WAF), but the latter modulates the
P injections at the VSC stations whereas Q-WAF modulates the Q injections
at the VSC stations. In both cases, the weighted-average frequency (WAF)
seen by the converters was used as the frequency set point.

The CCTs of faults I-V, obtained with P-WAF and Q-WAF, are reported
in Table 4.5. The same parameter values are used for P-WAF and Q-WAF
control strategies (described at the beginning of Section 4.5). For example,
teh same gain values are used for P and Q modulation: kp; = kg; = 200 p.u.

Both control strategies increase the CCTs, although they have some dif-
ferences. For example, it seems that when the fault is severe and affects
generators that are close to one of the VSC-MTDC stations, the P modula-
tion is more powerful than Q modulation (see Fault I): the excess of active
power is evacuated successfully during the transient through the VSC-MTDC
system. Meanwhile, strategy Q-WAF seems to perform better when the fault
affects generators which are far to the VSC stations (see Fault III). Further-
more, Table 4.5 shows that strategy Q-WAF seems to deteriorate more than
strategy P-WAF when communication latencies are present, although a very
reagonable performance is obtained, anyway. The last column of Table 4.5
shows the CCTs obtained using strategies P-WAF and Q-WAF simultane-
ously (PQ-WAF, for short). Although CCTs improve with respect to the
cases using only one of the strategies, this improvement is not very spectac-
ular.

As a conclusion, either strategy P-WAF, Q-WAF or PQ-WAF could be
used succesfully to improve transient stability, increasing significantly the
CCTs of different faults. Whether using P modulation, Q modulation or
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both would depend of the required improvements for a set of faults of in-
terest in a particular system. Furthermore, if similar results are obtained
with strategies P-WAF, Q-WAF or PQ-WAF, using strategy Q-WAF has
advantages, because Q injections of the converters in a VSC-MTDC systems
are independent and bidirectional and, therefore, Q coordination would be
always easier than P coordination in VSC-MTDC systems.

Table 4.5: CCTs obtained with P-WAF and Q-WAF.

with delay
Fault delay=0 50 = 10ms 100 £ 20ms delay=0
CCT (ms) CCT (ms) CCT (ms) CCT (ms) CCT (ms)
Qo0 P-WAF, Q-WAF P-WAF, Q-WAF P-WAF, Q-WAF | P,Q-WAF
Fault I 105 390, 370 390, 320 388, 171 404
Fault IT 188 224, 247 224, 235 224, 225 259
Fault IIT 237 240, 253 240, 243 240, 243 250
Fault IV 390 824, 564 823, 581 823, 603 854
Fault V 205 235, 250 235, 240 235, 231 261

4.8 Conclusions

The results presented in this chapter have shown that:
e The proposed strategy Q-WAF improves transient stability significantly.

e The advantage of the proposed strategy Q-WAF with respect to previ-
ous ones for VSC-MTDC systems is that it uses global measurements
which are much easier to implement: it uses the weighted-average fre-
quency of the AC terminals of the VSC-MTDC system, while previous
approaches use global mesurements of the speeds of all the generators
of the system.

e In general, higher gains in strategy Q-WAF produce better results,
although converter limits must be considered. A compromise must be
reached. Good results were obtained with kg ; = 200 p.u.

e Results showed that strategy Q-WAF produces good results for realistic
values of the communication delays. However, strategy Q-WAF deteri-
orates with communication latency more easily than strategy P-WAF
(of Chapter 3).
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e Most often, modulating either P injections (with P-WAF'), Q injections
(with Q-WAF) or both (PQ-WAF) produce comparable improvements
on the CCTs.

— For faults located in power paths which are in parallel to the VSC-
MTDC system, P-WAF proved to be more effective than Q-WAF.

— Meanwhile, strategy Q-WAF was able to increase the CCTs of
some remote faults on which strategy P-WAF had little impact.

— In general, the results are further improved when modulating P
and Q injections simultaneously (PQ-WAF), although the im-
provements are small, in comparison with the improvements achieved
either with Q-WAF or with P-WAF, independently.

— If similar results are obtained with the three strategies, strategy
Q-WAF should be implemented, because Q injections of the VSC
stations, unlike P injections, can be set independently.

e Local strategy Q-LF has been dismissed due to its poor contribution
to transient stability improvement.
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Chapter 5

Communication-free
reactive-power control

5.1 Introduction

In this chapter, a local reactive-power control strategy for transient stability
improvement will be derived based on the estimation of the weighted-average
frequency of the converter stations of a VSC-MTDC system through an aux-
iliary active-power local control strategy. Therefore, the proposed algorithm
tries to mimic strategy Q-WAF (proposed in Chapter 4), but by using local
measurements, only.

The actual value of the reactive power delivered by one of the converters
is not useful to obtain global information because it is independent of the
reactive-power injections of the rest of the converters in the VSC-MTDC
system. Nevertheless, the results of Chapter 3 showed that, under certain
conditions, local control strategy P-LF could behave very much as strategy P-
WAF, suggesting that some global measurements could be estimated without
a communication system between the converters available. This is due to the
interaction between the AC side control strategy and the DC-voltage droop
control used in strategy P-LF. The latter will be used as an auxiliary active-
power local controller to estimate the weighted-average frequency, which will
be used as set poiny for the Q control strategy.

The proposed local strategy for Q injections of the converters in VSC-
MTDC system is described in Section 5.2. The results are presented in
Section 5.3. Finally, the conclusions are reported in Section 5.4.
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5.2 Proposed control algorithm (Q-LWAF)

The strategy proposed in this section will aim at controlling reactive power
(Q) based on an estimation of the weighted-average frequency based on local
measurements, only (strategy Q-LWAF, for short). This imitates strategy Q-
WAF (proposed in the previous chapter), but by using local measurements
instead of global measurements. In order to achieve this, the local active-
power control strategy P-LF presented in Chapter 3 will be implemented in
each converter, using a small gain (kp;), in order to produce a small active-
power modulation. The DC-voltage will act as a carrier signal and it will
allow each converter to estimate the weighted-average speed of the MTDC,
using local measurements of the frequency and DC-voltage at the converter
station. The (small) supplementary active-power reference will be used to
compute the frequency set point for the reactive-power control strategy, using
the scheme used in strategy Q-WAF.

As shown in Subsection 3.4.1, in strategy P-LF (with a frequency set
point of 1 p.u), if

kp; 1/kqe,i
k‘PV* = ngP,T <<:> ’ - . )7 (51)
' ke 251 (1/kacy)
the total active-power supplementary set-point value is:
Ap:’i ~ k‘pﬂ' ((I) — wi) (52)

Therefore, each converter can estimate the weighted-average frequency
(using local measurements) as:

¥
Gei = wi + —2 ~ @ (5.3)
kp;

where, for each converter ¢, w; is the frequency measurement, Ap;kyi is the
total P supplementary reference and kp; is the gain used in strategy P-LF.
The estimated value @, ; can be used by each VSC as a frequency set point
for reactive-power modulation as it was used in Chapter 4. For estimation
purposes, kp; = g;kpr need not be a big value. The control scheme of

strategy Q-LWAF is shown in Fig. 5.1.
Since in strategy Q-LWAF the frequency set point is computed using
internal signals already available from strategy P-LF (5.3), no additional field
measurements are required to compute the supplementary reactive-power
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Figure 5.1: VSC control in Q-LWAF.

command. Therefore, the low-pass filter Tps used for the reactive-power
control scheme (Fig.5.1) could have a fast time constant (~ 10ms) or even
eliminated.

5.3 Results

In this section, the performance of the proposed control strategy has been
tested by simulation using PSS/E. The test system used is the same one used
in previous Chapters: Nordic32A grid with a VSC-HVDC 3-terminal system
in a heavily loaded scenario, as detailed in Section A.3.2. The operating
point of the VSC-MTDC system is the same as in previous chapters and it
is described in Section A.3.2. Different reactive-power (Q) control strategies
will be investigated:

e Q0: Constant reactive-power injections.

e Q-WAF': Reactive-power injection based on the weighted-average fre-
quency of the converter stations, with parameters: kg; = 200 p.u,
Tgri = 01s, Tyi =155, Agnaz, = 1 p.u and ap = 1/3. The gains
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are in nominal p.u. The frequency set point is the weighted-average
frequency of the VSC-MTDC.

¢ Q-LWAF: Reactive-power injection based on the estimated weighted-
average frequency of the converter stations using local measurements (Fig. 5.1),
with parameters:

— Q modulation: kg; = 200 p.u, Tgs; = 0.01 s, Tpy; = 15 s,
Agmaz; = 1 p.u and ag = 1/3. The frequency set point is com-
puted with (5.3).

— P modulation: kp; =10 p.u, Tpy; = 0.1, Ty ; = 158, APz, =
1 p.u and kg ; = 0.1 p.u. The frequency set point is w; = 1p.u.

5.3.1 Faultl

A three-phase-to-ground short circuit has been applied to line 4031-4041a
(close to bus 4041) at t = 1s and the fault was cleared after 300ms discon-
necting both circuits of the corridor 4031-4041 a & b (Fault I). The results
are shown in Figures 5.2-5.4.

The difference between the rotor angles of generators G4012 (North)
and G4062 (South) is shown in Fig. 5.2a. Synchronism is lost for constant
reactive-power control (Q0), whilst synchronism is maintained with global
control strategy Q-WAF and with the local control strategy proposed in this
Chapter Q-LWAF, producing both a very similar response.

The reactive-power injections of the converters are shown in Fig 5.3a.
In Q-WAF and Q-LWAF, during the transient, the reactive-power injection
is increased (reduced) in those terminals with frequency above (below) the
weighted-average frequency of the MTDC system, slowing down (accelerat-
ing) nearby generators. Fig. 5.3a shows that the reactive-power modulation
produced by strategy Q-LWAF is very similar to the one produced by strat-
egy Q-WAF. The latter uses the weighted-average frequency as frequency set
point, while the former estimates that signal by using local measurements at
each converter station, thanks to the (small) active-power modulation pro-
duced by strategy P-LF, which can be seen in Fig. 5.4. The weighted-average
frequency estimated by VSC1 (@ 1), using (5.3), is compared with the true
weighted-average frequency of the MTDC system (@) in Fig 5.2b, showing
good agreement. Some high-frequency oscillations appear in the estimated
signal @, ; due to the DC-grid dynamics (see the inset of Fig. 5.2b).

Finally, the DC-voltages of the DC grid are shown in Fig 5.3b. In the
base case (Q0) and with strategy Q-WAF, the DC-voltages remain almost
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constant, while strategy Q-LWAF produce DC-voltage deviations during the
transient. Therefore, gains Kp; of strategy P-LF (in Q-LWAF, Fig. 5.1)
should be small enough to ensure admissible DC-voltage fluctuations during
the transient.

The CCTs obtained for Fault I with strategies Q0, Q-WAF and Q-LWAF
are 105 ms, 370 ms and 379 ms, respectively. Therefore, a significant im-
provement can be achieved with the proposed local strategy Q-LWAF and
the improvement is comparable with the one obtained with global strategy
Q-WAF. In fact, the CCT obtained with Q-LWAF is slightly longer than

the one obtained with Q-WAF, due to the contribution of the auxiliary P
modulation (P-LF).

86,4012 ~ O6,4062(4€9)
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Figure 5.2: Fault T cleared after 300 ms. (a) Generator angle diff. (b) Q-
LWAF: weighted-average frequency: true (w) and estimated by VSC1 (we 1).
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5.3.2 Fault II

Since local strategy Q-LWAF uses P modulation to estimate the weighted-
average frequency, it is essential to evaluate its robustness when a converter
reachs its current limit during the transient. In this situation, the auxiliary P
modulation, P-LF, would change its behaviour and, therefore, the estimation
of the weighted-average frequency would be affected.

A solid short circuit at bus 4012 of line 4012-4022 has been simulated
(Fault II). The fault was cleared disconnecting the line after 120 ms. Notice
that the short circuit occurs at the AC bus of VSC1. The results are shown
in Figs. 5.5-5.7.

The rotor-angle difference between generators G4012 and G4062 is shown
in Fig. 5.5a. Synchronism is maintained in all the cases. The most critical
case is with no Q modulation (Q0), which presents the largest angle separa-
tion during the transient. The most favorable case is using strategy Q-WAF,
which produces the smallest angle separation between the generators, al-
though a similar response is achieved using local strategy Q-LWAF.

After the fault clearing, the reactive-power modulations produced when
using Q-WAF and Q-LWAF are similar (Fig. 5.6a) and, therefore, similar
effect on the rotor angles is achieved. However, () injections when using
strategies Q-WAF and Q-LWAF behave differently during the fault (from
t =1sto 1.12 ), because VSCI reachs its current limit. Since VSCI reaches
its current limit and its P injection is reduced to zero, as shown in Fig. 5.7.
Hence, in strategy Q-LWAF, VSCI1 is not able to use the auxiliary P mod-
ulation (strategy P-LF) during the instants when it is blocked. As a re-
sult, the weighted-average frequency cannot be estimated correctly during
t = 1—1.12 s, as shown in Fig. 5.5b. Despite this inaccuracy in the es-
timation of the average frequency during the fault, strategy Q-LWAF still
improves transient stability.

The CCTs obtained for Fault 1T with strategies Q0, Q-WAF and Q-LWAF
are 188 ms, 247 ms and 214 ms, respectively. For the reasons already dis-
cussed (the current limiter), the improvement obtained with strategy Q-
LWAF is worse than the one obtained with strategy Q-WAF (although it is
useful).
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5.3.3 Ceritical clearing times

Several faults (described in Table 3.2 of Chapter 3) have been simulated and
their CC'Ts have been evaluated and collected in Table 5.1. Both strategies,
global Q-WAF and local Q-LWAF, increase the CCTs in comparison with
the base case Q0. For some faults, the CCT is increased significantly. For
example, the CCT of Fault I is increased from 105 ms to 370 ms with Q-
WAF and to 379 ms with Q-LWAF (similar numbers in both strategies). As
already pointed out in Section 5.3.1, a slightly longer CCT is obtained with
the latter, due to the (small) help of the active-power modulation produced
by the built-in strategy P-LF.

Different conclusions are drawn for Faults IT and IV. The CCTs of these
faults are also increased with strategies Q-WAF and Q-LWAF, but the best
results are obtained with the former. These faults have in common that
they are very close to the converters and the current limit of some convert-
ers are reached during the short circuit. During the time when the limits
are reached, the converters do not estimate the weighted-average frequency
properly with the local strategy Q-LWAF and better results are obtained
using global measurements (Q-WAF'). Nevertheless, local Q-LWAF proves to
be robust and good results were also obtained.
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Table 5.1: CCTs for simulated faults

global local
Fault DCO Q-WAF Q-LWAF
CCT (ms) | CCT (ms) | CCT (ms)
Fault 1 105 370 379
Fault IT 188 247 214
Fault 111 237 253 253
Fault IV 390 564 540
Fault V 205 250 225

5.4 Conclusions

The results presented in this chapter have shown that:

e The proposed local reactive-power control strategy (Q-LWAF) improves
transient stability significantly.

e Local strategy Q-LWAF behaves similar to the global strategy Q-WAF
(poposed in Chapter 4).

e The advantage of strategy Q-LWAF is that, unlike Q-WAF, only local
measurements at the converter stations are required.
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Chapter 6

Modelling of VSC-MTDC
systems for small-signal angle

stability analysis

6.1 Introduction

The purpose of this chapter is to derive a linearised model of VSC-MTDC
systems suitable for small-signal angle stability analysis of large power sys-
tems, which will be used in Chapter 7 to analyse control strategies for power-
oscillation damping.

The rest of this chapter is organised as follows. Section 6.2 presents a
review of previous work on modelling of VSC-MTDC systems for small-signal
stability analysis. The proposed small-signal model is described for the whole
model in Section 6.3, while the details of each component are described in
Appendix D. The proposed small-signal model is validated by time-domain
simulation and by eigenvalue comparison in sections 6.5 and 6.6, respectively.
Small-signal analysis of the Nordic32A test system with an embedded VSC-
MTDC system is carried out in Section 6.7. Finally, a summary is presented
in Section 6.8.
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6.2 Review of previous work

Due to the potential relevance of VSC-HVDC systems in future power sys-
tems, TSOs are eager to understand their possible effects on the overall
system stability. This interest has motivated a good number of studies of
Small Signal Analysis (SSA) of VSC-MTDC systems lately.

A small-signal model for VSC-MTDC systems was first proposed in [165]
and similar approaches were proposed later in [115,141,166,167|. Further-
more, SSA techniques have been applied to VSC-MTDC systems to design
the parameters of the outer controllers of the VSCs [115,166, 168] and the
DC-voltage droop constants [112,113,117,141,167], to analyse the impact
of DC-cable modelling on small-signal stability [112,130,131,169-171], to
investigate small-signal models for VSC stations with MMC technology [118,
172-175] and for angle stability analysis of hybrid HVAC/VSC-HVDC sys-
tems [72,74-76,176,177]. All those models of VSC-MTDC systems for SSA
have in common that the VSCs and the HVDC grids are subsystems of the
main state-space system. Those subsystems must be changed, dependig of
the controllers used, the VSC technology, the DC-cable modelling details or
the level of detail required for different studies.

The main aspects to be taken into account for small-signal modelling
of VSC-MTDC systems with the purpose of angle-stability analysis are dis-
cussed below:

e Type of models

As in non-linear time-domain simulation, the linearised model of a hy-
brid HVAC/VSC-HVDC system can be of either electromagnetic type
or electromechanical type. In electromagnetic models, the HVAC grids
are represented with the differential equations of the lines and detailed
models of the VSC-MTDC systems are used, while in electromechanical
models, the dynamics of the HVACs grid are assumed instantaneous
(phasors) and the VSC-MTDC systems can neglect some fast dynam-
ics. The VSC-MTDC linearised models in [112,113,115,117,118,167,
169-175| are of electromagnetic type and the ones in |72, 74-76, 166,
168,176,177| are of electromechanical type.

Electromechanical models are suitable for small-signal angle stability
analysis, in which the time-frame of interest is of the order of 10 to
20 s [31]. Naturally, electromagnetic models could also be used to study
slow dynamics, but the order of the system would be unnecessarily high.

e VSC stations
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In the linearised models proposed in [165-167,178] and [115] every VSC
is prepresented with its inner and outer controllers. The PLL of every
VSC is included in the model in [115,165,178|, whilst it is neglected
in |166,167]. In principle, VSC stations can be modelled regardless
the technology used (e.g. 2-level VSC, MMC, etc...). However, recent
studies have shown that MMC technology adds new dynamics to the
problem, which might be important or not, depending on the dynamics
of interest of the study [118,172-175]. Furthermore, the study of [118]
showed that sometimes the dynamics of MMC stations could have an
impact on the stability of VSC-MTDC systems controlled with DC-
voltage droop.

In angle-stability studies of conventional power systems, the dynamics
of interest are slow in comparison with the dynamics of VSC stations
and these studies only make sense if the embedded VSC-MTDC sys-
tem is stable. Therefore, reduced-order electromechanical models for
the VSC stations can be used for small-signal angle stability analysis,
neglecting some fast dynamics of the VSCs, as done in [72,74-76,177].
The inner current loops of the VSCs are represented in detail in [72,
74,177|, the closed-loop systems of the inner current controllers are as-
sumed instantaneous in [75] and the details of the VSC-MTDC model
used in [76] are not provided in the paper. In this thesis, the outer
control loops of the VSCs have been modelled in detail, but the closed
loop of the inner current control systems have been approximated by a
first-order system, due to their fast dynamics in comparison with the
electromechanical oscillations.

HVDC grids

The most simplified linearised models do not represent the HVDC
grids |75], which means that the whole DC grid is seen as an aggregated
capacitor and the VSCs are seen by the AC grid as power injections.
In [166], the equivalent DC-side capacitor of each VSC is represented
at each bus of the DC grid and the DC lines are represented as resis-
tances, neglecting their inductances and charging capacitances. The
most common approach is to model the HVDC grid with equivalent
capacitors at the DC buses (including the equivalent capacitors of the
VSCs and the total shunt capacitances of the DC lines connected to
each bus), while each DC branch is modelled by a resistance plus an
inductance [72,74,165,177]. This is the approach used in this thesis.

Recent studies have investigated higher-order models for the DC cables,
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to improve the accuracy of the model [112,130,131,169-171|. According
to those studies, the lumped m-section representation of the DC lines
can introduce innacuracies into the SSA. The work in [169] proposed
a detailed linear state-space model for the DC cables, dividing the DC
cable into several sections and each section with additional parallel
branches. Results showed that this model is more accurate than the
lumped m-section representation. However, the dynamics neglected in
the lumped m-section representation will only be relevant in very long
cables and when high-frequency effects are of interest [131]. In fact, it is
generally accepted that the lumped 7-section model for the DC cables
is suitable for angle stability studies. The SSA model developed in this
thesis also admits DC cables modelled as in [169] (simply by defining
additional DC branches and DC buses, to model the additional parallel
branches and sections of each cable, respectively), which could be used
if faster dynamics were of interest.

e Formulation

The studies in [115,117,165-168] described VSC-MTDC models for
SSA and they presented the guidelines to obtain the state-space rep-
resentation of a hybrid HVAC/VSC-HVDC system. However, none
of those publications formulated the complete state-space model of a
general hybrid HVAC/VSC-HVDC system explicitly. A generalised
small-signal model for an arbitrary HVAC/VSC-HVDC system will be
presented in this Chapter. Details of the models of each component
are presented in Appendix D.

¢ Simulation tools

Since VSC-HVDC technology is relatively new and it is still evolving,
SSA of hybrid HVAC/VSC-HVDC systems is not possible in all com-
mercial tools for power-system analysis. For example, SSA of hybrid
HVAC/VSC-HVDC grids can be carried out in PowerFactory (DigSi-
lent) or EUROSTAG, but not in PSS/E. However, Refs. [176,179,180]
analysed the fidelity of the SSA provided by PowerFactory (DigSilent)
when considering hybrid HVAC/VSC-HVDC systems, identifying some
unexplained results, which will be discussed in this Chapter of the the-
sis.

A generalised model for small-signal angle stability analysis for hybrid
HVAC/VSC-HVDC systems has been formulated, implemented and vali-
dated in this work and will be reported in this Chapter. The model is of
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electromechanical type (for angle stability studies) and the simplifications
used are the same ones as in Section 2.4.1 of Chapter 2. No new contribu-
tion has been made regarding the modelling of the different components of
VSC-MTDC systems (e.g. VSC stations, DC grids, etc...) which have been
modelled following the guidelines proposed previously in the literature. Nev-
ertheless, the proposed small-signal model has the following characteristics
that have not been addressed before:

e The generalised formulation can address a hybrid HVAC/VSC-HVDC
system with arbitrary topology. For example, the system could have
several asynchronous HVAC grids. Besides, all the different VSC-
MTDC systems interconnecting different HVAC grids or embedded in
a meshed HVAC grid; and the different control operation modes of the
VSCs have been included in the model.

e The model has been written with a modular structure, so that any
subsystem can be changed without changing the main core.

e A gystematic procedure to include the VSC-MTDC models in a small-
signal tool for large HVAC systems already available has been made
available.

e Supplementary controllers for angle stability improvement have been
included in the model.

The linearised model for VSC-MTDC systems has been incorporated
in Small-Signal Stability Toolbox (SSST), which is a matlab-based tool for
small-signal analysis of large power systems previously developed in IIT [181].
The tool has been validated against a detailed electromagnetic simulator
(Matlab + Simulink + SimPowerSystems) and the results have been com-
pared to the results provided by PowerFactory. Finally, the flexibility of the
tool has been illustrated in a modified Cigré Nordic32A test system with an
embedded VSC-MTDC system.
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6.3 Small-signal model: HVAC/VSC-HVDC grid
Hybrid HVAC/VSC-HVDC grids consist of the following main components:
e HVAC grids

— Generators, governors and exciters.

— Non-conventional generators, induction motors and series and shunt
FACTS devices.

— Electrical elements of the AC grid, such as lines or shunt elements
(assumed to be quasi-static).

— Loads: Typically they are assumed to be quasi-static (constant
impedance, constant power or constant current), although some
specific loads may be represented by dynamic models.

e VSC-MTDC systems

— VSC stations
— HVDC grid

The linearised model of a hybrid HVAC/VSC-HVDC system will be derived
following the procedure of [181] and will include all the elements mentioned
above.

Firstly, an HVAC grid without VSC-MTDC systems must considered.
For the analysis, voltages and current injections at the AC buses are written
in a common synchronous reference frame (D — @ axes):

Vi = Vp; + JUQ.,
gi =1ip;+ JiQ- (61)

The vectors of increments of the current injections and voltages are, there-
fore, written as:

[ AUDJ i [ AZ‘DJ i
AUQJ AiQJ
Avac = , Aiac = s (6.2)
e 2
AUQJZAC i AZQJIAC i
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where n4¢ is the number of buses of the HVAC grid.

The linearised model of an abritrary HVAC power system can be written
as:

Azpc = Aac-Azac + Bac - Avrac,
Aifac = Cac:Axac+ Dac - Avrac, (6.3)

where Ax ac is the state vector of the system, Air ac is the vector of the
current injections (e.g. generators, FACTS, etc...) and Avy, ac is the vector
of the voltages of the buses involved in the dynamic model of those devices.

Static loads of an HVAC system are typically modelled as algebraic equa-
tions:

Aipac = Drpac-Avpac, (6.4)

where Air, ac and Avr ac are the current injections of the loads and the
voltages applied to them, respectively. Notice that matrix D, ac depends on
the load modelling. Commonly, loads are represented by constant impedance,
constant current, constant power characteristics. Sometimes they are repre-
sented by a combination of those three characteristics.

If one or several VSC-MTDC systems are plugged into the HVAC system,
the linearised model of all the VSC-MTDCs of the system will be written
as (see Appendix D):

Azyrpe = Amrpe r Axvmrpe + Bumrpe,a s AvvTpe,ac,
Ainrpe,ac = Cumrpe,a - Axyrpe + Dvrpe,aa - AvvmTpe,ac,
(6.5)

where converters, their controllers and the HVDC grids will be included.

Vector Axprrpce contains the states of all the VSC-MTDC systems
present, Aiprrpc,ac are the current injections of the converters of the
VSC-MTDC systems into the AC side (PCC) and Avymrpce,ac are the
voltages of the converters at the PCCs of the AC system. Notice that a
subscript A has been included in some state matrices of (6.5), because it will
help to tell apart the AC signals of the VSCs from the DC ones during the
derivation of the model, as will be explained in Appendix D.

The linearised model of the hybrid HVAC/VSC-HVDC grid will contain
full models of the HVAC system (generators, FACTS, loads, etc...) and the
VSC-MTDC systems. All voltages and currents injections of the HVAC grid
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must verify the grid equations:

Aigc = JacAvac. (6.6)
where:
Aiac = [Airac, Aimrpe.ac, Aipac]’. (6.7)
Avac = [Avrac, Avmrpc,ac, Avpacl’,
and

Jir Jimv JriL
Jac = | Imr Jyum JImrL | (6.8)
Jer Jivm JLL

In order to simplify the notation, M in (6.8) will be used instead of MT' DC'.

Joining all the state and voltage vectors, following the same procedure
used in SSA programs for HVAC grids [181], the linearised model of the
hybrid HVAC/VSC-HVDC system can be written as:

AT Ac
AzpnTDC
0 —
0
0

Aac 0 Bac 0 0

0 AnTDC 0 Byrpe,a 0
—Cac 0 Jir — Dac Jrm Jrr

0 —CMmTDC,A Jmr Jvm — Dvyrpe,aa JvmrL

0 0 Jrr Jom Jor — Dr.ac

A:BAC
AzyTDC
Avrac : (6.9)
AvymTDC,AC
Avy ac

which, in a compact form, becomes:

AT A11 A12 :| |: Ax :|
— , 6.10
[ 0 } [A21 Az2 Avac (6.10)
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where Az = [Azac, Azyrpel’.
Finally, voltages are eliminated from (6.10) using the Schur complement:

Ad = AAzx with A= Ay — A12A5, Aoy, (6.11)

The modes of the hybrid HVAC/VSC-HVDC linear system will be the
eigenvalues of matrix A in (6.11) and the electromechanical modes can be
identified computing the participation factors |78-80].

6.4 Implementation in SSST under Matlab

SMASS3 is a commercial FORTRAN-based tool for small-signal stability anal-
ysis of large power systems [182]. The tool was developed by IIT (Comillas
Pontifical University) and it has been used successfully in Industry, for ex-
ample, in Iberdrola, Red Eléctrica de Espania (REE), Réseau de Transport
d’Electricité (RTE) and CAMMESA. Small-Signal Stability Toolbox (SSST)
is a matlab-based version of SMAS3 [181]. These tools were initially intended
for HVAC grids, although new models of FACTS devices and wind turbines
have been included in the last few years. No models for VSC-MTDC sys-
tems were available. In this thesis, the small-signal model for VSC-MTDC
systems proposed in this chapter has been included in SSST.

The sequential AC/DC power-flow algorithm proposed in [91] and de-
scribed in Chapter 2 was also implemented in SSST to obtain the initial
operating point.

6.5 Model validation by time-domain comparison

The small test system shown in Fig. 6.1 has been used to validate the small-
signal VSC-MTDC model proposed (implemented in Matlab + SSST). The
purpose of using such a small test system for this validation is to assess
the accuracy of the linearised model of the VSC-MTDC system, only. The
results obtained with the linear model implemented in matlab + SSST will be
compared with an electromagnetic model in Simulink + SimPowerSystems
(including the switches of the power converters) and with electromechanical
VSC-MTDC models in PSS/E and in PowerFactory (as done in Chapter 2).

The same set-point changes of Subsection 2.6 were simulated. The results
are shown in Fig. 6.2 and 6.3. The simulation results obtained with the linear
model in SSST show good agreement with the ones obtained with the other
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non-linear models. A detailed scale (20 ms) of the time response of the DC
voltages is shown in Fig. 6.4, which confirms the validity of the small-signal

VSC-MTDC model proposed in this Chapter of the thesis.
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Figure 6.2: Validation of the linear model of the VSC-MTDC (in SSST).
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Figure 6.3: Validation of the linear model of the VSC-MTDC (in SSST).

= 1.08
2 1.06
= 1.04
§ 1-0%. —— SimPower
0.98: i i .| —=—PSS/E
1 1.05 ) 1.1| —e— PowerFactory
time (s) —e— Linear model (SSST)

1 1.05 1.1 1.15

1 1.05 1.1 1.15
time (s)

Figure 6.4: Validation of the linear model of the VSC-MTDC (in SSST). DC
voltages (zoom).

117



6 Modelling of VSC-MTDC systems for small-signal angle stability analysis

6.6 Model validation by eigenvalue comparison

As discussed in Section 1.4 of Chapter 1, PSS/E cannot be used for SSA of
hybrid HVAC/VSC-HVDC systems because it cannot deal with user-defined
models (for SSA). Nevertheless, SSA of HVAC/VSC-HVDC grids can be
carried out with PoweFactory (DigSILENT). Although some inconsistencies
have been reported, but not explained, in the literature in [176,179,180], while
other references use PowerFactory for SSA of hybrid HVAC/VSC-HVDC
systems without reporting any problem [74, 183, 184].

In order to dispel these doubts, a comparison of the SSA obtained with
PowerFactory and with the VSC-MTDC model developed for matlab-based
SSST will be carried out in this Subsection. The test system of Fig. 6.1 has
been considered.

The eigenvalues of the linear models obtained with SSST and with Pow-
erFactory are written in Table 6.1. The dominant states for each mode
were obtained from the participation factors |78-80|. The errors between
the eigenvalues obtained with both tools are reported in the last column of
Table 6.1. Those error values were computed as:

SSST Power Factory
_ T A |

error(X\;) = OS5 (6.12)

The results of Table 6.1 show that:

e Most of the eigenvalues associated to the VSC stations and the DC
grid obtained with SSST and PowerFactory match very well. These
eigenvalues are 1-4 and 7-11 in Table 6.1.

e For some other eigenvalues associated also to the VSC stations and the
DC grid, the errors are acceptable and the results obtained with both
tools show good agreement (eigenvalues are 5-6 of Table 6.1). Notice
that, although the relative error of these two eigenvalues is bigger, its
has no significant impact, since modes 5 and 6 are real.

e Modes 13-15 of Table 6.1 are associated to the first-order systems for

frequency measurement at the AC side of the VSCs in the VSC-MTDC
model of SSST tool. These eigenvalues do not appear in PowerFactory,
since those states are not included in its VSC-MTDC model.

e Modes 25-35 of Table 6.1 are associated to the states of the PLL of
each VSC. The detailed model of the PLLs are only represented in
PowerFactory.
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6.7 Nordic32A system with a VSC-MTDC

e Some unexplained eigenvalues appear when using PowerFactory (modes
22-23). These eigenvalues appear only when hybrid AC/DC grids are
considered and they were referred by DigSilent support team as “nu-
merical artefacts". They have only real part (negative) and they have
a large module (~ —10'). After a thorough anlaysis of the results
obtained in the test system of Fig. 6.1 and in other AC/DC systems, it
was concluded that the results provided by the SSA of PowerFactory
are reliable and the dummy eigenvalues (modes 22-23 in this example)
should just be excluded from the analysis.

e Finally, some zero modes appear in PowerFactory (24-39). These
modes are associated to the states of some models included in Pow-
erFactory whose gains are set to zero (e.g. K/(1 + T's) with K = 0).
On the contrary, SSST excludes the dynamic models that have zero
gain from the analysis using if — else conditions.

Table 6.1: SSA results obtained with SSST and PowerFactory.
SSST PowerFactory dominant | error
Mode Eigenvalue ¢ Freq. Eigenvalue ¢ Freq. states (%)
(rad/s) (%)  (Hz) (rad/s) (%)  (Hz)

1,2 [ —3420+,1096.39 3.12 17450 | —38.09 £ j1097.81 347 17472 | uge, | 0.31

3,4 —29.18 + j665.05 4.38 105.85 | —33.17+ j666.18 4.97 106.03 |  ugeo 0.45

5 —28.53 100 - —24.29 100 - Na2 17.50

6 —82.05 100 - —97.94 100 - Ude,2 16.23

7 —340.37 100 - —336.09 100 - is,d2 1.28

8 —499.88 100 - —499.88 100 - is,d1 0.00

9 —499.95 100 - —499.95 100 - is.d3 0.00

10 —500.00 100 - —500.00 100 - Tsql 0.00

11 —500.00 100 - —500.00 100 - lsq2 0.00

12 —500.00 100 - —500.00 100 - ls,q3 0.00

13 —1000.00 100 - - - - Wose,1 -

14 —1000.00 100 - - - - Wose,2 -

15 —1000.00 100 - - . - Wese.3 ]

16 - - - -0.38 100 - PLL1 -

17 - - - —2.62 100 - PLL1 -

18 - - - —0.38 100 - PLL2 -

19 - - - —~2.63 100 - PLL2 -

20 - - - —0.38 100 - PLL3 -

21 - - - —2.60 100 - PLL3 -

22 - - - —2.6-101° 100 - ? -

23 - - - —2.6-10'° 100 - ? -

24 -39 - - - 0 - - - -
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6 Modelling of VSC-MTDC systems for small-signal angle stability analysis

6.7 Nordic32A system with a VSC-MTDC

Small-signal analysis was carried out on the Nordic32A test system with a
VSC-MTDC, in the heavily loaded scenario, as described in Appendix A.
The operating point of the VSCs and their control mode are described also
in Appendix A. In the scenario considered here, each converter has the
DC-voltage droop control implemented, but they have no additional supple-
mentary set-point value for the outer controllers, which will be the scope of
Chapter 7 of this thesis.

All the eigenvalues obtained from the linearised system are shown in
Fig. 6.5-(a), whilst the the eigenvalues which are close to the imaginary
axis are shown in Fig. 6.5-(b). The damping ratio of each eigenvalue versus
its magnitude is shown in Fig. 6.6. Plotting the damping ratio versus the
magnitude of the modes helps to visualise the modes close to instability when
the system has too many eigenvalues and when the time constants involved
are of different order of magnitude.

(a) (b)
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Figure 6.5: Eigenvalues.

As shown in Figs. 6.5 and 6.6, the system is stable, since all the modes
have negative real parts. The modes associated to the VSC-MTDC system,
i.e, the modes associated to the converters and the DC grid, are written
in Table 6.2. The electromechanical modes of the system are reported in
Table 6.3. Notice that the system has poorly damped local (modes 81-84)
and inter-area (modes 85-88) electromechanical modes. Control strategies
for damping the electromechanical modes will be studied in Chapter 7. Ta-
bles 6.2 and 6.3 also show that the dynamics associated to the state variables
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Figure 6.6: Eigenvalues. Damping versus magnitude.

of the VSC-MTDC are much faster than the dynamics associated to the elec-
tromechanical modes.

The results presented in this Subsection prove that the model proposed
and included in SSST can be used succesfully for small-signal analysis of large
multi-machine sistems containing embedded VSC-MTDC systems. Further-
more, the possibility of implementing supplementary control strategies for
the VSCs has also been illustrated by implementing the DC-voltage droop
control in the VSCs.
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6 Modelling of VSC-MTDC systems for small-signal angle stability analysis

Table 6.2: Modes associated to the state variables of the VSC-MTDC system
(obtained with SSST).

Mode Eigenvalue ¢ Freq. | states with
(rad/s) (%)  (Hz) greatest
participation
66 —30.09 £ 5390.90 7.68 62.21 Ude,2
67 —36.34 £ 5390.29  9.27 62.12 Ude,1
68 | —100.14 4 4200.31 44.72 31.88 Ue1
229 —14.71 100 - Tee,13
290 —148.22 100 - 14,3
291 —149.08 100 - 14,2
292 —200.00 100 - ig1
293 —203.08 100 - ig,3
294 —204.12 100 - g

Table 6.3: Electromechanical modes (obtained with SSST).

Mode Eigenvalue ¢ Freq. | states with
(rad/s) (%) (Hz) greatest
participation

69 —2.20+ 511.67 18.59 1.86 0@,1022
70 —2.47+7511.56 2093 1.84 0¢,1014
71 —1.98 +411.30 17.30 1.80 0¢,4031
72 —2.24+4511.25 19.55 1.79 dc,1012
73 —2.03+510.74 1854 1.71 dc,4011
74 —1.77+510.28 1697 1.64 0@,4021
75 —2.13+510.28 20.33 1.64 dc 4071
76 —1.474+79.98 14.61 159 0¢,4012
7 —3.224+48.75 3454 1.39 W@, 4041
78 —1.03+58.74 11.69 1.39 0¢,4062
79 —-1.03+58.74 11.76 1.37 0¢,1043
80 —0.96 + 58.47 11.23 1.35 WG, 4047
81 —-0.29 + j7.46 3.86 1.19 W@G,2032
82 —-0.62+ 5733 845 1.17 W@, 4051
83 —0.31+5729 424 1.16 W@, 1021
84 —0.19 + j6.23 3.09 0.99 wa,1021
85 —-0.24 +56.07 395 0.97 WE,1042
86 —0.24 +55.28 446 0.84 0¢,4063
87 —-0.24 +33.61 6.50 0.57 WG,4072
88 —0.10+52.29 437 0.36 WG,4042
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6.8 Summary

6.8 Summary

This chapter can be summarised as follows:

e A gystematic methodology has been presented to add the linearised
models of VSC-MTDC systems into the linearised model of a given
HVAC system (the details are presented in Appendix D). In compari-
son with previous approaches, the contribution of this work is to pro-
vide a generalised modelling framework valid for hybrid HVAC/VSC-
HVDC system with arbitrary topology. Although the guidelines to
build linerised models of HVAC/VSC-HVDC systems can be found in
the literature, such generalised approach has not been presented before.

e The linearised model (in SSST) has been validated by time-domain sim-
ulation against the different models studied in Chapter 2: a detailed
electromagnetic simulation model in SimPowerSystems, and electrome-
chanical models in PSS/E and PowerFactory.

e The linearised model (in SSST) has been validated by eigenvalue com-
parison against PowerFactory.

e Although some details of the SSA of PowerFactory are not accesible by
the users, it has been concluded that the results of the SSA provided
by that tool are consistent.

e SSA of the Nordic32A test system with an embedded VSC-MTDC has
been carried out, to illustrate the use of the proposed tool for SSA of
large HVAC/VSC-HVDC systems.
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Chapter 7

Control strategies for
power-oscillation damping

7.1 Introduction

The small-signal model for VSC-MTDC systems proposed in Chapter 6 has
been used for two purposes:

1. To analyse the impact of the control strategies proposed to improve
transient stability in Chapters 3-5 (P-WAF, Q-WAF, Q-LWAF and PQ-
WAF) on the eigenvalues of the system. More precisely, their capability
to damp electromechanical oscillations has been analysed.

2. To design controllers in VSC-MTDC systems for power-oscillation damp-
ing (POD).

The rest of this chapter is organised as follows. Section 7.2 presents a
review of the state of the art on control strategies in VSC-MTDC systems
for power-oscillation damping. Section 7.3 presents the results of the small-
signal analysis of the transient-stability controllers, analysing their impact on
electromechanical modes. Section 7.4 describes the proposed control strate-
gies for power-oscillation damping and analyses the residues of the controllers
numerically. Section 7.5 presents the coordinated-design algorithm (based on
eigenvalue sensitivities) for POD controllers in VSC-MTDC systems. The re-
sults of the POD controllers are presented in Section 7.6. The proposed POD
controllers are tested by time-domain simulation in Section 7.7. Finally, the
conclusions are presented in Section 7.8.

125



7 Control strategies for power-oscillation damping

7.2 Review of previous work

Traditionally, Power System Stabilisers (PSSs) in synchronous machines have
been the most effective way to damp electromechanical oscillations [62]. Nev-
ertheless, the development of power electronics has also made FACTS de-
vices [64-66, 185-187], wind turbines [68,69, 188] and point-to-point VSC-
HVDC links [70,189] attractive alternatives to help damping power oscilla-
tions, due to the fast control of power converters. Meanwhile, several pub-
lications have showed the potential of VSC-MTDC systems to damp power
oscillations [71-77,190].

The work in [71] proposed a POD controller for the P injection of one
of the converter stations in a VSC-MTDC system (integrating offshore wind
farms). The input signal of the POD controller is the active-power flow
through an AC line. Ref. [72] proposed P controllers to damp power oscilla-
tions (in the onshore VSC stations of a VSC-MTDC incorporating offshore
wind energy), using the frequency deviation as input signal. POD controllers
at the VSC stations of a VSC-MTDC system are proposed in [73]. Those
controllers use the P injections of the converters as outputs and wide-area
measurements of the speed of one or more generators as input signals.

Reference 74| proposed local POD controllers for the converter stations of
a VSC-MTDC system embedded in an HVAC grid. In the proposed control
strategy, one VSC station changes its DC-voltage set point (for the DC-
voltage droop) using the frequency deviation measured at its AC side (local
measurement) as input signal. An additional controller is added to the DC-
droop controller of each VSC station (DC-voltage loop shaping) to maximise
the controllability.

The work in [75] proposed P-controllers for power-oscillation damping by
using widea-area measurements of the active-power flows through a set of
AC tie lines. A modal linear quadratic Gaussian (MLDG) method is used to
damp a required set of electromechanical modes. Ref. [77] also proposed a
WAMS-based POD controller for P injections of the VSC stations of a MTDC
system. The controllers are also designed using MLDG method and the
location of the controllers are selected using eigenvalue-sensitivity techniques.

The work in [190] proposed POD controllers for P and Q injections in
VSC-MTDC systems, by using local and global measurements of the voltage
angles. An heuristic algorithm is used to design the POD controllers.

The study in [76] proposed POD controllers for the active-power through
different point-to-point VSC-HVDC links in a meshed HVAC system, using
the frequency differences of the AC terminals of the different links. The
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7.3 Impact of transient-stability controllers on power-oscillation damping

authors state that the approach can be extended to multi-terminal systems,
but this possibility was not investigated in the paper.

In this work, controllers for power-oscillation damping in VSC-MTDC
systems, using P and () injections as output signals and the weighted-average
frequency error as input, will be investigated. Coordinated design of the
damping controllers will be done, using the algorithm based on eigenvalue
sensitivities proposed in [64].

The contributions of the POD controllers proposed in this thesis, in com-
parison with previous approaches, are as follows:

1.

The POD controllers proposed in [71-77] are restricted to P injections
at the VSC stations, while the POD controllers proposed here will have
flexibility to use P and/or Q injections of the VSCs as output signals.
Using Q injections has the advantage that they do not interfere with
the active-power and DC-voltage control of the VSC-MTDC system.

. Global signals used in the proposed POD controllers (frequency mea-

surementes at the converter stations of a VSC-MTDC system) are eas-
ier to implement than a WAMS (as in [71,73,75,77]).

. The proposal of [74] has the advantage that it uses local measurements.

However, it is based on a DC-voltage loop shaping, which modifies the
DC-voltage droop control. The impact of the POD controllers on the
DC voltages was not analysed in [74]. Since voltage control in the DC
grid is a critical aspect in a VSC-MTDC system, the POD controllers
proposed here avoid any interaction with the DC-voltage droop control.

. The POD controllers proposed in [190] modulate P and @ injections of

the VSC stations using local and global measurements of voltage angles.
This work investigates the modulation of P and () injections using
frequency measurements at the converter stations of a VSC-MTDC
system. Furthermore, the work in [190] uses a non-linear heuristic
optimisation algorithm to design the POD controllers, while a linear
optimisation problem is solved to design the POD controllers in this
work.

. The coordinated-design algorithm proposed makes it possible a system-

atic design of the controllers to obtain the required damping ratio of a
set of electromechanical modes, as it was also done in [72,75,190].
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7 Control strategies for power-oscillation damping

7.3 Impact of transient-stability controllers on power-
oscillation damping

In general, small- and large-signal angle stability are related and controllers
that improve one type of stability also improve the other one, but this is not
a always the case (as seen in [191]). Therefore, this section has been tailored
to analyse the capability of control strategies P-WAF, Q-WAF and Q-LWAF
(chapters 3-5) to damp power oscillations.

As in the previous chapters, the Noridc32A test system with an em-
bedded VSC-MTDC system in a heavily loaded scenario, as described in
section A.3.2, is considered.

The electromechanical modes obtained from the small-signal analysis
were shown in Table 6.7 of Chapter 6. The impact of the control strate-
gies on the electromechanical modes with low damping will be analysed now.
Special attention will be given to inter-area modes. For the sake of clarity,
the electromechanical modes with low damping are named as A-H and they
are reported in Table 7.1.

The shapes of the inter-area modes A, B and C are shown in Figs. 7.1, 7.2
and 7.3, respectively. Modes A and B describe the oscillation of the machines
of the North area against the machines of the Centre and South areas, while
mode C describes the oscillation of the North and South against the Central
area (see the single-line diagram of the Nordic32A test system in Fig. A.3 of
section A.3 ).

The analysis will study how strategies P-WAF, Q-WAF and Q-LWAF
(chapters 3-5) affect the electromechanical modes of Table 7.1.

7.3.1 Small-signal analysis

The electromechanical modes of interest (A-H of Table 7.1) obtained with
strategies P-WAF, Q-WAF, Q-LWAF and with strategies P-WAF and Q-
WAF simultaneously (PQ-WAF) are shown in tables 7.2 and 7.3. The designs
used for transient stability improvement in chapters 3-5 have been considered:
kp; =200 p.uin P-WAF; kg ; = 200 p.u in Q-WAF and Q-LWAF; and kp; =
kg = 200 p.u in PQ-WAF. The results obtained with no P/Q modulation
(DCO) are also included in tables 7.2 and 7.3, for comparison.

Results of tables 7.2 and 7.3 show that, in general, P and Q modulation
in the VSCs improve the damping ratio of electromechanical oscillations,
specially inter-area modes B and C. The impact of the control strategies on
the inter-area oscillations on the damping ratios of inter-area modes (A, B
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7.3 Impact of transient-stability controllers on power-oscillation damping

Table 7.1: Nordic32A system with a VSC-MTDC (with no supplementary
controllers). Electromechanical modes of interest.

Mode Eigenvalue ¢ Freq. machines description
(rad/s) (%) (Hz) | with greatest
participation
A —0.1006 4+ 52.2873 4.37 0.36 | G4042, G4072 Inter-area
North - Centre, South
B —0.2348 + 73.6088 6.50 0.57 | G4072, G4042, Inter-area
G4063 North - Centre, South
C —0.2356 £ j5.2768 4.46 0.84 | G4063, G1042, Inter-area
G4062, G4072 | North, South - Centre
D —0.2403 £ j6.0733 3.95 0.97 | G1042, G4072, local
G1021 North
E —0.1925 £+ j6.2343 3.09 0.99 | G1021, G4072, local
G1042, G2032 North
F —0.3094 £+ 5j7.2948 4.24 1.16 | G1021, G2032 local
North
G —0.6223 £ 57.3340 8.45 1.17 | G4051, G4047 local
G1043 Centre
H —0.2882 + j7.4570 3.86 1.19 | G2032, G1014, local
G1013, G4072, Centre
G1012, G4012,
G4011, G1021

129




7 Control

strategies for power-oscillation damping

Mode shape
T

0.8

0.6

0.4

Imag

Machines of the centre
and the South :

Machines of the: North

Figure 7.1: Nordic32A
of inter-area mode A.

0.2 0.4 0.6 0.8

Real

+ VSC-MTDC (no supplementary controllers). Shape

Mode shape

0.8

0.6

0.4

0.2

Machines of the Centre
and South

Machines of the North

Figure 7.2: Nordic32A
of inter-area mode B.

+ VSC-MTDC (no supplementary controllers). Shape

130



7.3 Impact of transient-stability controllers on power-oscillation damping

Figure 7.3: Nordic32A + VSC-MTDC (no supplementary controllers). Shape
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Table 7.2: Electromechanical modes of interest (P-WAF and PQ-WAF).

Real

I
0.8 1

Mode

DCO

P-WAF
kp; = 200 p.u

PQ-WAF
kpyi = I{IQ’Z' = 200 p.u

A

—0.1006 + j2.2873
4.37 %, 0.36 Hz

—0.0542 £ j1.9603
2.77 %, 0.31 Hz

—0.1504 £ ;1.9994
7.50 %, 0.32 Hz

—0.2348 + j3.6088
6.50 %, 0.57 Hz

~0.6403 £ j4.6678
13.59 %, 0.74 Hz

—0.5606 =+ j4.8909
11.39 %, 0.78 Hz

—0.2356 + j5.2768
4.46 %, 0.84 Hz

—0.6491 £ j5.5970
11.52 %, 0.89 Hz

—0.6319 + j5.9672
10.53 %, 0.95 Hz

—0.2403 = j6.0733
3.95 %, 0.97 Hz

—0.3214 £ j6.0152
5.33 %, 0.96 Hz

—0.4260 £ j6.3755
6.67 %, 1.01 Hz

—0.1025 + j6.2343
3.09 %, 0.99 Hz

~0.3864 * j6.3752
6.05 %, 1.01 Hz

—0.3942 + j5.9685
6.59 %, 0.95 Hz

—0.3094 £ ;7.2948
4.24 %, 1.16 Hz

—0.3269 + ;7.3402
445 %, 1.17 Hy

—0.3221 + ;7.3339
4.38 %, 1.17 Hz

—0.6223 £ ;7.3340
8.45 %, 1.17 Hz

—0.6267 + j7.3361
8.51 %, 1.17 Hz

—0.6267 & ;7.3368
8.51 %, 1.17 Hz

—0.2882 & ;7.4570
3.86 %, 1.19 Hz

~0.4359 £ j7.5110
5.74 %, 1.20 Hz

—0.4522 £ j7.5523
5.98 %, 1.20 Hz
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Table 7.3: Electromechanical modes of interest (Q-WAF and Q-LWAF).

Mode || Base case (DC0) Q-WAF Q-LWAF

kg, =200 p.u kg, =200 p.u

A —0.1006 £ 52.2873 | —0.1988 + 52.2533 | —0.1938 £ 52.2358

4.37 %, 0.36 Hz 8.79 %, 0.36 Hz | 8.6343 %, 0.36 Hz

B —0.2348 £ j3.6088 | —0.5558 £ 53.9280 | —0.5910 + 53.9865
6.50 %, 0.57 Hz 14.01 %, 0.63 Hz | 14.66 %, 0.63 Hz

C —0.2356 £ 55.2768 | —0.4929 + 55.4413 | —0.4981 £ 55.4614
4.46 %, 0.84 Hz 9.02 %, 0.87 Hz 9.08 %, 0.87 Hz

D —0.2403 £ j6.0733 | —0.3900 £ 76.1826 | —0.3925 £ 76.2021
3.95%, 097 Hz | 6.30%, 098 Hz | 6.14 %, 0.99 Hz

E —0.1925 + 56.2343 | —0.1253 £+ 76.1469 | —0.1335 £ j6.1361
3.09 %, 0.99 Hz 2.04 %, 0.98 Hz 2.18 %, 0.98 Hz

F —0.3094 £ 57.2948 | —0.3101 £+ 57.2911 | —0.3127 £ 57.2931
4.24 %, 1.16 Hz 4.25 %, 1.16 Hz 4.28 %, 1.16 Hz

G —0.6223 £ 57.3340 | —0.6229 £ j7.3345 | —0.6229 + 57.3347
8.45 %, 1.17 Hz 8.46 %, 1.17 Hz 8.46 %, 1.17 Hz

H —0.2882 + j7.4570 | —0.3167 £ 54740 | —0.3210 &+ j7.4777
3.86 %, 1.19 Hz 4.25 %, 1.16 Hz 429 %, 1.19 Hz

and C) is summarised in Table 7.4. Notice that Q modulation (with Q-WAF
and Q-LWAF) damps successfully all the inter-area modes A, B and C.

Nevertheless, the control strategies might reduce the damping ratio of
some other electromechanical modes. For example, the damping ratio of
inter-area mode A deteriorates with strategy P-WAF (from 4.37 % to 2.77
%). The design of gain kp; could be updated to obtain a larger damp-
ing ratio that mode, if required. Strategies Q-WAF and Q-LWAF (with
kg; = 200 p.u) reduce (slightly too) the damping ratio of local mode E
(from 3.09 % to 2.18 %). That local mode could be damped with a PSS of
a generator, if required. Strategy PQ-WAF does not reduce the damping of
any electromechanical mode.

In general, the control strategies have a small impact on the damping
ratio of local modes D-H.

Notice that results of Table 7.3 show that the effect of local strategy Q-
LWAF on the electromechanical modes is remarkably similar to the effect of
global strategy Q-WAF, as could be expected from the results of Chapter 5.

Finally, a more detailed small-signal analysis of the control strategies can
be found in Appendix F.
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Table 7.4: Impact of the control strategies on the electromechanical modes.

Damping (%)

Strategy kp; (p.u) kg (p-u) | Iner-area modes:

A, B, C
Base case (DCO) - - 4.37, 6.50, 4.46
P-WAF 200 ; 9.77,13.59, 11.39
Q-WAF - 200 8.79, 14.01, 9.02
Q-LWAF 10 (in P-LF) | 200 8.63, 14.66, 9.08
PQ-WAF 200 200 7.50, 11.39, 10.53

7.3.2 Time-domain simulation

The disconnection of line 4012-4022 of a heavily loaded Nordic32A system
(see Section A.3.2) has been simulated using the PSS/E electromechanical
model described in Chapter 2. The base case (DCO0) will be compared with
strategies P-WAF, Q-WAF, Q-LWAF and PQ-WAF, using the designs pro-
posed in Table 7.4. The angle difference between generators G4072 and
(G4063 and the active-power flow through corridor 4031-4041 a&b are shown
in Fig. 7.4, while P and Q injections of the VSCs are shown in Fig. 7.5.

Results show that the proposed strategies are capable of damping the
angle and power electromechanical oscillations. Notice that local strategy
Q-LWAF produce very similar results as those of global strategy Q-WAF,
which is consistent with the results of Chapter 5 and with the results of
Table 7.3.
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Figure 7.4: Line 4012-4022 disconnected. (a) Angle difference of generators
G4072 and G4063. (b) Power flow through corridor 4031-4041 a&b.
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Figure 7.5: Line 4012-4022 disconnected. (a) P injections (Ps;). (b) Q
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7.4 POD controllers and eigenvalue sensitivities

While the main purpose of transient stability controllers is to help to maintain
synchronism when large disturbances occur, controllers for power-oscillation
damping (POD) are aimed to improve angle stability during those small
disturbances that continuously occur in the system (changes in the set points
of generators or in other devices, changes on the loads or line disconnections,
among others). These controllers are commonly known as POD controllers or
Power System Stabilisers (PSSs). In this thesis, the design of POD controllers
in VSC-MTDC systems using the eigenvalue sensitivities will be studied,
following the guidelines in [64,68,186,192,193].

A powerful way of analysis the sensitivities of the system eigenvalues
with respect to the parameters of a POD controller is to use the hybrid
representation of the linearised system, shown in Fig. 7.6 [192], ! where the
system without the supplementary POD controllers installed is represented
as:

Az = AAx+ bAu, (7.1)
Ay = Az +dAu, (7.2)

F(s,q) = Au/Ay is the transfer function of the POD controller of a
device and ¢ is the parameter to design (typically gains).

Ar Au

Ax " Ax +
T
A IZI_ﬁ-,, J bl e

Figure 7.6: Hybrid representation of a linear system).

The sensitivity of mode ¢ to changes in the gain controller j is given
by [193]:

OF}(s)

0Ks j

Sij = Rij (7~3)

'Fig. 7.6 was obtained from [181].

135



7 Control strategies for power-oscillation damping

where Kg ; is the gain of controller j and R;; is the residue of the transfer
function of controller j, associated to mode 4, which is given by [193]:

1
= wlb; s 4
o = b TR g7 )

where:

e v; and w; are the right and left eigenvectors associated to mode A;,
respectively.

e b; and c¢; are controllability and observability vectors of the output
and the input signals of controller j, respectively.

The terms szbj and cfvi are known as the modal controllability and ob-
servability factors, respectively.

An effective POD controller will seek moving the modes of interest to the
left hand side of the complex plane, with the smallest possible change on
its imaginary part, as illustrated in Fig. 7.7. 2 Hence the sensitivities of a
good candidate for a POD controller should have a large absolute value and
a phase as close to 180° as possible. Lead/lag filters are commonly used to
obtain the desirable phase of the sensitivities.

(0]

di

| === mmmmmmmmmmaaaa
A,

%]
=
o
g
)
|
S

Figure 7.7: Interpretation of the eigenvalue sensitivities.

In VSC-MTDC systems, different input/output signals could be used in
POD controllers [69]. A general structure of a POD controller in a VSC

®Fig. 7.7 was obtained from [181].
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station of a VSC-MTDC system is shown in Fig. 7.8, giving a general POD
transfer function as:

F(s) = Kg

o (L)t (7.5)

"1+ 8Ty \1 + saTg

where Kg is the gain, T}, is the parameter of the washout filter and (Ts1, a, Ng)
are the parameters of the lead/lag filter, which is used to compensate the
phase of the eigenvalue sensitivity.

ref ref
y STw, (st )Ns Aps™ or AQs
1+sTw 1+saTs:
gain  washout lead/lag
filter network

Figure 7.8: POD controller.

Motivated by the good results obtained modulating P and Q injections of
the VSCs using the weighted-average frequency error as input signal, POD
controllers using that signals will be investigated in this thesis. The proposed
POD controllers for P and Q injections of the VSCs, which will be called P-
WAF-POD and Q-WAF-POD, are shown in Fig. 7.9, where the frequency
set point is the weighted-average frequency:

w;k =W = Zakwk, with ay € [O, 1] and Zak =L (76)
k=1 k=1

The controllers of Fig. 7.9 have the following characteristics:

e P-WAF-POD (Fig. 7.9a): Gains kp; of the supplementary controllers
will verify:

kpi = cikpr, kpr = Z kpj, (7.7)
j=1

where «; is the weighting factor used to compute the weighted-average
frequency.

Therefore, 3% Apng ~ (0 will be ensured during transients, avoiding
undesirable interactions with the power and DC-voltage control of the
DC grid, which is the most important aspect in the control of VSC-
MTDC systems.
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Figure 7.9: Proposed POD controllers.
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7.4 POD controllers and eigenvalue sensitivities

Furthermore, the supplementary controllers for P injections will not
have lead/lag filters, as in |69, 71].

Notice that these assumptions imply that the controllers will have less
flexibility to damp electromechanical oscillations. Nevertheless, the
efectiveness of this controller to damp electromechanical oscillations
has been already showed by numerical simulation in Subsection 7.3 (
and a detailed analysis can be found in Appendix F.1).

e Q-WAF-POD (Fig. 7.9b): Since the control of the Q injection of each
VSC in a VSC-MTDC is independent from the others, no constraints
in the gains kg ; are added and a lead/lag filter is included for each
controller, looking for the most effective control action.

The transfer function of P and Q controllers in the hybrid representation
(see Fig. 7.6) is given by:

1 STw
P,](S) P,j 1+ STf 1+ Sz"w7 (7 8)
1 Twg (14 8Ts1y \Ne
Fo(s) = (~1) ko, - (. )
0.i(9) (—1) - kq,; 1+5sTp; 14 sTy; \1+sa;Ts {7.9)

Notice that in Fig. 7.6 the open-loop system is the complete linearised
model of the hybrid AC/DC system derived in Chapter 6. The observability
factor of the weighted-average frequency error and the controlability factors
of the P and Q injections of the VSCs are described in Section E.2.

7.4.1 Residues and eigenvalue sensitivities in the Nordic32A
test system with a VSC-MTDC system

The purpose of this subsection is to evaluate the residues of the POD con-
trollers proposed in Fig. 7.9 in the Nordic32A system with a VSC-MTDC sys-
tem (Section A.3.2). The magnitude of the residues will determine whether
the proposed controllers are suitable to damp the electromechanical modes
and the phase of the residues will dertermine the angle compensation required
in the controllers to be able to damp each electromechanical mode.

As explained in Fig. 7.7, the ideal POD controller will have an eigenvalue
sensitivity of 180°. The closer the sensitivity phase is to 180° (pg), the
more efficient the POD controller will be. It is not always possible to obtain
ps = 180° exactly, but the POD controller wil still be able to damp a mode,
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7 Control strategies for power-oscillation damping

Table 7.5: Nordic32A system with a VSC-MTDC. Electromechanical modes
of interest written in polar form.

Mode | magnitude phase
(rad/s) (deg)

A 2.2896 92.52
B 3.6164 93.72
C 5.2821 92.56
D 6.0780 92.27
E 6.2373 91.77
F 7.3013 92.43
G 7.3604 94.85
o 7.4625 92.21

satisfactory, if the angle of the mode sensitivityverifies:
P —180° < pg < (7.10)

where ¢, is the phase of the mode.

This is illustrated in Fig. 7.10, 3 where the geometric interpretation of
eigenvalue sensitivities with different phases are showed. Sensitivity S is the
best option, since its phase is 180° and the controllers pushes the eigenvalue
to the left hand side. The phases of Sy and Ss are not ¢g = 180°, but they
verify (7.10) and, therefore, the controller will increase the damping ratio
of the mode. If the phase of the sensitivity is equal to the phase of the
eigenvalue (as with Sy), the damping ratio of the mode will do not change.
Controllers with sensitivity S5 will decrease the damping ratio, since they
do not verify (7.10). Finally, damping will not deteriorate with controllers
with sensitivity Sg, but the latter is not recommended, since the mode will
be moved to the right hand side of the complex plane.

The magnitude and phases of the electromechanical modes of Table 7.1
are given in Table 7.5. The phase of the electromechanical modes A-E are
slightly greater than 90°. therefore, it can be stated that POD controllers
with sensitivities to those modes within the range (—90°,90°) will improve
their damping ratio.

The residues of the proposed controllers P-WAF-POD and Q-WAF-POD

3Fig. 7.10 was obtained and modified from [181].
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Figure 7.10: Eigenvalue sensitivities.

(of Fig. 7.9) for each VSC are shown in Fig. 7.11. The phase of the residues
are represented in the range [0,360°], for the sake of clarity. This means
that the residues with phases within (90°,270°) will contribute to damp the
corresponding mode. For example, the residue of VSCI1 to inter-area mode B
when using P-WAF-POD presents a high sensitivity. On the other hand the
phase of sensitivity to inter-area mode A when using strategy P-WAF-POD
(at VSC1) is 330°, and will contribute to reduce the damping ratio.

The sum of the residues obtained for all the converters of the VSC-MTDC
system when (a) modulating the P injections with P-WAF-POD, (b) mod-
ulating the Q injections with Q-WAF-POD (c) modulating simultaneously
the P and Q) injections are shown in Fig. 7.12. The sum of the residues gives
useful insight into the effect of POD controllers in the VSC-MTDC system
on the modes of interest.

P modulation (Fig. 7.9a) could be used to damp inter-are modes B and
C, since they have a high value of total residue and the phase is close to 180°.
On the contrary, the total effect of P modulation on mode A is negative, since
the phase of the residue is close to 330°. The total effect of P modulation in
the VSC-MTDC system on eigenvalues D-I is low, since the magnitudes of
their total residue are low.
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i

mode mode

(a) (b)
Figure 7.11: Residues (p.u-nom). (a) P-WAF-POD. (b) Q-WAF-POD.

Q modulation (Fig. 7.9b) would have a positive impact on inter-area
modes A, B and C, because the phase of the residues of those modes are
within the range (90°,270°) and they are close to 180°. Nevertheless, the
magnitudes of the residues of those modes controlling Q) injections are lower
than the ones obtained when controlling P injections. Low impact of POD
controllers for () injections on modes D-H is expected, since the magnitude
of the residues of those modes are small. The proposed POD controller for
Q injections (Fig. 7.9b) has a lead/lag filter. Therefore, the phase of the
residues can be compensated to obtain a phase of the sensitivities close to
180°.

The main conclusion obtained from the results of Fig. 7.12 is that inter-
area modes B and C are the ones that can be better damped by the controllers
of the converter sations of the VSC-MTDC system.
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7 Control strategies for power-oscillation damping

7.5 Coordinated design of control strategies for power-
oscillation damping

The algorithm for coordinated design of multiple controllers proposed in [64]
has been applied to VSC-MTDC systems in this thesis. The problem consists
in trying to damp a set of modes of interest ¢ = 1,... Ng using P and Q
damping controllers on a set of VSCs i = 1,... N¢. The algorithm of [64] is
based on eigenvalue sensitivities and it consists of two steps, which applied
to VSC-MTDC systems are:

1. Design of the lead/lag filters of the Q) controllers, only.

2. Computation of the gains of the P and Q controllers.

7.5.1 Design of the lead/lag filters

The first step consist in determining the time constant T'sy ; of each lead/lag
filter of Q controllers to have the phase of the eigenvalue sentitivities as close
as possible to 180°. This requires the solution of the following optimisation
problem for T'sq ; [64]:

Ng
: Ter +) = mi g (T 11
min G(Ts1,) ;{;ﬂ;ﬁm cos{arg[Si; (Ts1,)]}, (7.11)
R;; 8FQ (S)
By = — N5 (Ter,) = Ry or@a®) (7.12)
’ MRyl T " Okgy e

The lead/lag filters are only present in the QQ controllers to avoid inter-
actions of the P controllers with the DC-voltage droop controllers.

7.5.2 Computation of the controller gains

The electromechanical modes to be damped, at the initial operating point,
are defined as:

i =

)\0 Uzoing,i7 Vi = 11"'7NE (713)

If a damping ratio of (¢ is required for each mode of (7.13), the target
eigenvalues will take the form of:

/\lii = _Cidwg,i ing,m Vi=1,...,Ng (7.14)
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7.5 Coordinated design of control strategies for power-oscillation damping

Equation (7.14) assumes that the controllers are capable of producing
180° in the eigenvalue sensitivities, since the imaginary parts of the original
and required modes remain unchanged.

The gains of the controllers are obtained by solving an optimisation prob-
lem to minimise the total control effort of the controllers [64]:

Ne
Akp?glkm ;{’YP’J Pt 7Q, Q:J} ( )

where N¢ is the number of VSCs that participate with the POD controllers,
Akpj = kpj — k:%?j, Akqj = kqj — k%d and yp; and g ; are weighting
factors for the gains, to quantify the control effort of the controllers. Different
criteria can be used to choose the weighting factors. For example, in [64] the
weight for each controller j is chosen as the sum of the absolute values of
the sentitivities of each mode with respect to the gain of each controller. In
this thesis, the control effort will be distributed by taking into account the
size of each converter and equal weights for P and Q controllers will be used.
Hence:
1/Sn,; )
Dokt 1/Snk

where Sy ; is the nominal apparent power of VSCj. Since in the test system
used in this thesis the converters have the same rating, equal weight for each
converter will be given in (7.15).

The constraints of the optimisation problem (7.15) are:

Nc
8)\1‘ aAZ d 0
; —_ < 4 _ 7\0y (7.
; {Re(akp,j)mf’ﬂ + Re(akQ)AkQﬂ} < Re(Ai = A7), (T.17)
Vi=1,...,Ng
kKpj' < kpy < kpj®, Vji=1,...,Nc (7.18)
kbnf]n S kQ:j S k:g,?x’ \v/.] = 17 MR NC (7.19)
No
kpj = a; ZkP,k = ajkpr, Vj=1,...,Nc (7.20)
k=1

where constraint (7.17) ensures that the estimated eigenvalues achive the
desired damping, constraints (7.18) and (7.19) determine the range allowed
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7 Control strategies for power-oscillation damping

for the gains of P and Q controllers; respectively, and constraint (7.20) is
used to guarranty the power balance in the active-power set points of the
P controller. Notice that constraint (7.20) is condition (7.7), only imposed
for the P controllers, and «; is the weight of the frequency of VSCj when
computing the weighted-average frequency.

Finally, the estimated eigenvalues can be computed as:

A= 0 +Nz (2 )ty + (20 ko), =tV (121

The accuracy of the algorithm will be reasonably good if the eigenvalue
sensitivities are almost linear within the range of change in the controller
gains and if the angles of the eigenvalue sensitivities are close to 180°. If
any of these two conditions is not satisfied, the algorithm will not be able
to predict accurately the resulting dampings. However, even without much
accuracy, the design provided by the algorithm should be able to improve
the initial damping ratios of the electromechanical modes of interest.

7.6 Results

Again, the Nordic32A system with a VSC-MTDC in the heavily loaded sce-
nario (Section A.3.2) has been used as a case study. The algorithm described
in Section 7.5 has been used to design power-oscillation controllers in the
VSCs, using the weighted-average frequency error as input signal and using
the P and Q) injections as input signals, following the schemes of Fig. 7.9.
The algorithm will provide the gains of the POD controllers (kp; and kg ;)
and the parameters of the lead/lag network of the Q controller. The mea-
surement filter and the washout time constants are set to Ty = 0.1 s and
T = 15 s (see Fig. 7.9). The weights used to compute the average frequency
are a; = 1/3. The capability of damping the electromechanical modes of
Table 7.1 will be analysed.

7.6.1 Design 1: damping inter-area mode B

First of all, the algorithm of Section 7.5 is used to damp the inter-area mode
B of Table 7.1. The required damping ratio for mode B was set to 12%.
The gains provided by the algorithm are provided in Table 7.6 and the
original, estimated and final modes are compared in Table 7.7. Notice that
equal gains are selected for the P controller of each converter (kp;), according
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to constraint (7.20). On the other hand, the gains of the Q controllers are
free and they do not have any additional constraint (kg ;). The real part of
mode B is moved to the left hand side of the complex plane due to the effect
of the controllers, increasing the damping from 6.50 % to 11.09 %.

The effect of the controllers on the rest of electromechanical modes A-
H is analysed in Table 7.8. With the design of Table 7.6, the damping of
mode C increases slightly from 4.46 % to 6.06 %, but the damping of mode
A decreases slightly from 4.37 % to 3.37 %. The impact on the rest of the
modes is very small.

Table 7.6: POD controller parameters.

Converter P Q
kpi (pu) Ts1; (s) a; Nsi | kgi (pu) Tsi;(s) a;  Ng,
VSC1 29.63 - - - 18.82 0.4848 0.135 1
VSC2 29.63 - - - 2.88 0.6317  0.402 1
VSC3 29.63 - - - 14.83 0.4046  0.207 1

Table 7.7: Results on the mode of interest.

Mode Original Estimated New
B —0.2348 £ 53.6088 | —0.4331 £ 53.7053 | —0.4144 £+ 53.7131
6.50 %, 0.57 Hz 11.61 %, 0.59 Hz 11.09 %, 0.59 Hz
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Table 7.8: Modes

‘ Mode H Original ‘ New
A —0.1006 £ j2.2873 | —0.0753 £ 52.2313
4.37 %, 0.36 Hz 3.37 %, 0.36 Hz
B —0.2348 £ j3.6088 | —0.4144 + 53.7131
6.50 %, 0.57 Hz 11.09 %, 0.59 Hz
C —0.2356 £ j5.2768 | —0.3208 £ j5.2860
4.46 %, 0.84 Hz 6.06 %, 0.84 Hz
D —0.2403 £ j6.0733 | —0.2302 £ j6.0770
3.95 %, 0.97 Hz 3.78 %, 0.97 Hz
E —0.1925 + j6.2343 | —0.2379 £ j6.2328
3.09 %, 0.99 Hz 3.81 %, 0.99 Hz
F —0.3094 £ j7.2948 | —0.3172 £ j7.2979
4.24 %, 1.16 Hz 4.34 %, 1.16 Hz
G —0.6223 £ j7.3340 | —0.6229 £ j7.3341
8.45 %, 1.17 Hz 8.46 %, 1.17 Hz
H —0.2882 £ j7.4570 | —0.3081 £ j7.4584
3.86 %, 1.19 Hz 412 %, 1.19 Hz

7.6.2 Design 2: damping of several modes

According to the studies of Sections 7.3 and 7.4, inter-area modes B and
C can be damped relatively easily with P and @ modulation in the VSC
stations of the VSC-MTDC system. Different is the case of inter-area mode
A and local mode E. The modulation of P injections tend to reduce the
damping ratio of mode A for low value of the gains (see Table 7.2), while Q
modulation slightly reduces the damping ratio of mode E (see Table 7.3)).

An attempt has been made to damp modes B and C, while ensuring that
the damping ratios of modes A and E do not deteriorate. The target damping
ratios for modes A, B, C and E are described in Table 7.9.

The design obtained from the algorithm described in Section 7.5 is shown
in Table 7.10 and the old, estimated and new eigenvalues are compared in
Table 7.11. Results show that significant improvements in the damping ra-
tio of inter-area modes B and C could be obtained, without damaging the
damping ratio of the rest of electromechanical modes. The damping ratio of
mode B was improved from 6.50 % to 18.93 % and the damping of mode C
was improved from 4.46 % to 11.65 %.
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Table 7.9: Required damping ratios.

Mode

required
damping

5%
12 %
12 %
5%

0 QW=

Table 7.10: POD controller parameters.

Converter P Q
kp; (pu) Ts; (s) a; Ngy | kgs (pu) Ts1;(s) a;  Ngy
VSC1 52.05 - - - 14.24 0.2578  0.295 1
VSC2 52.05 - - - 69.09 0.0699 1.783 1
VSC3 52.05 - - - 124.07 0.4475  0.357 1
Table 7.11: Results on system modes.
A
‘ Mode H Original ‘ Estimated ‘ New
A —0.1006 4 52.2873 | —0.1144 4 52.1352 | —0.1483 + 52.1832
4.37 %, 0.36 Hz 5.35 %, 0.34 Hz 6.78 %, 0.35 Hz
B —0.2348 4- 53.6088 | —0.8154 4 53.9181 | —0.7702 £ 53.9958
6.50 %, 0.57 Hz 20.38 %, 0.62 Hz 18.93 %, 0.64 Hz
C —0.2356 4 55.2768 | —0.6446 + j5.3260 | —0.6257 £+ j5.3342
4.46 %, 0.84 Hz 12.02 %, 0.85 Hz 11.65 %, 0.85 Hz
D —0.2403 £ 56.0733 - —0.2097 4+ j6.0797
3.95 %, 0.97 Hz - 3.45 %, 0.97 Hz
E —0.1925 4 56.2343 | —0.3117 £ 56.1906 | —0.3157 £+ j6.2423
3.09 %, 0.99 Hz 5.03 %, 0.99 Hz 5.05 %, 0.99 Hz
F —0.3094 + 57.2948 - —0.3224 4+ j7.3026
4.24 %, 1.16 Hz - 4.41 %, 1.16 Hz
G —0.6223 £ 57.3340 - —0.6244 + j7.3344
8.45 %, 1.17 Hz - 8.48 %, 1.17 Hz
H —0.2882 + 57.4570 - —0.3272 4+ j7.4705
3.86 %, 1.19 Hz - 4.38 %, 1.19 Hz
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7.6.3 Discussion

The results presented in subsections 7.6.1 and 7.6.2 have shown the effective-
ness of using the algorithm for de coordinated deisgn of damping controllers
in VSC-MTDC systems, described in Section 7.5. Furthermore, the algo-
rithm showed to be very flexible, allowing to damp different inter-area modes
guaranteeing a minimum damping ratio of the rest of the electromechanical
modes.

Nevertheless, the algorithm described in Section 7.5 could present inac-
curacies if too many eigenvalues are tackled, or if the eigenvalue sensitivities
with respect to the controller gains are not big enough. Besides, if too high
gains are required, the eigenvalue sensitivities would not be linear any more
and, therefore, less accuracy would be obtained in the design. Hence, the set
of modes to be damped should have high eigenvalue sensitivities to obtain a
good design.

7.7 Time-domain simulation

The proposed POD controllers with the designs of Tables 7.6 and 7.10 have
been tested by non-linear time-domain simulation in PSS/E. The test system
is again the heavily loaded Nordic32A grid (see Section A.3.2) and all the
parameters have the same values as in Subsection 7.6. Usually the POD
controllers should saturate when large disturbances occur, since they are
aimed to act only under small perturbations. The saturation parameter
values of Fig. 7.9 are set to Apmazi = A¢maz,; = 0.2 p.u, in these simulation
studies. The time constants of the measurement and the washout filters
were set to Ty; = 0.1 s and Ty, ; = 15 s, respectivelly ( Fig. 7.9). Finally, the
weights used to compute the average frequency were set to a; = 1/3, again.

Line 4012-4022 is disconnected at t = 1 s (see Fig. A.3 of Section A.3)
and the behaviour of the following strategies has been compared:

e Base case: with no control modulation (DCO)
e Proposed POD controller (Fig. 7.9) using the design 1 (Table 7.6)
e Proposed POD controller (Fig. 7.9) using the design 2 (Table 7.10)

The angle difference between machines G4072 and (4063 and the total
active-power flow through corridor 4031-4041 (circuits a and b) are shown in
Fig. 7.13. P and Q injections of the VSC stations are shown in Fig. 7.14.
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7.7 Time-domain simulation

The responses of the rotor-angle difference (Fig. 7.13a) and the active-
power flow through the corridors (Fig. 7.13b) clearly show that the POD
controllers with both designs damp electromechanical oscillations succesfully,
in comparison to the base case (DC0). The best response is obtained with
design 2 of the proposed POD controller (Table 7.10), as expected, since it
uses higher gain values. Therefore, P and Q changes with the POD controller
with the design 2 are larger (Fig. 7.14). Fig. 7.14 also shows that large
changes in P and Q injections are not required by the POD controllers, and
they never saturate.

Therefore, the results presented in this subsection confirm by non-linear
time-domain simulation that the proposed POD controllers (Tables 7.6
and 7.10) designed using the algorithm presented in Section 7.5 can damp
efficiently the inter-area oscillations. Design 2 produces the best results.
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Figure 7.13: Line 4012-4022 disconnected. (a) Angle difference of generators
G4072 and G4063. (b) Power flow through corridor 4031-4041 a&b.
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Figure 7.14: Line 4012-4022 disconnected.

7.8 Conclusions
The results presented in this chapter have shown that:

e Transient-stability controllers:

— In general, strategies P-WAF, Q-WAF, Q-LWAF and simultaneous
modulation of P and Q injections of the VSCs (PQ-WAF) can help
to damp electromechanical oscillations, specially inter-area oscil-
lations.

— Strategies P-WAF, Q-WAF, Q-LWAF and PQ-WAF increase the
damping ratio of inter-area modes B and C (of the case study)
significantly.

— The damping ratio of inter-area mode A (of the case study) deteri-
orates slightly with strategy P-WAF. This problem can be tackled
re-designing the controller gains.

— Strategies Q-WAF and Q-LWAF reduce slightly the damping ratio
of local mode E. This local mode could be damped by a PSS in a
generator.
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— Strategy PQ-WAF is either neutral or improves the damping ratio
of the electromechanical modes.

e POD controllers:

— The proposed POD controllers proved to be capable of damping
a required set of modes, obtaining the required damping ratios.

— The coordinated-design algorithm for the design of POD con-
trollers proved to be extremely flexible. This allows, for exam-
ple, to give priority to P or Q modulation, if desired. As rule of
thumb, if similar results can be obtained, Q modulation will be
always preferred to P modulation.

e Whether a converter in a VSC-MTDC system should have a transient-
stability or a POD controller will depend on the phenomenon of interest
in each particular scenario. Further research would be needed to anal-
yse the implementation of both types simultaneously.
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Chapter 8

Conclusions and contributions

The aim of this thesis was to investigate control strategies in VSC-MTDC
systems to improve angle stability in hybrid HVAC/HVDC grids (under large
and small disturbances). This chaper summarises the conclusions and con-
tributions of this PhD thesis and proposes research lines for future work.

8.1 Conclusions

The main conclusions and findings obtained in this thesis are classified and
summarised below.

8.1.1 Control strategies for transient stability improvement

Active-power control strategies
e P-WAF (global):

— Strategy P-WAF improves transient stability significantly.

— The advantage of strategy P-WAF in comparison with previous
ones for VSC-MTDC systems is that it uses easy-to-implement
global measurements: it uses the weighted-average frequency of
the AC terminals of the VSC stations, while previous approaches
use global mesurements of the speeds of all the generators of the
system.

— In general, higher gains in strategy P-WAF produce better results,
although converter limits must be considered. A compromise must
be reached. Good results were obtained with kp; = 200 p.u.
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— The impact of the communication latency on strategy P-WAF is
very small.

e P-LF (local):

— The improvements on transient stability produced by local strat-
egy P-LF are very limited, since the DC-voltage fluctuations jeop-
ardise the performance of this control strategy.

Reactive-power control strategies

e Q-WAF (global):

— Strategy Q-WAF improves transient stability significantly.

— Again, the advantage of the proposed strategy Q-WAF in compar-
ison to previous ones for VSC-MTDC systems is that it uses easy-
to-implement global measurements: it uses the weighted-average
frequency of the AC terminals of the VSC stations, while previ-
ous approaches use global mesurements of the speeds of all the
generators of the system.

— In general, higher gains in strategy Q-WAF produce better results,
although converter limits must be considered. A compromise must
be reached. Good results were obtained with kg ; = 200 p.u.

— Results showed that strategy Q-WAF produces good results for
realistic values of the communication delays. However, Q-WAF
deteriorates more than P-WAF with communication latency.

e Q-LWAF (local):

— Local strategy Q-LWAF improves transient stability significantly.

— Local strategy Q-LWAF behaves very much like the global strat-
egy Q-WAF, with the advantage that no communications between
the VSC stations is required.

Simultaneous active- and reactive-power modulation (PQ-WAF)

e Simultaneous P and () modulation in the VSC stations using strategies
P-WAF and Q-WAF was also tested. Better results are obtained than
those when modulating either only P or only Q, but the differences are
small.
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e When comparing the achievements of PQ-WAF, with P-WAF and Q-
WAF, respectively, it was found that, in severe faults involving corridors
in parallel with the VSC-MTDC system, P modulation is more effective
than Q modulation. Nevertheless, with Q modulation the active-power
injections are maintained constant, avoiding any risk of interaction with
the power balance of the DC grid, which is always an advantage.

8.1.2 Control strategies for power-oscillation damping (POD)

Small-signal stability techniques have been used for two purposes in hybrid
HVAC/VSC-HVDC systems : (1) to analyse the capability of the proposed
transient stability control strategies to damp power oscillations and (2) to
design specific controllers for power-oscillation damping.

1. Transient-stability controllers:

e In general, strategies P-WAF, Q-WAF, Q-LWAF and simultane-
ous modulation of P and Q injections of the VSCs (PQ-WAF) can
help to damp power oscillations, specially inter-area oscillations.

e [t was found that the damping ratio of a few electromechanical
modes could be reduced slightly when using strategies P-WAF, Q-
WAF or Q-LWAF. Nevertheless, this problem can be easily tackled
by re-designing the controller gains or using strategy PQ-WAF.

e Strategy PQ-WAF (both P and Q modulation) proved to be the
best option to improve transient stability while damping power
oscillations.

2. POD controllers:

e The proposed POD controllers (designed using the coordinated-
design method) proved to be capable of damping a required set of
modes, obtaining the required damping ratios.

o The coordinated-design algorithm for the design of POD con-
trollers proved to be extremely flexible, prioritising P or QQ mod-
ulation. As a general rule, if similar results can be obtained, Q
modulation will be always preferred to P modulation.
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8.2

Contributions of the thesis

The scientific contributions of this thesis can be summarised as follows.

8.2.1

Control strategies for transient stability improvement

Active-power control strategies

Proposal of a P-control strategy for VSC-MTDC systems using global-
but-practical measurements to improve transient stability (P-WAF).

Proposal of a P-control strategy for VSC-MTDC systems using local
measurements to improve transient stability (P-LF).

Theoretical analysis of the proposed P-control strategies for VSC-MTDC
systems applying Lyapunov’s theory.

Numerical analysis of the proposed P-control strategies for VSC-MTDC
systems.

Discussion and comparison of the use of local and global measurements
in P-control strategies.

Reactive-power control strategies

Proposal of a Q-control strategy for VSC-MTDC systems using global-
but-practical measurements to improve transient stability (Q-WAF).

Proposal of a Q-control strategy for VSC-MTDC systems using local
measurements to improve transient stability (Q-LWAF).

Theoretical analysis of the proposed Q-control strategies for VSC-MTDC
systems applying Lyapunov’s theory.

Numerical analysis of the proposed Q-control strategies for VSC-MTDC
systems.

Discussion and comparison of the use of local and global measurements
in Q-control strategies.

Active- and reactive-power simultaneous modulation (PQ-WAF)

Simultaneous P and Q modulation (P-WAF + Q-WAF) has also been
investigated and its advantages have been unveiled.
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8.2.2 Small-signal analysis and control strategies for power-
oscillation damping

e Modelling of VSC-MTDC systems for small-signal stability analysis
using a modular form and a systematic procedure.

e Small-signal analysis of the control strategies proposed to improve tran-
sient stability.

e Design of controllers for power-oscillation damping (POD) in VSC-
MTDC systems, using a coordinated-design algorithm.

8.2.3 Software production

e A tool for power-flow calculations with VSC-MTDC systems built into
a conventional HVAC transmission system has been developed in PSS/E.

It uses a sequential AC/DC power-flow algorithm proposed previously
in the literature. The main subroutine has been coded in Pyhton and
it calls PSS/E to solve the AC power flow. The rest of the subroutines
required were also coded in Python.

e A tool for electromechanical simulation of VSC-MTDC systems in
PSS/E has been developed.
The VSC stations and the DC grids were coded in Fortran as PSS/E
user-defined models.

e A model for VSC-MTDC systems has been coded for SSST, which is
a Matlab-based tool for small-signal analysis of large power systems
developed by the Institute for Research in Technology (IIT).

e Validation of all the tools developed.

8.2.4 Publications
Journal papers

e J. Renedo, A. Garcia-Cerrada, and L. Rouco, “Active Power Control
Strategies for Transient Stability Enhancement of AC/DC Grids With
VSC-HVDC Multi- Terminal Systems,” IEEE Transactions on Power
Systems, vol. 31, no. 6, pp. 4595-4604, 2016.
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e J. Renedo, A. Garcia-Cerrada and L. Rouco, “Reactive-Power Coordi-
nation in VSC-HVDC Multi- Terminal Systems for Transient Stability
Improvement,” IEEE Transactions on Power Systems,vol. 32, no. 5,
pp. 3758-3767, 2017.

Conference papers and presentations

e J. Renedo, A. Garcia-Cerrada, L. Rouco,“VSC-based AC/DC systems:
Modelling, simulation and applications,” 9th Seminar for Next Gen-
eration of Researchers in Power Systems. Beijing, China, 20-22 April
2017.

e J. Renedo, A. Garcia-Cerrada, L. Rouco, L. Sigrist, I. Egido, S. Sanz
Verdugo, “Development of a PSS/E tool for power-flow calculation and
dynamic simulation of VSC-HVDC multi-terminal systems,” 13th IET
international conference on AC and DC Power Transmission - ACDC
2017. Paper presented in the poster session. Manchester, United King-
dom, 14-16 February 2017.

e J. Renedo, A. Garcia-Cerrada and L. Rouco, “Mejora de la estabili-
dad transitoria de redes CA/CC con sistemas multiterminales de CC

con convertidores fuente de tension,” Jornadas Técnicas del Comité
Nacional de Cigre. Madrid, Spain, 22-23 November 2016.

e J. Renedo, A. Garcia-Cerrada and L. Rouco, “Transient stability en-
hancement of HV-AC/DC grids with VSC-HVDC multi-terminal sys-
tems,” 46 CIGRE Session, Paris, France, 21-26 August 2016.

Working papers

e J. Renedo, L. Rouco, A. Garcia-Cerrada and L. Sigrist, “Improving
transient stability using a communication-free control strategy in VSC-
HVDC multi-terminal systems", Working paper, Internal number: TI'T-
17-005A. Available online: www.iit.comillas.edu/people/jrenedo (ac-
cessed 25-07-2017), pp.1-8, 2017.
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8.3 Proposals for further research
The results obtained in this thesis open the following research lines:

1. Further research on cotrol algorithms to improve transient stability
using the weighted-average frequency (WAF) in VSC-MTDC systems.

The control strategies proposed for transient stability (P-WAF and
Q-WAF) used a proportional controller and gave good results. Never-
theless, more complex control algorithms (PD, PID or model predictive
controllers) could now be investigated (as in [48]) using the WAF.

2. A thorough study on the design of the averaging weights «; when cal-
culating the WAF.

In most of the results of this thesis, the averaging weights to compute
the WAF have been made equal to the relative gain of the supplemen-
tary controllers of the converter stations of the VSC-MTDC system.
This ensures zero net supplentary power injection. However, an opti-
misation problem could be formulated to design the averaging weights
in such a way that the improvement of the angle stability is maximised.

3. Further research on POD controllers.

As shown in Section 7.6 of Chapter 7, the coordinated-design algorithm
for POD controllers in VSC-MTDC systems proved to be accurate when
damping some specific electromechanical modes. The study on POD
controllers carried out in this thesis was limited to the investigation of
P and Q controllers using the WAF error as input signal. A more com-
prehensive study using different input signals (as done in [69]) should
be carried out to assess the benefits of using the WAF in comparison
with other input signals.

4. Further research on local active-power control stategies.

Local strategy P-LF was dismissed to improve transient stability, al-
though it was proved useful to estimate the WAF using local measure-
ments. That estimation was used in local strategy Q-LWAF, for the
Q injections. Therefore, no effective local control strategies for the
P injections of the VSC stations have been proposed in this thesis.
The same idea of Q-LWAF could be used for P modulation using local
measurements: P-LF can be used to estimate the WAF, and the esti-
mation could be used as frequency set point of a P controller, trying
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to mimic strategy P-WAF. Since P-WAF produces > , Apgif ~ 0
(see the analysis of Subsection 3.4.1 of Chapter 3), low interaction of
the AC-side control strategy and the DC-voltage droop control should
be expected. However, active-power control in VSC-MTDC systems is
much more delicate than reactive-power control and this idea requires
further investigation and testing.

. Testing the control strategies proposed for angle stability improvement
using detailed models of MMC converters.

In this thesis, simplified electromechanical models of the converter sta-
tions in VSC-MTDC systems have been used for time-domain simula-
tion, although they have been validated using eletromagnetic models of
3-level VSC stations. It is reasonable to use electromechanical models
for angle stability analysis, since the time constants of interest (the elec-
tromechanical oscillations of the synchronous machines) are relatively
slow. Nevertheless, due to the ever-growing interest on Modular Multi-
lever Converters (MMCs), it would be interesting to test the proposed
control strategies for angle stability improvement using electromagnetic
models of MMC stations.

. Analysis of transient-stability-constrained optimal power flow of hybrid
HVAC/VSC-HVDC, taking into account, not only the operating point,
but also supplementary control strategies and corrective actions on the
VSC-MTDC system.

. An economical evaluation of the proposed control strategies for the
VSC-MTDC system.
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Appendix A

Test systems

A.1 Stagg 5-bus test system with a VSC-MTDC
system

The test system in Fig. A.1 has been used for the validation of the proposed
AC/DC power-flow algorithm in PSS/E against MatACDC [97], carried out
in Section 2.5 of Chapter 2. It consists of an AC grid (described in [194])
with an embedded VSC-MTDC system. This AC/DC test system was first
proposed in [195].

The data of the system can be found in cases case5_stagg (AC grid)
and caseb5_stagg_MTDCslack (DC grid) of MatACDC [196].

The variables of the AC system specified for power-flow calculation are
provided in Table A.1. The variables of the VSC stations specified for power-
flow calculation are:

e VSC1: Mode Py — Q, with P} = —60 MW and Q9 = —40 MVAr.
e VSC2: Mode Uy, — U, with u?lc’z =1 p.u and ug’Q =1pu
e VSC3: Mode P, — Qs, with P03 = 35 MW and Q) 3 = 5 MVATr.

The data of the system can be found in Tables A.1-A.5. The base values
for the AC/DC p.u. system are: Uye,p = Ujep = 345 kV are Sp = 100
MVA.
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u=1.06 £ 0°.u

40 MWT

45+j15 MVA 40+j5 MVA

N

|

20+j10 MVA 60+j10 MVA

u=1pu

Figure A.1: 5-bus test system with a VSC-MTDC system.

Table A.1: AC system: variables specified for the power flow.

bus || type U ) Pq Qo Pp Qp
(pw) | (deg) | (MW) | (MVAr) | (MW) | (MVAr)
1 slack | 1.060 | 0.00 - - 0.00 0.00
2 PV | 1.000 - 40.00 - 20.00 10.00
3 PQ - - - - 45.00 15.00
4 PQ - - - - 40.00 5.00
5 PQ - - - - 60.00 10.00
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A.1 Stagg 5-bus test system with a VSC-MTDC system

Table A.2: AC-line data.

’ Linea H r (p.u) ‘ x (p.u) ‘ b (p.u) ‘ Sy (MVA) ‘

1-2 0.02 0.06 0.06 100
1-3 0.08 0.24 0.05 100
2-3 0.06 0.18 0.04 100
2-4 0.06 0.18 0.04 100
2-5 0.04 0.12 0.03 100
3-4 0.01 0.03 0.02 100
4-5 0.08 0.24 0.05 100

Table A.3: VSC-station data. Converter rating are base values for p.u.

‘ VSC H Sn(MV A) ‘ iy Tif by Te Ze
1 100 0.0015 0.1121 0.0887 0.0001 0.1643
2 100 0.0015 0.1121 0.0887 0.0001 0.1643
3 100 0.0015 0.1121 0.0887 0.0001 0.1643

Table A.4: VSC-station data. Parameters of the converter losses. Converter
rating are base values for p.u.

‘ VSC ‘ ‘ a b Crect Cinw

1 11.03 1.60 2.817 4.269 x1073
2 11.03 1.60 2.817 4.269
3 11.03 1.60 2.817 4.269

Table A.5: DC-line data.

Linea DC H Tdc,ij (p'u) ‘ UdC,N (kV) ‘ Pdc,N (MW) ‘

1-2 0.0260 345 100
1-3 0.0365 345 100
2-3 0.0260 345 100
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A Test systems

A.2 3-bus test system for validation

The test system in Fig. A.2 was used for validation of the different dynamic
models proposed for VSC-MTDC systems (Section 2.6 of Chapter 2 and
sections 6.5 and 6.6 of Chapter 6).

Ps,l , Ps,z s
Sil VSCL +-100 kv de VSC2 Qs2
QD3 AHOO—H—0)
Grid 1 us‘123o;1oo KV 100:230 kv Us2 Grid 2
230 kV 230 kV
Ps3,
Qs3  VSC3
ha

QD

U5250:100 kv

Grid 3
230 kv

Figure A.2: Test system for validation.

The data of the AC system are as follows:

e External grids 1, 2 and 3: They are modelled as voltage sources with
data: 230 kV, 500 MVA, S.. = 40687 MVA and X/R = 7.05.

e Lines 1-3 and 2-3: z = 0.0033+0.0331 p.u (p.u. base values: 100 MVA
and 230 kV).

The data of the VSC stations, including controller parameters, and the
DC grid are provided in Table A.6.
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A.2 3-bus test system for validation

Table A.6: 3-bus test system. Converter and DC grid parameters

Parameters
Converter rating are base values for p.u.

Values

Rating VSC, DC voltage

Configuration

Max. active (reactive) power

Max. current

Max. DC voltage

Max. modulation index

Current-controller time constant (7)
Connection resistance (ry)/reactance (zs)

P proportional/integral control (Kgp1/Kq1)
Vdc proportional /integral control (Kgpa2/Kq.i2)
Q proportional/integral control: (K ,1/Kqyi1)
Vac proportional/integral control (K p2/Kq.i2)
VSCs’ loss coefficients (a/b) in p.u.

VSCs’ loss coefficients (Crec/Ciny) in p.u.
DC-bus capacitance (Cgc,;)

DC-bus shunt conductance (Gygc;)

DC-line series parameters (Rgc,ij/Ldc,ij)

200 MVA, £100 kV

Symmetrical monopole

+£200 MW (4200 MVATr)

1 p.u (d-priority)
+10 %
1.23 p.u
2 ms
0.008 p.u / 0.30 p.u
0/0
2.45 p.u/49 p.u/s
0/0
10 p.u/100 p.u/s
0.035/0
0/0
90.6625 (F
0
1.0925 ©/27.925 mH
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A.3 Cigré Nordic32A test system

The Cigré Nordic 32A system is a 32-bus equivalent system of the Swedish
grid and it was proposed in [143] for transient-stability and long-term simu-
lations. A description and the data of the Nordic32A system (including full
generator+-control models) can be found in [143] and in [197]. A comprehen-
sive description of the test system and the evaluation of different operating
points can be found in [159].

The Cigré Nordic 32A system with a VSC-MTDC system of 3 terminals
is shown in Figure A.3. This hybrid AC/DC system is similar to the one
used in [50] and it has been used in this thesis for angle stability studies
(non-linear time-domain simulation and small-signal analysis).

The demand in the Nordic32A system is concentrated in the central area,
while North and South areas concentrate the generation units (see [143]
and [50]). Therefore, an initial operating point in which the active power
is transmitted from North and South areas to the central area has been
used. The variables specified for power-flow calculation of the initial operat-
ing point are:

e VSCI: bus 4012 (s,1): P} = —350 MW and @Y, = 0 MVAr.
e VSC2: bus 4044 (s,2): PYy =500 MW and Q2 , = 150 MVAr.

e VSC3: bus 4062 (s,3): uj. 3 = 1 p.u and QS& = 100 MVAr (VSC3
is used as the a DC-slack converter for power-flow calculation of the
initial operating point but DC-voltage droop has been used for dynamic
simulation).

Two different scenarios have been used (operating points A and B).

A.3.1 Operating point A

This operating point is reported in [143].

A.3.2 Operating point B: heavily loaded scenario

A heavily loaded scenario has been considered with a 580 MW load increase
(in the central area) with respect to the base case in [143|. The modifications
made are reported in Table A.7.
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A.3 Cigré Nordic32A test system

Nordic 32A
E® 4071 | [ CIGREISystem
Aot @ T — 400 KV
¢ é 1013 m— 220 KV
1011 @ —_— 130 kV
i 1014
1012 @
4072 E; i
¢® i@r NORTH
4012 | —
LEQUV- e | m o
U,
JI'- 4022 I_4021
2032 @tm—fé
— |4032
4031 @ —
@ CENTRAL
$4o42
42
4041
I@@ = 4043 = | F 4046
M
L-l- 43@ 46
‘“#} vse2 | 4047
4 4044 47
4061 B
? 1 1044
” T VSC1: bus 4012 (s,1
_|I£p} ¢ @ 1043 1042 ( ) )

VSC3

1041

4062 @

VSC2: bus 4044 (s,2)

3

:

1045 _z % %
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63@ @ @ SOUTH
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VSC3: bus 4062 (s,3)

®? 4051

Figure A.3: Nordic 32A system + a VSC-MTDC system.
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Table A.8: Nordic 32A system + a VSC-MTDC system. Converter and DC

grid parameters

Parameters
Converter rating are base values for p.u.

Values

Rating VSC, DC voltage

Configuration

Max. active (reactive) power

Max. current

Max. DC voltage

Max. modulation index

Current-controller time constant (7)
Connection resistance (r5)/reactance (zs)

P proportional/integral control (Kgp1/Kq1)
Vdc proportional /integral control (Kgp2/Kqi2)
Q proportional /integral control: (K p1/Kqi1)
Vac proportional/integral control (K, p2/Kg.i2)
DC-voltage droop constant (kg ;)

VSCs’ loss coefficients (a/b) in p.u.

VSCs’ loss coefficients (¢pec/Ciny) in p.u.
DC-bus capacitance (Cyc,;)

DC-bus shunt conductance (Ggc;)

DC-line series parameters (Rgc,ij/Ldc,ij)

1000 MVA, 320 kV
Symmetrical monopole
+1 GW (£450 MVAr)

1 p.u (d-priority)
+10 %
1.25 pu
5 ms
0.002 p.u/0.17 p.u
0/0
2 p.u/0.12 p.u/s
0/0
15 p.u/300 p.u/s
0.1 p.u
11.033/3.464 x1073
4.40/6.67 x1073
195 pF
0
2.05 Q/140.1 mH

Table A.7: Modifications of NORDIC32A case for operating point B.

‘ Original value | New value

Loads  bus 1044 800 MW 1300 MW
bus 41 540 MW 620 MW
bus 4071 (equiv.) 300 MW 0 MW
bus 4072 (equiv.) 2000 MW 1840 MW
bus 62 300 MW 200 MW

Shunts buses 1044 and 4041 200 MVAr 300 MVAr
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Appendix B

AC/DC per-unit system used

The per-unit (p.u) system for AC/DC grids is explained in this appendix,
following the guidelines presented in [198]. The AC/DC p.u system uses an
AC-voltage base value, a DC-voltage base value and an abritary common
power base value, which is explained in detail below.

The AC systems use the traditional three-phase per-unit system:

e Suc B is the power base value.
e U, p is the AC-voltage base value (phase to phase).

e The current (I, p) and impedance (Z,. p) base values are defined as:

U2
Sac,B ac,B (Bl)

Lep=-—2%B 7 o= .
ac,B \/ganB ac,B Sac,B

The DC p.u. base values are defined as:

Sde,B = Sac,B 18 the power base value.

Udc,p is the DC-voltage base value (pole to ground).

The current (/4. p) and impedance (Zg. p) base values are defined as:

2
Sdc B Npoles Udc B
liyop=——"—, ZdeB= ——- (B.2)
npolesUdc,B

Sdc,B

Npoles 15 the number of poles of the HVDC link: npges = 1 for asym-
metrical monopolar configuration and np.es = 2 for symmetrically
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B AC/DC per-unit system used

grounded monopolar or bipolar configurations. All HVDC systems
used in this thesis have symmetrical monopolar configuration.

Using this p.u. system, the steady-state equations of a symmetrical
monopolar HVDC link, as the one shown in Fig. B.1, are:

Udeq — Ude2 = Raci2dce2 (real) € Uge1 — Ude2 = Tde,12%ce,12 (P-11)
(B.3)
Peci2 = 2Uge1cc12 (real) & peciz = Ude,1tce,12 (1) (B.4)

where Ug.; is the DC voltage at DC bus 4 (pole to ground), P ;; is the
total power leaving DC line ij (through both poles), I..;; is the DC current
through DC line ij (through each pole) and Rg.;; is the resistance of DC
line ij (of each pole).

Pcc,12
e
Vet Uder  lec12 Rdei2 Usdc VSC 2
AN '
= T
real f}h % - .
T lec,12 I +
AN
~Ude Rdc,12 -Udc2
Pcc,12
=
vsel Udc,1 lec,12  fdc,12 Ude.o VSC 2

p.u. 45}* i W fﬁ}

Figure B.1: Equivalent circuit of a DC line (in steady-state).
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Appendix C

Power system models and
Lyapunov’s functions

The control strategies for VSC-MTDC systems proposed in this thesis have
been analysed by nonlinear time-domain simulation using full-detailed elec-
tromechanical models of the power system. Nevertheless, simpler models
were used in some cases for theoretical analysis. This appendix describes the
models of the power systems and Lyapunov’s functions used for Lyapunov-
based stability analysis of the control strategies proposed in this thesis.

C.1 Control Lyapunov’s Function

An uncontrolled dynamic system: & = f(a) will have a stable operating
point xg, if there exist a function V(x) such that V(x) > 0 if © # =,
V(xo) = 0, and V() < 0 in the neighbourhood of & [157,158]. A function
that verifies these conditions is known as Lyapunov’s function. The same
system but controlled with an input vector u, is [54]:

& = f(x) +g(x)u (C.1)

Assuming that the uncontrolled system is stable with a Lyapunov’s func-
tion V and that the same function is used as Lyapunov’s function candidate
for the controlled system:

Vunct'r Vctr

V=VV.-&=VV- f(x)+VV g(x)u (C.2)

195



C Power system models and Lyapunov’s functions

where Vunetr is the derivative when there was no control (Vunm < 0) and
Vetr is the contribution of the control law. Clearly, if V., < 0, the controlled
system (3.14) will also be stable at xg [54].

This methodology has been used to derive suitable control strategies
for transient stability improvement in the context of excitation control sys-
tems [158], series [54] and shunt [52] FACTS devices, HVDC point-to-point
links [42,47] and VSC-MTDC systems [49, 50].

C.2 Classical multi-machine reduced-network model

In this model, generators are described using a simplified model for syn-
chronous machines, losses in the lines are neglected and the loads are repre-
sented as constant-impedance loads. The latter assumption makes it possible
to reduce the system to the buses of the generators, only. P and Q mod-
ulation of the VSC stations are modelled as power injections into the AC
grid [50].

This model was used for the theoretical analysis of Q control strategies
in Chapter 4. The choice of this simplified model for that analysis was due
to the lack of suitable energy functions of detailed models where Q injections
are controlled as a function of the frequency. Hence, the purpose of using
the reduced network model is to provide useful insight into the effect of Q
modulation of the VSC stations on transient stability.

The dynamic model of the power system consists of a set of differential
equations, which will be written in a reference frame rotating synchronously
with the centre of inertia (COI). The angle and speed of the COI (dcor and
wcor, respectively) are defined as:

K K
Scor =Y mfsc:,k, weor =Y 2, YCH (C.3)
k=1 k=1
ng
with: My = M,
k=1

where ng is the number of generators and gk, wgr and My, are the rotor
angle; the speed and the moment of intertia of machine k.
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C.2 Classical multi-machine reduced-network model

Hence, the dynamic model of the power system is [164]:

Sar = Dak (C.4)
: 1 M,
. 1 My |
WG,k M, (Pk — Pek + My cor) (C.5)
Vk=1,...,ng
where: .
dak = 0G,k — 0col, WGk = WGk — WCOI, (C.6)
and

® Dk = Pmk — gkkei is the net active power of machine k (py, is the
mechanical power, ey, is the internal voltage and ggx is the bus conduc-
tance)

® D is the electrical power of machine k

® Poor = > 36, (pk — Pek)

Using this model, if there is no modulation in the VSC stations, the
converters are seen by the AC grid in the same way as static loads (as constant
impedance) and they are included in the admittance matrix. Therefore, the
electrical power of machine k with no modulation in the VSCs (p[%,) is given
by:

pY = ) exerbcos(dak — dc) (C.7)
1k

where by is the transfer susceptance between generators k and [.
The effect of the modulation of P and Q injections of the converters on
the states of the system are implicit in the electrical power [42,50]:

Pek = Deg+ Z(bP,ijps,j + b ki AGs ;) (C.8)
=1

where:

e bpy; accounts for the effect of the P modulation of VSCj (Aps ;) on
the electrical power of machine k.

e bg j accounts for the effect of the Q modulation of VSCj (Ags ;) on
the electrical power of machine k.

197



C Power system models and Lyapunov’s functions

e 1 is the number of VSC stations.

References [34,164] showed that the uncontrolled system (system (C.4)-
(C.5) with Apsj = Ags; = 0) is stable and the following energy function of
the system is a Lyapunov’s function [34,50,164]:

1 ng ng ng—1 ng
~2 rs rs <
Yy = 5 ; Mka,k — kzlpkéG’k — kZ:l lzk—:H ekelbkl COS(5G7k — 5G,l) + C()

(C.9)

where Cp is a constant used to make V = 0 at the equilibrium point.

If V of (C.9) is used as Lyapunov’s function candidate of the controlled
system (system (C.4)-(C.5) with Ap,; # 0 and Ags; # 0), the contribution
of P and Q modulation in the VSCs to the derivative of the Lyapunov’s

function candidate (Vg in (C.2)) is given by:

ng n ng n
Vetr = =YY @aibprApsi— > Y GerboriAgs; (C.10)
k=1 j=1 k=1 j=1

Therefore, control laws for the P and Q injections of the VSCs (Aps,; and
Apsyj) that make V., < 0 will make ¥V a Lyapunov’s function.

C.3 Multi-machine structure-preserving model

This model includes detailed representations of the generators and it includes
explicitely the buses of the AC system, giving more flexibility in the models
of the VSC stations and the loads. A detailed description of the structure-
preserving model and its energy functions can be found in [34], [164] and [54].
The work in [47] used structure-preserving models for power systems with
point-to-point VSC-HVDC links. Furthermore, the energy function of the
system was used for stability analysis of control strategies in the VSC sta-
tions. The work in [47]| has been extended to VSC-MTDC systems in this
subsection, considering n VSC stations instead of two.

Since the energy function of the structure-preserving model can handle
frequency-dependent active-power injections, it was used for theoretical sta-
bility analysis of active-power control strategies for VSC-MTDC systems in
Chapter 3.

The multi-machine structure-preserving model consists of a set of differential-
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C.3 Multi-machine structure-preserving model

algebraic equations. A system with ng generators, N AC-buses and a multi-
terminal HVDC system with n VSC stations is now considered.

The set of differential equations is given by [164]:

dor = Qe (C.11)
2 1 Mk
= - — P C.12
Oa k A (P — Pe + My cor) ( )
: 1 [Tdk— Tyy - -
ei]ak = T |: / : Ung+k COS(5G,k - enc—I—k) (013)
do,k Lk

L,k
Fesar = )
L,k
Vk=1,...,ng (C.14)

The algebraic equations are the P and Q conservation conditions at ev-
ery bus (see Chapter 3 of [164] for further details). The VSC stations are
represented as P and Q injections into the AC buses [47].

The following energy function was proposed for a multi-machine structure-
preserving model with VSC stations (modelled as power injections) [47,54,
164]:

10
V=3 Vi+Co (C.15)
k=1
where:
1 & nG .
V1= ) Z Mk‘:}ékv Vo = — me,k5G,k (C.16)
k=1 k=1
ng+N R ne+N .
V= ), /pL,kdek, Vi= > /;’kduk, (C.17)
k=ng+1 k=ng+1 k
2ng 1
LY
k—%—i—l 2ap-ng "
—2€ Uk cos(0g.k—n — O1)], (C.18)
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C Power system models and Lyapunov’s functions

ng+N ng+N

1 ~ ~
Ve = —3 Z Z brjugu cos(0 — 6y), (C.19)
k=ng+1l=ng+1
2ng /

X — XLg.k—n < n
vr= Y ke TORTRG 1802 cos(2(5a - ne — O8))IC-20)

/
PR ATy j—ngTak-ng

ng / ng 2
) q, q,
VS = — E — Vg == E 2( 7 ) (021)
i Lk T Tk iy 2\ Xdk — Ta )

Vl[) = — Z/ps,kdgs,k‘ (0.22)
k=1

The term Vqg is associated to P modulation of the VSC stations of the multi-
terminal system, where p, j, is the P injection of VSC k and 557;6 is the angle
of the voltage at its PCC.

The work in [34,47,54| showed that the energy function in (C.15) is a
Lyapunov’s function of the uncontrolled system (ps = p?,).

If V of (C.15) is used as Lyapunov’s function candidate for the controlled
system (psr = pgk + Aps 1), then the derivative Ver Of (C.2) is given by [47]:

vct'r = Z Aps,i (wi - WCOI) (023)
=1

Therefore, control laws for the P injections of the VSC stations, Ap,,
such that V., < 0 will make V a Lyapunov’s function.
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Appendix D

Small-signal model

This appendix spells out how the linearised model of a VSC-MTDC system
like the one mentioned in Chapter 6 has been derived. First of all, each one of
the subsystem (converters, controllers, HVDC,. .. ) will be tackled. Secondly,
all subsystems will be put together in a single linear model. Finally, the way
in which several VSC-MTDC systems can be gathered in a single model will
be described.

D.1 VSC station

A VSC is depicted in Fig. D.1. The converter is controlled using vector
control, with the converter d — ¢ axes (synchronous to the frequency at the
PCC of each VSC station) aligned with the AC voltage: ts; = usqi+ jusq,i
with usq; = us; and usq; = 0). Therefore, the VSC converter consists of
the following subsysterms:

e The inner current control loop.
e The outer controllers.

e AC/DC coupling.
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D Small-signal model

dc 1 .
P lcc,grid

VSC
converter

Figure D.1: VSC converter modelling.

1 2

7

The model of each VSC converter 7 will have the form:

Ad’con'u,i = Acon'v,i ° chonv,i + Bconv,R,i ° ATCOTLU,’I:
+Bconv,A,i : AUAC,’I: + Bconv,D,i : Audc,i;
Aiconv,AC,i = Cconv,A,i : chonv,i + Dconv,AR,i : Arconv,i
+Dconv,AA,i . AUAC,i + Dconv,AD,i : Audqi
Aidc,i = Ccon'u,D,i : Amcon'v,'i + Dcon’u,DR,i : A""con'v,i
+Dcon'v,DA,i . A'UAC’,'IZ + Dcon'v,DD,'i : AUdc,i~ (D~1)

with input signals:
e References of the outer controllers: 3 Arconyi = [Apfff . Ayl

de,i ?
Aquf, Aufff]T.

N3

e AC voltage at the PCC: Avac,; = [Ausﬁpi,Aus’Qi]T, written in the
system synchronous frame (D — @) axes).

e DC voltage: Auge;.

The output signals are the currents injected into the AC and DC grids:

! conw refers to converter (VSC station).

2A and D have been used to denote AC' and DC, respectively, for the sake of clarity.
For example, in matrix Deconwv,DA,i-

3Superscript “Ref" is used instead of “ref", to distinguish the increment of the P set-
point value of the outer controller in the SSA (Apsjf) and the supplementary P set-point

value for transient stability improvement described in Chapter 3 (Ap”</).

S,4
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D.1 VSC station

o AC current: Atconv,ac,i = [Aip,, AiQ’i]T.
e DC current: Adge ;.

The AC voltage (Avac,;) and the current injection (Atconwv,ac,:) of
the converter at the PCC must be written in the system synchronous frame
D — @, to be able to incorporate the linearised model of the converter into
the linearised model fo the rest of the system. Since the converters are
controlled using vector control, their linear models will be derived writing the
AC voltages and currents in the converter d—q axes and they will transformed
to the synchhronous D — @) axes at the end of the process.

D.1.1 Inner current control

Since the time constant of the inner controller of the converters is very fast
in comparison with the rest of the power system dynamics, the closed-loop
response of the current is approximated by a first order system, for angle
stability studies (Fig. D.2). Hence, the state-space representation of the
inner current loop will be:

dAa: int.i
% = Acint,iA:Dcint,i + Bcint,iAucint,i
.d
A’l’cgn'v,AC,i = Ccint,ichint,i + Dcint,iAucint,'i (DQ)
where:
Amcint,i = [Aid,ia Aiq,i]Tv
Atging; = [Aif] Al
.d . .
Azcgn’u,AC,i = [Aldﬁ', AZ(LZ‘]T = chint- (D3)
and
o —1/7'(171' 0 o 1/Td,i 0
Acznt,z - 0 _1/7_(” ) Bcznt,z - 0 l/Tqﬂ‘ )
Ccint,i = I2><2> Dcint,i = 02x2. (D-4)
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D Small-signal model

- ref . . ref H
Isd —— &) 1 —» Isd |srz 1 |s,q
1+s7y 1+s7,
d axis g axis

Figure D.2: Approximation of the inner current loop.

D.1.2 Outer control

The active and reactive power injections of VSC i are given by (see Fig. D.1):

Dsi = Us;ildi, (si = —Us;ilg,s (D.5)

The active power is controlled with the d-axis current whilst the reactive
power is controlled with the g-axis current. The linearised models of the d-
and ¢- currents are derived independently and, eventually, they are joined
together into a single model with the form:

dAa: t.i
% = Acemt,iAmcemt,i + Bcemt,iAucemt,i,
.dgq,
Azcgr:‘ve,gc,i = Ccemt’ichemt,i+Dcemt,iAucemt,i, (D6)
where:
Amce:ct,i = [Amd,iaAajq,i]Ta (D7)
R R R R . )
Atcenti = AL Auliel AqleT Al Aug i, Augeg, Nigg, Nigi)T,
(D.8)
.dq,ref o ref ref1T
Aigdrac: = Ay, AT (D.9)

Notice that the input vector Auceqt,; contains redundant reference terms.
For example, a converter could be controlling the active power or the DC-
voltage, but not both. However, including all the possible references in the
input vector helps to write a generalised model. The information about which
reference is used for each control model will be in the state matrices of system
(D.6).
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D.1 VSC station

P control Q control
pe e
Us i rzf Us H i ref
S, S,
—»?—» Cai (S) 1—» —»?—» Ca (S) F—O ¢
ps G
Vac control
Vdc control i0
s,d iO
u ref i I'Zf .4
dc S, ref - ref
L -1 u Is,
_?—' Cez (s) —{-1] O s % Cez () Bt
Udc Us
(a) d-axis. (b) g-axis.

Figure D.3: Outer controllers. Cy(s) = Kp,+ Kj ;/s where x can be d1, d2,
ql or q2.

d-axis control

The d-axis current is used to control the P injection or the DC voltage, as
shown in Fig. D.3a. The linearised model of the outer d-axis outer controller
will be:

Aig; = Aqi- Axq; + Ba; « AUcegt,i,
Alg,e’bf = Cd,'i - Awd,’i + Dd,i * Aucemt,iy (D].O)

The states Axqg; will depend on the controller used, but the inputs will

always be Aucezt,; and the output will always be Aizeif , regardless the d-

axis control mode (P control or DC-voltage control).

The controllers of Fig. D.3a are described below.
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D Small-signal model

d1: Active-power control

The linearised model of the P control of Fig. D.3a is given by:

dAmyg.;
= ! 0-Amg; + K[,dLi(Apgff — Apsi),
At = <1 >ApRef + < _pg’i )Au ; (D.11)
d,i ug’i S, (ug’i)2 S0 .

+KP,d1,i(Ap§;f — Apsi) + Amag,,

where Amg; is the state variable associated to the integral of the PI
controller for P control (Cy(s)).

Since Aps; = ugyiAidﬂ- + igiAusJ, the state-space representation of the
d-axis outer controller can be written as (D.10) with state matrices:

Ag; = 0
Bgi = [ Krai 0 0 0 _KI,dl,iigﬂ' 0 —Kl,dl,iugi 0],
Cai; = 1, (D.12)
Da; = [ (Y/ul+Kpai) 0 0 0 —(p/(ud)* + Kpaidg) -
0 —Kpgud 0],

The d-axis current, igi.f , is often computed simply as i;if = pfief Jus,i. In
this case, Kpg1; = K1 41; = 0 and there are no state variables in the linear
model of the d-axis outer controller. Therefore, the system (D.10) si reduced
to:

Aiz,eif = Dag,; - Aucemt,i> (D.13)
Dg=[1/ul; 0 0 0 —pQ;/(ul;)> 0 0 0].

d2: DC-voltage control

Following the scheme of Fig. D.3a, the linearised model of the DC-voltage
control is given by:

dAng; .
2 L= 0-Ang, + KI,dQ,i(Aufli{ — Auge,i),
A’L;if = —Kp7d2,i(AudR:f - Audc’i) - And,i, (D14)
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D.1 VSC station

where Ang; is the state variable of the PI controller Cga(s).

System (D.14) is equivalent to the one in (D.10) with the state matrices
given by:

Aai = 0,

Bgi; = Kig,-[0 +1 0 0 0 =1 0 0],

Cyq;i = —1

Dg; = Kpag;-[0 -1 0 0 0 +1 0 0]. (D.15)

g-axis control

The g-axis controller, used for Q or AC voltage control (Fig. D.3b), takes the
form:

Am‘lai = Aq,i : Awqﬁ, + Bq,i : Auce:ct,i

Ai;eif = Cq"’: : qu,i + Dq,i ‘ Aucemt,i (D.lﬁ)

The state vector Axg; in (D.16) will depend on the control mode, the

input will be the same one used for the d-axis control loop, Aucegt,; of (D.6),

.ref

and the output vector will be the g-axis current reference A ai -

ql: Reactive-power control

The linearised model of the outer control loop of the reactive power injection
(Fig. D.3b) is given by:

dAmyg ;
T‘“ = 0-Amg; + KI,ql,i(AqgiEf — 8ds),
0
1 s,i
Al — _<>AqR.ef+< - )Au s
qi uS,i 8% (UEJ)Q o

—Kpgi(AT — Aqsz) — Amy, (D.17)

where Am, ; is the state variable associated to the integral of the PI controller
used in Q) control mode (Cy1(5)).

Since Ags; = —u);Nig; — iy ;Aug, the state matrices of system (D.16)
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D Small-signal model

will be given by:

Aq,i = 0,

Bgi = Krqai[0 0 1 0 @, 00 Krgul,],

Coi = 1 (D.18)
Dgi = [0 0 —(1/ud+Kpgi) 0 (¢f/(ud)?— Kpgiiig) ..

0 0 —Kpgug |,

Asin P control, the gains of the PI controller could be set to zero (Kpg1,; =

Kiq1i = 0), leading to Z'fff = —qfff/us7i. In this case, (D.16) will be given
by:
N 019

Dg;=[0 0 —=1/ud 0 ¢2/(ud)? 0 0 0].

q2: AC-voltage control

If a converter VSC; is controlling the AC voltage at the PCC using the
control diagram of Fig. D.3b, the linearised model of the g-axis outer loop is

given by:
dAng;
7(1’1 =0- A’I’Lq’i + KI,qQ,i(Aufff - AuSﬂ;)’
Aigf‘;f = —Kp,qz,i(Aufff — Aug;) — Angg, (D-20)

which can be written in matrix form as (D.16), with the state matrices given
by:

Aq’z == 07

B,; = Kl,qu[o 0 0 1 1'272- 0 0 ugvi]’

Cpi = -1, (D.21)
Dgi = [0 0 0 —(1/ud;+ Kpgoi) (49,/(ud;)* — Kpg2iig) ...

0
0 0 —Kpgiug; |,

The state variable of the PI controller (AXcext,; = Ang,;) is the only
state of the system, the input vector Aucegt,; is the same as in (D.6) and

. . . . ‘ref .
the output signal is the g-axis current set point (Az(m ). The state matrices
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D.1 VSC station

of (D.16) will read:

Agi = 0

Bgi = Kig:;-[0 00 +1 -1 0 0 0]

Cqi = -1

Dgi = Kpgi-[0 00 -1 41 0 0 0] (D.22)

Outer control: d-axis and g-axis together

The linearised models of the d- and g¢-axis outer controllers, (D.10) and
(D.16), respectively, can be put together leading to (D.6) with the state
matrices given by:

Ag; 0 By
Acemt,’i = |: (z)i,z A ] 5 Bcewt,i = |: Bd,z‘ :| y
qyi Qi
Cq.i 0 Dg;
Ccea:t,i = |: (C)l,z C. . :| 5 Dcea:t,i = |: Dd"f :| s (D23)
q,? q,t

Notice that, as described at the beginning of Subsection D.1.2, the states
of the system are Axceqt,;i = [Axq,i, A:Bq,i]T.

D.1.3 Inner and outer controllers together

Since the dg currents are inputs of the linearised model of the outer con-
troller and states of the inner controller, they should be written explicitely
in system (D.6):

dchemt i Aid 2
K]

= = Acemt,iAmce:ct,i + Bceazt,l,iAucewt,l,i + Bcewt,Z,i Ai
dt 1q,i
.dq,ref Aid,i
AZCO’;VU,AC,i = Ccemt,iAmcemt,i + Dcemt,l,iAucemt,l,i + Dcemt,Z,i |: Ai
q,i

where: 4

4A Matlab-based notation is used. For example: Beext,i(:,1:6) denotes a matrix with
all the rows of matrix Becegt,s and with the columns 1 to 6 of matrix Beeat,:-

209



D Small-signal model

Bcea:t,l,i = Bce:ct,i(:;lﬁ)v Bcea:t,Z,i = Bcea:t,i(:;7:8)a
Dcewt,l,i = Dcewt,i(:71:7)7 Dcewt,2,i = Dce:ct,i(:;&g)a

R R R R
Atcert,1i = (AL Aufel, AqleT Aull | Aug s, Auge)”.

5,0 ERA
(D.25)
Then, taking into account all the states of the system, 5
AL, i = [AZcint,is Alceat,i] (D.26)
using AUconv,i = AUcest,1,; as the input vector and writing the dg

currents Aiggm;, AC,; 38 the output vector, the state-space representation of
the inner and outer control loops can be put together as:

./ _ ’ ’ ’ .
Amcon'v,i - con'v,ichonv,i + Bcon'v,iAu'CO’n’U,’L’
.dq _ ’ / ’
Azconv,AC,i - con’u,AC,ichonv,i + Dconv,AC,iAuCOTL’U,i7(D'27)
with state matrices:
’ cint cint cex cint cex
[ (Acint + Beint - Deext,2) | Beint - Ceeat
conv,i )
’ Bcezt,2 ‘ Acewt
/ _ Bcint ) Dcewt,l
conw,i Dcewt,l )
)
conv,i [ (Ccint + Deing - Dcemt,2) ‘ D¢ int - Ceeat ] >
’
conv,i D int - Dcewt,l- (D28)

D.1.4 Including the DC-current injection as an output

Each VSC will be seen as a current injection by the DC grid. Therefore,
the DC current injection of each VSC must be included as an output of the
linearised model of each VSC, in order to connect the linearised models of
the VSCs and the linearised model of the HVDC grid.

(a) DC current of the VSC:

According to Fig. D.1, the current injected into the DC grid by each VSC;

SPrimes (e.g. A, n, ;) are used to denote the states and matrices at intermediate
stages of the process of the derivation of the model, in order to obtain the final model of
the converter without primes (e.g. AZconw,i)-
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D.1 VSC station

is given by:

Z'dc,z’ _ Pdc,i _ (pc,i + ploss,i)’ (D29)

Udc,i Udc,i

and the linearised model of (D.29) is given by:

Au
. (P + Plossi) 1 1 -
Aige; = [ = 0 025871 0 - Ape,i : (D.30)
(Uge.i) Ude,i Ude,i Apioss,i
Da,i

(b) Active power of the VSC:
The active power injected by VSC; into the AC grid (before the connection
impedance, see Fig. D.1) is given by:

De,i = ec,d,iid,i + ec,q,iiq,i- (Dgl)

The linearised model of (D.32) is:

Nig
0 0 0 0 Aigi
Apc,i = [ec,d,i €cqi Udi Zq,i] : Aec,d,z . (D32)
Dy, AGC,%Z
(¢) VSC losses:
The converter losses are given by [124]:
Dlossi = @i +bj - isi+ ¢ - zgz, (D.33)

where ¢; = ¢peci if VSCj is working as a rectifier (p.; < 0) and ¢; = iy if
VSC; is working as a inverter (p.; > 0). If (D.33) is linearised around the
operating point, one has:

Aploss,i = [(b, +2-¢- Zg,z) (bl +2-¢- Zg,z)] ’ |: Al'd’i :| (D34)

D.;

(d) Internal voltage of the VSC:
The internal voltage of VSC; is given by (Fig. D.1)

d — axis: ecq; = Us; + Ts,ildi — Ts,ilq,

. 5 : (D.35)
q — axis: ecqi = 0+ Tsila; + Tsilq,is

€ci = Usi+Zs)itsi = {
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D Small-signal model

and linearising (D.35):

Aug

|: Aeqdﬂ' :| _ I: 1 Tsi —Xsj :| . AZ;J (D 36)
Aecm 0 Zs;i 75 Ai )
q7Z

Dg,;

)

(e) Writing the DC current injections as functions of the states and
inputs of the VSC model

Once subsystems (D.30) , (D.32) and (D.33) have been written, the linearised
model of the DC-current injection of VSC; can be obtained making use of
the algorithm described in Section E.1, leading to:

. / / /
Ach,i = Ccon'v,DC,ichonv,i + Dconv,DC,iAuConU,'i' (D37)

Therefore, the state-space system of VSC; will be now:

o/ _ ’ ’ Il .
Amcon’u,i - con'v,iAmconv,i + Bconv,iAuCOH’v,Z?
-dq _ ’ ’ ’
A7’co'rw,AC’,'i - conv,AC,ichonv,i + Dconv,AC,iAuconv,ia
. _ 4 / / .
Azdcyi - conv,DC,ichon'v,i + Dconv,DC,iAuCO’rWﬂ (D38)

D.1.5 Spliting the inputs: set-point values, AC voltage and
DC voltage

The input vector in (D.38) can be split as:

Re R R R
Atconv,i = [ApYT, Aufel Al AuleT | Aug | Auge)”. (D.39)

Sy

A’r'conv,i
Then, (D.38) becomes:
./ _ " ’ " )
chonv,i - conv,i * chonv,i + conv,R,i ° ATCO’WU,’L
144 144
+ conv,A,i " Au&i + conv,D,i’ Audc:“
. _ 17 ’ ” .
A'Lconv,AC,i - conv,A,i "’ chonv,i + Dconv,AR,i * ATCO"U{'«
7 ”
+Dconv,AA,1l ’ Aus7i + Dconv,AD,i ’ Audcﬂ’
. _ 17 ’ ” .
Alconv,DC,i - conv,D,i * chonv,i + Dconv,DR,i * Arconv,z
” ”
+ conv,DA,i’ Ausﬂ' + conv,DD,i ’ Audcﬂ" (D40)

where:
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D.1 VSC station

A,c/onv i A::onv %) é,onv A — Céonv AC,i» (,:,onv,D,i = Céonv,DC,i?
gorw,R i Béonv 1,( L: 4) gonv,A i Béonv z(' 5)’
gonv,R i Béonv z( )7
gon'v,AR,i con'v,AC FARD) 1: 4)’ gon'u,AA i Dcon’u AC, z( 5)’
Dgon'v,AD,'i conv AC, 'L( ’ 6)
D::/on'u,DR,i = conv DC, z( ’ L: 4) (/:/on'u,DA,i = éon'v,DC,i(:v 5)7
gon'v,DD,i = conv DC, ’L( ) 6) (D41)

Notice that in (D.40) and (D.41), the subscripts AC and DC have been
changed to A and D, respectively, for the sake of clarity in the formulation.

D.1.6 Transformation from VSC d — ¢ axes to system syn-
chronous D — () axes

The AC voltage and the current injection of VSC; at the PCC can be written
in the system D — @ axes:

Ugj = USJ‘Z(SSJ' = Us,D,; T ju&Q,i, gs,i = Z'DJ' + inﬂ', (D.42)

Since the local VSC d — g axes (rotating at the frequency at the PCC of
the VSC station) are aligned with the AC voltage at the PCC of the converter
(s, = us,i + jO), then:

Aug pi
Bu = [pi/i) (qi/ul)]-| Futt | ()
MVlz
2 <0 0 0 2 0 Aug p i
A(ss,i = COo8 6s,i[_us,Q,i/(us,D,i) 1/us,D,i]' |: Au . :|7 (D44)
$,Q,1
MV21.
Aig; B cosd?,  sind?, Aip
[ Nig; ] N [ —sind?; cosd?; || Aig, (D-45)

My,

(—zODZsm50 —I-ZQ cosc50 i) Aug p
+[ (—zOchOS(SO z%lsméo) My '

MIZ,i Ads,i
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D Small-signal model

Therefore, the linearised model of each VSCi, written in the system D—Q
reference frame, is given by

Ai::onv,i = {:/énv,i : Aw::on'u,i + Btlzlt;n'u,R,i * Arcon’v,’i
+ g(;n'u,A,i : AUAC,Z' + Btl:/énfu,D,i ’ AudC,i7
AiCOHU,AC,i = (,:/t;nv,A,i : Aw::onv,i + ::Zn’u,AR,i - ATCOTL’U,Z'
+Dgo/n’u,AA,i : AUAC,’i + Dgo/nv,AD,i ) Audc,’i
AidC,i - é,o,nv,D,i * Aw/conv,i + Dgo/n'u,DR,i * ArCOnU,i
+D::,o,n'u,DA,i : AUAC,T: + Dgt;nv,DD,i ) Audc,z(D46)

with state matrices:

144 _ ”
conv,i Aconv,i?
" " L M . .
Bconv,R,i - Bconv,R,i? BCOTLU,A,l - Bconv,A,i MVlﬂ«’
" - B .
conv,D,i — Pconv,D,i,
" _ -1 ” L "
Cccm'v,A,i - MIl * “eonv, A, CCOTW,D,’L — Yeconv,D,i> (D'47)
177 - M—l . D//
conv,AR,i — I1 conv,AR,?>
" _ -1 ” .
Dconv,AA,i - MI : ( conv,AA,i " MVl,'L — M2 - MV2)7(D48)
”" o M—l . D//
conv,AD,i — I1 conv,AD,i>

72 — D"

conv,DR,i conv,DR,i’
7 Y/ )
conv,DA,i — Dcon’u,DA,i : MVl,’Lv
D/// — D// (D49)

conv,DD,i conv,DD,i>

D.1.7 Frequency measurement at the PCC

The frequency seen each converter will be required by the control algorithm
(for angle-stability improvement). Therefore, it is included in the linearised
model using a filter, as depicted in Fig. D.4. Since the AC-side frequency is
the derivative of the angle of the voltage measured at the connection point
of the VSC, the latter is used as state variable:

A(svsc,i = Af,iAévsc,i + Bf,iAvAC,ia (D50)
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D.2 Including all the VSCs of an MTDC system in a single model (without
the HVDC grid model)

where:
Api = (=1/713), Byi = (=1/77;) My, (D.51)
and matrix Myro; is defined in (D.44).

Q). —» 1 L Q) .
i 1+Sz;,i VSC,I

Figure D.4: Model frequency measurement at the PCC of the VSC.

hence, the frequency measurement at the operating point, in p.u, is given

by:

vasc,i = ! . (D52)

The state of the voltage angle measured at the PCC is included in the
state vector of the VSC station: Zyse,i = [Tvse,i, Susci]t. Therefore, the
linearised moel of the VSC station is given by (D.1) (see the beginning of
Section D.1) with state matrices:

1244

Acon’u,i = diag( conv,i’ Afvi)7

B , B '
Beonv.Ri = conv,R,i . Beonv.Ai = conv,A,i ’
s I, 0---0 91y Bf72
B '
Bconv,D,i = conv,D,i , (D53)
0---0
0
_ " o "
Cco'n,’v,A,i - |: conv,A,i 0 5 CCOTL'U,D,Z = [ Ccon’v,D,i ‘ Qq54)
_ " o "
Dconv,AR,i = Dcon'v,AR,i’ Deonv,aa,i = Dconv,AA,ia
. "
DCO"U’ADJ — Yeonv,AD,i>
— " o "
Dco'n/u,DR,’i — Yconv,DR,i> Dconv,DA,z = Dcon'v,DA,ia
— 144
Dconv,DD,i = VYconv,DD,i- (D55)
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D Small-signal model

D.2 Including all the VSCs of an MTDC system in
a single model (without the HVDC grid model)

After the linearised model of each VSC of an MTDC system has been ob-
tained, the next step is to put all VSCs together in a single model. The
states, inputs and outputs of the resulting model will be: ©

e states:
- Ax = [Ax Az 1T
vscs conv,ls- - - CoOnv,Nysc
e inputs:
_ T
- AU'vscs,AC = [Avconv,AC,la ) AUconv,AC,rl,vsc]
_ T
- AU'vscs,DC = [Audc,h ce 7Audc,nvsc]
e outputs:
. _ . . T
- A’L'u.scs,AC - [A’Lconv,AC,lv ceey A'lz:'on'v,AC,nvsc]
. _ . . T
- Al'v.scs,DC’ = [Aqula ce aAqunusc]

The resulting linearised system will include all the converters together and
looks like:

Ayscs = Apses® ATyses + Bvscs,R « ATyses
+Bvscs,A . A'Uvscs,AC + Bvscs,D : AUvscs,DCU
Aivscs,AC’ = C’uscs,A cATyses + D'vscs,AR « ATyses
+D'uscs,AA . A'U'I.Jscs,AC + Dvscs,AD . AvaCS,DCa
Ai'vscs,DC = Cvscs,D cAZyses + Dvscs,DR « ATyses (D~56)

+Dvscs,DA . A'U'u.scs,AC + Dvscs,DD . A'U'u.'scs,DCa

with state matrices:

Avpses = diag(Aconv,i), Buses = diag(Beonw,i)

Cuscs,a = diag(Ceonv,A,i), Cuses,p = diag(Creonwv,D,i):

Dyscs,aa = diag(Deonv,a4,i); Dwvses,aAr = diag(Dconwv,AR,i)
Dyses,ap = diag(Deconv,AD,i)-

Dyscs,pa = diag(Deonv,DA,i); Duvses,prR = diag(Dconv,DR,i)
Dyses,pp = diag(Dconwv,DD,i)s (D.57)

Svscs refer to all the VSC stations of an MTDC system.
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D.3 HVDC grid

D.3 HVDC grid

An example of a 3-terminal HVDC grid is shown in Figure D.5. A general
HVDC grid will have:

e n DC buses.
e 1y DC lines.

® Ny converters (nys. DC buses of the total n DC buses will have a VSC
connected).

Figure D.5: Dynamic model of the DC grid.

As discussed in Section 6.1, the dynamics of the DC grid is fast in compar-
ison to the electromechanical oscillations and a concentrated m model for the
DC lines has been used, as shown in Fig. D.5. Nevertheless, if long overhead
DC lines or submarine/underground DC cables are consided, the frequency
dependent model proposed in [130] (with 7 sections with parallel branches)
might be more appropriated. Such models could be easily included in the
linearised model defining additional buses and lines in the DC grid.

The state variables of the system are the DC voltages and the currents
through the DC lines: *

Azpc = [Avpe, Adee)T, (D.58)

"DC refers to an HVDC grid.
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D Small-signal model

where:

Avpc = [AUget, .-, Augen)t € R™
Adge = [Nige sty oy Nicen, | € RMEXL (D.59)

The inputs of the system are the current injections in the DC buses:
Aipc = [Niget, .- Nigen)T € R™L (D.60)

Each converter takes the form of a current injection %4.; from the DC grid
viewpoint. If no converter is connected to a DC bus ¢, the current injection
will be zero: i4.; = 0.

The DC voltages, Avpc, are selected as outputs of the DC-grid model.
This choice will be useful when coupling the linearised models of the VSCs
and the DC grid.

Therefore, the linear model of the DC grid is given by:

Aitpc = Apc-Azpc+ Bpc-Aipc,
Avpc = Cpc-Azpc, (D.61)

with state matrices:

-1 -1
Apc = [ ~Ca (’E_,‘fc | ~Clag Ae } e RmFm)x(nini) (D 62)
L AT | -L Ra.

-1
Bpe — [ Coe } € ROvHne)xn (D.63)

OnLXn
Cpc = [I,xn|0 R (vtnr) D.64
DC [ n><n| anL] € ) ( . )

where:

Rdc = diag(rdc,m, ... 7rdc,LnL) S RannL, (D.65)
Lg. = diag(de’Ll, ey LdC,LnL) S ]RTLLXTLL, (D66)
Gdc - diag(gdC,lv LR 7gdc,n) S Rnxnv (D67)
Cac = diag(Cdc’l, ceey Cdc,n) S Rnxn’ (D.68)

and Ac. = (ay) € R™"™ ig the incidence matrix of the DC grid, whose
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D.4 Complete model of the VSC-MTDC system: converters + HVDC grid

elements are:

+1 if line { is defined leaving node i.
ajp = { —1 if line ¢ is defined entering node i. (D.69)
0 if line £ is not connected to node 1.

D.4 Complete model of the VSC-MTDC system:
converters + HVDC grid

Once the models of the VSCs (D.56) and the model of the HVDC grid (D.61)
have been obtained, they must be connected, leading to the complete lin-
earised model of the VSC-MTDC system.

Fisrt of all, a matrix Mpc € R™*™vse ig defined with the information of
which DC buses have a converter connected. The terms of Mpc = (mpc,ij)
are:

1 if DC-bus ¢ is connected to VSCj.

0 otherwise. (D.70)

MmpcC,ij = {

The current injection at each DC bus can be written from the current injec-
tions of the VSCs:
AiDC = MDC . Aivscs,DC' (D.?l)

Replacing (D.71) into (D.61),

Aipc = Apc-Azpc+ Bpc - Aipc
= Apc-Azxzpc + Bpc - (Mpc * tvses,DC)
= Apc-Azxzpc + (BpcMpcCyses,D) ATyscs
+(BpcMpcDyscs,DR)ATyscs
+(BpcMpcDyses,pA)AVyscs, AC
+(BpcMpcDyses,pp) AVses,DC- (D.72)

Replacing Avpe = Cpce - Azxzpe from (D.61) in (D.72) and in (D.56),
Avyses,pc can be eliminated from the state-space model of the MTDC,
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D Small-signal model

obtainig:

Ax.'USCS —
AZpc

|: Ayses ‘ Bvscs,DMDC' :| ) [ Ayses :|
BpcMpcCuscs,D ‘ Apc + BpcMpcDyses,pDCpDC Azpc

Bvscs R :| |: Bvscs A :|

+ ’ - ATyse + ’ -Av .

{ BpcMpcDyscs,DR vse BpcMpcDyses,pa vecs,AC
(D.73)

The outputs of the MTDC model will be the currents injected by the
VSCs into the AC grid of (D.56), which can be written as:

. AZyses
Alvscs,AC = [Cvscs,A 0] : A + D'vscs,AR « ATyses +
TDC
+Dvscs,AA . A'U'uscs,AC + Dvsc,AD . A'U'vs;c.s,DC
Ax
- C D C . vscs
[ vscs,A vsc,AD DC] AwDC

+Dvscs,AR : A7'vscs + Dvscs,AA : A'Uvscs,AC'- (D74)

Therefore, defining ® AZmide = [ATvses, Azpc|’, the complete lin-
earised model of an MTDC system can be written as:

AiTn,tdc = Amtdc : Aantdc
+Bmtdc,R « ATyses + Bmtdc,A . AUUSCS,ACa
Aivscs,AC = Cmtdc,A * AZmtde (D'75)
+Dmtdc,AR * A’r"uscs + Dmtdc,AA : A'v'vsc.s,ACy

with state matrices:

A tde = A'vscs ‘ Bvscs,DMDC :|
meae BpcMpcCoses,p | Apc + BbeMpcDyses,ppCpc |’
Byscs,r
B = vSeS, , D.76
mide, R BDCMDCDvscs,DR :| ( )

8mtdc refers to a multi-terminal VSC-HVDC system.
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D.5 Including several VSC-MTDC systems

Byscs,a
B _ vscs, , D.77
mide,A BDCMDCDvscs,DA ( )
Cmtdc,A = [Cvscs,A DUSCS,ADCDC]7 (D78)
Dmtdc,AR = Dvscs,AR7 Dmtdc,AA = Dvscs,AA~ (D-79)

D.5 Including several VSC-MTDC systems

If the hybrid system has more than one VSC-MTDC system (n,t4c), the
individual linearised models can be put together into a single model. The
states, inputs, outputs and state matrices of the linearised model of a generic
VSC-MTDC k (D.76)-(D.79) will be identified, from now on, with a super-
script ®). The linearised model of all the VSC-MTDCs together is given
by: ?

Azyrpe = AmrDe r ATMTDC
+Bymrpe,r - Arvmrpe + Burbpe,a - Avmrbe,Ac,
Aiyirpec,ac = Cuymrpe,a - ATvrDe
+Dyrpe,Ar - Arvmrpe + Dvrbpe,aa - AvMTDC,ACH

(D.80)

where the states, inputs and outputs are defined as:
Axprpe = [Azt) .. Agmeae)T (D.81)
AryTDe = [Am(;ﬁzs, cony ArfgﬁmC)]T, (D.82)

1 m C
A'UMTDC,AC = [Av'l(;s)cs,AC’ ceey sz(;chf:iA%‘]T’ (D.83)
A > _ A '(1) A '(nmtdc) T D 84:
IMTDC,AC = [ zvscs,AC”' ] zvscs,AC] ’ ( : )
and the state matrices are:

Aprpe = diag(AS) ..., Almae), (D.85)

“mtdc refers to a single VSC-MTDC system and MT DC refers to several VSC-MTDC
systems.
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D Small-signal model

Burpcr = diag(Bye .-, Binmide)), (D.86)
Burpc,a = diag(Boge 4. Blmiad), (D.87)
Curpc,a = diag(Cllye as- -, Comtac)), (D.88)
DMTDC,R = dlag(Dgzdc,R,vDT(sg;Zf}C{))a (D89)
Dyrpe,a = diag(Dv(izdc,Aa---7D7(g£3:j4))a (D.90)

For constant reference values, AT¢ony,; = 0. The linearised model rep-
resenting all the VSC-MTDC systems can, therefore, be included in the lin-
earised overall model of the system as was described in Section 6.3.

D.6 DC-voltage droop control

So far, the set points for the outer controllers Arcony,; are treated as inputs,
which makes it possible to test the dynamic response of the system under
set-point changes. For linerisation purposes, the set points will have constant
values leading to Arconv,; = 0. Nevertheless, if supplementary set-point val-
ues are added to the outer controllers, such as the DC-voltage droop control,
they should be included in the set-point vector ATcony,i-

In a converter ¢ with the DC-voltage droop implemented, its d-axis outer
controller will be in active-power control mode (see Subsection D.1.2) and
its active-power set-point value will be given by:

1
Bel — — Auges. (D.91)
’ kdc,i '

Eq. (D.91) can be written relating the set-point vector of the VSC with its
DC voltage:

Ref
pﬁ%if 1
Au,c 1 0
A’I‘conv,i = Aq?%CéZf = Dco’n’u,dc,i : AUdc,iy Dconv,dc,i = K 0l
8,0 c,i
AuSRief 0
(D.92)
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D.7 Supplementary control strategies

If ATconv,s of (D.92) is replaced in (D.1), one has:

Axconv,i = Aconv,i : chonv,i + BconU,A,i : A'UAC',i

dcdroop
+ Bconv ,D,i

A":con'u,AC’,i = Cconv,A,i * A:Bcon'u,'i + Dcon'v,AA,i * A'UAC,i
+Ddcd1‘oop

conv,AD,i

: Audc,ia

. Audc,i
Aidc,i = CconU,D,i : chon'u,i + Dconv,DA,'i : A'UAC',i
_|_1)dcd?“001J . Audc,ia (D93)

conv,DD,i

where most vectors and matrices are as in (D.1), except the matrices multi-
pliying Aug.;, which are given by:

dcdroop
Bconv,D,i = Bconv,D,i + Bconv,R,iDconv,dc,i7
dcdroop
Dcon’u,AD,i = Dconv,AD,i + Dconv,AR,iDconv,dc,ia
dedroop
Dconv,DD,i = Dconv,DD,i + Dconv,DR,iDconv,dc,i- (D94)

Once the DC-voltage droop control has been included in the linearised
model of each VSC, the process of building the complete model of the VSC-
MTDC systems must follow the steps described in Sections D.2-D.5 and

matrices Beonw,D,is Deonv,aAD,i and Deony,pD,; 0f those converters with
dcdroop dcdroop
conv,D,1’ conv,AD,:

Ddedroop o (D.94), respectively. Naturally, the VSCs with DC-voltage

conv,D_D,i ) )
droop will not have any independent set-point vector Arcony,; any more.

DC-voltage droop must be replaced by matrices B and

D.7 Supplementary control strategies

Supplementary control strategies with a general structure are included in
the model in this Section. The DC-voltage droop control strategies are a
particular case of the control strategies analysed in this Section. However,
they were described in Section D.6 due to their simplicity.

Supplementary control strategies at the VSC stations will manipulate the
set-point vector Arcony,s of the outer controllers. The linearised model of
generic supplementary control strategies for P and Q injections for the ith
VSC can be written as:
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D Small-signal model

e P control strategy:

Axcs,pi = Acs,pi*Axcs,pi+ Bes,pi* Aucs,pis
Re
Aps,if = Ccs,pi Axcs,pi + Dces,pi - Aucs,p,i{D.95)

e () control strategy:

Axcsi = Acs,i:Axcs,Q,+ Bces,Q,i Aucs,Q,i

R
AgiT = Cosqi- Arcsqi+ Dosqi - Aucs,q
(D.96)

Therefore, the linearised model of the P and Q supplementary control strate-
gies is given by:

Atcs; = Acs;-Axcs, + Bes,i Aucs,i,
ATconv,i = Ccs,i Azxcsi+ Des,i - Aucs,, (D.97)

where

Azcs,; = [Azcs,pi, ATcs,g.il’,

Aucs,; = [Aucs,pi, Aucs,g.i)’,

R R R R

AT conv,i = (AL, Aufel AlT AulTIT (D.98)

and

Acs,; = diag(Acs,pi, Acs,Q,i), Bcs, = diag(Bcs,p,i, Bcs,Q,i),
Ccs,i = Mcs - diag(Ces,p,i, Ccs,Q,i)
Dc¢s,; = Mcs - diag(Dcs,p,i: Dcs,q,i)- (D.99)

The generic set-point vector At conw,i is used in (D.98)-(D.99), with all pos-
sible set-point values of the VSCs, instead of using P and Q set-point values,
only. This is to preserve the flexibility of the model. Matrix Mcg of (D.99)
is used to include P and @ set-point values into vector Arcone,s- The DC-
and AC-voltage set point values, which are not used, will be filled with zeros.
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D.7 Supplementary control strategies

Therefore, matrix Mcg is defined as:

Meg = (D.100)

o O O
o= O O

D.7.1 VSC model + supplementary control strategies

The states of the supplementary control strategies are included in the model
of the VSC:

Amg)iv,i = [chon'v,ia AwCS,i]T, (D.l()l)

Hence, the linearised model of the supplementary control strategies (D.97)
is assembled into the state-space representation of VSC; in (D.1), giving:

AZCS . _ ACS  ALCS . pgC

CONv,? conv, i conv, Z

+B¢

con'v CS,i AU‘CS,’L'
con'v Aji A'UAC it Bcon'u D,i Audci?
Aiconv,AC,i = Cconv A,i Amcc;iv it Dconv,A,CS,i : Aucs,i
+Dcon'v AA,i AvAC i+ ng‘?’lv,AD,i ’ Audc,i
Aige; = Cconv D.i Awgﬁw it ngv,D,cs,i - Aucs,;
Dconv DA, AUAC,’i + Dconv,DD,i ’ Audc,i‘
(D.102)
The model of the VSC-MTDC system is obtained following the steps de-

scribed in Sections D.2-D.4, but now the model includes the input vector of
the supplementary control strategies of all the VSCs (Auyses,cs):

. ’
AmTn'lidc = Amtdc'Awmtdc

/ I
+Bmtdc,C’S : Auvscs,CS + Bmtdc,A : A'Uvscs,AC;
. /
A7l'vscs,AC = Cmtdc,A * AZmtde

+D;ntdc,A,CS * Alyses,cs + D;ntdc,AA * AVyscs,AC-
(D.103)
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D Small-signal model

D.7.2 Input signals of the control strategies

The loop is closed selecting the input vector of the control strategies (Auyses,c's)
as a linear combination of the desired output vector of the linearised model
of the VSC-MTDC system (AYmtde):

Auvscs,CS’ = H AYmide, (D'104)

where matrix H will depend on the control law used and any output vector
AYmitde can be written as:

Aymtdc = CAwmtdc + DAv'USCS,ACa (D105)

Therefore, if (D.104) and (D.105) are replaced in (D.103), the closed-loop
system is given by:

AZmtde = Amtde * ATmtde + Bmtdc,A . A'Uvscs,A07
Ai'uscs,AC = Cmtdc,A « ATmtde + Dmtdc,AA . AUvscs,AC(-D-l()G)

with state matrices:

Amtdc = A + B;ntdc,CSH : C’

mtde
Butde = Brtac + Btae,csH - D,
Cmtde,A = Crotae,a + Dintac,a,csH - C,
Dintde,as = Dipiac an + Dintae,a,csH - D. (D.107)
Finally, it is worth pointing out that the input signal of the supplementary
control strategy of every VSC can include, among others,

e The DC voltage at the DC side of the VSC station.
e The frequency measurement at AC side of the VSC station.
¢ The frequency measurement of all the VSC stations of the VSC-MTDC.

Therefore, all the control strategies proposed in Chapters 3-5 for transient
stability improvement and any other variants can be implemented in the
model. Supplementary control strategies for power oscillation damping have
been analysed in Chapter 7.

226



Appendix E

Small-signal analysis

E.1 Building complex linear state-space models from
simple models

This section describes a systematic methodology to build a large-scale state-
space system from simple linear models, following the guidelines of [181].

The following linear system is considered:

Az = AAx + BAu (E.1)
Ay =CAx + DAu (E.2)

with N states, N;, inputs and N,,; outputs.

Assume that the system is composed of Ny, simple linear subsystems
with the form (Fig. E.1):

Ay, = C;Ax; + D;Au; (E.4)

where ¢ = 1,..., Noyp-

Then, the following system, composed of the simple subsystems, can be
built:

AZxs = A;Axg + BsAug
Ay, = CsAxy, + D;Aug (E.6)

—~
e
Ut

=
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E Small-signal analysis

( U2=Yy1 N
u1 i % =Ax +Buy '3 / i X, = AX, + By, '3 y2
PY=Cx D | Y, = CoXp + Dol L e ,‘
— L P ZZW_,§X3:A3X3+B3U33
u / tY; = CyXg + Dyuy 7
Rest of the subsystems us=y2
\ J
X = AX + Bu
y = Cx + Du

Figure E.1: Linear model composed of subsystems.

where:
Aws = [A:I}l, ooy Aszub]T (E?)
Aug = [Aug,...,Aun,,]” (E.8)
Ay, = [Ay1,. .., Ayn,,]" (E.9)

where Ny is the number of states, Nj, s is the number of inputs and Nyt s
is the number of outputs.
Assuming that:

Ax = Ax, (E.10)
Augs = LAys + M Au (E.11)
Ay = NAy; (E.12)

Then, the following complete system can be obtained [181]:

Ai = AAz + BAu (E.13)
Ay =CAxz+ DAu (E.14)

where:

A:As+Bs(I_LDs)_1Cs ( )
B =Bs(I — LD;)"'M (E.16)
C=N{I-LD,)'C, (E.17)
D=N({I-LD,)*M (E.18)
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E.2 Modal observability and controllability factors
of VSCs

The output voltage and the current injection of VSCj, at the PCC, written
in the system D — () frame, are given by:

vj; =vp; + jUQj (Elg)
Ej =1ipj + JiQ; (E.20)

and the P and Q injections of VSCj at the PCC are:
8si = Vil] = Ps;j + s, (E.21)

Fig. E.2 ' shows a hybrid representation of the linearised model of a
power system with a POD controller (transfer function F(s,q)). In the PSS
controllers proposed in Chapter 7, the output signals (u) can be either the
active- or reactive-power set points of each VSC station, while the input
signal (y) is the frequency error, when using the weighted-average frequency
as set-point value. Hence, the frequency error at VSC station j is defined as:

€; =W — Wwj (E.22)

where @ is the weighted-average frequency:
n
w= Z QpWE (E.23)
k=1

This section describes the calculation of the observability factor of €; and
the controllability factors of Ap, ; and Ags ; (of the mode of interest i). They
were used to computed the residues and sensitivities in Chapter 7.

E.2.1 Observability factor

The observability factor of mode ¢ in the frequency deviation of AC bus j
(Awj) is given by [181]:

A1 v i

T 4 Avpj,i

obsa, i = CAw; VAvj,i = —— 5 [—UQjo UDjO} J (E.24)
J wo Ujo vAUQj,i

'Fig. E.2 was obtained from [181].
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where v; is the extended right eigenvector associated to mode i, ck Aw; is
matrix ¢ in Fig. E.2, when the frequency at the AC side of VSCj is selected
as output signal of the state system and vjq is the magnitude of the output
voltage of VSCj at the PCC. All these calculated at the operating point:

vjo = \/’UQD],O + véjo (E.25)

The error of the weighted-average frequency seen by VSCj is defined as:

n

€ =W —Ww; = Z(akwk) — Wwj (E26)
k=1

where a’s are the weighting factors used to compute the frequency set-point
value of the controller.

Therefore, the observability factor of mode 4 in the error of the WAF at
AC bus j (Agj) is:

n

obspe; i = Z(akobsmjk’i) — obsaw, i (E.27)
k=1

Ay

Figure E.2: Hybrid representation of a linear system.
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E.2 Modal observability and controllability factors of VSCs

E.2.2 Controllability factors

The controllability factor of mode i by the P and Q injections of VSCj (Apy ;
and Ags j, respectively) are given by [181]:

1 VD
T _ D350
conpp, ;i = w; bap, ; = {wA'UDj,i U)AUQ].J]—U2 vos0 (E.28)
Jjo J

1 VQ4
T _ Qj0
CONpAg, ;i = Wi bag, ; = [Waup, wAUQj’JTQ —onjo (E.29)
70

where w; is the extended left eigenvector associated to mode i and bApS’j
and bag, ; are matrices b of Fig. E.2 when P and Q injections of VSCj are
used as input signals of the state system, respectively.
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Appendix F

Additional results on the SSA
of control strategies

The Noride32A test system with a VSC-MTDC system in a heavily loaded
scenario, as described in Section A.3.2) is considered.

The impact of the transient-stability-tailored control strategies (proposed
in chapters 3-5) on the electromechanical modes with low damping will be
analysed now (modes A-H of Table 7.1 of Chapter 7). Special attention will
be given to inter-area modes.

As in chapters 3-5, the gains in strategies P-WAF, P-LF, Q-WAF and
Q-LWAF will be computed here as:

kp; = aikpr, kpr =Y kpy, (F.1)
=1

kal = aZkQ’T7 szT = Z kQ’j’ (F'Q)
=1

where «; is the weighting factor used to compute the weighted-average fre-
quency. Factor «; will be kept constant and with the same value for each
VSC (i.e. a; =1/3). Therefore the analysis will be restricted to the value of
the gains for P and Q modulation, kp; and kg ;, which will have the same
value for all converters (kp; = kpj, Vi, j). In other words, kpr and kg 7 in
(F.1) & (F.2) are changed. The impact of gains within the range [0, 500] p.u
(in p.u. referred to the converter rating) will be analysed.
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F Additional results on the SSA of control strategies

F.1 Strategy P-WAF

The system eigenvalues with strategy P-WAF using different values of kp;
are shown in Fig. F.1. Modes which are closer to the imaginary axis are
shown in Fig. F.1-(b). All system modes have negative real part for all
kp; € [0,500] p.u (gains in p.u. referred to the converter rating). Therefore,
strategy P-WAF does not produce undesirable instabilities.
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Figure F.1: System eigenvalues with P-WAF'.

The impact of gains kp; (strategy P-WAF) on the electromechanical
modes of Table 7.1 (A-H) is analysed now in detail. Gains kp; have been
changed from 0 to 500 p.u using a step of 5 p.u. The effect on each elec-
tromechanical mode is shown in Fig. F.2, where the damping ratio of each
mode versus the gain values in strategy P-WAF is represented. The following
conclusions can be drawn from the results:

¢ Initially, the damping factor of mode B increases significantly as gains
kp; increase. It reaches a maximum between kp; = 120 — 130 p.u and
it decreases from that point.

e Initially, the damping factor of mode A decreases as gains kp; increase.
It reachs a minimum for kp; = 100 p.u, approximately, and it increases
from that point.

e The damping factor of mode C increases as gains kp; increase but it
saturates in 11 % for gains 250-300 p.u, approximately.

e The damping factors of modes D, E and F increase slightly as gains
kp; increase.
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e The damping factors of modes F and G remain almost constant.
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Figure F.2: P-WAF. Damping ratio versus gains kp; (modes A-H).

F.2 Strategy P-LF

As shown in Chapter 3, local strategy P-LF cannot help much to improve
transient stability, since high gain values produce undesirable DC-voltage
fluctuations, which could reach their limits. If this strategy is used for
transient stability improvement, the gains should be in the range kp; =
10 — 50 p.u. However, for estimation purposes in strategy Q-LWAF (Chap-
ter 5), gains in the range of kp; = 5—10 p.u should be used. This application
of strategy P-LF justifies its SSA.

The system eigenvalues obtained using strategy P-LF with different gain
values are shown in Fig. F.3. In all cases, the system is stable.

The damping ratios of the electromechanical modes of interest of Table 7.1
versus the gain values are shown in Fig. F.4. For small gains, the effect of
strategy P-LF on the electromechanical modes is similar to the effect of
strategy P-WAF, which is consistent with the analysis of Chapter 3 (see
Subsection 3.4.1 and Figs. 3.6 and 3.7 of Chapter 3). If gains kp; are high
enough, strategies P-LF and P-WAF behave differently, since dynamics of the
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F Additional results on the SSA of control strategies

AC-side control strategy becomes faster and comparable to the dynamics of
the DC grid and the DC droop.
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Figure F.3: System eigenvalues with P-LF.
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Figure F.4: P-LF. Damping ratio versus gains kp; (modes A-H).
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F.3 Strategy Q-WAF

F.3 Strategy Q-WAF

The system modes obtained for different values of the gains kg ; in strat-
egy Q-WAF are shown in Fig. F.5. The system is always stable for kg,; €
[0,500] p.u.
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Figure F.5: System eigenvalues with Q-WAF.

The damping ratios of electromechanical modes A-H versus the gains
used in Q-WAF, kg ;, are shown in Fig. F.6. The following conclusions can
be drawn from the results:

e The damping ratio of mode B increases significantly as k¢ ; increases.

e Damping ratios of modes A, C and D also increase as kg, increases.
Notice that strategy Q-WAF is much more effective to damp mode A
than strategy P-WAF.

e Damping ratios of modes F and G remain almost constant for different
values of kg ;, which confirms that neither P nor () modulation can
help to damp those local modes.

e The effect of strategy Q-WAF on mode H is also very small.

e Unfortunately, the damping ratio of mode E deteriorates slightly with
strategy Q-WAF.
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Figure F.6: Q-WAF. Damping ratio versus gains kg, (modes A-H).

F.4 Strategy Q-LWAF

System modes using local strategy Q-LWAF, proposed in Chapter 5, with
different gains kg; are shown in Fig. F.7. The system is stable for all the
values of kg ; € [0,500] p.u, discarding potential instabilities.
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Figure F.7: System eigenvalues with Q-LWAF.

Damping ratios of the electromechanical modes of interest versus gain
values are shown in Fig. F.8. Results show that the effect of local strategy
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F.5 Strategies P-WAF and Q-WAF simultaneously (PQ-WAF)

Q-LWAF on the electromechanical modes is remarkably similar to the effect of
global strategy Q-WAF (expected from Chapter 5). Therefore, local strategy
Q-LWAF could also help to damp electromechanical oscillations using local
measurements, only.
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Figure F.8: Q-LWAF. Damping ratio versus gains kg; (modes A-H).

F.5 Strategies P-WAF and Q-WAF simultaneously
(PQ-WAF)

The results of Section F.1 proved that modulating the active-power injections
with strategy P-WAF could help to damp inter-area oscillations. However,
gains kp; should be designed to compromise the required damping ratio of
inter-area modes A and B, because their sentitivities with respect the kp;
are non linear. For example, mode B is damped as kp; increases but it
reaches a maximum and the damping decreases after that point. On the
other hand, the damping ratio of mode A decreases as kp; increases and
after a certain gain value, it increases. This phenomenon was not present
when using strategy Q-WAF, which could damp efficiently modes A, B and C.
Finally, strategy Q-WAF reduces the damping ratio of local mode E; slightly,
which could be damped (slightly too) with strategy P-WAF (see Figs. F.2
and F.6 for details).
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The results of Subsections F.1 and F.3 suggest to study the implemen-
tation of strategies P-WAF and Q-WAF together (PQ-WAF, for short) to
investigate if all the electromechanical modes of interest of Table 7.1 can be
damped by modulating simultaneously P and Q injections.

Gains in strategy Q-WAF were set to kg; = 200 p.u and gains kp; in
strategy P-WAF were changed from 0 to 500 p.u. The damping ratios of
the electromechanical modes A-H versus the gain values of strategy P-WAF
are shown in Fig. F.9. Results show that the use of P-WAF and Q-WAF
simultaneously, have a better performance than using P or ) modulation,
only.
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Figure F.9: PQ-WAF. Damping ratio versus gains kp; (modes A-H).
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