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Abstract

The advent of Wide-Area measurement Systems has spurred interest in the use of
non-local feedback signals for power swing damping control.

Although damping can be improved through generator excitation systems, dc
links and other grid connected power electronic converters, the full potential of wide-
area measurements can be realized by coordinating the strategies used for multiple
controllable devices in a grid. These strategies also need to be robust to partial or
complete loss of communication, changes in operating points, topology and equipment
outages, improve damping of all the controllable swing modes, and have adequate
stability margins to avoid destabilization of untargeted modes.

This thesis investigates a control strategy for multi-infeed and multi-terminal (also
referred to as multiple embedded dc links in this thesis) dc links using local frequency
difference signals as well as the frequency difference signals obtained from other dc
links. This strategy combines the advantages of the local frequency difference signal
with the additional degrees of freedom provided by the use of non-local frequency dif-
ference signals, to achieve targeted and enhanced swing mode damping for the poorly
damped modes. Since the strategy uses only a limited set of non-local signals, the
signals may be directly communicated to the dc links without having to be centrally
collated with other system-wide measurements.

The key aspect of the proposed strategy is the use of a symmetric positive defi-
nite (spd) gain matriz. This results in enhanced damping for all controllable swing
modes. Furthermore, loss of communication between the dc links does not destroy
the symmetric positive definiteness and the gain elements can be tuned to selectively

enhance damping of poorly damped modes.



Eigenvalue sensitivity analysis and case studies on a 3 machine 9 bus and 16
machine 68 bus system with multiple HVDC links are presented to demonstrate the

key attributes and the effectiveness of this strategy.
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Chapter 1

Introduction

1.1 Background

Power system networks are continuously subjected to faults and disturbances. These
disturbances could be small or severe in nature and trigger electromechanical oscilla-
tions. The movement of the electro-mechanical variables (frequency and phase angles)
after a disturbance is the superposition of the relative motion (swing modes) and the
common mode [1]. Relative motion is generally oscillatory for small disturbances
(swing modes) and the damping of the swings is generally a major concern. Large
disturbance stability of relative motion is also a concern [2]. While angular stability is
associated with the dependence of power flow on the relative rotor positions, Centre
of Inertia (COI) or frequency stability is dependent on the cumulative load-generation
balance within a synchronous grid [3].

In an ac system followed by a disturbance, machines tends to remain in synchro-
nism by providing two components of the restoring torques known as synchronizing
and damping torques. Where the synchronizing torque prevents any instability due
to angular drift in the machine’s rotor angle, the damping torque is critical to damp

oscillatory behavior. Another important component which plays a major role in the



dynamic behavior of the machines during transients is the inertia of the system. A
high inertia ensures the inherent capability of the system to avoid any deviation from
the synchronous frequency during disturbances. The equations of motion in per unit
describe the behavior of the synchronous machines during such disturbances [1] as

described below.

Aw, —Kp K Aw, L
di _ 2H 2H + 2H ATm (1 . 1)
N wo 0 A 0

Where,
K g=synchronizing torque coefficient in pu torque/rad
Kp=damping torque coefficient in pu torque/pu speed deviation

H=inertia constant in MW.s/MVA

(wr—wo)

Aw,=speed deviation in pu= n

Ad=rotor angle deviation in elec. rad

wo=rated speed in electrical rad/sec

1.2 Nature of Electromechanical Oscillations

As discussed earlier, during disturbances there is a relative motion between the rotors
of the machines, these oscillations can be classified as intra plant, local plant, inter

area, control, and torsional oscillations [4]-[5].

e Intra-Plant oscillations: When the machines in the same generating power
station oscillate against each other it gives rise to intra-plant oscillations. Os-

cillation frequencies are generally in the range of 2-3 Hz.

e Local Plant oscillations: When one machine in a plant oscillates against

other machines, the oscillation are termed as local plant mode. These are in



the range of 1-2 Hz.

e Inter-area oscillations: Inter area modes are triggered when a group of ma-
chines in one area starts swinging against a group of machines in another area.

These are generally of frequencies in the range 1 Hz or less.

e Control oscillations: These are mainly associated with the poorly tuned
controller of the exciters, governors, power system stabilizers (PSS), HVDC,

and FACTS devices etc. The frequency range can vary.

e Torsional oscillations: These are associated with the turbine generator shaft
system. These modes are generally excited due to the line compensation and
modes are less than the natural frequency in the range of 10-46 Hz. This

phenomenon is also known as Sub Synchronous Resonance (SSR).

The damper windings in the rotor are mainly effective to damp the oscillations in the
local machines but offers less contribution to the damping of the inter area modes. As
far as the intra-area and local plant modes are concerned, PSS are generally used to
modulate the voltage reference of the AVR to damp these oscillations. Traditionally
PSS design was based on the feedback parameters measured locally in an area and
therefore mainly utilized to damp local modes. But now with the advent of the
Wide Area Measurement Systems (WAMS), system wide information is available and
therefore signals rich in modal observability can be synthesized to obtain feedback
signal for the PSS design which can control the damping of the critical modes [6]-[7].
Despite these developments, many references have report on the limited capability of
PSS to damp inter-area oscillations [5]-[8].

The deployment of High Voltage DC Transmission (HVDC) and Flexible AC
Transmission System (FACTS) devices combined with the wide area measurement
system have ushered in new possibilities in the design of robust and effective con-

trols for improving angular stability. HVDC allows for precise control of power flow



between connected ac networks, without requiring them to be synchronous. Series
FACTS devices such as Thyristor Controlled Switched Capacitor (TCSC), and Static
Synchronous Series Capacitor (SSSC) injects voltage in the system can also effectively
control power flow on the line by modulating its impedance. Shunt FACTS devices
such as STATic COMpensator (STATCOM) injects the current into the system and
thus by controlling the reactive power supply and thereby the voltage at the connected
buses, the real power transfer capability of the system can be increased. FACTS de-
vices like Thyristor Controlled Series Compensator (TCSC) and Static Synchronous
Series Compensator (SSSC) which are series connected devices, and Static VAR Com-
pensator (SVC) and Static Synchronous Compensator (STATCOM), which are shunt
connected devices, have been deployed in many large power grids. HVDC links (both
Line Commutated Converter(LCC) and Voltage Sourced Converter(VSC) based) are
also embedded in many synchronous grids to transfer bulk power over large distances.
The fast response provided by the power electronic converters can be used to improve
angular stability. However, inter-area swing mode controllability depends on their
location in the grid and the quantity which is controlled e.g., shunt/series real or

reactive power[9)].

1.3 Local or WAMS based remote feedback signals for con-

troller design

Consider a system shown in Fig. 1.1. Here a damping controller for DC links between
buses 8-9 and 4-6 based on the local feedback signals (frequency difference between
buses 8-9 and 4-6 respectively) are an obvious choice for damping controllers, as
communication reliability will not be a concern. However, local signals may have
some constraints: a local feedback signal may contain, in addition to the critical
modes of interest, several other non-critical modes. Therefore, control effort may be

unnecessarily expended due to the presence of these non-critical modes. Moreover,
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Figure 1.1: Multi-infeed with two dc links, exchanging frequency difference signals

controller design has to be constrained so as to prevent possible destabilization of these
modes. Therefore, it is worthwhile to consider a wide choice of candidate feedback
signals including global signals available from WAMS [10]-[12].

WAMS involve the use of time synchronized measurements obtained using Phasor
Measurement Units deployed at several locations in a network[13]. High accuracy
system-wide relative angular information is made available by this technology, which
can be made available to stabilizing controllers. These remote measurements can
be used for the synthesis of signals with good observability properties (i.e., only the
modes of interest are dominantly observable in them). However, if a controller is
designed with remote measurements, it should be robust to a partial or complete loss
of remote signals and communication latencies. The control strategy should also work

well for different operating conditions including major changes in the network.



1.4 High Voltage DC Current Transmission (HVDC)

HVDC technology offers various advantages over ac transmission such as smaller right
of way, increased and controllable power flow for the same insulation level compared
to ac lines, ability to connect asynchronous systems, no requirement of series power
compensation, phase angles between ac systems interconnected through dc link can
be arbitrary, no skin effect, and lesser fault current levels.

There are also certain disadvantages of the HVDC such as, high cost of the con-
verter, tapping of DC power is difficult, high reactive power demand at the converter
ends, requirement of filters at the converter ends due to increased harmonics in the
system, and difficult to operate in DC grids. Based on the high cost of converter and
filter requirements but cheaper insulation level for HVDC, several references have re-
ported a break over distance of 600 km beyond which the overall cost for the HVDC
system is cheaper than the ac system. Thus, HVDC system are gaining popularity
for the long distance power transmission. Line Commutated Converter (LCC), and

Voltage Source Converter (VSC) are the two widely used HVDC techniques [14]-[15].

1.4.1 HVDC with Line Commutated Converter (LCC)

The basic building block for the LCC is thyristor. A thyristor conducts when a gate
pulse is provided and a positive voltage is applied between anode and the cathode
terminals. A thyristor cannot be turned off by removing the gate pulse, it turns off
when the current goes below the holding current. The commutation of the current
from one thyristor to another depends on the firing sequence, source inductance, and
the line voltage applied across the thyristor. Thyristors are triggered in a cyclic order
by providing appropriate firing pulses to the gate terminal of the thyristors to obtain
a DC voltage at the output. This DC voltage can be controlled by the firing angle of

the gate pulses. In the LCC converter, the direction of the current cannot be reversed



whereas the voltage polarity at the converters can be reversed[1].

There are some limitations in the conventional HVDC transmission such as: the
terminating ac networks must provide the commutation voltage, require reactive
power at the converter which must vary with loading (i.e. switched filter banks),
difficulty in operating into weak ac systems (Short Circuit ratios under 2), generates
Ac and Dc side Harmonics. They also have difficulty in operating into “weak” ac
systems. The strength of the ac system is quantified by the short circuit ratio (SCR),
which is the ratio of short circuit MVA to the dc power. When the ac filters and shunt
capacitors as shown in the figure are considered, the SCR is replaced by “Effective

Short Circuit Ratio” (ESCR) defined by[16]-[17].

SCMVA—Q

ESCR =
S Pdc

(1.2)

Where,
SCMVA=Short Circuit MVA
Q=Reactive power generated by the filters and shunt capacitors

P,;.=DC power

1.4.2 HVDC with Voltage Source Converter (VSC)

In the VSC converter, an IGBT with an antiparallel diode is used as the switching
device. The IGBT can be turned on by providing a gate pulse. Additionally, unlike
the thyristor of the LCC, the IGBT turns off on removal of the gate pulse. The
switching pulses can be produced by Pulse Width Modulation (PWM) technique such
as Sinusoidal PWM, Space Vector Modulation, or Harmonic Elimination. Compared
to the conventional LCC based HVDC, VSC HVDC systems are less affected by the
system strength[18]. They are suitable for use in dc grid as shown in the Fig 1.2

as power direction can be changed by current reversal, no filter requirements due to



less harmonics, and provides independent real and reactive power control. However,
VSC technology poses problems such as high switching losses and have higher cost
compared to LCC HVDC.

= an %;* O

G2 o

Figure 1.2: Multi-terminal dc link

In order to improve the harmonic spectrum of the voltage waveform in VSC, the
switching frequency has to be high. However, with the increase in the voltage level
it may not be possible to operate the switches at a high frequency due to switching
losses, EMI, and increased stress on the switches. But as discussed earlier decreas-
ing the switching frequency will deteriorate the harmonic spectrum of the output

waveform[19].

1.4.3 HVDC with Multi-Modular (MMC) Voltage Sourced

Converter

Multi-Modular Converter (MMC) is new technique that is essentially becoming the

de-facto option for large VSC-HVDC systems.

8
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Figure 1.3: Multi-Modular Converter

As shown in the Fig.1.3 in the MMC, multiple sub-modules can be cascaded
together. Each sub-module as shown in Fig.1.4 produces either a zero voltage when
switch 75 is closed or V. voltage when the switch T} is closed. These sub-modules can
be switched to produce a nearly sinusoidal voltage as shown in Fig.1.5 which results
in better harmonic spectrum (hence no harmonic filters are required) where each

sub-module acts as a controllable voltage source. A reference waveform is quantized



Figure 1.4: MMC Building Block
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Figure 1.5: Level Order

to determine switching instants for the sub-modules, special algorithms for capacitor
voltage balancing and ensuring sharing of module duty, and higher level controls

identical to other VSC topologies (i.e. decoupled id/iq control etc.)[20]-[21].

1.5 DC links embedded in ac systems

Many schemes exist in which HVDC links are embedded into the synchronous grid for
bulk and controlled power transmission. Multi-infeed and multi-terminal HVDC sys-
tems are examples of such systems as shown in Fig. 1.1 and 1.2. Where, multi-infeed
systems either share a common ac bus or connected to the buses that are electri-

cally close [22], multi terminal comprise of system where more than two converter
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terminate at the same bus.

During faults, if some of the ac lines trip then the remaining ac lines have to share
the burden of the tripped lines. Despite the capability of the DC links to transmit
additional power (on top of the steady state power) for transient periods, if the DC
link operates in constant power then it may result in the overloading of the adjacent
ac lines. This may even result in the loss of synchronism between the two ac networks
which the dc line connects. An example of such blackout was in Pacific DC intertie
in the year 1996[23]. This problem can be addressed if the power flow in a dc line
is allowed dynamically to take up the slack. A margin is generally kept to allow
for increased power flow in the dc link under transient conditions. Stability controls
will typically modulate or boost power in order to improve stability. Their action
is usually transitory and does not affect steady state power flow. In some dc links,
a run-up feature is provided wherein power flow is automatically increased when a
parallel ac line trips. The fast response provided by the power electronic converters
can be used to improve angular stability.

In a synchronous network with parallel AC-DC scheme, a derivative of the ac line
power or frequency difference between the converters can be measured to modulate
the power flow through the DC link. Such change in the DC power flow will result
in the increase in the damping of the swing modes. For instance in pacific intertie, a
derivative of power flow through the parallel ac line is obtained. This signal is passed
through appropriate filters and lead lag block to finally supplement the current order

at the dc link which has resulted in significant damping of the inter area modes.

1.6 Example of HVDC schemes that uses damping control

We will now summarize some of the existing asynchronous schemes in North-America
such as Square Butte HVDC, Nelson River Bipole in Manitoba, CU HVDC scheme,

Eel River Back to Back scheme which uses supplementary control to modulate the
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power through DC link to damp the oscillations in the ac systems.

e Square Butte HVDC scheme transmits 500 MW coal generated power from

1.7

North Dakota to Duluth, Minnesota. The bipolar dc system is rated at £ 250
kV and 1000 A dc. Low frequency swings were observed in the sending end
North Dakota system. Since the receiving end is a strong system, sending end
frequency deviation are measured and used as a feedback signal which modulate

the dc power by + 100 MW to damp any oscillations at the sending end [24].

Eel River scheme interconnects Hydro Quebec and New Burnswick Power in
the eastern Canada through two back to back HVDC converters each rated at
160 MW. Local frequencies at both the ends are measured to control the tie-line

power so that their is no communication requirement [25].

CU HVDC scheme has rectifier unit in North Dakota and inverter in Minneapo-
lis, Minnesota to transmit 1000 MW power. Damping power controller (DPC)
in the system modulates the dc line power in response to the change in the

deviation of rectifier end frequency with its output limited to £ 300 MW [26].

In the Nelson River Bipole, power is produced at Limestone, Long Spruce,
and Kettle generating stations in the North and is collected at the Henday
and Radisson Converter station as DC. This power flows to southern Manitoba
through a corridor of 900 km via Bipole I & II HVDC links (at 450 and 500 kV
respectively). In the south, Dorsey converter stations convert this DC power to

AC and feed into the provincial grid for distribution to customers [27]-[29].

Literature Review

Due to the fast acting power electronic converter, the capability of HVDC link

embedded in an ac system to respond quickly for the variable power demand
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and thus to improve the stability of the ac-dc system was first recognized in
1964 [30]. It was reported that by using feedback signals such as the frequency
deviations of the ac system to modulate the dc power can significantly improve

the damping of the low frequency oscillations. [31]- [32].

During the disturbances, generators electric power is less than the mechanical
power which results in the acceleration/deceleration of the rotors. This phe-
nomenon is known as first swing instability and their is a high probability that
the machines may go out of step if the angular drift is high. As discussed ear-
lier, following a disturbance, machines provide synchronizing torque which is
mainly useful to address the first swing instability as this torque is proportional
to the angular drift. However, since the turbine action is generally slow com-
pared to the fast acting HVDC control, short term overload capability of the
DC link may be utilized to give a burst of energy in the initial fault duration
to decelerate the generators. Such optimal bang-bang control is discussed in

33].

The problem of negatively damped low frequency oscillations in a realistic ac-
dc system was first brought into focus in Pacific AC Intertie in the year 1968
to 1971 shortly after the energization of the AC line between Pacific Northwest
and Southwest. The installation of PSS mitigated these oscillations temporarily
when these oscillations resurfaced in the year 1974. This posed a restriction on
the amount of the hydro power being transmitted to the southwest. However,
due to 400 kV DC line embedded into the system, the studies showed that
modulation of the current order for the link proportional to the rate of change

of ac power was very effective to improve the damping [34].

Fig. 1.6 shows the DC power modulation control to damp the swing modes

in the Pacific DC intertie. The system receives ac power as the input which is
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passed through a notch filters to mitigate the impact of the modulation on the lo-
cal swing mode frequency followed by differentiator and compensator blocks for
signal conditioning. The parameters of the compensator can be selected to pro-
vide the best damping at a selected frequency of choice. However, with changing
network conditions or loadings, the most critical frequency to be damped may
change, and the controller may not work satisfactorily. Hence, there is a need

to develop a robust controller, as is the subject of this thesis.

APqc e 3| NotchFilter Differentiator »  Compensator

Iorder

Figure 1.6: Pacific DC Intertie block diagram of the dc modulation system

e Several asynchronous links connecting the two synchronous regions also em-
ployed the dc power modulation technique to improve the stability of the ac
systems [35]. Local frequency at the converter station was an obvious choice as

the feedback signal to modulate dc power.

e The techniques to compute the eigenvalues for the large power system network
were also developed which could determine the controller action on the system

stability and detailed modal analysis of the system [1], [5].

e Since the real and reactive power are coupled in the LCC, only real power
modulation to damp the oscillations may result in the uncoordinated reactive
power modulation which may decrease the effectiveness of the method especially
in the weak ac system. A more rigorous explanation of the real and reactive
power modulation of HVDC link to improve the damping of the slow oscillations
was carried out by [36]. The analysis showed that active power modulation is
efficient when applied at a short mass-scaled electrical distance from one of the

swinging machines, and reactive power modulation is most efficient when there
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exists a well-defined power flow direction and the modulation is made at a point
close to the electrical midpoint between the swinging machines. It was shown
that the intuitively appealing feedback signals frequency and derivative of the
voltage are appropriate for active and reactive power modulation, respectively.
Detailed analysis on a test system was performed to show the effect of the

control on the eigenvalues of the system|[37].

Generally for the control design, classical control theory using frequency domain
methods has been traditionally employed where the objective of the controller is
to provide adequate damping for the dominant modes which lie in a narrow band
while taking care that it does not undamp the other modes. The optimization of
the controller performance is usually done by trial and error. Modern techniques
using optimal control and pole placement techniques are more attractive. For
such techniques a detailed mathematical model of the system is provided which
can determine the response of the system. The Kalman filter is used to generate
the estimates which in turn are fed to the regulator to generate the modulation

signal [38], [15].

A strategy based on “collocated” sensor-actuator pairs, which was proposed
for the damping of space structures [39] also generated interest [40] due to
its inherent robustness. The strategy introduces damping in the system by
mimicking the effect of viscous friction. Similar strategies for the damping of
swings in a power system using certain local measurements and FACTS/HVDC

devices (the actuators) have been described in [41][42].

One of the common problem faced while designing the damping controllers using
local feedback signals was the lack of observability of the swing modes and the
presence of non critical modes. Research has been carried out to develop the use

of wide area measurement signals for the controller design in the power system.
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For generator tripping and reactive power compensation switching to improve
transient stability and voltage support, Bonneville Power Administration (BPA)
has developed and demonstrated a Wide-Area Stability and Voltage Control
System termed WACS [43]. Hydro-Qubec plans to add new control loops to the
present SCs and SVCs regulators and to take advantage of extended wide-area
measurements to provide supplementary damping of the main 0.6 Hz inter-
area mode, and the idea has been validated in through simulations [44]-[46].
The TEPCO in Japan and EDF in France are also planning to carry out the
project about monitoring of out-of-step and separation control system based on
PMU [47]-[48]. In China, WADC was implemented on the Gao-Zhao HVDC

supplementary control in the China southern power grid.

Since WAMS involves transmission of signals over long distances the time delay
involved cannot be ignored. This time delay can effect the damping and may
also lead to instability [49]. Two kinds of solutions have been adopted to address
this issue, one is to design based on Lyapunov Stability criterion to keep the
system stable under time delay. Under this Linear Matrix Inequality (LMI)
method is used where Pade approximation by a rational polynomial is used to
remove the delay. Second method was to predict the delay by Smith Predictor

and compensate for the delay [50]-[52].

Some literature have also discussed the concept of “Synthetic Inertia” in the
wind turbine systems which is essentially extracting the stored energy from the
accelerating or decelerating turbine during disturbances that can momentarily
increase the total inertia of the system and thus reducing the frequency deviation

53]-[57].
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1.8 Gaps in the existing research

e Although state of the art techniques have discussed on introducing damping
effect through the dc links, none of the references have explicitly mentioned how
to mimic important properties of the ac line through dc such as synchronizing
torque which is essential to prevent loss of synchronism due to the first swing

instability.

e In case the WAMS signals are used for the controller design and the remote sig-
nals are lost then ideally the controller should revert back to the local feedback
signals. However, if the feedback signal is synthesized from the remote and local
signals using complex methods then it becomes difficult to predict the system

behavior during loss of communication.

e Control of power flow through the DC links bring changes to the jacobian matrix
of the system. Such change may bring positive or negative changes to the
eigen values of the jacobian matrix. While several references have tried to
ensure that for their control design to damp critical modes does not accidentally
destabilize the non critical modes, this problem becomes complex as the system
size increases. A niche method has to be developed for controlled injection of
the dc power at the ac buses which always brings positive damping effect to

all the eigenvalues of the jacobian matrix.

e In a multi-machine system with multiple HVDC links embedded into the ac
system, various swing modes can be present out of which some modes may be
well damped while others with a low damping. Coordination of power flow
between the dc links can bring extra degrees of freedom to achieve selective

modal damping, but no such strategy has been explored.

e In the asynchronous DC links, which connects two synchronous systems the em-
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1.9

phasis has been given to the damping of the frequency swings in the individual
synchronous systems. However, the overall centre of inertia motion of the rotors

of synchronous machines is also a concern.

The concept of synthetic inertia has not been explored in the synchronous AC
systems with embedded DC links. This could prove to be an important concept

to improve the stability of the HVDC system connected to a weak AC system.

Objectives of the thesis

Since the behavior of a system of AC transmission lines is quite well understood,
the guiding principle in this thesis is to make a dc line mimic beneficial aspects
of ac transmission lines, particularly their contribution to synchronizing torque.
This may be achieved by designing an appropriate phase angle and voltage
dependence of real and reactive power injected by a dc link. On the other
hand, problems in ac line characteristics like the non-linear power-phase angle
relationship can be avoided. The overall concept is to make a dc line like a

super ac line, with flexible control parameters, much like the FACTS concept.

The objective is to extend the above concept by making power flows in multiple
dc links or multi-terminal dc links mutually coupled to each other by exchanging
measurements local to the dc links. This strategy gives us additional degrees
of freedom in the form of the parameters M and R,,. These may be used to

selectively increase the leverage on a particular swing mode.

Another objective is to develop a robust control strategy using local and remote
signals which always brings positive synchronizing and damping effect to the
critical and non-critical modes and which should gracefully degrade to the local
signal during the loss of communication. In order to achieve this a control gain

matrix which modulates the power flow through the DC links by measuring
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feedback signals are designed to be symmetric positive definite in nature. This
brings two advantages, firstly when a jacobian matrix of the system is perturbed
by a symmetric positive definite matrix it always results in a positive synchro-
nizing and damping effect and secondly if the communication through a link is
lost the change in gain matrix corresponds to making the subsequent rows and
column elements to zero. This will still preserve the positive definiteness of the

matrix and ensure positive synchronizing/damping effect.

e The thesis also examines strategies like emulation of synthetic inertia using
signals like the local % to reduce frequency transient deviation. Both Line
Commutated Converter (LCC) based dc links and Voltage Source Converter
(VSC) based dc links are considered.

1.10 Organization of the Thesis

The thesis is organized into six chapters. This section gives a brief account of the
content presented in each chapter.

Chapter 2 describes the static power flow approach through the dc links which
will result in a controlled injection of power at the ac terminals. If the power through
the DC links is made proportional to the phase angle difference and voltage across
the converter bus then it will mimic an ac line and will result in a modified jacobian
matrix of the ac network. Since the real and reactive power are coupled in the
LCC network its power control will be different from the VSC. Strategies to control
this power through LCC and VSC such that it brings non negative change in the
eigenvalues of jacobian matrix is discussed such that it will always result in increase
of synchronizing effect. A 4 machine case study is presented to show the proof of
concept in order to understand the DC power control on the system stability.

In Chapter 3 we have introduced a simple circuit analogy which helps us to un-

derstand the control strategy to improve the angular stability by introducing both
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synchronizing and damping effect with controllable DC link. An extension of the
control strategy to multiple HVDC links embedded in the ac system and the impact
of using local and remote signals for the control design has been presented. A formal
state space approach has been used to quantify the results.

In chapter 4 we have shown various case studies which shows the implementation
of the proposed control strategy. 3 machine and 16 machine systems with multiple
VSC HVDC links are described to illustrate the degrees of freedom which can be
utilized to put more leverage on the damping of the selective modes. Small signal
analysis of the ac-dc system is carried out to show the eigenvalue movement for the
proposed control strategy.

Since in the earlier chapters we have discussed the utility of the dc power flow con-
trol to improve the system stability in the synchronous grids, we can also extend this
strategy in the asynchronous system in Chapter 5. Appropriate feedback signals can
be chosen for the emulation of system inertia and load-frequency dependence in order
to improve frequency stability. A test system is simulated in MATLAB/SIMULINK
based transient stability program with the implementation of proposed controller.

The main conclusions of this thesis are summarized in Chapter 6.
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Chapter 2

Embedded DC line as a “Super

AC” Line

This chapter discusses how a dc line can be controlled with a simple algorithm that
makes its behavior similar to that of an ac line. This avoids any sophisticated tuned
higher level controls and imparts the synchronizing torque transfer characteristics to

the dc line.

e This property can be implemented by modulating the power order signal to the
dc controller in proportion to the phase angle difference between the sending

and receiving end.

e How the real and reactive power flow control through a VSC and LCC link will
result in the change in the jacobian matrix of the ac network such that the

synchronizing effect increases?

e How the control strategy can be extended to multiple HVDC links embedded

in an ac system?
e A four machine case study with the LCC HVDC link is used to show the proof
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of concept.

2.1 A Static Power Flow Approach To Show Essential Rela-
tionship between the Real and Reactive Power Injections

to the Phase Angular Difference and Bus Voltage

It is instructive to examine the following relationship which holds true for an ac

network, for small deviations in real and reactive power injections.

e S (2.1)
AQsn AV
P,;, and @), denote the incremental vector of injected real and reactive powers respec-
tively, while A¢ and AV denotes the vector of bus voltage phase angles and magni-
tudes. For a lossless ac network with transmission lines, generators and interconnected
transformers, and passive compensation, the Jacobian matrix A is symmetric [42].

The addition of dc links results in a controlled injection of power at the ac termi-
nals. If the dc link power is made a function of phase angular differences and voltage
(like an ac line), the link manifests the behavior of an ac line. This will result in a
modified A matrix. Strategies to control dc link power which cause a non-negative
change in all eigenvalues of A are preferable [58].

Addition of an ac line in an existing ac network results in semi positive definite
change in A. This will increase the magnitude of the frequency of the eigenvalues, i.e.
strengthen the system. It is to be noted that if a symmetric matrix (A) is perturbed by
adding to it a symmetric positive semi-definite (having positive or zero eigenvalues), or
a symmetric positive definite matrix (having positive eigenvalues), then this results
in a non-negative change in all the eigenvalues of A [59]. Motivated by this, we
consider phase angle and voltage magnitude dependent power flow strategies for dc

links, which cause symmetric positive definite (or semi-definite) perturbations of the
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A matrix.

2.1.1 Single VSC based dc link emulating an AC line

With VSC based systems it is possible to control real and reactive power indepen-
dently. The simplest possibility is to make the dc link emulate ac line equations with
two controllable parameters of reactance x and susceptance B. The strategy could be
augmented to include the steady offsets which are controllable by a system operator.
For a single VSC based dc link connected between buses r and ¢ - see Fig. 2.1, the
real power flow and the reactive power drawn from the buses should be controlled as

shown in the equations below. The losses in the dc link are neglected.

Pr Pdc Pi
‘—» -

Q. Q|
r Emm— -

Figure 2.1: VSC based DC link
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Pye,, @, and Q;, could be adjusted by an operator during actual system operation.
This is a simple, predictable strategy which can be analyzed quite easily using
existing system analysis tools. To simplify it even further, the sinusoidal relationship
can be replaced with a linear one as shown in equations (2.2)-(2.4). The change in
angle still creates an increase in power which would tend to provide a synchronizing

torque. It does not seem necessary, however, to mimic the non-linear (sinusoidal)
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phase angular dependence of power flow (see Fig. 2.2 (a)) which is also the cause

of transient instability in ac networks following large disturbances. Therefore, the

following linear characteristics are proposed (see Fig. 2.2 (b)).
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Figure 2.2: Power Angle dependence in (a) ac line (b) dc line with linear phase angle

dependence
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(2.5)

The constants k,, k. and k; are controller parameters that can be appropriately

selected. ¢*, V¥ and V;* can be adjusted along with Py , @, and @;, to modify the

steady state power flow as desired.

The matrix A in equation (2.1) is augmented due to the voltage and angle depen-

dent terms of the real and reactive power injected by the dc link. The parameters

k,, k, and k; should be selected to be positive numbers as then the augmentation itself

is symmetric and positive semi-definite. This causes a non-negative change in all the

eigenvalues of the matrix A, as discussed in the previous section.
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This strategy also ensures that in case parallel AC paths are weakened due to an
ac line outage, then the dc link in the same corridor will automatically run-up and

share the burden with the remaining ac lines.

2.1.2 Power Flow control in a single LCC HVDC link

Unlike a VSC based link, the reactive power drawn by a LCC link is a non-linear
function of power flow in DC link and rectifier and inverter AC side voltage magni-
tudes. Independent control of reactive power is not feasible. Therefore in this case,
the choice of power flow characteristics has to be different.

The change in reactive power drawn at the two terminals r and ¢, as a function

of the deviation in real power and bus voltages is given by the following equation.

A r T Ve
N I DN (2.6)
AQ; 9i %l

Both the coefficient matrices are operating point dependent, and are derived in the
Appendix A. V,, and Vj, are the quiescent values of bus voltages.

Consider following power flow characteristic

Pdc:Pdco_l'APdca

where,

APw = by |6, — 60— %)+ 9, L)y Vo) 27)
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Therefore,

AP’I" kp _kp kpgr kpgi Agbr AQST
AP, —k k —kpgr —kpgi Ag; 0 [0 Ag;
_ P P »Y pY n [0] (0] ) (2.8)
AQ’I’ kpgr _kpgr k:pgz kpgrgi % [O] [H] %
AQi | | kg kg Kpgrgi kog? || 2 L7 ]
A A
= kyoo" + ku ’ (2.9)
AV AV
1% 14
o = {1 -1 g gi] (2.10)

k, is chosen to be positive. g, and g; are obtained from the linearized relationship
(2.6) and are positive as shown in Appendix A.

The matrix k,o00” in the equation (2.9) can be compared to the A matrix in the
equation (2.1). The changes brought about by the AP,. results in a augmentation of
the matrix A of equation (2.1) by a symmetric positive semi-definite matrix, which
has a beneficial outcome, as discussed previously. However, the perturbation brought
about by ky matrix in (2.9) which is an inherent dependence (not affected by our
strategy) is not symmetric positive definite in nature. Although it was observed that

for increased gain k, the change brought by k,c0” will mask the effect of k.
2.2 Discussion

2.2.1 Choice of Parameters

The value of parameters will affect not only the dynamic behaviour of the system,
but also determine the steady state power flows (if washout blocks are not used in

the implementation).
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Figure 2.3: Parallel AC-DC System

Although this can be determined by a system study, a guideline for the choice of
k, is to make it comparable to the reactance of a parallel ac line. For example if we
have two ac lines in parallel with a dc link as shown in the Fig. 2.3, with steady state
power flows given by the equations (2.11)-(2.13). During a contingency, if a parallel
ac line “2” trips, the power through the dc link can be modulated with &, = é Thus
the incremental power change in the dc link following a network disturbance will be
at least as much as the parallel ac path (assuming V,. and V; are at 1pu and non linear

dependence of sine function is neglected).

‘/r‘/; Sin(gbr - gbz)

Pacl - T (211)

Py = VY50 = 0) (2.12)
T2

Pue = Pye, + kp(dr — ¢ — ¢¥) (2.13)

2.2.2 Power Flow Re-routing

Changes in steady state power flow should generally be effected by a system operator

by changing Py, and ¢*, V.*, and V;*. These changes are based on optimal scheduling
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and online contingency analysis. The strategy could be changed to achieve changes in
power flow as shown in equation (2.14), unless the gains are applied through a washout

in which case the steady state power flow through DC link remains unaffected.

Py = Pye, + kp(dr — &) (2.14)

2.2.3 Strategies for Multiple HVDC Links

Multiple HVDC links can be controlled individually using strategies given in the
previous section. An interesting possibility is the emulation of mutually coupled power
flows by the exchange of signals among the HVDC links. For two VSC hvdc links
‘A’ and ‘B’ - see Fig 2.4 - a linear strategy with mutual coupling can be arranged by
simply introducing coupling terms in the coefficient matrix. An example of a strategy
which has mutual coupling in real power flow is given below.

Pca Pcao ka km ¢ra_ a " Z
S I I ¢ (2.15)

Pie, Pie, Kpw K, Pry — Gib — Py
It is important to have a symmetric positive definite gain matrix, in order to preserve
the beneficial aspects of the strategy. The strategy can also be generalized for more
than two links or multi-terminal links.
The main advantage of the exchanging variables between multiple dc links to
modulate their power flow is the additional degrees of freedom by which one may

control power flows in the network.

2.3 Case Study

Single LCC-HVDC link in a Four Machine System
Consider the case of a single 200 MW LCC based dc link embedded in the well known
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Figure 2.4: Multiple DC links embedded in an ac system

four machine system (data adapted from pp. 1151 of [1]) and is given in Appendix
C. A detailed generator model is considered. The generators are equipped with static
excitation systems. The loads are of constant impedance type.

The LCC link is controlled as shown in Fig.2.6 using the strategy given in equation
(2.7). The link is operated at 75% of its rating in CC-CEA mode and ¢, and g; are
evaluated for the corresponding operating condition by the procedure obtained in
Appendix A.

The simulated response for a fault in line 7-8 near bus 8, followed by the tripping
of the line, is shown in Fig. 2.7. The flow in the dc link increases due to the strategy.
Their is a maximum limit of 1.2 pu in the transient power carried by the DC. A
decrease in the angular excursion between generator 2 and generator 4 is clearly seen,
along with an increase in frequency (indicative of improved synchronizing torques in

the system).
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Figure 2.7: Response to a Fault in line 7-8 near bus 8 followed by tripping of the line
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2.4 Concluding Remarks

1. So far we have considered only a static approach under which we mimic the
powerflow behavior of the AC lines through DC by making the power injection

through them as a function of phase angular difference.

2. As brought out by the case study, although post disturbance angular separation
decreases, damping of the swings is poor. Therefore, a more detailed analysis is
required to examine the impact of the DC power flow strategy on the angular

stability of the system.

3. In the next chapter a simplified circuit analogy of a power system is presented
which demonstrates to understand dynamics of the system in the AC-DC sys-

tem.
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Chapter 3

Understanding the Impact of Super

Line Strategy on Angular Stability:

Using a Circuit Analogy of the Electromechanical System

The previous chapter described a strategy in which DC line mimics an AC line by
making the power proportional to the phase angular difference between the converter
stations. Also in the previous chapter we only discussed mimicking the dc line as an ac
line to introduce synchronizing effect but in order to avoid any oscillatory instabilities

damping torque is also required. The objectives of this chapter are:

1. To introduce a circuit analogy for a simplified power system which helps to
more easily visualize the control strategy to improve the angular stability by

introducing both synchronizing and damping effect with controllable DC link.

2. Extension of the proposed control strategy to the control of multiple and multi-

terminal DC links embedded in an ac system.

3. Discuss the impact of local and remote feedback signals on the control strategy
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and implementation of the control laws.

4. To develop a formal state space approach in order to quantify the effect of the

control strategy.

3.1 Understanding Power Swings: A Circuit Analogy

The control concept in this research can be more easily understood if we consider a
circuit analogy [15] of the electro-mechanical model of a power system, wherein the

following is assumed.

1. Generators are represented by the classical model (voltage source of constant

magnitude behind a transient reactance).
2. Generator mechanical power inputs and load active powers are constant.
3. Transmission losses are neglected.

4. Bus voltage magnitudes are constant(1.0 pu).

The circuit analogy transforms the power flow representation into a circuit represen-

tation by using the following analogies:
Power flow through a branch <= “Current”

Time derivative of bus voltage phase angle <= “Voltage”

By this analogy, the small-signal behavior of the simplified model of a power system
can be represented by an L-C circuit: From the swing equation, the time derivative of
the voltage phase angle (i.e voltage in the analog) across a generator is proportional to
the power flow (current in the analog) and therefore is analogous to a capacitor C (see
Fig.3.1a). Similarly, a lossless ac transmission line between buses ¢ and j is analogous
to an inductance £;; because power flow (current in the analog) is proportional to

the phase difference (integration of the voltage) across it (see Fig.3.1b).
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List of the Main Symbols used in this Chapter

o
w

wB

bd

Generator rotor angle

Generator rotor speed

Machine base speed

Bus voltage phase angle

Line current phase angle

Voltage phase angular difference be-
tween the buses to which a two terminal
dc link is connected

Generator inertia constant

Line current magnitude

Shunt injected reactive current

Power injected by generators

Shunt injected real power

Series injected real power

Two terminal dc link power flow

Bus voltage magnitude

Series injected reactive voltage (voltage

in quadrature with current)

d (dAS\ Lij
C ( dt ) = Ak Ci;
o ——"""" " —>—e

Lan |

dAS +| Agi AP; A%

/ dat . “Current” 1 OP;; 1
2H Lo 0(bi— b)) - T1a
“Voltage” C= wB ! (000 iz

= Partial Derivative is evaluated
at the equilibrium

(b)

Figure 3.1: Circuit Analogy of (a) Generator (b) AC Transmission Line
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The small signal analog circuit of a three machine system [60] is shown in Fig.
3.2. For the given assumptions, the oscillatory modes of the L-C circuit are the swing
modes of the original power system. Appendix I shows the comparison of the eigen

values for the original and analogous system with multiple HVDC links.
3.2 Control of Power Swings

3.2.1 Local Control Strategy using a DC Link

With this analogy consider the network shown in Fig 3.2. In its small signal analog

equivalent,

1. The transmission line elements can be transformed to reactances in the equiv-
alent model. This can be justified as follows,
Since the power equation (between buses ¢ and j7) is

o ‘/z‘/; SiIl ¢7§j

P, -

Assuming V; and V; are close to 1.0pu and ¢;; is small, then small signal equiv-

alent will be

A
AP, = 22

The small signal equivalent of the above equation can be written as

1 d(A¢; — Ag;)

AP, = —
Lij dt

Now in the analog equivalent the above equation can be written as
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which is essentially the model of the inductor of value X

2. In order to find an analogous equivalent for the machine, we first consider the

swing equation

Mdw
-, = Pm - Pe
dt
where
2H
M= —
wpB

The small signal equivalent of the above equation can be written as

MY _ _ap,
dt

Now in the analog equivalent the above equation can be written as

N

—AT
dt

The above equation can also be written as

which is essentially the model of the capacitor of value

_2H

wB

C

Now consider the addition of a DC link as shown in Fig.3.3. The main utility of
the circuit analogy is that it suggests a control strategy which can improve angular

stability with controllable network elements, say, a DC link®.

IThe figure shows a VSC-based DC link, but a Line-Commutated Converter(LCC) based link
may also be used.
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1. If power flow in the DC link is changed in proportion to the voltage phase
angular difference between the buses to which it is connected then the DC line
behaves like an AC line, i.e., the effect is the addition of another inductive link £
in the analogous circuit. This reduces angular deviations following disturbances

(synchronizing effect).

2. If power flow is changed in proportion to the derivative of the voltage phase
angular difference between the buses (i.e., the bus frequency difference), the
DC line behaves like a resistance R in the analogous circuit. This creates a

damping effect.

Both these effects are beneficial. There are certain advantages which are obvious if

such a strategy is used;
1. The control strategy is simple and uses local measurements.

2. The introduction of “resistive” and “inductive” links will always enhance damp-
ing and synchronizing effects respectively, for all swing modes in the system (ex-
cept for those modes which are not observable in the phase angular difference

at the DC link location).

3. When multiple DC links are present, the same strategy may be applied for each
of them (more resistors/inductors get added); their independent actions are not

adversarial.

The use of bus frequency difference signal for power swing damping with DC link
power control is not new, and has been derived earlier for a two machine system[36].
However, the circuit analogy shows that it is an appropriate strategy even for larger

multi-machine systems and multiple links.
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3.2.2 Multiple DC links: A Restricted Global Strategy

As mentioned in the previous section, the local strategy which emulates the effect
of resistance and inductance in the analogous circuit may be used in every DC link
present in the system. However, the circuit analogy suggests that with multiple links
and global measurements, one may also be able to emulate “mutual inductance” or
“mutual resistance”. This is depicted in Fig. 3.4 for a three machine system with
two DC links. This strategy gives us additional degrees of freedom in the form of
the parameters M and R,, as shown in Fig. 3.4. These may be used to selectively
increase the leverage on a particular swing mode.

The matrix shown in Fig. 3.4 should be symmetric positive definite, which also
implies that £, L2, R1 and R, should be positive. A mutual loss of communication
2 is equivalent to setting ﬁ and R—lm to zero. Therefore, we essentially revert to the
local strategy in case of communication problems. While there will be a quantitative
change in the damping and synchronizing effects due to this, it will not cause any
harm since the local strategy to which we revert also contributes to positive damping
and synchronizing effects.

The strategy for two DC links can be generalized to a larger number of links -
the inductance and resistance matrices will have correspondingly larger sizes, but
should be symmetric positive definite. If communication from/to a DC link is prob-
lematic, then that DC link should use only local measurements and all other DC links
should not use measurements from that link. Equivalently, all off-diagonal elements
of the inductance and resistance matrices corresponding to the link from/to which
communication is problematic are set to zero. Even if the values of other matrix
elements is unchanged, this will preserve the symmetry and positive definitiveness of

the matrices, and therefore the positive damping and synchronizing effects.

2Both Transmit and Receive: the loss of reception at location A from location B for a preset time
will automatically stop transmission from location A to location B
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3.2.3 Multi-terminal DC links

With a multi-terminal DC link, we can emulate multiple inductive and resistive links
in the analogous circuit as shown in Fig. 3.5. If partial loss of angular information
due to communication failure, say between buses 8 and 6 is detected, then Ry and
L5 should be set to infinity, i.e., the inductor and resistor, £, and R,, are removed.
In such a case, the control law will continue to provide a positive damping and

synchronizing effect.
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3.2.4 Extension to FACTS Devices

The utility of the circuit analogy presented in the previous section is limited to sug-
gesting control laws related to real power flows and phase angular differences. Ac-
tually, a larger set of actuator-sensor pairs and similar control laws can be identified
which introduce damping and synchronizing effects in the system. These can be in-
ferred from a mathematical formulation which also uses the classical generator model
as before, but relaxes the assumption of constant voltage magnitude at buses [42].
Series and shunt reactive power devices can therefore be made eligible for similar
control strategies using the corresponding actuator-sensor pairs - see Table 3.1 .
One may also extend the restricted global strategy to combine dissimilar devices
like a SSSC and a DC link, as shown in Fig. 3.6. For the scheme shown in the figure,
the signals Al and A¢; — Agg and their time derivatives are used to modulate AP,
and AVg using gain matrices. A formal state space analysis using these input-output

pairs is needed to prove this.

Table 3.1: Collocated Actuator-Sensor Pairs
Actuator Variable | Sensed Signal | Actuator Descrip-

tion

AP, A DC converter
terminal, STAT-
COM with energy

source.

Algr AV STATCOM, SVC

AP, AL SSSC with energy
source

AVgy Al TCSC, SSSC

3.3 Limitation of the Circuit Analogy

At first sight, it appeared that the circuit analogy would simplify the design of damp-

ing and synchronizing controllers; by allowing circuit theory to be used for designing

44



IS

Figure 3.6: The Control Strategy with Dissimilar Devices: DC Link and SSSC

the controllers. However, for testing on large systems, the approximations in this
theory, as well as the significantly increased calculations rendered it to be not so us-
able. Therefore, in the next section we have presented a formal state space analysis to
quantify the effect of the control strategy and the degrees of freedom that it provides

in terms of eigenvalue movement.

3.4 State Space Analysis

In this section, we present eigenvalue sensitivity expressions to evaluate the proposed
control strategy. We use the classical model of the electro-mechanical system with
constant real power loads to obtain the expressions. Losses in the electrical network
are neglected. The linearized state space equations for the classical model of a power
system may be written as follows:

AS A

=A + Bu (3.1)
Aw Aw
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y=C + Du
Aw

where the set of all controllable inputs due to HVDC and FACTS devices are:

u=[APy" AIgx" AP, AVR']"

If the measured variables are as follows,

y =[A¢" AVT AT AT
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then the matrices have the following structure [42].

[0] 1
A pu—
M4, [0]
Ag
Az
A=Ay —[Ap Az Ay AslJ,
Ay
- A51 -
0 0 0 0 0
FURVERS O N U B O
B, A Az Ay Ags
Agy [0]
Az [0]
C:_|:C5 [0] :| :_Jr
A [0]
As1 [0]

A22 A23 A24 A25
A32 A33 A34 A35
A42 A43 A44 A45

A52 A53 A54 A55

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

The matrix M is a diagonal matrix with % as its i diagonal element, where i de-

notes the machine number. The sub-matrices A;; relate the five sets of variables,

AP, AP," AIRT AP, AVy']"

to the variables

AT A" AVT AT AT

These matrices are obtained from the linearized real and reactive power balance
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equations for shunt and series connected devices [42]. For example, As3 denotes

8Psh
ov

the Jacobian matrix [%=£] which is evaluated at the equilibrium point, and which is
obtained from the real power balance equations at every node of the network. It has
been shown in [42] that,

(1) For a lossless transmission system, the matrices A;;, A, and D are symmetric,

77
while C5 = BT

(2) For a n machine system, the matrix A has (n — 1) pairs of purely imaginary
eigenvalues (the swing modes). The i eigenvalue is denoted by \;.

(3) The right eigenvectors e; and left eigen-vectors f; corresponding to the eigen-

value \; are related to each other by the following equation.

f5i )\iMegi ]\4'80.,i
f, = = h; = h; (3.8)
£, Mes, M=

where e,, and e;,, and f,, and f5 denote the right and left eigenvector components
corresponding to the rotor speeds and angles respectively. h; is an arbitrary scalar
constant.

(4) Due to the symmetry of A, and diagonal nature of M, es, may be chosen to
be real.

The change in an eigenvalue due to a small perturbation in the A matrix, AA, is
given by [5]

£TAA e

AN = T (3.9)

Using this equation, let us evaluate the eigenvalue change due to power flow modu-
lation in the dc links.

Consider a system in which there are [ two terminal dc links. Other controllable
elements (e.g, FACTS) are assumed to be absent. Additionally, if the variations in

the reactive power drawn by the dc links due to power modulation are neglected?,

3In Line Commutated Converter(LCC) based links, reactive power drawn at the converter ac
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then we have a reduced number of controllable inputs consisting of only shunt power
injections at the buses to which the dc links are connected. If dc transmission losses

are neglected, then we can relate u to the dc power flows (Py.) as follows.

APy, APy, —-R

APy,
Al 0 0
u= R = 2 : (3.10)
APy, 0 0]
APy,
AVg 0 0]

R is a n x [ matrix, where n denotes the number of buses in the network. Note that
this matrix relates the controllable shunt active power injections at the ac buses to
the dc power flows. R(i,q) = +1 and R(j,q) = —1 if the ¢'* link is connected to bus
1 and j, and the dc power flow direction is from ¢ to j. All the other terms of R are
Zero.

Let us use only the voltage phase angular differences between the ac terminals to
which the two terminal dc links are connected, as feedback signals. If the ¢** link is
connected to bus 7 and j, then the phase angular difference ¢4, = ¢; — ¢;. Therefore,

this set of signals for the [ dc links can be related to y as follows.

A¢g,
=R"A¢=[R" [0]" [0]" [0]"]y (3.11)

Agq,

terminals is dependent on the active power flow, while in Voltage Source Converter(VSC) based
links it can be regulated independently. Active power usually has greater controllability over a
swing mode than the reactive power and it is expected to predominate.
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If we use the following control law,

APy, Adg,
= oK,

APy, Agy,

where K, is a matrix gain and « is a scalar multiplying factor, then

u=—aSK,STy

where ST = [RT [0]" [0]" [0]7]

If the control law (3.12) is used, then

A) A)
y=C +Du=C —aDSK,STy
Aw Aw
Therefore, (3.1) becomes,
) 5
=(A+ AA)
Aw Aw

where,

AA = —aBSK,S"(I + aDSK,ST)"'C

Assuming that « is small, we can approximate AA as follows,

AA = —aBSK,STC

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

From the structure of B and C, shown in (3.5) and (3.6) respectively, it is clear that
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the structure of AA is as follows.

e 0 0
_ (3.18)
aM~'B,SK,5TCs 0]

Recognizing that C; = BL | we obtain (3.19).

AA=a o 0 (3.19)

~M~YB,SK,STBT) 0]

Therefore,

T T e.
A\ = —a f; BSI;SS Ce; (3.20)
fi €
[0] [ €4
[)\ie(;iT M egiTM} SK,ST |y [0]]
*M_le - ewi
= —« = (3.21)
€5,
{)\iegiTM e(;iTM}
eu;
Since \;es5, = e,
T T RT
€. BWSKSS B €s.
AN = — - © 3.22
“ 2)\ie5iTMegi ( )

For a swing mode, \; = 7€2;. Therefore,

' TR SK,STBTe;. ozl K, z;
A = 12 (ea, wea) _ Jjaz z (3.23)

T ZQZ egiTMe(;i N 291 egiTMegi
Note that M is a diagonal matrix with positive values on the diagonal. If a > 0

and the matrix K, is positive definite*, then quantity in the round brackets in this

equation is greater than zero if z; is non-zero. Therefore, this control law leads to an

4In other words, r” K,r > 0 for all non-zero real vectors r.
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increase in the frequency of the swing modes which are controllable by the dc links.

This is is a manifestation of increased synchronizing effects.

On the other hand, if we use the control law:

APy, Agq, Afa
d
= OéKd a = OéKd
APy, Agy, Afq
The control law (3.24) implies that u = —aSK;STy.
Therefore, from (3.2) we obtain,
Ad
y = C + Du
Aw
Ad -
= [ 0] —Cj ] —aDSK Sy
Aw
Therefore,
Ad AS , . .
= (A+ AA) +a°BSK S"[DSK;S"y]
Aw Aw
Ad
~ (A+ AA)
Aw

The approximation holds when « is small. Note that,

AA = —aBSK,ST [ 0] —C;s }

92

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)



From structure of B given in (3.5), we obtain the structure of AA, which is as follows.

| W 0
_ (3.30)
0] aM~'B,SKSTCy]

This leads us to (3.31), since Cs = BT

Ad—al| o (3.31)

0] —M~Y(B,SK,STBT)

where the matrices B,,S KSSTBE and BWSKdSTBZ are positive semi-definite.

then
0% egiTBwSKdSTBEegi « ZiT Kd VA
2 e(;iTMe(;i 2 e(;iTMe(;i

AN = (3.32)

which implies increased damping for all swing modes, if K, is positive definite and
a> 0.

Clearly, the control laws affect the synchronizing components (proportional to
angle variations) and damping components (proportional to speed variations) of the
electrical torque. Note that with positive definite K; the damping torque of all modes
is improved. This is the main idea for designing controllers used in this thesis.

If we wish to improve both synchronizing and damping effects, then the sum of
the right hand side of equations (3.12) and (3.24), may be used to modulate the dc
power flows.

Note that:
(1) In addition to being positive definite, it is advantageous if the matrices K

and K, are chosen to be symmetric positive definite (spd). If K and K, are spd and

53



have the following form,

X X X X

X X X X

where ‘x’ denotes an element of the matrix, then the following modified matrix
(obtained by setting the off-diagonal elements corresponding to the second row and

second column to zero), is also spd.

This follows from the properties of spd matrices that every diagonal element is positive
and every principal submatrix is also spd [66]. In this example, a 4x4 matrix is used
and the off-diagonal elements of the second row and column are set to zero, but
the property holds true for spd matrices of arbitrary size and for any row (and the
corresponding column).

This property implies that if we use a spd gain matrix and if the j** dc link is
unexpectedly shut-down or if communication from any dc link to the j** link is down,
then the positive definite character of the gain matrix which is important to achieve
the desired effects, can be retained by setting the non-local channel gains in the ;%
link to zero and multiplying with zero, the frequency difference signal from this link
which is sent out to the other links. This decision can be taken and implemented
locally at the j** link. Thus we can seamlessly revert to local control in case of
problems.

Any modification in the gain matrix, as long as it does not alter its spd character
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is acceptable in the sense that it will contribute to positive damping and/or synchro-
nizing effects of all modes (although it may not be optimal). Similarly, changes in
the network topology or operating conditions will alter B, €2; and es,, but as long
as the gain matrix is spd, the sign of A); is not altered - see (3.32). Therefore, this
strategy is robust to loss of remote signals as well as changes in network topology and
operating conditions.

(2) The implementation of the strategy is well within the capabilities of present
day technology. Measurement of frequency at a location and communication of this
signal is a part of PMU/WAMS functionality. With the modern day technology,
the phase and frequency signal (both signals approximately in quadrature with each
other) can be made available on a continuous basis in every cycle.

(3) As this control strategy requires a limited set of non-local signals, the use
of the phasor data concentrator at a central control center for collation of system-
wide data is neither necessary nor recommended, as this could add additional delays
and possibly reduce reliability. Instead, a direct communication link can be used to
exchange signals, as is the commonly the case with most HVDC links.

(4) Unlike other HVDC based damping controllers such as the one incorporated
in the Pacific DC Intertie which target only a particular swing mode of interest at
the most common operating point, the proposed control strategy provides improved
damping for all the swing modes of the system. In addition, it is robust to changes

in operating point and network conditions.

3.5 Concluding Remarks

1. The strategy for the control of power flow through dc links embedded in an
ac system is presented based on an intuitive circuit analogy of the electro-
mechanical model of the power system.

2. The control strategy introduce synchronizing and damping torque respectively if
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power flow through the dc link is made proportional to the phase and frequency

difference between the buses to which it is connected.

. The control strategy can also be extended to the multiple dc links which gives us
additional degrees of freedom to selectively increase the leverage on a particular

swing mode.

. For a multiple dc link, in the event of the loss of communication from a remote
link, the strategy reverts back to the local strategy which still ensures positive

synchronizing/damping effect.

. While implementation of the control laws if the steady state change in the dc

link power is not desired then appropriate washout blocks can be used.

. Since the control strategy has been introduced in an intuitive fashion, a formal
state space analysis is provided to analyze the eigenvalue movement when the dc

power flow is made proportional to the phase and frequency difference signals.

. A rigorous sensitivity analysis proof has been given in this chapter which explain
that the proposed control strategy improves damping and synchronizing effect of
all the swing modes of the system regardless of the change in operating point or
network condition of the system. Furthermore, it also shows that the proposed

strategy is robust to the loss of communication.
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Chapter 4

HVDC Superline concept and
Robust Control for single/multiple

HVDC links embedded in an ac

system: Case Studies

The previous chapter proposed a strategy based on intuitive circuit analogy for power
system network to control the power flow through the dc link to improve angular
stability of the ac-dc system. The proposed control strategy was based on various
assumptions such as generators have a classical model (i.e only frequency and rotor
angle are the states), generator mechanical power inputs and load active powers are
constant, transmission losses are neglected, and bus voltages are constant (1pu). In
order to test the efficacy of this control strategy on a realistic system, it was tested
on a system without any such assumptions where all the elements were modeled to

the fullest possible details. The objectives of the case studies in this chapter are as
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below:

4.1

. To validate the strategy on a detailed ac system (with detailed generator models,

transmission losses etc.)

To investigate the synchronizing and damping torque of the DC link embedded
in an ac system controlled by the proposed strategy and its impact on the

angular stability.

Demonstrate the stabilizing effect by utilizing the degrees of freedom provided

by the control of power flow through multiple DC links.

To assess the performance of the control strategy during various contingencies
such as increased loading, contingency (line removal), and loss of communica-

tion.

Conduct small signal analysis of the ac-dc system to show the beneficial eigen-
value movement for the proposed control strategy and its validation by the time

domain simulations.

Case Study 1: Two machine system with parallel AC-DC

links

A 2 machine system is simulated in PSCAD/EMTDC. From the circuit analogy, a

small signal analog circuit equivalent of this system is shown in Fig 4.1. Synchronous

machine in Area 1 is delivering power to Area 2 through double circuit AC line and

HVDC link. AC transmission lines are rated at 345 kV, 400 km in length at 50 Hz.

These transmission lines are modeled using Bergeron Model in PSCAD/EMTDC.

HVDC links are modeled using CIGRE benchmark model rated at 1000 MW 500

kV DC. In steady state HVDC link transfers 500 MW power from Area 1 to 2. Fig

4.2 shows the DC current order control implemented in PSCAD/EMTDC. Frequency
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Figure 4.1: Two machine with parallel AC-DC links and its small signal equivalent

model

difference at both the converter ends are measured. Gains K; and K, are selected

such that for 4+ 1rad/sec of frequency difference or lrad angular difference between

the two areas will modulate the DC power by £1000 MW. Since the strategy is to

use overload capacity of HVDC link to provide synchronizing and damping torque,

a hard limiter is introduced in the control to limit the current order to +£3% of its

steady state capacity (1030 MW). Both the synchronous machine in area 1 and 2

Ko

¥ /_Imax

+
I (Z ) Limiter
orderl 3

_/

Imin

K,

IorderQ

J

Af

Figure 4.2: Supplementary DC control for synchronizing and damping torque
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are rated at 22 kV, with 3080 MVA and 1025 MVA, and three phase resistive load of
1000 MW and 3000 MW respectively.

4.1.1 Effect of Synchronizing and Damping Torque through
HVDC Links

In order to show the synchronizing and damping effect through HVDC link on the 2
machine system a three phase fault is applied on one of the transmission line for 3
cycles followed by tripping of the line. These tests are performed with the following
HVDC controls

1. With synchronizing torque only.
2. With damping torque only
3. With both synchronizing and damping torque

From Fig 4.3 it can be observed that when the HVDC link is in synchronizing torque
control mode, the system can sustain the fault without losing synchronism, whereas
when the HVDC link is in damping control mode, the system could not sustain this
fault and loses synchronism. This is mainly because in the latter case the rotor angle
deviation is more due to which the machines lose synchronism compared to the HVDC
link with synchronizing torque control where the rotor angular deviation is lesser and
the machines remains in synchronism. The system shows better performance with

both the components of the torque.
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Figure 4.3: Longer Duration of Fault

4.2 Case Study 2: Three machine System

An illustrative example based on the three machine system is shown in Fig.4.4.
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Figure 4.4: Three Machine System

1
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A detailed generator model is considered. The generators are equipped with static

excitation systems with AVRs which are modeled by a single time constant transfer

function and gain, 250 pu/pu and 0.05s respectively. The loads are of constant

impedance type and the transmission lines have resistance losses. The two swing

modes of the system obtained using small signal analysis are described in Table 4.1.

Table 4.1: Swing Modes of the Three Machine System: Base Case

G

e | ST
O i

2

Mode Description

Eigenvalues

Swing Mode I: Generators 2 | -0.0556 + j 8.6550

and 3 swing against Generator
1

Swing Mode II Generator | -0.1353 +j 13.2844

3 swings against Generator 2,
with low participation of Gen-
erator 1

2

{m

l link B -LBEI_

[

=

Rl

©

I
Q
oY)

i
1

Figure 4.5: Three Machine System with two VSC DC links

Two VSC based DC links are introduced in the system as shown in Fig. 4.5 in order

to study the effects of the control strategy. The quiescent power flow in both links is
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set to zero, so that the study can be done for the same equilibrium condition as before.
The small-signal analysis program models the dc links as controllable power injections
at the buses to which they are connected. The reactive power injections by the DC
links are assumed to be regulated to zero by the VSCs. Since our objective here is
to analyze the movement of the electromechanical modes which are low frequency
modes using small signal analysis, we can ignore the details of modeling the VSC
because small signal analysis of such detailed VSCs will result in high frequency
modes. Instead we can simply model them as static loads with equal magnitude and
opposite sign (-P for the rectifier end and +P for the inverter end) power injections
at the converter buses. Any power modulation through these dc links based on the
proposed strategy can be added to the steady state power flow to achieve stabilizing
effects.

We consider three sets of gain matrices to illustrate the utility of the degrees of
freedom. The primary concern in this system is the damping of the swing modes.
Therefore, we consider only the “resistance” matrix - the “inductance” matrix is
set to zero, i.e., L1 =Ly =M = 0. Also, the time constant in the approximate
implementation of the derivative of phase angle is assumed to be small: T" = 10
ms. In a later case study with the 16 machine system, we have also explored the
synchronizing torque enhancement.

Note that the above approach is guaranteed to increase damping of all modes
as long as the gain matrix K, is spd. However, another concern is that the control
scheme must be robust to a loss of communication between the two links, in this case
the controller matrix structure reverts to a diagonal one. The diagonal elements of
K, (local gains) can be selected in the conventional manner based on local damping
controller design principles [61]. This ensures that with the loss of communication
the system behavior would be the same as that of two individually tuned HVDC

systems.The off-diagonal elements can then be selected with the constraint that Ky
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remain spd. The “resistance” matrices in Cases I and II given below are spd in nature
as their eigenvalues are positive (u; = 1.0, uz = 0.1). Case III denotes the case where
communication is lost (the mutual term becomes equal to zero) resulting in a local

strategy - the eigenvalues of the gain matrix are (3 = 0.28, o = 0.82).
CaseI: R4 =0.28, R, = 0.82,R,,, = —0.36
Case II: R; = 0.82, R, = 0.36,R,,, = 0.36
Case III: R1 =0.28, R, =0.82,R,, =0

The gains units are in pu/(rad/s) on a 100 MVA base.

In Case I, we chose the elements of the gain matrix such that the damping effect
on Swing Mode I is preferentially higher. In Case II, we preferentially try to increase
the damping effect on Swing Mode II. This effect is shown in Table.4.2. Note that in
both these cases, damping for both the swing modes have improved but to different
extents. Case III denotes the case where communication is lost (the mutual terms
becomes zero) resulting in a control scheme that uses only local signals.

In Case III, where remote signals are lost, an improvement in damping from the
no-damping-controller case of Table.4.2 is still observed, although the damping of

mode [ is not as good as in Case I.

Table 4.2: Effect of Restricted Global Strategy: Base Loading

Case Swing Mode 1 Swing Mode II

No Control | -0.0556 + j 8.6550 | -0.1353 +j 13.2844
1 -0.1848 + j 8.7604 | -0.2283 + j 13.3222
11 -0.0732 + j 8.6595 | -0.4582 + j 13.8626
111 -0.1550 + j 8.7201 | -0.3425 + j 13.5031

The results of the study done at a different loading condition (a 50% increase in
the load at the buses 5, 6 and 8) are shown in Table 4.3. The results for a different

network topology - line 5-7 is removed are shown in Table 4.4. The same set of gains
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as in Case I is used. Although the gains are not specifically designed for these cases,
they always work to improve the damping, attesting to the robustness of the control

law.

Table 4.3: Effect of Control Strategy: Increased Loading

Case Swing Mode 1 Swing Mode II
Without -0.1665 + j 8.4615 | -0.3497 +j 13.1670
Damping

Controller

Gains as in | -0.3015 + j 8.5734 | -0.4547 + j 13.1996
Case 1

Table 4.4: Effect of Control Global Strategy: Line 5-7 Removed

Case Swing Mode I Swing Mode 11
Without 0.1071 + j 6.7523 | -0.2657 + j 13.2076
Damping

Controller

Gains as in | -0.3354 + j7.0279 | -0.3712 + j 13.2634
Case 1

We now present a detailed simulation result to verify the conclusions. The mod-
eling is done on PSCAD. The two DC links are rated at 100 MW each, have “inner”
real and reactive current controls and use a PWM switching scheme. Reactive power
injections by the links are regulated to zero. The control strategy discussed in the
previous paragraphs is used to modulate the power flows of the DC links.

A disturbance is given in the form of a single phase to ground fault near bus 7
which is cleared in 60 ms by tripping line 5-7. The resulting swings without a damping
controller are unstable - the growing oscillation of 1 Hz is clearly seen in Fig. 4.6.
However, application of the damping controller is able to damp the oscillations (Fig.
4.7) as predicted by the eigenvalues of Table 4.4. From Fig.4.8 we can observe that
the small signal response (with control for line 5-7 removed) matches reasonably in

terms of the swing frequency and damping with the EMTDC simulation validating
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Figure 4.6: Response for a fault on line 5-7, followed by line tripping (No damping
controller).

110

90

Angular Difference (degrees)

time (s)

Figure 4.7: Response for a fault on line 5-7, followed by line tripping (damping
controller present).

66



105

— — — EMTDC simulation
small signal response

100

95|

N0

851

80

b9 — 01

4.5 5 55 6 6.5 7 7.5 8 8.5 9
time(s)

Figure 4.8: Comparison of EMTDC and Small Signal Results.

the small signal model. The swing frequency for the EMTDC is approximately 6.3
rad/sec while is slightly lower that the one obtained from small signal analysis is 7.03

rad/sec, but damping is same.

4.3 Case Studies: 16 machine System

The 16 machine system which is used to test the control strategy is shown in Fig. 4.9.
Two VSC dc links are introduced in the system at bus 41-36 and 52-37, as shown in
the figure. These are rated at 1000 MW and 1500 MW respectively. The reactive
power injections at the dc link terminals are maintained at zero. The base-case
powerflow, generator and network data are adapted from [5]. The generators are
modeled in detail along with their excitation systems. The small-signal and transient
stability analysis programs used in this section model the dc links as controlled power
injections at the converter stations. The damping controller for the dc links is shown

in Fig.4.10 with o« = 1, T}, = 20 s, while the compensator is disabled by setting
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Ty =Ts.

4.3.1 Eigenvalue Analysis and Gain Matrix Selection

The low frequency swing modes that are controllable by power modulation in the dc

links are shown in Table 5.1. The elements of the 2 x 2 gain matrix (k11, k22, and

Table 4.5: Low frequency Swing Modes Controllable by the two dc links: Base Case
(No control)

Mode Description/Generators with | Eigenvalues
high participation
Swing Mode I: Generators 13 and | -0.009 £ j 4.692
15 swing against 14 and 16
Swing Mode II: Generators 12 | -0.1134 j 4.248
swings against 13
Swing Mode III: Generator 14 | -0.003 4 j 3.364
swings against 16
Swing Mode IV: Generators 9 and | -0.080 4 j 2.497
13 swing against 14 and 15

Km = K12 = Ka1), are selected using an exhaustive optimization where the objective
function is to find the gains which give the best damping for the swing mode of
interest for the normal operating point. In this analysis, the normal operating point
is considered as one where all dc converters are operating at the rated condition. The

optimized gains are expressed in pu/(rad/s), on a 100 MVA base and are given below:
Case NC: No Control, i.e, the gain matrix is a zero matrix
Case I: k11 = 3.45, Koo = 1.32, Ky, = 2
Case II: k11 = 3.35, Koo = 3.96, K, = —2
Case III: k11 = 3.35, Koo = 3.96, K,, =0

Gains in Case I of Table 4.6 are optimized to preferentially damp Swing Mode

IV, i.e., make the negative real part most negative. As can be seen, this decreases
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Table 4.6: Eigenvalues (Base Network Condition)

Case | Swing Mode I Swing Mode II Swing Mode III Swing Mode IV
NC -0.009 + j 4.692 -0.113 + j 4.248 -0.002 + j 3.365 -0.080 + j 2.497
I -0.104 + j 4.430 -1.125 + j 4.136 -0.102+ j 3.379 -0.925 + j 2.975
II -0.212 + j 4.590 -0.288 + j 4.343 -1.246 + j 3.461 -0.343 + j 2.526
II1 -0.117 + j 4.451 | -0.892 + j 4.466 -0.689 + j 3.402 -0.656 £ j 2.646

from —0.08 to —0.925. Incidentally, it was observed from modal analysis that Modes
IT and IV have residue angles in a close range, therefore with an increase in damping
of Swing Mode IV, damping of Swing Mode II also increases from —0.113 to —1.125.
Gains in Case II of Table 4.6 are optimized to preferentially damp Swing Mode III
where damping increases from —0.002 to —1.246. Here k,, has a negative value.
Thus, x,, can be chosen to achieve targeted damping of modes depending on which
of them are found to be critically damped during actual operation. Case III is a
special case where the system is originally as in Case II, but there is an interruption
in communication between the two links. This is represented by setting x,, to zero.
As can be seen in Table 4.6, with the loss of communication, damping of Swing Mode
I1T is still better compared to the uncontrolled case (—0.689 in Case III as compared
to —0.002 in NC). This shows that the proposed control shown in the paper is robust

to the loss of communication.

4.3.2 Robustness of the Proposed Approach

We now test the proposed control strategy for different network conditions. The
eigenvalues when line 39-45 is removed and when line 8-9 is removed are shown in
Table 4.7 and 4.8. Although the gain matrices in Case I and II are optimized for the
normal operating point to damp Mode III and IV respectively with the lines in service,
the damping remains high and relatively unchanged. For example, the real part of

the Swing Mode III is —1.246 (see Case II in Table 4.6) and with the line 39 — 45

removed it is —1.255 (see Case II in Table 4.7). With the loss of communication, the
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real part of the Swing Mode III is —0.689 (see Case III in Table 4.6) and with the

line 39 — 45 removed it is —0.694 (see Case III in Table 4.7).

Therefore, the proposed control strategy is also robust with the change in the

operating point.

Table 4.7: Eigenvalues: Line 39-45 Removed

Case Swing Mode I Swing Mode II Swing Mode III Swing Mode IV
NC -0.008 + j 4.687 | -0.114 + j 4.242 -0.002 + j 3.356 -0.079 + j 2.493
I -0.104 + j 4.432 | -1.137 £+ j 4.111 | -0.099 &+ j 3.369 -0.931 + j 2.978
11 -0.203 + j 4.586 | -0.297 + j 4.335 -1.255 + j 3.454 | -0.342 £+ j 2.519
II1 -0.117 + j 4.453 | -0.899 + j 4.448 -0.694 + j 3.398 -0.658 + j 2.641
Table 4.8: Eigenvalues: Line 8-9 Removed
Case Swing Mode 1 Swing Mode I1 Swing Mode II1 Swing Mode IV
NC -0.007 + j 4.689 | -0.077 + j 3.803 -0.012 4+ j 3.310 -0.110 + j 2.294
I -0.223 + j 4.380 | -1.643 £ j 3.800 | -0.104 £ j 3.507 -0.903 £ j 2.566
11 -0.188 + j 4.639 | -0.431 + j 3.803 -1.225 £+ j 3.457 | -0.265 £ j 2.317
II1 -0.245 + j 4.424 | -1.017 + j 4.131 -0.739 £+ j 3.282 -0.413 4+ j 2.436
4.3.3 Validation by Time-Domain Simulation

We now validate the small signal analysis results shown in the previous section by
time-domain simulations to assess the performance of the damping controller for
different sets of optimized gains. A three-phase fault is applied on line 39-45 near
bus 45, which is cleared in 4 cycles by tripping that line. The response of rotor angle
difference between generators 14 and 16 is shown in Fig. 4.11 along with the power
flow in the dc links in Fig. 4.12. Without the damping controller, we observe poor
damping of the Mode III. As seen from Fig.4.11, that with the controller of Case II
in place, damping of Mode III remains high and agrees with the conclusion based on
eigenvalue analysis earlier in this section. Similarly, if communication is lost, as in
Case III, the damping though less than that with the gains in Case II, is nevertheless

better than that for the uncontrolled case.
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Figure 4.11: Response for a fault near bus 45, followed by tripping of line 39-45.
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Figure 4.12: Power Flow through DC line for a fault near bus 45, followed by tripping
of line 39-45.

Fig.4.13 shows the response for a fault near bus 8 which is cleared by tripping
line 8-9. The lowest frequency Swing Mode IV is excited by this disturbance, which
is observable in the rotor angle difference between generators 9 and 15. Since Case
I gains are optimized to provide best damping effect for the lowest Swing Mode 1V,

the time-domain simulation validates the result predicted by the eigen-analysis.

4.3.4 Effect of Communication Delay

Delays in communicating the remote frequency difference signals will result in phase
delays in these signals at the swing mode frequencies. These delays may be variable,
but delays below a certain value can be converted to fixed delays by buffering the
signals. The phase lag at a swing mode frequency caused due to a transport delay Ty
is given by QT},, where (Q is the radian frequency of the swing mode. For example, a

50 ms delay will cause a phase lag of about 11.5° at 4 rad/s.
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Figure 4.13: Response for a fault near bus 8, followed by the tripping of line 8-9.

Small and equal phase lags in the local and the remote channels of a damping
controller will contribute to synchronizing effects. However, since the transport de-
lays are not present in the local signal, the phase compensation parameters for the
remote and the local channels may have to be different, unlike in Fig. 4.10. For small
transport delays, one may be able to achieve an acceptable overall performance with
minor adjustments in the design, but it is pragmatic to revert to the purely local
strategy if delays are large.

We now consider the effect of a 100 ms delay in the non-local channel for the
controller shown in Fig. 4.10. The gains corresponding to Case I are used. No phase
compensation is used. The response of all rotor angles with reference to the centre-of-
inertia angle (dcos) are shown in Fig. 4.14 with and without the delay. It is clear that
for this disturbance, the delay in the non-local channel does not cause a significant

difference in the performance of the controller.
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5



4.3.5 Line Commutated Converter dc links

We now consider the effect of introducing LCC links instead of VSC links. The power
ratings are the same as before. The load-flow is slightly different, as the LCC links
draw reactive power at the ac terminals which is partially compensated using filters.
The reactive power is a function of the real power flow, and varies when a damping
controller modulates the dc power. Nonetheless, since the controllability of swing

modes by reactive power variation is expected to be smaller than active power, we

expect that the changes will be marginal.

Table 4.9: Effect on Low-Frequency Swing Modes (LCC links)

Case Swing Mode I Swing Mode II Swing Mode III Swing Mode IV
NC -0.004 + j 4.716 | -0.102 £+ j 4.257 | -0.005 £+ j 3.421 -0.073 £ j 2.515

I -0.327 + j 4.848 | -0.248 4+ j 4.220 | -0.3164 j 3.433 -0.959 £+ j 2.305
I1 -0.185 + j 4.753 | -0.280 + j 4.192 | -0.966 =+ j 3.524 | -0.329 £ j 2.462
I11 -0.296 + j 4.794 | -0.337 + j 4.208 | -0.610 + j 3.517 -0.621 + j 2.382

Table 4.10: Eigenvalues (LCC links): Line 39-45 Removed

Case Swing Mode I Swing Mode II Swing Mode III Swing Mode IV
NC -0.004 4+ j 4.709 | -0.103 &+ j 4.253 | -0.006 + j 3.413 -0.072 £+ j 2.512

I -0.321 4+ j 4.838 -0.249 4+ j 4.214 -0.312 £+ j 3.430 -0.963 + j 2.304
IT -0.184 4+ j 4.745 -0.279 4+ j 4.190 -0.956 + j 3.515 -0.330 £+ j 2.461
111 -0.293 £+ j 4.785 -0.336 £ j 4.204 -0.605 £+ j 3.511 -0.623 + j 2.379

Table 4.11: Eigenvalues(LCC Links): Line 8-9 Removed

Case Swing Mode I Swing Mode II Swing Mode III Swing Mode IV
NC -0.002 + j 4.711 | -0.059 4+ j 3.839 | -0.007 £ j 3.345 -0.106 + j 2.309

I -0.339 + j 4.832 | -0.302 4+ j 3.913 | -0.450 £+ j 2.910 -0.826 + j 2.389
II -0.193 + j 4.731 | -0.509 + j 3.747 | -0.827 £ j 3.452 | -0.258 £+ j 2.291
II1 -0.311 + j 4.776 | -0.549 4+ j 3.984 | -0.589 + j 3.119 -0.469 + j 2.311

The effect of the strategy is brought out in Tables 4.9- 4.11. As in the case of

the VSC links, the introduction of the controller brings in additional damping in all
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the cases. The effect on various modes can be changed by changing the elements of
the gain matrix (Cases I, IT and III), as before. This is also confirmed by simulation

studies, the results of which are shown in Figs. 4.15 and 4.17.
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Figure 4.15: Response for a fault near bus 45, followed by tripping of line 39-45;
System with LCC links.

4.4 Concluding Remarks

In this chapter we tested the efficacy of the proposed control strategy on the detailed
systems using small signal analysis and time domain simulations. The effectiveness
of the proposed control strategy to mimic dc line as an ac line (by introducing both
synchronizing and torque through dc), and using spd gain matrices to ensure positive

synchronizing and damping for all the swing modes was confirmed.

e A 3 machine case study with multiple DC links is simulated using MATLAB/SIMULINK

based small signal and transient stability program.
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Figure 4.17: Response for a fault near bus 8, followed by the tripping of line 8-9;
System with LCC links.
— Choosing symmetric positive definite gain matrices ensured positive syn-

chronizing and damping effect.

— As shown by the eigen value analysis, multiple DC links provided extra
degrees of freedom to put more leverage on the damping of the selective

modes.

— FKigenvalue study also shows that the proposed control strategy is robust

towards the change in the network topology, and loss of communication.
— The results are validated using electromagnetic transient simulation.
e A similar study is carried out on a larger 16 machine 68 bus system with two
embedded VSC links into the system. Both eigenvalue analysis and transient

simulation shows an improvement in the system stability with the controlled

power flow through the DC links.

79



Chapter 5

Asynchronous System connected

by HVDC links

Our discussion in the previous chapters was mainly focused on improving the angular
stability of the AC-DC system by controlling the power flow through the HVDC links
embedded in a synchronous system. A great advantage of HVDC systems is that
they allow the ac networks on the sending and receiving ends to be asynchronous, i.e,
the phase angle difference may change continuously or the frequency of these systems
can be different. Although this means that disturbances on one side are isolated from
the other, it also implies that left to themselves, i.e., operated in constant power
mode, they do not actively aid in damping power system oscillations either. Various
configurations in which asynchronous DC links connecting synchronous grids is shown
below in Fig. 5.1.

Asynchronous dec links, as shown in Figs. 5.1(a), 5.1(b) and 5.1(c), can regulate
the power exchange between grids. If power modulation is introduced, they can also
be used to damp power swings and/or reduce transient and steady-state deviations

in frequency by emulating inertia and power-frequency regulation(droop). Such a
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a) Asynchronous dc link connecting two synchronous grids

(b) Asynchronous dc links connecting several (¢) Multi-terminal asynchronous dc links
synchronous grids connecting several synchronous grids

Figure 5.1: Asynchronous dc links

strategy should ensure that the interconnected grids assist each other without caus-
ing excessive stress to either of them. A description of some practical schemes for

controlling asynchronous links are given in [35, 63, 64, 65].

5.1 Review of Some Control Schemes for Asynchronous Links

The aim of this section is to discuss the implications of adopting various control
strategies to improve the angular stability of the synchronous grids connected by

asynchronous HVDC link.

e Consider the asynchronous connection shown in Fig. 5.1(a). A do-nothing
strategy from the point of view of damping oscillations is to keep the two grids
decoupled from one another as shown in Fig. 5.2(a) by having a constant dc

power flow.
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Figure 5.2: Control Strategies for Asynchronous Links

If the strategy shown in Fig. 5.2(b) is used, then although the disturbances in
Grid 1 become observable in Grid 2, they are uncorrelated to the dynamics of
Grid 2 and thereby cause no change in the modal characteristics of that grid
(assuming both the grids have different modal characteristics). This control
strategy only assists Grid 1, and Grid 2 is expected to be tolerant to the reflected
disturbances in Grid 1. Any attempt to damp a targeted swing mode in say
Grid 2 by modulating the dc power mainly depends on the observability of that
swing mode in the feedback signal which is used to modulate the dc power. If in
addition to the targeted swing mode, some other un-targeted swing modes are
also observable in the feedback signal then the dc power modulation may affect
the damping of these un-targeted modes too. Therefore, the effect of the control

strategy on the numerous swing modes of the grids needs a careful evaluation.

Another area of interest is the improvement in frequency deviation followed by
a load or generation loss (common mode). We know that the rate of change of
frequency in any grid depends on the inertia of the system, i.e. a system with
high inertia will observe lesser frequency deviations compared to a area with

low inertia. Consider three cases here:

— In Case I, consider a low inertia Grid 2 asynchronously connected to a
Grid 1 with high inertia. In this case, control the dc power infeed into

grid 2 to minimize frequency deviation. This dc power control will result
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in frequency deviation in Grid 1, but since this Grid has high inertia, the

rate of change of frequency deviations will be low.

— In Case II, consider the two grids with comparable inertia. In this case,
any attempt to reduce the frequency deviation in one grid will result in a
similar rate of change of frequency deviation in the other grid. Therefore,
in this scenario a droop control may be used where one grid (say Grid 1)
can allow a limited dc power modulation to reduce the sudden frequency

deviation in Grid 2 while suffering limited deviation in its own frequency.

— In Case III, consider two grids with weak inertia. If a strategy like the
one above is followed, some assistance to Grid 2 can be still be provided,
but this should be done cautiously as it could result in a severe drop in

frequency in Grid 1.

The objectives of this chapter are as follows:

e To propose a control strategy for dc power modulation such that damping of
the targeted mode should not worsen the damping of the un-targeted modes

but rather improve it.

e To propose a simple droop control strategy which will improve the frequency

deviation in a grid with relatively small impact on the other grid.

e To develop a generalized control strategy for single and multiple asynchronous

links.

e To develop a mathematical characterization of the effect of the control strategies

on the interconnected grids.
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5.2 Proposed Control Strategy for Emulating Inertia and

Power-Frequency Droop

This section describes that how a simple control strategy can be formulated for a
single or multiple asynchronous links to improve the inertia and damping of the

synchronous grids.

5.2.1 Single Asynchronous link

Consider an asynchronous link connecting two grids, as shown in Fig.5.1(a). Let us
assume that all the generators in each grid are assumed to be coherent within the
grid, and each represented by one single equivalent generator, and their respective
frequencies are f; and f5. If losses are neglected, then P, = — P, = P+ AP, where P
is the scheduled power and AP is the output of the frequency droop/inertia controller.

Consider the following strategy!:

dAfi dAf

AP = (03] aQ — QQT + ﬁlAfl - 62Af1 (51)

The prefix A denotes the change from the nominal value.
Note: i, as, 51, fo are all greater than or equal to zero. The equation (5.1) can be
re-written as follows.

AP PN A
o T e o (5.2)

AP, dt | Ap, Af,

1Only the basic strategy is shown here, without the implementation details. In practice, a
transfer function which approximates the derivative block (e.g, H%) will be used. In addition,
limiters, filters and washout blocks may be used to restrict the bandwidth and steady state output
of the controller.
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where,

1 —1 (651 0
As =

-1 1 0 (0%)

1 -1 B 0
B, = '

1 1 0 B

Suppose that there is a sudden step power imbalance at ¢ = 0 s in each of the grid
which are initially in steady-state. In such a case, the rate of change of frequencies

at t = 0% s can be obtained by combining 5.2 with the equation of motion[1].

2H; dAf
Iy o 2 dt _ P1

_ 2Hs dAfe
(0%} f32 + (0%) dt pQ

where, p; and ps denote the power imbalances in the grids. (Hy, fp,) and (Ha, fB,)
are the inertias and base frequencies of the grids.

Note that if a1 > 0 and ay = 0, then the effective inertia of only Grid 1 undergoes
a positive change while the Grid 2 effective inertia will decrease. Thus Grid 2 by
bearing a frequency deviation is effectively helping to reduce frequency deviation in
Grid 1. This is not a necessary deleterious in nature if Grid 2 is a strong system with
higher inertia compared to Grid 1. However, as discussed in the earlier sections that
if the inertia of two Grids is comparable then the control parameters a; and as can
be appropriately chosen to introduce a droop control to share the burden of reducing
frequency deviation in both the grids.

The steady state frequency can be obtained from the following equation.

Di+8 =B Afy _ |~ (5.3)

—B1 Dy + 35 Afy P2

Dy and D, are the damping factors due to frequency-dependent loads and governors.
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As described in Appendix B that if the control matrix for dc power modulation is
selected to be positive semi definite in nature, then it will always result in the positive
damping of all the swing modes, here again if 5; > 0 and $; > 0, and 1 = 35, then the
control matrix in equation 5.3 will be positive definite in nature, which will result in
a positive damping for all the controllable swing modes through dc power modulation

in both the Grids.

5.2.2 Multiple/Multi-terminal Asynchronous links connect-
ing many grids

The strategy for one link can be extended to the three grids shown in Figs. 5.1(b)

and 5.1(c)?.
AP, Afy Afy
d
AP, | = As T | AR | +Bs | Af (5.4)
AP; Afs Afs

The matrices A3 and Bj are of the following form where matrix A introduces inertia

effect and matrix B introduces damping effect.

mM2+713 712 M3 ap 0 0

A= —m2 M2t 723 723 X1 0 a2 O
—713 —Y23 Y13 + Y23 | 0 0 ag

G2+ G3  —Ci2 —Ci3 B 0 0

B = —C2 CG2+Cs3  —(3 X1 0 B 0
—C13 —C23 Q3+ Co3 | 0 0 ps

2In practice, any two of the three powers (AP, AP», AP3) are specified and the third AP3 ~
—AP; — AP,. This is because the links have very low losses and are assumed to have no energy

storage.
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The parameters (712, Y23, ¥31) and (Ci2, (23, (31), may be chosen based on the rel-
ative ratings of the links between the grids. For example, if the asynchronous link
between Grid 2 and Grid 3 in Fig. 5.1(b) is of a low rating, then 793 may be cho-
sen to be smaller relative to the other parameters. The parameters (7yi2,723,731),
(C12, Ca3, G31) (1, g, a3) and (B, B2, f3) can be appropriately chosen as positive defi-
nite to ensure the positive improvement in the inertia and damping of the subsequent
grids respectively.

One can intuitively understand the effect of these strategies by considering the
circuit analogy of the electro-mechanical system, wherein the bus frequency is the
‘voltage’ and power is the ‘current’. It is evident from Figs. 5.3(a) and 5.3(b) that
the effect of the inertia-emulation strategy is to pull together the grids, transiently,
through the inter-grid ‘capacitances’. Similarly power-frequency droop has a resistive
effect.

This strategy can easily be extended to a larger number of asynchronously con-

nected grids.

(a1 Go3 03(T)Ds Lgfﬂ
I3

I3 :
Gi2
o- Y12 -
LoD i ~ ik 2O T B SO e RO I
(a) Single Asynchronous Link (b) Multiple Asynchronous Links

Figure 5.3: Circuit Analogy of the Control Strategy for Inertia Emulation

5.3 Case Studies

In order to demonstrate the efficacy of the proposed control as described in the above
section, a test system shown if Fig.5.4 is simulated in Simulink. Modeling of the

HVDC systems in power flow and stability studies is based on the discussion in [1].
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Figure 5.4: Test System - I for Asynchronous Link Controls

Two synchronous grids are connected by two LCC based HVDC links. Details
of the system are given in Appendix F. The test system is inspired by the Nelson
River scheme in Manitoba with generation in the north (generators 4 and 5) and
consumption in the south (generators 1,2,3, and 6). The two areas are completely
asynchronous. Also, the frequency in the sending end in nelson river system can
transiently differ by up to 10 Hz from the nominal. This is because no local loads are

connected there.

5.3.1 Performance of the test system with the proposed con-

trol to emulate inertia and power frequency droop

The objective of this section is to implement the dc power modulation control for
the two LCC HVDC links as described in equation 5.1 for the test system. The
power through the DC links is modulated proportional to the sending and receiving
end frequencies to introduce damping to the swing modes in both the grids and its
derivative to reduce frequency deviation in both the grids. Since both the links are
of the same rating the value of the gain parameters are chosen as a; = ay = 0.1,
and 1 = B = 0.1 which ensures positive definite nature of the control matrices and
hence positive inertia and damping effects. Table 5.1 shows the eigenvalues of the

system with and without the proposed control. The table shows that the frequencies
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of the swing modes with controller have reduced compared to the frequencies of the
swing modes in Table 5.1, this can be seen as an apparent increase in inertia of the
system due to the inter-grid “capacitances”. Damping of the modes in both the grids
have also increased due to the resistive effect brought by the frequency dependance

of power.

Table 5.1: Swing Modes of the Test System with Proposed Control

Mode Description Without Control | With Proposed Control
Swing Mode I: Generator 1 against Generator 6 -0.1409 + j 13.5491 -0.2846 + j 13.0314
Swing Mode II Generators 1 and 6 against Generators 2 and 3 -0.6069 + j 12.5668 -1.0443 + j 11.6639
Swing Mode III Generators 1 against 6 against Generators 2 against 3 | -0.3459 + j 12.1020 -1.0663 + j 11.3804
Swing Mode IV Generator 4 against Generator 5 -0.4948 + j 3.6837 -0.5124 + j 3.6583

e The simulated response for a fault at generator 2 bus followed by tripping of

the same generator is shown in Fig 5.5-5.8.

e Fig.5.5 shows the reduction in the power order through the dc links due to the

given fault.

e Without the controller in action, dc link power drop results in a sudden fre-

quency deviations in the generators 1,4,5, and 6.

e With the inertia controller in action for both the grids, frequency deviations are
reduced. This contingency also triggered a swing mode of approximately 12.56
rad/sec in the generator 3 as shown in Fig.5.8 which is well damped with the

damping controller in action.
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Chapter 6

Conclusions and Future Work

Wide area measurement signals based controllers for HVDC and FACTS devices
has attracted the attention of many researchers to improve angular stability of the
ac system. However, if several wide area signals are used, it becomes difficult to
intuitively understand the effect of various parameters in the controller. Furthermore,
it becomes a challenge to ensure the robustness of the control strategy with the change
in the network topology and loss of communication. The objective of this thesis was to
investigate a control strategy for multi-infeed and multi-terminal dc links embedded

in the ac system which
e [s robust to the loss of communication, and changes in the network topology.
e Always improves damping for all the swing modes of the system.
e Can be easily adapted to achieve targeted damping of the critical swing modes.

e Uses a limited set of local and non-local signals to ensure the intuitive under-

standing of the parameters on the controller.
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6.1 The Main Contributions of this Thesis
The main contributions of this thesis are the following:

e Detailed literature survey is provided which critically explains state of the art
research conducted since 1960’s in the HVDC based power modulation to en-

hance the ac system stability.

e An intuitive “circuit analogy” for the detailed power system is presented in
Chapter 3 which captures the information regarding the electromechanical modes
of the detailed system through a simple circuit with R-L-C elements. The main
utility of the circuit analogy is that it suggests a control strategy which can
improve angular stability with controllable network elements, say, a DC link. It

describes that:

— If power flow in the DC link is changed in proportion to the voltage phase
angular difference between the buses to which it is connected then the
DC line behaves like an AC line, i.e., the effect is the addition of another
inductive link in the analogous circuit. This reduces angular deviations

following disturbances (synchronizing effect).

— If power flow is changed in proportion to the derivative of the voltage phase
angular difference between the buses (i.e., the bus frequency difference),
the DC line behaves like a resistance in the analogous circuit. This creates

a damping effect.

— With multiple HVDC links, there are additional degrees of freedom to de-
sign the control matrix. If the control matrix is chosen to be symmetric
positive definite (spd) it always results in improvement of the damping of
all the swing modes. Furthermore, since mutual resistance and inductance

could be emulated with multiple HVDC links by exchanging the remote
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signals, the control matrix was appropriately designed to provide increased
damping on certain modes. In case the remote signals are lost, mutual re-
sistance/inductance in the control matrix become zero and the control
strategy falls back to using only local signals. Furthermore, this loss of
communication between dc links does not destroy the symmetric positive
definiteness and the control matrix which still introduces improved damp-

ing of all the modes.

e Since the proposed control (based on circuit analogy) in Chapter 3 was based

on the following assumptions:

— The ac system is modeled using simple classical model
— Transmission losses are neglected

— Bus voltages are essentially at 1pu.

It was important to validate the efficacy of the proposed control method on
the detailed system where the above mentioned assumptions are approxi-
mate. Therefore, a formal state space explanation is shown in Appendix B
which analyzes the eigenvalue movement of the system when the dc power
flow is made proportional to the phase and frequency difference signals.
Detailed three machine and sixteen machine case studies were simulated
in MATLAB/Simulink to validate the proposed control strategy. Small
signal and time-domain simulations were performed on these system to
test the methodology explained in the thesis. The results showed that,
as expected, the proposed strategy yields guaranteed positive damping
for all swing modes, and is robust to changes in operating conditions and
network topology. During the loss of the remote signals, the local strat-
egy as expected confirmed to provide positive damping. It was also seen,

that although the proposed method increases damping of all modes, gain
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matrix elements can be selected to increase damping for some modes more

than others. This was done by trial and error, and not by optimization.

e While designing the real power control through the dc links, we assumed that
the corresponding change in the reactive power is zero. This is particularly true
in case of the VSC dc links where real and reactive power can be independently
controlled. However, in the case of the LCC dc link the real and reactive power
are coupled i.e., reactive power increases monotonically but non-linearly as real
power is increased. A small signal analysis for both the VSC and LCC dc links
showed that the resultant small signal gain matrix can easily be chosen to be a
symmetric positive definite matrix in the case of VSC, but in the case of LCC
links it is not spd in nature (due to the corresponding reactive power modu-
lation). However, through simulation it was seen that this problem essentially
exists only when the LCC operate at low power order, as the real power order
increases it masks the effect brought by the reactive power modulation and the

gain matrix is approximately spd in nature.

e As far as the impact of the time delays on the performance of the proposed
strategy is concerned, when tested on the sixteen machine system, the damping
was seen to be relatively unaffected by time delays as large as 100ms. However,
if time delays are a concern a dedicated communication link could be used,

instead of relying on phasor data concentrators.

e The proposed control strategy was also extended for the case of synchronous
grids connected asynchronously by a dc link. By the circuit analogy concept it
was shown that the derivative of the frequency signals can be used to emulate
the inertia effect which transiently pulls the grids together to reduce the sudden
deviation in the grid frequencies followed by a disturbance. In the circuit anal-

ogy this effect is represented by a “capacitor”. Furthermore, it was also shown
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that by the proposed control strategy, we can ensure improved damping for all
the controllable swing modes of the system. A test system similar to the Nelson
River Bipole Scheme was simulated in MATLAB/Simulink with the proposed

control to demonstrate the small signal and time domain simulation results.

6.2 Future Work

This thesis mainly looked at modulating the real power through the HVDC links pro-
portional to specific set of feedback signals in order to introduce additional synchro-
nizing, damping torque and inertia. However, the proposed strategy was restricted
in the sense that only real power modulation proportional to the phase difference
(and frequency difference) was explored. It would be of interest to test the method-
ology proposed in the paper with the reactive power modulation and its effect on
the ac system stability. Also other shunt/series FACTS devices can be explored with
different pair of feedback signals such as shunt injected reactive current/voltage mag-
nitude, series injected power/Line current phase angle, and series injected reactive

voltage/voltage magnitude.
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Appendix A

Small signal analysis of Line

Commutated Converter

Here,

P,=Real power at the rectifier end
(),=Reactive power at the rectifier end
V,.=Line-line ac Voltage at the rectifier end
K,=1.35

1,=DC line current

Vu=DC Voltage at the rectifier end
Vior=ideal no load voltage at the rectifier end
o.=Power factor at the rectifier end
R,=Commutation resistance at the rectifier end
R;,=Commutation resistance at the inverter end
R;.=DC resistance

P;=Real power at the inverter end
(Q;=Reactive power at the inverter end
V;=Line-line ac Voltage at the inverter end
K;=1.35

V4u=DC Voltage at the inverter end
Visi=ideal no load voltage at the inverter end
¢;=Power factor at the inverter end

R;=DC line resistance at the inverter end
a=delay angle

~vy=extinction advance angle
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Real and reactive power at the converter buses are related as:
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If the DC link is operated in Mode 1 Rectifier is in CC mode and inverter in CEA
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control mode hence Ay =0
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If the DC link is operated in Mode 2 Rectifier is in CIA mode and inverter in CC
control mode hence Aa =0
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AQr _|9r Vo
32 [r]aren 2 .

We consider Example 10.2 in [1], where a bipolar dc link with a rating of 1000 MW
and +250 kV is given. The ac side voltage is 220 kV. The line resistance is 10€2/line.

3
Each converter has a 12-pulse bridge with R, = — X, = 12). The parameters of the

T
linearized equation 2.6 are calculated for four operating points as given below.

1. DC link is operated with rectifier on CC control with o = 18.16° and inverter
on CEA control with v = 18.167°. The inverter end voltage is 500 kV and
inverter end power is 1000 MW. The results are shown on a 1000 MVA, 220 kV

base.
AV,
AQa.. |  [0.81 243 —2.93] | Vo
{AQdCl} - [0.91] Afue+ { 0 —0.61] AV,
Vio

2. If the rectifier end AC voltage is dropped by 20%, and transformer taps are
unchanged then rectifier control will reach «,,;, = 5°, and inverter operates in
CC mode with v = 37.23°.

AV,
AQq., |  [0.71 2.3 —2.22] | Vio
|:AQdC¢:| B |:11} APdC + |: 0 —025:| AV;
Vio

3. If the inverter end AC voltage is dropped by 15%, mode 1 is possible i.e. rectifier
operates at CC mode with a = 15.8° and inverter operates at CEA mode with
v = 18.16°. The transformer taps are changed to ensure « is within limits and
inverter side dc voltage is nearly 500 kV.

AV,
AQqc, | _ [0.76 2.78 —2.77| | Voo
[AQdJ - [0.88] AP+ { 0 —0.55} Ay,
Vio

4. If the power is reduced by 50% i.e to 500 MW, then with o = 18° and v = 18.16°

we obtain,
AQ 0.59 127 —144] | %2
dey _ . . — 1. T0
{AQdJ = [0.74] A+ { 0 —0.15} AV
Vio
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Appendix B

4-machine, 2-area System Data

Table B.1: Machine bus data

Bus No. | Voltage (pu) | Power generation (MW)
1 1.03 700
2 1.01 700
3 1.03 719
4 1.01 700

Table B.2: Load bus data

Bus No. | Real load (MW) | Reactive load (MVAr) | Shunt Load Q¢ (MVAr)
7 967 100 200
9 1767 100 350
Table B.3: Line data
From Bus | To Bus | Resistance (pu) | Reactance (pu) | B(total)/Tap Ratio
) 6 .0025 025 04375
6 7 .0010 010 01750
7 8 .0110 110 1925
7 8 .0110 110 1925
8 9 .0110 110 1925
8 9 .0110 110 1925
9 10 .0010 .010 01750
10 11 .0025 025 04375
1 5 .00 01667 1.000
6 2 .00 .01667 1.000
10 4 .00 .01667 1.000
11 3 .00 .01667 1.000
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Table B.4: Machine data

Gen. No. | xd xd’ xd” Tdo' | Tdo” | xq xq xq” Tqo | Tqo" | H

1 0.2000 | 0.0333 | 0.0278 | 8.00 | 0.03 | 0.189 | 0.061 | 0.0277 | 0.4 | 0.05 | 58.500
2 0.2000 | 0.0333 | 0.0278 | 8.00 | 0.03 | 0.189 | 0.061 | 0.0277 | 0.4 | 0.05 | 58.500
3 0.2000 | 0.0333 | 0.0278 | 8.00 | 0.03 | 0.189 | 0.061 | 0.0277 | 0.4 | 0.05 | 55.575
4 0.2000 | 0.0333 | 0.0278 | 8.00 | 0.03 | 0.189 | 0.061 | 0.0277 | 0.4 | 0.05 | 55.575

Table B.5: Static excitation system data

Gen. No. | KA | TA | EFDMIN | EFDMAX
1 200 1 0.02 | -6 6
2 200 1 0.02 | -6 6
3 200 | 0.02 | -6 6
4 200 ] 0.02 | -6 6

Table B.6: HVDC data

Link. No. | Rec/Inv bus | Br/Bi | Trmax/Timax | Trmin/Timin | Tnr/Tni | Xer/Xci | Alphamin/Gammamin | Nr/Ni | Bshr/Bshi

1 7 1 1 0 1.0 0.001077 | 5 100 1.25

1 9 1 1 0 1.0 0.001077 | 17 100 1.25

Table B.7: HVDC data contd...

Link. No. | Rec bus | Inv bus | Vdis | Idc | Pdr | Im | Rdc Alprmin | Alprmax | cn | pn | Vbase (kV) | Vdrs(initial)

1 7 9 0.226 | 2.0 | 1.5 | 0.2 | 0.00283 | 10 20 0 |1 |230 0.226

cn -set 1 if the dc link is on link current specification else 0.
pn -set 1 if the dc link is on rectifier-end power specification else 0.

Table B.8: Load Flow Results

Bus No. | VbO | thetaO | PGO | QGO | PLO | QLO
1 1.03 | 15.62 7.0 1.85 | 0.0 0.0
2 1.01 | 5.99 7.0 2.34 | 0.0 0.0
3 1.03 | 0.0 7.15 | 1.759 | 0.0 0.0
4 1.01 |-9.93 7.0 2.019 | 0.0 0.0
5 1.0 9.21 0.0 0.0 0.0 0.0
6 0.97 | -0.65 0.0 0.0 0.0 0.0
7 0.96 |-8.7 0.0 0.0 9.67 | 1.0
8 0.95 |-16.72 | 0.0 0.0 0.0 0.0
9 0.97 | -24.5 0.0 0.0 17.67 | 1.0
10 0.98 |-16.52 | 0.0 0.0 0.0 0.0
11 1.0 -6.52 0.0 0.0 0.0 0.0
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Table B.9: DC Link Results

Parameter Rectifier | Inverter
Bus no 7 9 D.C.Voltage(pu) 0.243438 | 0.226000
Transformer tap Position(pu) 0.190000 | 0.177680
Control Angles(Deg) 12.216950 | 17.000000
Commutation overlap Angles(Deg) | 9.694762 | 8.292635
Real Power flow(pu) 1.500000 | 1.392553
Reactive power consumption(pu) 0.479281 | 0.549403
Power factor 0.952557 | 0.930221
Current in the D.C.Link(pu) 6.161740
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Appendix C

3-machine System Data

Table C.1: Machine bus data

Bus No. | Voltage (pu) | Power generation (MW)
1 1.04 716.6

2 1.025 163

3 1.025 85

Table C.2: Load bus data

Bus No. | Real load (MW) | Reactive load (MVAr)
5 125 50
6 90 30
8 100 35

Table C.3: Line data

From Bus | To Bus | Resistance (pu) | Reactance (pu) | B(total)/Tap Ratio
9 8 .0119 .1008 .209
9 6 .039 170 .358
8 7 .0085 072 .149
7 5) .032 161 .306
7 5 .032 161 .306
6 4 017 .092 158
5) 4 .010 .085 176
4 1 .000 .0576 1.000
3 9 .000 .0586 1.000
2 7 .000 .0625 1.000
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Table C.4: Machine data

Gen. No. | xd xd’ xd” Tdo' | Tdo” | xq xq’ xq” Tqo | Tqo” | H
1 0.1460 | 0.0608 | 0.0608 | 8.96 | 1.00 | 0.0969 | 0.0969 | 0.0969 | 1.000 | 1.00 | 23.640
2 0.8958 | 0.1198 | 0.1198 | 6.00 | 1.00 | 0.8645 | 0.1969 | 0.1969 | 0.535 | 1.00 | 6.400
3 1.3125 | 0.1813 | 0.1813 | 5.89 | 1.00 | 1.2578 | 0.2500 | 0.2500 | 0.600 | 1.00 | 3.010
Table C.5: Static excitation system data

Gen. No. | KA | TA | EFDMIN | EFDMAX

1 200 | 0.05 | -6 6

2 200 | 0.05 | -6 6

3 200 | 0.05 | -6 6

Table C.6: Load Flow Results

Bus No. | VbO thetaO PGO QGO PLO QLO
1 1.040000 | 0.000000 | 0.702077 | 0.081056 | 0.000000 | 0.000000
2 1.025000 | 6.411725 | 1.630000 | -0.108612 | 0.000000 | 0.000000
3 1.025000 | 3.043622 | 0.850000 | -0.178211 | 0.000000 | 0.000000
4 1.036241 | -2.150494 | 0.000000 | 0.000000 | 0.000000 | 0.000000
5 1.021993 | -3.362176 | 0.000000 | 0.000000 | 1.250000 | 0.500000
6 1.021952 | -4.166801 | 0.000000 | 0.000000 | 0.900000 | 0.300000
7 1.036399 | 0.908625 | 0.000000 | 0.000000 | 0.000000 | 0.000000
8 1.024067 | -1.546160 | 0.000000 | 0.000000 | 1.000000 | 0.350000
9 1.036328 | 0.355897 | 0.000000 | 0.000000 | 0.000000 | 0.000000
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16-machine System Data

Appendix D

Table D.1: Machine bus data

Bus No. | Voltage (pu) | Power generation (pu)
53 1.045000 2.500000
54 0.980000 5.450000
55 0.983000 6.500000
56 0.997000 6.320000
57 1.011000 5.052000
58 1.050000 7.000000
59 1.063000 5.600000
60 1.030000 5.400000
61 1.025000 8.000000
62 1.010000 5.000000
63 1.000000 10.000000
64 1.015600 13.500000
65 1.011000 35.914193
66 1.000000 17.850000
67 1.000000 10.000000
68 1.000000 40.000000
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Table D.2: Load bus data

Bus No. | Real load (pu) | Reactive load (pu)
1 2.527 1.1856
3 3.22 0.02

4 5 1.84

7 2.34 0.84

8 5.22 1.77

9 1.04 1.25
12 0.09 0.88
15 3.2 1.53
16 3.29 0.32
18 1.58 0.3

20 6.8 1.03
21 2.74 1.15
23 2.48 0.85
24 3.09 -0.92
25 2.24 0.47
26 1.39 0.17
27 2.81 0.76
28 2.06 0.28
29 2.84 0.27
33 1.12 0

36 11.02 -0.1946
37 75 3

39 2.67 0.126
40 0.6563 0.2353
41 0 2.5

42 11.5 2.5

44 2.6755 0.0484
45 2.08 0.21
46 1.507 0.285
47 2.0312 0.3259
48 2.412 0.022
49 1.64 0.29
50 1 -1.47
51 3.37 -1.22
52 9.7 1.23
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Table D.3: Line data

From Bus | To Bus | Resistance (pu) | Reactance (pu) | B(total)/Tap Ratio
1 2 0.0035 0.0411 0.6987
1 30 0.0008 0.0074 0.48

2 3 0.0013 0.0151 0.2572
2 25 0.007 0.0086 0.146
3 4 0.0013 0.0213 0.2214
3 18 0.0011 0.0133 0.2138
4 5) 0.0008 0.0128 0.1342
4 14 0.0008 0.0129 0.1382
5 6 0.0002 0.0026 0.0434
5 8 0.0008 0.0112 0.1476
6 7 0.0006 0.0092 0.113
6 11 0.0007 0.0082 0.1389
7 8 0.0004 0.0046 0.078
8 9 0.0023 0.0363 0.3804
9 30 0.0019 0.0183 0.29
10 13 0.0004 0.0043 0.0729
10 11 0.0004 0.0043 0.0729
13 14 0.0009 0.0101 0.1723
14 15 0.0018 0.0217 0.366
15 16 0.0009 0.0094 0.171
16 17 0.0007 0.0089 0.1342
16 19 0.0016 0.0195 0.304
16 24 0.0003 0.0059 0.068
17 18 0.0007 0.0082 0.1319
17 27 0.0013 0.0173 0.3216
21 22 0.0008 0.014 0.2565
22 23 0.0006 0.0096 0.1846
23 24 0.0022 0.035 0.361
25 26 0.0032 0.0323 0.531
26 27 0.0014 0.0147 0.2396
26 28 0.0043 0.0474 0.7802
26 29 0.0057 0.0625 1.029
28 29 0.0014 0.0151 0.249
9 30 0.0019 0.0183 0.29

9 36 0.0022 0.0196 0.34

9 36 0.0022 0.0196 0.34
36 37 0.0005 0.0045 0.32
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Table D.4: Line data

From Bus | To Bus | Resistance (pu) | Reactance (pu) | B(total)/Tap Ratio
34 36 0.0033 0.0111 1.45
33 34 0.0011 0.0157 0.202
32 33 0.0008 0.0099 0.168
30 31 0.0013 0.0187 0.333
30 32 0.0024 0.0288 0.488
1 31 0.0016 0.0163 0.25
31 38 0.0011 0.0147 0.247
33 38 0.0036 0.0444 0.693
38 46 0.0022 0.0284 0.43
46 49 0.0018 0.0274 0.27
1 A7 0.0013 0.0188 1.31
47 48 0.0025 0.0268 0.4
47 48 0.0025 0.0268 0.4
48 40 0.002 0.022 1.28
37 43 0.0005 0.0276 0

35 45 0.0007 0.0175 1.39
39 45 0 0.0839 0

43 44 0.0001 0.0011 0

44 45 0.0025 0.073 0

45 51 0.0004 0.0105 0.72
52 42 0.004 0.06 2.25
50 o1 0.0009 0.0221 1.62
50 52 0.0012 0.0288 2.06
49 o2 0.0076 0.1141 1.16
42 41 0.004 0.06 2.25
41 40 0.006 0.084 3.15
1 27 0.032 0.32 0.41
16 21 0.0008 0.0135 0.2548
2 23 0 0.0181 1.025
19 20 0.0007 0.0138 1.06
12 13 0.0016 0.0435 1.06
12 11 0.0016 0.0435 1.06
41 66 0 0.0015 1

32 63 0 0.013 1.04
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Table D.5: Line data

From Bus | To Bus | Resistance (pu) | Reactance (pu) | B(total)/Tap Ratio
31 62 0 0.026 1.04
42 67 0 0.0015 1
52 68 0 0.003 1
36 64 0 0.0075 1.04
37 65 0 0.0033 1.04
25 60 0.0006 0.0232 1.025
35 34 0.0001 0.0074 0.946
39 44 0 0.0411 1
6 54 0 0.025 1.07
23 59 0.0005 0.0272 1
29 61 0.0008 0.0156 1.025
22 58 0 0.0143 1.025
19 o6 0.0007 0.0142 1.07
20 57 0.0009 0.018 1.009
10 55 0 0.02 1.07

Table D.6: Machine data
Gen. No. | xd xd’ xd” Tdo' | Tdo” | xq xq’ xq” Tqo' | Tqo” | H
53 0.1000 | 0.0310 | 0.0310 | 10.2 | 0.05 | 0.069 0.0310 | 0.0310 | 1.50 | 0.04 | 42.0
54 0.2950 | 0.0697 | 0.0697 | 6.56 | 0.05 | 0.282 0.0697 | 0.0697 | 1.50 | 0.04 | 30.2
95 0.2495 | 0.0531 | 0.0531 | 5.70 | 0.05 | 0.237 0.0531 | 0.0531 | 1.50 | 0.04 | 35.8
56 0.2620 | 0.0436 | 0.0436 | 5.69 | 0.05 | 0.258 0.0436 | 0.0436 | 1.50 | 0.04 | 28.6
o7 0.3300 | 0.0660 | 0.0660 | 5.40 | 0.05 | 0.310 0.0660 | 0.0660 | 0.44 | 0.04 | 26.0
58 0.2540 | 0.0500 | 0.0500 | 7.30 | 0.05 | 0.241 0.0500 | 0.0500 | 0.40 | 0.04 | 34.8
59 0.2950 | 0.0490 | 0.0490 | 5.66 | 0.05 | 0.292 0.0490 | 0.0490 | 1.50 | 0.04 | 26.4
60 0.2900 | 0.0570 | 0.0570 | 6.70 | 0.05 | 0.280 0.0570 | 0.0570 | 0.41 | 0.04 | 24.3
61 0.2106 | 0.0570 | 0.0570 | 4.79 | 0.05 | 0.205 0.0570 | 0.0570 | 1.96 | 0.04 | 34.5
62 0.1690 | 0.0457 | 0.0457 | 9.37 | 0.05 | 0.115 0.0457 | 0.0457 | 1.50 | 0.04 | 31.0
63 0.1280 | 0.0180 | 0.0180 | 4.10 | 0.05 | 0.123 0.0180 | 0.0180 | 1.50 | 0.04 | 28.2
64 0.1010 | 0.0310 | 0.0310 | 7.40 | 0.05 | 0.095 0.0310 | 0.0310 | 1.50 | 0.04 | 92.3
65 0.0296 | 0.0055 | 0.0055 | 1000 | 0.05 | 0.0055 | 0.0055 | 0.0055 | 1.5 0.04 | 248.0
66 0.018 | 0.00285 | 0.00285 | 1000 | 0.05 | 0.00285 | 0.00285 | 0.00285 | 1.5 0.04 | 300.0
67 0.018 | 0.00285 | 0.00285 | 1000 | 0.05 | 0.00285 | 0.00285 | 0.00285 | 1.5 0.04 | 300.0
68 0.0356 | 0.0071 | 0.0071 | 1000 | 0.05 | 0.0071 | 0.0071 | 0.0071 | 1.5 0.04 | 225.0
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Table D.7: Static excitation system data

Gen. No. | KA | TA | EFDMIN | EFDMAX

65 2 0.5 | -6 6

66 2 0.5 | -6 6

67 2 0.5 | -6 6

68 2 0.5 | -6 6

62 2 0.5 | -6 6

63 2 0.5 |-6 6

64 2 0.5 | -6 6

53 2 0.5 | -6 6

o4 2 0.5 | -6 6

55 2 0.5 | -6 6

56 2 0.5 | -6 6

o7 2 0.5 | -6 6

o8 2 0.5 | -6 6

59 2 0.5 | -6 6

60 2 0.5 | -6 6

61 2 0.5 | -6 6

Table D.8: HVDC data
Link. No. | Rec/Inv bus | Br/Bi | Trmax/Timax | Trmin/Timin | Tnr/Tni | Xer/Xci | Alphamin/Gammamin | Nr/Ni | Bshr/Bshi
1 52 1 5.15 0.85 1.0 0.0144 5 27 6.0
1 37 1 5.15 0.85 1.0 0.0144 15 19 6.0
2 41 1 5.15 0.85 1.0 0.0144 5 27 4.0
2 36 1 5.15 0.85 1.0 0.0144 15 19 4.0
Table D.9: HVDC data contd...

Link. No. | Rec bus | Inv bus | Vdis | Idc | Pdr | Im | Rdc | Alprmin | Alprmax | cn | pn | Vbase (kV) | Vdrs(initial)
1 52 37 2.0 7.5 | 15.0 | 0.75 | 0.006 | 10 20 0 |1 500 1
2 41 36 2.0 |5.0|10.0|0.50 | 0.006 | 10 20 0 |1 |500 1

cn -set 1 if the dc link is on link current specification else 0.
pn -set 1 if the dc link is on rectifier-end power specification else 0.
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Table D.10: Load Flow Results

Bus No. | VbO thetaO PGO QGO PLO QLO

1 1.060907 | 6.647982 | 0.000000 | 0.000000 | 2.527000 | 1.185600
2 1.052023 | 8.325495 | 0.000000 | 0.000000 | 0.000000 | 0.000000
3 1.033235 | 5.332714 | 0.000000 | 0.000000 | 3.220000 | 0.020000
4 1.006454 | 4.234682 | 0.000000 | 0.000000 | 5.000000 | 1.840000
5 1.007909 | 5.192599 | 0.000000 | 0.000000 | 0.000000 | 0.000000
6 1.009975 | 5.867693 | 0.000000 | 0.000000 | 0.000000 | 0.000000
7 1.000402 | 3.631064 | 0.000000 | 0.000000 | 2.340000 | 0.840000
8 0.999972 | 3.104251 | 0.000000 | 0.000000 | 5.220000 | 1.770000
9 1.041452 | 2.781999 | 0.000000 | 0.000000 | 1.040000 | 1.250000
10 1.018879 | 8.354390 | 0.000000 | 0.000000 | 0.000000 | 0.000000
11 1.014621 | 7.507875 | 0.000000 | 0.000000 | 0.000000 | 0.000000
12 1.055893 | 7.528181 | 0.000000 | 0.000000 | 0.090000 | 0.880000
13 1.016176 | 7.688124 | 0.000000 | 0.000000 | 0.000000 | 0.000000
14 1.013911 | 6.143738 | 0.000000 | 0.000000 | 0.000000 | 0.000000
15 1.017455 | 6.029592 | 0.000000 | 0.000000 | 3.200000 | 1.530000
16 1.033734 | 7.555116 | 0.000000 | 0.000000 | 3.290000 | 0.320000
17 1.036872 | 6.470088 | 0.000000 | 0.000000 | 0.000000 | 0.000000
18 1.034178 | 5.611681 | 0.000000 | 0.000000 | 1.580000 | 0.300000
19 1.050201 | 12.128648 | 0.000000 | 0.000000 | 0.000000 | 0.000000
20 0.990518 | 10.694249 | 0.000000 | 0.000000 | 6.800000 | 1.030000
21 1.032760 | 10.178556 | 0.000000 | 0.000000 | 2.740000 | 1.150000
22 1.050267 | 14.846930 | 0.000000 | 0.000000 | 0.000000 | 0.000000
23 1.045111 | 14.559610 | 0.000000 | 0.000000 | 2.480000 | 0.850000
24 1.038910 | 7.725952 | 0.000000 | 0.000000 | 3.090000 | -0.920000
25 1.060148 | 9.574598 | 0.000000 | 0.000000 | 2.240000 | 0.470000
26 1.056416 | 8.075910 | 0.000000 | 0.000000 | 1.390000 | 0.170000
27 1.043804 | 6.201112 | 0.000000 | 0.000000 | 2.810000 | 0.760000
28 1.052169 | 11.192568 | 0.000000 | 0.000000 | 2.060000 | 0.280000
29 1.051038 | 13.821645 | 0.000000 | 0.000000 | 2.840000 | 0.270000
30 1.055484 | 6.144487 | 0.000000 | 0.000000 | 0.000000 | 0.000000
31 1.058831 | 8.624504 | 0.000000 | 0.000000 | 0.000000 | 0.000000
32 1.052269 | 10.930913 | 0.000000 | 0.000000 | 0.000000 | 0.000000
33 1.058024 | 7.531981 | 0.000000 | 0.000000 | 1.120000 | 0.000000
34 1.067890 | 2.750159 | 0.000000 | 0.000000 | 0.000000 | 0.000000
35 1.016442 | 2.717010 | 0.000000 | 0.000000 | 0.000000 | 0.000000
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Table D.11: Load Flow Results

Bus No. | VbO thetaO PGO QGO PLO QLO

36 1.045382 | -0.458455 | 0.000000 | 0.000000 | 11.020000 | -0.194600
37 1.030558 | -6.645579 | 0.000000 0.000000 | 75.000000 | 3.000000
38 1.057570 | 8.672060 | 0.000000 | 0.000000 | 0.000000 | 0.000000
39 1.008076 | -8.267066 | 0.000000 | 0.000000 | 2.670000 | 0.126000
40 1.071068 | 15.124160 | 0.000000 | 0.000000 | 0.656300 | 0.235300
41 0.999169 | 43.649710 | 0.000000 | 0.000000 | 0.000000 | 2.500000
42 0.999194 | 38.288585 | 0.000000 | 0.000000 | 11.500000 | 2.500000
43 1.016760 | -7.439683 | 0.000000 | 0.000000 | 0.000000 | 0.000000
44 1.016172 | -7.469630 | 0.000000 | 0.000000 | 2.675500 | 0.048400
45 1.020589 | 2.632308 | 0.000000 | 0.000000 | 2.080000 | 0.210000
46 1.034526 | 9.599242 | 0.000000 | 0.000000 | 1.507000 | 0.285000
47 1.076350 | 7.391545 | 0.000000 | 0.000000 | 2.031200 | 0.325900
48 1.079413 | 9.283698 | 0.000000 | 0.000000 | 2.412000 | 0.022000
49 1.014073 | 12.772037 | 0.000000 | 0.000000 | 1.640000 | 0.290000
50 1.014515 | 19.132122 | 0.000000 | 0.000000 | 1.000000 | -1.470000
51 1.024917 | 6.550268 | 0.000000 | 0.000000 | 3.370000 | -1.220000
52 0.994181 | 38.043092 | 0.000000 | 0.000000 | 9.700000 | 1.230000
53 1.045000 | 10.695323 | 2.500000 | 1.130179 | 0.000000 | 0.000000
54 0.980000 | 14.253134 | 5.450000 | 1.819302 | 0.000000 | 0.000000
55 0.983000 | 16.280509 | 6.500000 | 1.967087 | 0.000000 | 0.000000
56 0.997000 | 17.332590 | 6.320000 | 1.063487 | 0.000000 | 0.000000
57 1.011000 | 15.856183 | 5.052000 | 1.620169 | 0.000000 | 0.000000
58 1.050000 | 20.170913 | 7.000000 | 2.189340 | 0.000000 | 0.000000
59 1.063000 | 22.396902 | 5.600000 | 0.979741 | 0.000000 | 0.000000
60 1.030000 | 16.291549 | 5.400000 | -0.012207 | 0.000000 | 0.000000
61 1.025000 | 20.621477 | 8.000000 | 0.038979 | 0.000000 | 0.000000
62 1.010000 | 15.712177 | 5.000000 | 0.001126 | 0.000000 | 0.000000
63 1.000000 | 18.157159 | 10.000000 | -0.263674 | 0.000000 | 0.000000
64 1.015600 | 4.718802 | 13.500000 | 2.075858 | 0.000000 | 0.000000
65 1.011000 | 0.000000 | 36.367478 | 8.441850 | 0.000000 | 0.000000
66 1.000000 | 45.142451 | 17.850000 | 0.802018 | 0.000000 | 0.000000
67 1.000000 | 39.133597 | 10.000000 | 0.620504 | 0.000000 | 0.000000
68 1.000000 | 44.916336 | 40.000000 | 4.358314 | 0.000000 | 0.000000
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Table D.12: DC Link 52-37 Results

Parameter Rectifier | Inverter
Bus no 52 37
D.C.Voltage(pu) 2.044031 | 2.000000
Transformer tap Position(pu) 1.637037 | 1.562779
Control Angles(Deg) 12.604627 | 15.000000
Commutation overlap Angles(Deg) | 15.257477 | 14.174955
Real Power flow(pu) 15.000000 | 14.676884
Reactive power consumption(pu) 5.928991 | 6.273079
Power factor 0.929987 | 0.919531
Current in the D.C.Link(pu) 7.338442

Table D.13: DC Link 41-36 Results
Parameter Rectifier | Inverter
Bus no 41 36
D.C.Voltage(pu) 2.029563 | 2.000000
Transformer tap Position(pu) 1.637037 | 1.516203
Control Angles(Deg) 18.292307 | 15.000000
Commutation overlap Angles(Deg) | 9.069386 | 10.494655
Real Power flow(pu) 10.000000 | 9.854338
Reactive power consumption(pu) | 4.296218 | 3.760753
Power factor 0.918795 | 0.934276
Current in the D.C.Link(pu) 4.927169
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Appendix E

Asynchronous System Data

Table E.1: Machine bus data

Bus No. | Voltage (pu) | Power generation (pu)
1 1.02 10.29

2 1.00 2

3 1.00 2

4 1.00 9

13 1.02 9

9 1.02 10

Table E.2: Load bus data

Bus No. | Real load (pu) | Reactive load (pu)
8 12 2

12 12 2

1 9 0.5

13 9 0.5
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Table E.3: Line data

From Bus | To Bus | Resistance (pu) | Reactance (pu) | B(total)/Tap Ratio
6 7 1000.00740 .08260 0.0
10 11 1000.00740 .08260 0.0
8 6 0.00185 0.02065 0.275
8 6 0.00185 0.02065 0.275
6 11 0.0064 0.0711 0.948
6 11 0.0064 0.0711 0.948
11 12 0.00185 0.02065 0.275
11 12 0.00185 0.02065 0.275
7 10 0.00185 0.02065 0.275
5 6 .00740 .08260 1.10
5) 6 .00740 .08260 1.10
14 11 .00740 .08260 1.10
14 11 .00740 .08260 1.10
) 14 0.00740 .08260 1.10
1 5 .00 .0006 1.000
2 8 .00 .06 1.000
3 12 .00 .06 1.000
4 7 .00 012 1.000
9 10 .00 012 1.000
13 14 .00 .0006 1.000
Table E.4: Machine data
Gen. No. | xd | xd’ xd” Tdo' | Tdo” | xq xq xq” Tqo' | Tqo” | H
1 0.01 | 0.001 | 0.0008 | 7 0.04 | 0.008 | 0.003 | 0.0008 | 2 0.17 | 42.2
2 0.1 |0.01 |0.008 |7 0.04 |0.08 |0.03 |0.008 |2 0.17 | 6.42
3 0.1 ]0.01 |0.008 |7 0.04 |0.08 |0.03 |0.008 |2 0.17 | 6.42
4 0.1 |0.017 | 0.013 | 5.23 | 0.09 |0.062 | 0.02 | 0.018 | 0.59 | 0.1 300
S 0.1 ]0.017|0.013 |5.23 | 0.09 |0.062 | 0.02 |0.018 | 0.59 | 0.1 300
6 0.01 | 0.001 | 0.0008 | 7 0.04 | 0.008 | 0.003 | 0.0008 | 2 0.17 | 42.2

Table E.5: Static excitation system data

Gen. No. | KA | TA | EFDMIN | EFDMAX
1 200 1 0.02 | -6 6
2 200 1 0.02 | -6 6
3 200 1 0.02 | -6 6
4 200 | 0.02 | -6 6
9 200 1 0.02 | -6 6
13 200 1 0.02 | -6 6




Table E.6: HVDC data
Link. No. | Rec/Inv bus | Br/Bi | Trmax/Timax | Trmin/Timin | Tnr/Tni | Xcr/Xci | Alphamin/Gammamin | Nr/Ni | Bshr/Bshi
1 7 1 115 0.85 1.0 00144 |5 7 35
1 6 1 1.15 0.85 1.0 0.0144 15 19 4.2
2 10 1 115 0.85 1.0 0.0144 |5 27 |35
2 11 1 1.15 0.85 1.0 0.0144 15 19 4.2
Table E.7: HVDC data contd...
Link. No. | Rec bus | Inv bus | Vdis | Idc Pdr | Im | Rde | Alprmin | Alprmax | cn | pn | Vbase (kV) | Vdrs(initial)
1 7 6 1.28 | 7.0313 [ 9.0 | 1.0 | 0.003 | 10 20 0 |1 |500 1
2 10 i1 1.28 | 7.0313 [ 9.0 | 1.0 | 0.003 | 10 20 0 |1 |500 1
cn -set 1 if the dc link is on link current specification else 0.
pn -set 1 if the dc link is on rectifier-end power specification else 0.
Table E.8: Load Flow Results
Bus No. | VbO thetaO PGO QGO PLO QLO
1 1.020000 | 0.000000 | 10.298633 | -0.868422 | 9.000000 | 0.500000
2 1.000000 | -1.814001 | 2.000000 | 0.571948 | 0.000000 | 0.000000
3 1.000000 | -1.854604 | 2.000000 | 0.571593 | 0.000000 | 0.000000
4 1.020000 | 0.378500 | 9.000000 | 1.271787 | 0.000000 | 0.000000
5 1.020805 | -0.042876 | 0.000000 | 0.000000 | 0.000000 | 0.000000
6 1.003236 | -2.904375 | 0.000000 | 0.000000 | 0.000000 | 0.000000
7 1.010600 | -5.635519 | 0.000000 | 0.000000 | 0.000000 | 0.000000
8 0.973110 | -8.897476 | 0.000000 | 0.000000 | 12.000000 | 2.000000
9 1.020000 | 0.378516 | 9.000000 | 1.271784 | 0.000000 | 0.000000
10 1.010600 | -5.635502 | 0.000000 | 0.000000 | 0.000000 | 0.000000
11 1.003259 | -2.945114 | 0.000000 | 0.000000 | 0.000000 | 0.000000
12 0.973131 | -8.937924 | 0.000000 | 0.000000 | 12.000000 | 2.000000
13 1.020000 | -0.137122 | 10.200000 | -0.862455 | 9.000000 | 0.500000
14 1.020802 | -0.176742 | 0.000000 | 0.000000 | 0.000000 | 0.000000
Table E.9: DC Link Results
Parameter Rectifier Inverter
Busno 7 6
D.C.Voltage(pu) 1.300757 | 1.280000
Transformer tap Position(pu) 1.044444 | 1.050788
Control Angles(Deg) 11.685911 | 15.000000
Commutation overlap Angles(Deg) | 20.558548 | 18.667938
Real Power flow(pu) 9.000000 | 8.856380
Reactive power consumption(pu) 4.034041 | 4.312012
Power factor 0.912526 | 0.899095
Current in the D.C.Link(pu) 6.919047
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Table E.10: DC Link Results

Parameter Rectifier | Inverter
Bus no 10 11
D.C.Voltage(pu) 1.300757 | 1.280000
Transformer tap Position(pu) 1.044444 | 1.050763
Control Angles(Deg) 11.685920 | 15.000000
Commutation overlap Angles(Deg) | 20.558541 | 18.667938
Real Power flow(pu) 9.000000 | 8.856380
Reactive power consumption(pu) 4.034042 | 4.312012
Power factor 0.912526 | 0.899095
Current in the D.C.Link(pu) 6.919047
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Appendix F

Nelson River Bipole Controller

The Nelson River Bipole controller reported in [35] uses a strategy similar to this (see
Fig. F.1). The frequency response of the channels of this controller is shown in Fig.

F.2.
Channel 2 of the controller is a power swing damping controller.
6 ———————» CHANNEL 1
K 1+ sT T,
RECIEVING RE t 5Ty = C
END Af 1+ sTxy 1+ sTg 1+ sTo

-9 CHANNEL 2

RECIEVING

sT 14 sTo 1 1+ sTy
END PHASE —p|Kp
ANCLE 14 sT7 14 sTo 1+ sTg 14 sTg

6 ——» CHANNEL 3
SENDING TELE- Keopn 2LC
—=— | INHIBIT
END Af cOoM SE I ¥ sTo
-6 TIE LINE
TRIP
DC REDUCTION
+
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: e
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Figure F.1: Auxiliary Controller - Nelson River bipole[35]
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Figure F.2: Frequency Response of Transfer Functions - Nelson River Bipole Con-
troller

Note: (a) Since the local signal (phase angle) at the receiving end of the converter
is used, this channel will affect the swing modes observable at the receiving end only.
(b) The controller has a large gain above 1 Hz, while the gain below 0.1 Hz is very
small. This means that it will not affect slow common-mode variations. (c) The
controller gives a near-90° phase lead to the input signal in the swing mode frequency
range. In other words, in this range, the power withdrawal at the receiving-end is
modulated roughly in phase with the frequency. This will introduce damping[15, ?,
58, 42].

Channel 1 (receiving-end frequency controller) and Channel 3 (sending-end fre-
quency controller) are used to introduce transient power flow - frequency dependence,
to avoid large frequency deviations in the two systems.

For this channel, the phase-shift is near zero around 0.01 Hz, where the gain is
highest, indicating that the change in power withdrawal at the receiving end due
to this channel is proportional to the frequency variation at that end. Hence this
controller brings a power-frequency dependence for the common mode frequency at
the receiving end (like a governor). Note that the gain of the controller of Channel 1
is very low in the range 0.2 - 2 Hz. Therefore, this channel allows only slow variations
associated with the common-mode frequency, and does not interfere with the power-
swing damping controller. The steady state gain in Channel 1 is zero due to the
presence of a washout block, indicating that it does not cause a steady state change
in the power flow.

The frequency response of the transfer function of Channel 3 indicates that is
active for a fairly large frequency range (both slow and fast variations). Therefore, if
swing mode frequencies of the sending end are observable in the measured frequency,
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then this may cause a coupling with the swing modes at the receiving end.
Since greater control is desired in the under-frequency range, the sending-end
controller uses additional proportional-integral action to prevent a fall beyond 1 Hz.
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Appendix G

Proof of the Theorem in [59]

Theorem 8.1.5 If A and A+FE are n-by-n symmetric matrices, then

Mo(A) + M (E) < M(A+ E) < M(A) + M (B) k=1:n

This follows from the minimax characterization
Example. If

6.8 2.4 0.002 0.003
A= {2.4 8.2] and B = {0.003 0.001} ’

then A(A) = {5,10} , A(E) = {—0.0015,0.0045}, and A(A+E) = {4.9988,10.0042}

confirming that

5 —0.0015 < 4.9988 < 5+ 0.0045
10 — 0.0015 < 10.0042 < 10.0045
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Appendix H

Comparison of the eigenvalues for
3 machine detailed and analogous

system

e For the analogous circuit given in the Fig.H.1 the value of the analogous pa-
rameters are given in Table H.1.

e The two HVDC links between the buses 8-9 and 4-6 are assumed to carry zero
quiescent power.

e Power through the two HVDC links is modulated proportional to the frequency
difference between the buses to introduce damping torque.

e The gains for such control are taken as R; = 0.28 and R, = 0.82 for the link
8-9 and 4-6 respectively.

e In the analogous circuit, this damping control is equivalent of introducing re-
sistances of values Ry = 0.28 and Ry = 0.82 between the buses 89 and 4-6
respectively.

e In order to validate the circuit analogy method, Table H.2 shows the comparison
of the eigenvalues for the detailed system and one obtained by circuit analogy.
One can observe from Table H.2 that the analogous system is approximately able
to capture the information about the electromechanical modes of the detailed
system.

e The approximate nature of the eigenvalues of the model obtained by circuit
analogy (and not exactly similar to the eigenvalues of the detailed model) is
due to the fact that it is based on assumptions such as 1) synchronous machine
is represented by a classical model, 2) transmission line losses are neglected,
and 3) bus voltages are essentially at 1pu.
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Table H.1: Three machine analogous circuit parameters

Parameters | Value (in pu)
Cy 0.1254
Co 0.0340
Cs 0.0160
i 0.0608
', 0.1108
L 0.1313
L., 0.0576
L., 0.0625
L., 0.0586
Lrs 0.072
Lsg 0.1008
Lsy 0.085
L4 0.092
Los 0.161
Log 0.170
R 0.28
Ro 0.82

Table H.2: Comparison of eigenvalues for the detailed and analogous system with
HVDC link (in damping control mode)
Original system | Analogous system

-0.3425413.5031j | -0.3354£13.3581j
-0.1550+8.7201j | -0.157548.7057]
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