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Licentiate Thesis in Electrical Engineering
Stockholm, Sweden 2020



TRITA-EECS-AVL-2020:23
ISBN 978-91-7873-518-1

KTH School of Electrical Engineering and Computer Science
SE-100 44 Stockholm

SWEDEN

Akademisk avhandling som med tillstånd av Kungl Tekniska högskolan framläg-
ges till offentlig granskning för avläggande av teknologie licentiatexamen i elekt-
riska energisystem den 7 Oktober 2020 klockan 10.00 i sal H1, Teknikringen 33,
Kungliga Tekniska Högskolan, Stockholm.

© Danilo Obradović, August 2020
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Abstract

With ambitions of reducing the environmental pollution, power systems
integrate larger shares of Renewable Energy Sources (RES) to phase out con-
ventional thermal and nuclear generators. Since RES (such as wind and solar
power) are connected to the grid through power electronics devices, they do
not inherently contribute to system inertia. With decreasing inertia, the In-
stantaneous Frequency Deviation (IFD), which follows a power unbalance,
is significantly impacted. Frequency Containment Reserves (FCR) are de-
signed to provide a fast dynamic response, counteract power imbalances and
stabilize the frequency within a short time interval.

Besides inertia, the significant factors affecting frequency behavior are
the available amount of FCR and the capability of their fast and stable re-
sponse. System operators define the list of requirements that a generating
unit has to satisfy to participate in FCR. Generators, which are the major part
of FCR, have different governors and turbines properties. This study assesses
the dynamical performance of typical generators in both open-loop testing
and closed-loop varying inertia systems. The goal is to evaluate if specific
FCR requirements present a sufficient condition for the desired response, and
which governor properties are capable of satisfying them.

As an additional, and sometimes necessary, support to FCR, HVDC in-
terconnections are utilized in the form of Emergency Power Control (EPC).
This thesis investigates which of the EPC methods performs appropriately
in terms of IFD improvement, closed-loop stability, and power and energy
provided. The analysis is a continuation from the previous investigation on
FCR, and mainly compare two EPC methods related to Nordic Power Sys-
tem (NPS) test case: ramp/step method which is currently implemented in
the NPS, and droop frequency-based EPC, proposed by this study for the
future operation in the NPS.

Apart from ensuring a proper system frequency response, the influence
of implemented HVDC supplementary active power control is analyzed to
rotor angle stability. In further, this thesis presents a comprehensive analy-
sis of the impact that proposed HVDC supplementary power control has on
the linearized dynamics of power systems. By building a generic system,
this analytical study is the first of its kind that includes both higher order
generator dynamics, and local angle/frequency input of the controller. The
methodological approach here analytically formulates the impact the HVDC
supplementary control has mainly on the generator synchronizing and damp-
ing torque components.

The positive impact of the droop frequency-based HVDC power support
is highlighted using both single and multi-machine systems. In that way, the
implementation of desired droop frequency-based HVDC control to mainly
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improve system frequency is motivated furthermore. It shows that a proper
HVDC supplementary control may impose the various positive impacts for
future variable and low inertia scenarios, and ensure a proper power system
sustainability.
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Sammanfattning

Med ambitioner att minska miljöföroreningen integreras större andelar förny-
bara energikällor (RES) i kraftsystem för att fasa ut konventionella värme- och
kärnkraftsgeneratorer. Eftersom RES (som vind- och solenergi) är anslutna till nä-
tet via kraftelektronikapparater, bidrar de inte i sig till tröghet i systemet. Med
minskande tröghet påverkas momentan frekvensavvikelse (IFD) avsevärt efter en
störning. Frekvenshållningsreserv (FCR) är utformade för att ge ett snabbt dyna-
miskt svar, motverka obalanser i kraftsystem och stabilisera frekvensen inom ett
kort tidsintervall.

Utöver tröghet, är de signifikanta frekvensbeteendefaktorerna även den till-
gängliga mängden FCR och dess möjlighet till snabb och stabil respons. Syste-
moperatörer definierar kravlistan som enheten måste muppfylla för att deltaga i
FCR. Generatorer, som utgör den största delen av FCR, har olika turbin- och turb-
inregleringsegenskaper. Den här studien undersöker den dynamiska prestandan hos
typiska generatorer i både open-loop-testning och system med varierande tröghet.
Målet är att utvärdera om specifika krav på FCR uppvisar ett tillräckligt villkor för
den eftertraktade responsen och vilka turbinregleringsegenskaper som är kapabla
att tillfredsställa dessa.

Som ett ytterligare och ibland nödvändigt, understöd till FCR utnyttjas nödef-
fekt (EPC) av högspänningslikström (HVDC) länkar. Den här avhandlingen un-
dersöker vilka av de EPC-metoderna som beter sig godtyckligt när det kommer
till IFD förbättring, stabilitet i system och tillförd kraft och energi. Analysen är
en fortsättning av den tidigare FCR undersökningen och syftar huvudsakligen till
att jämföra två EPC metoder relaterade till Nordic Power System (NPS) testfall:
rampa-/stegvis öka EPC-metoden som för närvarande används i NPS och en droop-
frekvensbaserad EPC-metod, som föreslås i den här studien för framtida drift i
NPS.

Utöver att tillgodose systemet med en tillfredsställande frekvensrespons, ana-
lyseras inflytandet av rotorvinkelstabiliteten med hänsyn till den implementerade
kompletterande aktiv effektreglering i HVDC system. Ytterligare presenterar den
här avhandlingen en begriplig analys av den föreslagna EPC-metoden på kraftsy-
stemets linjäriserade systemekvationer. Genom att bygga upp ett generiskt system,
är den här analysen den första i sitt slag som inkluderar generatordynamik av högre
ordning och lokala vinkel/frekvens-inmatningar till kontrollsystemet. Det metodo-
logiska tillvägagångssättet formulerar analytiskt inverkan av den kompletterande
aktiv effektreglering i HVDC systemet på generators synkroniserings- och dämp-
ningsmoment.
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Den positiva inverkan av den droop-frekvensbaserade kompletterande aktiv ef-
fektreglering i HVDC system förtydligas genom användning av enskilda- och fler-
maskinssystem. På detta sätt motiveras implementeringen av eftertraktad droop-
frekvensbaserad kompletterande aktiv effektreglering i HVDC system för förbätt-
ring av systemfrekvenser ytterligare. Detta visar att en tillfredsställande komplet-
terande aktiv effektreglering i HVDC system kan uppvisa en positiv inverkan på
framtida variabla och låga tröghetsscenarier och säkerställa hållbarheten i kraftsy-
stem.
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Chapter 1

Introduction

1.1 Background

Power systems are one of the largest and most developed technical systems that
humankind has ever built. Initially, they were only supplying power for lightning
of prestigious facilities. Now, highly reliable electricity supply is available com-
mercially to around 87 % of the population [1]. Moreover, the trend of a constant
increase in the previous years can be observed in Figure 1.1 [2]. This increase is a
consequence of long lasting efforts such as engineering and scientific development,
and market incorporation. Power systems are vital elements for every society, and
they reflect their successful progress. Furthermore, power systems have left a mark
on history, which reminds of the human ability to create greater common good and
improve its way of life.

Research around the world aims to create and ensure a fair, secure, and highly
developed human society. This extraordinary task faces plenty of obstacles and
most of its benefits reaches only a limited number of people. Moreover, individual
research objectives can be in conflict resulting in a need for trade-offs. It is why
there is still a high level of decentralized actions among countries and companies
resulting misunderstanding around the world to all act together to solve the most
crucial issues that society is facing today. Nevertheless, the struggle and desire to
find a solution must be consistent and fair, since that is the only way to hope for a
better future.

Global warming has emerged as a serious issue in the last decades. The main
contributor of the global warming are the emissions of “greenhouse" gases, such

7
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Figure 1.1: Graphics illustrating electricity access of a world population in the last
years.

as Carbon Dioxide (CO2)1 around the globe. Due to extensive industrial develop-
ment and significant demand for energy, the emission of “greenhouse" gases has
increased during the last decades, causing pollution and an unpredictable and ag-
gressive behavior of the Earth’s nature. The efforts of the society to understand the
consequences of global warming have led to vital steps to reduce the emissions by
ensuring system sustainability and, in turn, security.

One of the significant contributors to pollution is the fossil fuel power gener-
ation. Historically, fossil fuel generation has been the cornerstone of the reliable
source of electrical energy. In the early developments of power systems, these
power plants were built to operate with the expected lifetime of several decades.
However, the society has recognized that decommissioning of fossil fuel gener-
ation can contribute to alleviation of the aforementioned global warming issues.

1And methane, nitrous oxides, and chlorofluorocarbons (CFC or “Freon"), and others that are
causing similar damage to the environment.
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Additionally, a relevant discussion is attracted to issues related to security, nuclear
waste, and equipment obsolescence. Therefore, nuclear generation faces the same
trend of decommissioning, even though this type of generation positively impacts
the power system operation.

As a solution, power systems integrate increasing numbers of Renewable En-
ergy Sources (RES)2 to compensate for the power and energy of conventional fossil
fuel and nuclear generation. Respective countries and organizations have whole-
heartedly supported this trend [4]. By taking into account the increasing trend in
RES integration and new energy-efficient solutions, the report [5] estimates a sig-
nificant CO2 emission decrease by 2050, as illustrated in Figure 1.2.

Figure 1.2: Estimation of CO2 reduction by RES and energy efficiency integration.

Apart from investments in RES, power systems are considering smart, state-
of-the-art technology to improve power/energy transfer capabilities and, conse-
quently, system operation. Owing to the technological developments, High Volt-
age Direct Current (HVDC) transmission imposed itself as a cost-beneficial solu-
tion over HVAC for (a long-distance) electric power transfer and RES expansion,
as can be observed for the case of Europe in Figure 1.3. The main differences
compare to AC transmission are the existence of two highly controllable AC/DC
converters, and the lack of reactive power flow through the DC lines or cables.

2By RES are considered all generation producing the power/energy from sources naturally re-
plenished on a human timescale, such as sunlight, wind, rain, tides, waves, and geothermal heat [3].
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Power electronic converters are of either Line-Commutated Converter (LCC) or
Voltage-Source Converter (VSC)3 type [6].

 HVDC interconnectors:   
  Under construction
  Operative

Regional Groups (RG):

RG Continental Europe
RG Nordic
RG Baltic
RG UK
RG Ireland

Figure 1.3: Current and future HVDC connections in Europe.

3VSC can be of a Multi Modular Converter (MMC) type, which is the latest development in
HVDC technology.
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The first commercial HVDC link was commissioned in 1954 between the main-
land and the island of Gotland (Sweden) with a distance of around 100 km, DC
voltage level ±100 kV, and power transfer of 20 MW [7]. The substantial re-
duction of losses in AC/DC conversion, and improvements of isolation materials
have enabled the HVDC transmission projects of more than 3000 km, DC voltage
level of ±1100 kV, and a nominal power of 12 GW [8]. Moreover, large off-shore
wind power islands with hundreds of MW of installed capacity are planned to be
connected by HVDC systems [9]. Apart from the long-distance transfer, HVDC
systems are recognized as a reliable tool for the improvement of system stabil-
ity [10], [11]. This property arises from the ability of HVDC systems to change its
power/voltage reference within a short amount of time. Also, HVDC systems are
able to connect two separate synchronous systems enabling new, highly flexible
transmissions over countries and regions.

The efforts to integrate RES and smart solutions into power systems are re-
markably beneficial for the reduction of pollution. Therefore, power systems are
gradually changing their topology and, consequentially, their method of operation
to optimize their environmental impact on a long time scale. However, the vital
aspect of power system operation affected by the aforementioned changes is the
systems stability that must be accordingly reassessed [12]. Some of the required
countermeasures to keep the power system stability in the presence of current and
future scenarios are the main focus of this thesis, and they are thoroughly investi-
gated.

1.2 Power system stability

Power systems are built and designed to deliver electrical energy from generating
units to end-users, e.g., residential homes, hospitals, banks, industrial factories.
Hence, there is a necessity for proper system planning, safe operation, and robust
stability margin at all times. In this way, System Operators (SOs) ensure highly
reliable electricity supply which is crucial for cost-beneficial operation.

As is the case for the stability of any system, it is vital to understand the type
and amount of disturbances that might appear. Based on experience and test mod-
els, SOs aim to categorize the disturbances for the specific physical phenomena
and to estimate the most severe ones. Accordingly, SOs design control actions to
keep the system stable under any single disturbance from the set of the worst ones.
This approach is referred to as N-1 stability criterion, and it is defined in [13]. In
this thesis, the disturbances of interest are large disconnections of active power and
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three-phase short circuit faults.
Stability is an overall system characteristic, and even if one physical quantity

ends up outside of its nominal operating range, the whole system faces instability.
Thus, there is a need to detect specific physical phenomena mainly responsible for
causing the instability and to provide appropriate actions. In power systems, a clear
separation between (in)stability types can be established, and they can be analyzed
separately (certainly only to some extent). These types are namely frequency, rotor
angle, and voltage stability, as it is shown in Figure 1.4 with an indication of the
thesis’ scope. Furthermore, each of them can be further classified with respect to
different disturbances or relevant time scales [13], [14].

Power	System
Stability

Frequency
Stability

Rotor	Angle
Stability

Voltage
Stability

Scope	of	the	thesis

G G

Δ�����

,��1 ��1

SCF
,��2 ��2

�����

��1 ��2+ =��1 ��2 �����

(I)(II) (III)

(II) (I)

Figure 1.4: Classification of power system stability.

(I) “Frequency stability refers to the ability of a power system to maintain
steady frequency following a severe system upset resulting in a significant imbal-
ance between generation and load. It depends on the ability to maintain/restore
equilibrium between system generation and load, with minimum unintentional loss
of load. Instability that may result occurs in the form of sustained frequency swings
leading to tripping of generating units and/or loads" [13]. As soon as there is an
active power mismatch, absolute frequency deviation increases, and respective con-
trol actions are activated. The conventional controllers responsible for frequency
control are governors implemented in the generators, affecting the turbine valve
gates position implying the mechanical power change. Furthermore, with the re-
cent integration of “smart" and controllable devices, the additional actions can also
be applied by controlling the active power of both power-electronic based genera-
tion and loads.
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(II) “Rotor angle stability refers to the ability of synchronous machines of an
interconnected power system to remain in synchronism after being subjected to
a disturbance. It depends on the ability to maintain/restore equilibrium between
electromagnetic torque and mechanical torque of each synchronous machine in the
system. Instability that may result occurs in the form of increasing angular swings
of some generators leading to their loss of synchronism with other generators"
[13].

In order to gain an insight into the nature of the problem, rotor angle stability
is further deviled into the following two subcategories [13]:

• “Small-disturbance (or small-signal) rotor angle stability is concerned with
the ability of the power system to maintain synchronism under small distur-
bances. The disturbances are considered to be sufficiently small that lin-
earization of system equations is permissible for purposes of analysis." In
further, this type of stability is referred to as Small Signal Stability (SSS).

• “Large-disturbance rotor angle stability or transient stability, as it is com-
monly referred to, is concerned with the ability of the power system to main-
tain synchronism when subjected to a severe disturbance, such as a short cir-
cuit on a transmission line. The resulting system response involves large ex-
cursions of generator rotor angles and is influenced by the nonlinear power-
angle relationship."

Typical controllers implemented to ensure SSS are Power System Stabilizers
(PSSs) installed at the generators, and Power Oscillation Damping (POD) con-
trollers, that are usually distributed and implemented in other controllable system
elements like HVDC links and Flexible AC Transmission System (FACTS) de-
vices. On the other hand, conventional controllers designed to support transient
stability are Automatic Voltage Regulators (AVRs) installed in the generators.

(III) “Voltage stability refers to the ability of a power system to maintain steady
voltages at all buses in the system after being subjected to a disturbance from
a given initial operating condition. It depends on the ability to maintain/restore
equilibrium between load demand and load supply from the power system. Insta-
bility that may result occurs in the form of a progressive fall or rise of voltages of
some buses" [13]. It is outside of the scope of this thesis, and in all studies, it is
assumed that voltage stability is ensured and not significantly affected by studied
control actions.
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1.3 Frequency stability

1.3.1 Conventional frequency control

The system frequency is an essential quantity in AC power systems, and it is a
measure of active power balance between generation and load (with losses). The
closely related analogy is the balance of the scale depicted in Figure 1.5. It is of
vital interest to keep the frequency within the defined limits for both small and
large disturbance contingencies. Otherwise, the efficient operation of elements in
the system might be impaired. The analysis of frequency stability can be carried
out considering the local measurements since the frequency represents the global
state of the system; an invaluable property utilized in frequency control.
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Figure 1.5: Approximate analogy between active power balance and a scale.

The frequency controllers are responsible for fulfilling defined frequency ob-
jectives, and they are implemented with a specific control scheme and introduced
into the electricity market. Typically, these controllers are generators governors,
but also other devices such as load, HVDC links, batteries, renewable generation
connected through power electronics could be introduced into frequency control
in various forms. Considering the time duration of their full activation, there are
Frequency Containment Reserves (FCR) (up to dozens of seconds), and Frequency
Restoration Reserves (FRR) (from dozens of seconds to several minutes).

The objective of the FCR is to stabilize the frequency within a short time in-
terval after a disturbance. The disturbance related to this FCR design is the largest
active power disbalance according to the N-1 criterion. FCR units do not oper-
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ate with full capacity, thus providing a margin in the case of required frequency
support.

After successful activation of FCR, frequency settles at a new steady-state, but
not at the desired nominal value. FRR actions are applied several dozens of sec-
onds after a disturbance (sometimes even several minutes) to restore the frequency
to the reference value. The frequency response, electrical and mechanical power
output representing FCR, and FRR actions are illustrated in Figure 1.6, for under
frequency problem. In FCR response, two stages are recognized, before and after
the frequency minimum. In stage I (denoted by red color), mechanical power is
less than electrical (caused by a disturbance), and frequency is decreasing. The
point when mechanical power becomes equal to the electrical, defines a maximum
Instantaneous Frequency Deviation (IFD). From that point onwards, the increase
in mechanical power restores the frequency to the new steady-state value (denoted
in blue). Stage I reflects the FCR speed of response, and stage II, the FCR’s ability
to damp the oscillation of the system frequency and bring it above the required
steady-state value. Together, these two objectives define the FCR performance.
FRR is marked in orange color, and it restores the frequency at the nominal value
after the FCR Stage II. It should be noted that the over frequency problem is dual
to under frequency, and FRR is out of the scope of this thesis.

To ensure the required amount of security, SOs define a maximum allowed
Steady-State Frequency Deviation (SSFD) and Instantaneous Frequency Deviation
(IFD). These requirements are defined to avoid activation of under/over frequency
protection in the form of Under Frequency Load Shedding (UFLS) or Over Fre-
quency Generation Tripping (OFGT). Such disconnections are not desirable in
modern society since they imply considerable cost compensation and consumer
disruption. Depending on the system configuration and operation, each system
specifies its own requirements related to SSFD and IFD, implying different provi-
sions towards FCR design.

From an FCR point of view, synchronous generators in conventional power
plants contain a very convenient property of being directly connected to the sys-
tem (without power electronics). Their kinetic energy stored in the rotating mass
represents a natural buffer for all undesirable power disturbances. In power sys-
tem terminology, this total kinetic energy stored in the generators is referred to as
system inertia, and it represents the most influential property for the system (fast)
frequency stability.

On the other hand, RES (such as wind and solar power units) are connected
to the grid by means of power electronics devices and do not inherently contribute
to system inertia. Now, with the decisive ambitions of reducing carbon emissions,
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Figure 1.6: The example of FCR and FRR response.

power systems are progressively integrating larger shares of RES to phase out con-
ventional thermal and nuclear generators. Due to these actions, the system inertia
decreases, implying the larger IFD and possible load disconnections following a
significant disturbance of power balance such as a loss of a large generator. It also
implies that besides a suitable amount of reserves, FCR units must provide a fast
and stable dynamic response, while satisfying both margins (IFD and SSFD). The
example of an appropriate frequency response is shown in Figure 1.7, where the
respective limits are highlighted. In the cases when some of the limits are prone
to be violated due to inertia decrease, the power response by FCR units should be
improved. However, if this approach is not feasible, alternative solutions must be
devised.
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Figure 1.7: An appropriate frequency response after a trip of a large generator.

1.3.2 FCR with support from HVDC links

Additional support can come from any other device that possesses the ability to
supply power following a disturbance. Inverter based active-power infeed units
have the capability to change their active power output within a much shorter time
than generators. However, the extracted power from the source must be carefully
reserved due to the stricter converter limitations (compared to synchronous genera-
tors), and the sending side must remain stable while providing the support. Hence,
the challenge is to recognize which sources are appropriate to be included in FCR
support and which method is better in terms of reliability, cost, and stability per-
formance.

The convenient way to support the frequency stability of one AC system is to
provide support from the other AC systems through HVDC interconnections [18].
In that way, the AC systems are sharing the disturbance to the extent which is
defined by SOs agreements and the type of controllers implemented for desired
support. In power systems where there are several HVDC interconnections, there
are plenty of options for a high amount of HVDC reserves and possibilities for their
smart distribution. Therefore, it may be a quite favorable choice to utilize HVDC
links and introduce appropriate coordinated control, taking into account systems’
properties and desired goals.

The usual approach in frequency control is to use local measurements since sys-
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tem frequency is quite similar in all power system locations. The main advantage
of using the local frequency is no cost of additional communication infrastructure
and lower communication delays. On the other side, a remote signal can be conve-
nient for the possible advanced and adaptive control, but in practice, SOs still do
not prefer this approach.

The choice of the method for frequency control activation is strongly depen-
dent on the purpose of the HVDC frequency service. In some cases, there might be
several activation levels, and they are coordinated with control settings to enable a
satisfactory response for various disturbances. Besides frequency activation, there
could be other types of activation e.g., time thresholds to avoid unnecessary acti-
vation during short circuit faults. Additionally, to limit the range of the impact, it
is necessary to implement minimum and maximum input constraints.

Converters have stringent power limits that SOs usually avoid violating at any
time during the HVDC frequency support. Even though the amount of available
power from HVDC varies with the change of the operating point, regularly prede-
fined HVDC reserves are allocated to frequency support, and this power should be
available. When it comes to the rate of change of power constrains (MW/s), man-
ufacturers of HVDC technology do not specify limits that are important to take
into account for frequency support. Nonetheless, high ramps injections tend to be
avoided to reduce the risk of undesirable (and unpredictable) response.

The main target of HVDC frequency control is to decrease the absolute val-
ues of IFD and satisfy all minimum (but mandatory) system requirements - to ac-
complish desirable FCR performance. Different methods are proposed to achieve
the aforementioned tasks ranging from the linear to nonlinear control approaches.
However, we are also interested in the “side effects" of the implemented controllers
affecting properties like system damping, transient stability, cost, and controllabil-
ity of post-disturbance power dispatch. A proper response in a wide range of oper-
ating conditions, along with a straight-forward practical implementation, is essen-
tial. Hence, the aim is to obtain a robust controller and to increase the confidence
in an overall positive impact.

The most commonly investigated controllers are droop frequency-based, syn-
thetic inertia, and step activation with different frequency activation levels. The
aim is to identify which one is the most appropriate for large systems with low in-
ertia values and to provide a standard methodology that can be used for any power
system facing similar challenges.
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1.4 Impact of HVDC frequency support to overall system
stability

Rotor angle stability is affected by various system properties such as current op-
erating point, system configuration, and controller design. It is case dependent
on how and to what extent each feature contributes to the certain stability mar-
gins. The rotor angle phenomenon is typically decoupled from slow conventional
FCR controllers to a certain extent. However, by requiring faster FCR response
and including power-electronic based frequency support, there is a need for further
investigation. The motivation arises by the fact that now HVDC injects a large
amount of power to provide frequency support in low inertia systems. It is of high
interest to investigate how much power is allowed to be injected and what kind
of dynamic control should be appropriate not to harm, or additionally, to support
overall stability.

SOs have to guarantee safe operation, even for comparatively smaller distur-
bances, and SSS requirements need to hold at all times. The task of SSS analysis
is to maintain the pre-defined stability margins of the system while ensuring the
quality of both power and frequency. The fulfillment of this task reflects through
sufficient synchronizing and damping component of critical (inter/intra-area) elec-
tromechanical modes that originate from electromechanical oscillations which are
inherent to synchronous generators. A violation of SSS requirements could result
in an undesirable system separation that may occur even as a consequence of nor-
mal fluctuations in the quasi-steady-state [14]. Since HVDC frequency support
controls can interfere with SSS, it is crucial to examine their impact and to investi-
gate if the improvement of one category of stability (e.g. frequency) does not harm
the other stability types (e.g. SSS and transient stability).

For each generator to maintain stability, the deviation in angle positions must
imply a sufficient restoring (electrical) torque. The electrical torque can be resolved
into two components: synchronizing and damping torque component; the first one
is in phase with generator angle position and the second with generator speed.
The lack of the first leads to aperiodic, and the second to oscillatory instability.
The direct relation between electrical torque (or power) to phase angle and speed
are named synchronous, and damping (torque) coefficients, respectively. They are
obtained through linearized system representation.

The electric torque (power) has the opposite effect on generator acceleration
(time derivative of a speed). In a (small) perturbation and change in generator
angle and speed, it is required that electric power change in the same direction - in
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that way, both coefficients are positive. Therefore, the acceleration has the opposite
sign and aims to bring the system into stability [43], [44].

Now, to obtain a fundamental understanding, one can focus on the “close"
interaction between an HVDC and a single generator, and assume that the rest
of the system dynamics is not significantly affecting the stated problem. In that
case, the challenge is to investigate how the inclusion of HVDC frequency control
affects these torque coefficients and to recognize how the system parameters (e.g.
generator controllers, electrical distance, operating point...) impact the nature of
the interaction.

1.5 Literature review

1.5.1 FCR with HVDC frequency support

The following literature analyzed different types of HVDC frequency support by
using various models. Mostly, the improvement in the frequency behavior was
observed, and performances between chosen methods were compared. Each article
highlighted different aspects of interest of HVDC frequency control, and some of
those are shortly summarized.

In [19] - [22], the applied pilot projects of the point-to-point HVDC intercon-
nections were presented with the droop control method. Several activation levels
with different HVDC droop values were stated so that HVDC was involved to var-
ious extent depending on a frequency deviation. Implemented controller provided
a positive impact on IFD values, and also the reasonable response in the cases of
three-phase short circuit and DC faults.

The focus of the investigation in [23] was the impact of different HVDC fre-
quency reserves and rate power constraints on IFD improvement, with the use of
the HVDC droop frequency-based method. It was concluded that a low amount
of HVDC reserves are sufficient for efficient IFD improvement. However, it can
be noted that large HVDC gain constants were applied. Also, a similar model was
used in [24] for the three area systems connected by HVDC links. It was shown
that changing the parameters of one HVDC link, or one AC system, affects the fre-
quency response in all connected areas. As a solution, to avoid the adverse effects
in the neighboring systems, coordination and exchange of information between
areas were proposed.

Some authors included more detailed models with the governor and turbine dy-
namics, along with voltage dependency, as well. In [25], HVDC support provided
IFD improvement, which was demonstrated for different cases of HVDC reserves
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and operating points. Also, there were investigations on the possible modification
to the droop frequency control, as an additional lead-lag filter in [26], [27], or inte-
gral control as in [28]. Although absolute IFD was decreased with additional lead-
lag in [27], it was observed that the damping ratio of the electromechanical mode
was reduced, implying that a careful design of these filters is needed to achieve an
overall positive performance.

The work in [29] provided an extensive analytical analysis of a power system
with generators represented by the classical model. Noise in the load dynamics
was included as a test of controller robustness. The obtained results concluded that
synthetic inertia should be avoided for the HVDC frequency control due to stabil-
ity issues. On the other hand, droop frequency control was able to attenuate the
noise and disturbance, but the optimal steady-state cost could not be achieved in
that case. As a solution, the authors proposed modification by adding the lead-lag
filter named iDroop. It overcame the dynamic performance issue in the presence
of noise and still kept the optimum steady-state cost. Further, the same authors,
in [30] provided an extension of the previous work by calculating the optimal pa-
rameters of the proposed lead-lag extension. In further investigation, an interesting
conclusion was made by showing that just 20 ms of delay can cause the system
instability by using regular droop frequency control, but with iDroop, it remained
stable. However, it has to be mentioned that no low-pass filter was implemented in
any of the controllers, and a quite high amount of noise was applied.

In [31], a new approach, and quite different from the ones previously men-
tioned, is proposed in the form of Model Predictive Controller (MPC). Signifi-
cant improvements in the IFD are presented in the carefully designed case studies.
However, it must be noted that an MPC algorithm assumes that the system inertia
constant is known, and the RoCoF measurements are fully reliable.

The control method of currently implemented HVDC frequency support in the
Nordic Power System (NPS) is presented in [32]. This method is referred to as
Emergency Power Control (EPC), and it is based on the “ramp/step" method, and
provides a static response. The power is distributed in several steps (different for
each HVDC link) containing the following properties:

• frequency activation levels in Hz,

• step capacities (or total EPC capacity) in MW,

• step ramps in MW/s,

• time holds in s,
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where these values are set by the respective SOs. In the ENTSO-E4 report [32],
it is concluded that IFD improvements do not give satisfying results for a given
reserved power on HVDC links, and new assessments are needed.

Research motivation I

Our main motivation is to look into the future operation of power systems with
low inertia scenarios. In these cases, there is a need to coordinate conventional
FCR and HVDC frequency control to the extent where the system would be N-1
secure. The coordination means the assessment of both FCR and HVDC properties,
where the target is a desirable FCR performance; defined as a capability to enable
(at least) minimum allowed IFD, appropriate attenuation of frequency after the
IFD, and SSFD within required limits. In addition to the worst cases, there is a
need for the appropriate frequency behavior for the less severe, but more probable
contingencies.

1.5.2 Impact of HVDC frequency support to overall system stability

Although HVDC systems offer a broad spectrum of control modes, the high uncer-
tainty in system operation makes simple and robust solutions more attractive. For
the purpose of supporting frequency stability, simple control of the HVDC active
power injection proportional to frequency deviation is often considered as a safe
choice [33]. Many existing works have noticed that this “classical approach" also
improves the SSS - which makes sense since this, so-called, droop control behaves
like natural and additional damping. This correlation was systematically discussed
when generators were represented using the classical model, and the local input
signal was approximated as a linear combination of the remote ones (generator
speeds) [34], [35]. There are specific mathematical manipulations or additional
filters included to prove the presented conclusions, and they are certainly valid for
the broad spectrum of cases, which increases the confidence in the applied method.

Some case studies have, however, detected situations for which the frequency
support provided by an HVDC system adversely affects the SSS margin [27], [36].
Some of the critical modes are adversely affected. However, there was no clear ex-
planation what was an actual cause of the decrease in damping ratios and how im-
portant they are for system response. Similar outcomes are noticed in conclusions
of related research branches that aimed to damp the electromechanical oscillations
through the power modulation of e.g. loads or wind power plants [37]- [41]. The

4European Network of Transmission System Operators for Electricity (EU).
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earlier such analyses reported that a proportional active power control with a local
frequency deviation input might deteriorate SSS and induce electromechanical os-
cillations if the controller gain becomes too high [37] - [39]. A gain too high can
cause the root locus of the corresponding critical electromechanical mode to move
toward the respective Open-Loop Zero (OLZ) that could be less damped. More
recent studies have demonstrated that even with the optimal choice of the con-
trol input signal (phase angle) [40], the non-existence of zeros in the Right Hand
Side (RHS) of the complex plane cannot be assured in general control configura-
tion [41].

Standard power system literature proposes well-known measures of both SSS
and transient stability for a simple Single-Machine Infinite-Bus (SMIB) system.
These measures are synchronizing and damping torque coefficients - KS and KD,
respectively, obtained from a linearization around the operating point. They could
be more convenient for analysis in SMIB systems because, although simple, they
enable a comprehensive understanding of system stability and the impact of various
controllers like it was the case for AVRs, PSSs, and Static Var Compensators [43]
- [49].

Research motivation II

Even though an overall positive impact of the aforementioned supplementary HVDC
control on SSS is observed in the literature, there have been cases where the damp-
ing reduction of the electromechanical modes is noticed, but not fully assessed. The
main challenge for this thesis is to tackle analytical analysis, which could identify
the leading causes of the nature of interaction and its importance. The following
aspects are considered as inspiring for addressing this challenge.

i) The existing studies neglected higher-order generator dynamics (AVR, PSS),
which can be crucial to interaction and affect the poles/zeros positions and move-
ment in the complex plane.

ii) The local input (frequency or phase angle) measurements have previously
been approximated in the analysis by a combination of remote signals. Remote
signals cannot be measured in reality without additional infrastructure, and that is
why the local ones should be considered.

iii) The literature identified high gains as problems for closed-loop stability and
damping ratios of critical modes. For this thesis, the challenge is to discuss: “What
is a “high" gain when it comes to HVDC frequency support, and to which extent
does it impact the system stability?"
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1.6 Objectives and contributions

Objectives

Owing to the decreasing inertia, SOs are facing a major issue of keeping the IFD
within the permissible range. IFD limit requirements must be satisfied as long
as there are elements in the system designed to operate to a frequency close to
nominal. Due to physical limitations in the response of synchronous generators
related mainly to the turbine systems, additional support must come from the al-
ternative sources such as HVDC interconnections. On the other hand, with HVDC
frequency support, the interaction with other controllers should be investigated so
that the potentially negative influence can be avoided.

Objective 1: This thesis aims to develop a methodology for assessing different
HVDC frequency control methods in the form of Emergency Power Control (EPC)
and evaluate their performance by improving IFD. The goal is to determine min-
imum requirements related to the specific EPC services to maintain N-1 security,
even for extremely low inertia scenarios. Requirements are related to the amount
of EPC reserves and designed control settings which define the dynamic response
of EPC.

Objective 2: Beside improving IFD by using EPC and analyzing provided
response, this thesis seeks for possible side effects originating from the provision
of EPC service. The side effects are observed through the impact on a rotor angle
stability. The aim is to expand the knowledge obtained from the mainly generic
analysis. In this way, this thesis wants to give a higher certainty and fundamental
understanding of system response with EPC implementation.

Objective 3: Even though this work is oriented towards the use of HVDC in-
terconnections and Nordic Power System (NPS) example, the used approach ought
to be constructed in a way that the conclusions can be extended to all power sys-
tems with low inertia issues, and all sources of energy with the capability of fast
frequency control service. The investigated control methods and applied models
suppose to rely on technical reports where realistic ranges of parameters are used,
i.e. not the arbitrary ones. In this way, the work is supposed to combine current
official SOs standards and requirements. Another objective is to propose a simple
control method with no additional communication infrastructure, but still able to
ensure proper system operation and further power system development over the
years.
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Contributions

The main outcomes of this thesis are the contributions which deal with some of
the gaps in the previous literature/work and fulfill the stated Objectives 1 to 3.
The Contribution I is an approach that tackles the Objective 1, and Contribution
II to Objective 2, while both Contributions take into account Objective 3. The
summarized contributions of this thesis are listed below:

Contribution I:

• C I.i: A methodology to identify relevant governor parameters for testing
FCR performance is demonstrated. The methodology deals with specific
system requirements related to the FCR response and system properties.
Based on that, it provides an individual performance of the governor’s set-
tings in terms of system closed-loop stability margin and impact on the re-
quired amount of reserves. This work is an initial step to objectively inves-
tigate how efficient FCR response could be, and to determine if EPC actions
are needed.

• C I.ii: Based on the previously obtained parameters and FCR response, this
contribution identifies the required EPC actions for the various HVDC con-
trol methods. The main concern is to quantify how much EPC power is
required to keep the IFD within the specified limits. The developed EPCs
are tested in different scenarios of inertia, disturbances, and models ranging
from a simple single machine equivalent to extensive and carefully designed
multi-machine systems.

Contribution II:

• C II.i: A comprehensive analysis of the impact that supplementary power
control of an HVDC link has on the electromechanical dynamics is estab-
lished. The influence is investigated through the linearized representation of
generator dynamics in the SMIB system, and it is the first of its kind that is
derived analytically.

– The supplementary HVDC power control is defined with fixed input
and output (local phase or frequency deviation and active power), but
the HVDC controller can be arbitrarily chosen. No remote information
is used to control the HVDC system, and local information is success-
fully incorporated in given equations.
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– The analysis is based on the generic approach, which means that all
control settings and parameters can be chosen arbitrarily. It provides a
possibility to state fundamental understanding of observed interaction
with included AVR and PSS dynamics.

• C II.ii: The explicit analytical relation between the gain of HVDC supple-
mentary power control (control proportional to bus frequency) and change
in synchronizing and damping torque coefficients is derived. It presents the
first effort to obtain the expression that connects system stability measures
with the HVDC controller gain explicitly while including the properties of
AVR and PSS.

– AVR and PSS transfer functions are simplified for the observed mode,
and functions are adapted to include HVDC contribution.

• C II.iii: The mathematical analysis of derived expressions for change in syn-
chronizing and damping torque coefficients (KS and KD) through the HVDC
gain spectrum is presented.

– The main conditions for positive contribution to respective coefficients
(KS and KD) rising from AVR and PSS are highlighted (for a small gain
of HVDC).

– The existence of optimum HVDC gain with respect to maximum damp-
ing coefficient KD is concluded and derived.

• C II.iv: The analysis is extended for a multi-machine system of the same
phenomena and is correlated to previously obtained results.

– The importance of including AVR and PSS dynamics is assessed for
the observed mode, and it is highlighted through values of Open-Loop
Poles (OLPs) and Open-Loop Zeros (OLZs) for different locations of
HVDC in the multi-machine system.

– The same behavior of the most critical mode, compared to the one in
SMIB, is demonstrated in the multi-machine system through sensitivity
analysis concerning different HVDC gain, HVDC locations, and PSS
gain.
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D. Obradović conducted the research work and wrote the article. R. Eriksson
and M. Ghandhari supervised the research and reviewed the article.
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1.7 Thesis outline

The outline of the rest of this thesis is as follows:

• Chapter 2 provides a theoretical background regarding the power system
dynamics and stability. The following steps are:

1. Each element is described with the set of needed algebraic and differ-
ential equations.

2. The system is linearized around the operating point.

3. The stability criteria and margins are introduced in both open-loop and
closed-loop systems.

• Chapter 3 covers the Contribution I and assesses the Objectives 1 and 3.
The results are presented in Publications [C1], [C2], and [C4].

• Chapter 4 covers the Contribution II and assesses the Objectives 2 and 3.
The results are presented in Publication [J1].

• Chapter 5 concludes the thesis and propose future work.



Chapter 2

Theoretical Background

This chapter presents a detailed mathematical description of used models. More
profound and necessary knowledge of stability properties is obtained by linearizing
the non-linear system. Stability margins of interest are defined and used as a part
of the criteria for the further assessment of dynamic performance.

2.1 Dynamic study model

For power system elements studied in this thesis, the set of differential and alge-
braic equations are constructed and explained. Depending on a phenomenon, some
dynamics might be neglected, meaning that some variables and parameters might
vanish. The overall goal is to create a closed and fully defined mathematical form
of a power system model, so that the phenomenon of interest can be simulated or
analytically analyzed. In the mathematical models in this chapter, if not explicitly
stated otherwise, the variables are expressed in (pu) and the time constants in (s).

2.1.1 Synchronous generator model

Synchronous generators are the most important elements of a power system, since
their motions determine the system response. In this work, the generator dynamic
is defined by the 1-axis model [14]. It originates from the rotor motion governed
by the difference between mechanical and electrical power, and the dynamic of the
transient internal voltage in the q-axis. The non-linear differential equations f1axis,i

29



30 CHAPTER 2. THEORETICAL BACKGROUND
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Figure 2.1: Generator connected to the power system.

of a single generator connected to a power system (shown in Figure 2.1) are:

δ̇i = ωi;

ω̇i =
1

Mi

(
Pmi−Pei−Diωi

)
=

1
Mi

(
Pmi−

E ′qiUi

x′di + xti
sin(δi−θi)−Diωi

)
;

Ė ′qi =
1

T ′doi

(
E f i−

xdi + xti

x′di + xti
E ′qi+

xdi− x′di
x′di + xti

Ui cos(δi−θi)
)
.

(2.1)

The model introduces three state variables x1axis,i = [δi ωi E ′qi]
T . All parameters

and variables comply with the standardized approach from [14], [42], defined as:

• Mi - constant reflecting total generator inertia (s2) - equal to
2H
ωn

, where H is

a time in seconds needed for a generator to achieve nominal from zero speed
with being governed by the nominal power, and ωn = 2π fn, where fn is a
nominal frequency,

• Pmi/Pei - mechanical/electrical power output; machanical power is constant if
there is no additional governor control,

• Ui - voltage magnitude of terminal bus,

• θi - phase angle of terminal bus (rad),

• xdi and x′di - synchronous and transient reactance in d-axis, respectively,

• xti - transformer reactance,

• T ′doi - d-axis transient open-circuit time constant,

• Di =
D′i
ωn

- where D′ is damping constant reflecting friction and damper wind-

ings impact,
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Figure 2.2: Static AVR block diagram.

• δi - rotor angle (rad),

• ωi - rotor speed deviation (from nominal ωn) (rad/s),

• E ′qi - internal transient generator voltage in q-axis,

• E f i - generator excitation voltage.

As soon as the first power systems were built, different additional controllers im-
plemented into generators attracted the research focus in order to improve the sys-
tem stability. Depending on the type: Automatic Voltage Regulator (AVR), Power
System Stabilizer (PSS), or governors, they contributed to the improvement of the
particular type of stability. Numerous models are proposed, and their performance
is investigated under various conditions. Here, the study uses the basic ones to ex-
plain the principles of their work and fundamental contribution to system dynamics
and stability performance.

To control the voltage (typically at the terminal bus), and to improve transient
stability, AVRs are installed. The standard model, which is used to capture the
basic principles of an AVR, is a static model shown in Figure 2.2, described with
the differential equation ẋavr,i = favr,i defined as:

Ė f i =
1

Tei

(
−E f i+KAi(Ure f i +uPSSi−Ui)

)
, (2.2)

where additional state variable and parameters are:

• xavr,i = E f i - excitation voltage,

• Tei - exciter time constant,

• KAi - exciter gain,

• Ure f i - exciter reference voltage,
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Figure 2.3: Typical PSS control block diagram.

• uPSSi - output signal from PSS (zero if there is no PSS).

AVRs (with high gain) could deteriorate system damping, and as a traditional so-
lution, PSSs are installed. A typical model is represented in Figure 2.3, and it
contains two parts: the wash-out filter - to avoid steady-state contribution and in-
teraction to low-frequency controllers; and the gain and the lead-lag filter(s) - the
ones that must be carefully tuned to improve system damping and affect the fre-
quency mode of interest.

From the block diagram in Figure 2.3, an output uPSSi is defined as:

uPSSi =

(
(uiniKPSSi−S1i)

T1i

T2i
+S2i

)
T3i

T4i
+S3i, (2.3)

and it is included in the dynamic of the AVR by eq. (2.2). The additional differen-
tial equations fpss,i imposed by PSS are:

Ṡ1i =
1

Twi

(
KPSSiuini−S1i

)
;

Ṡ2i =
1

T2i

(T2i−T1i

T2i
(KPSSiuin−S1i)−S2i

)
;

Ṡ3i =
1

T4i

(
T4i−T3i

T4i

(T1i(KPSSiuin−S1i)

T2i
+S2i

)
−S3i

)
.

(2.4)

with following parameters and variables:

• xpss,i = [S1i S2i S3i]
T - additional state variables imposed by the inclusion of

PSS,
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• uuni is either ωi or Pei - PSS input signal,

• Twi - wash-out time constant,

• T1i−T4i - filter time constants,

• KPSSi - PSS gain.

2.1.2 Governor and turbine dynamics

To control the system frequency, the responsible FCR generators have governor
control. Typically, ∆ fi =

ωi

ωn
is the input, and it affects the change of the turbine’s

gate valve position ∆Yi, implying the change of mechanical power ∆Pm, as shown
in Figure 2.4.
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Figure 2.4: Governor and turbine control block diagram.

The system governor-turbine is a nonlinear system, where nonlinearities origi-
nate from threshold activations, the turbine’s physical properties, and implemented
control limitations. To present a mathematical description of the system in Figure
2.4, the system is linearized, and limitations are neglected. Therefore, the governor
and turbine system can be represented by the transfer functions KG(s) and TG(s),
respectively.

There are various governor controllers; however, the standard design contains
separate parts related to transient and steady-state (permanent) performance. Ad-
ditionally, the servo dynamic is included to an extent depending on a type of gov-
ernor (e.g. mechanical or digital). A standardized governor type, presented in [14],
is illustrated in Figure 2.5, where control blocks related to different dynamic per-
formance are marked.

The governor transfer function KG(s), relating ∆ f and ∆Y , can be presented by
simplyfing control diagram by introducing Tg1 and Tg2, such as:

Tg1 ≈
TRTGT

TGT +TR(gst +gtr)
, Tg2 =

TGT +TR(gst +gtr)

gst
. (2.5)
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Figure 2.5: Governor with transient droop compensation.

In that case, the governor adds two new state variables xgov,i = [Sg1i Sg2i], shown
in Figure 2.6, and following differential equations fgov,i:

Ṡg1i =−
1

Tg1i

(
∆ fi

gst
+Sg1i

)
;

Ṡg2i =−
1

Tg2i

(
Sg1i

( TRi

Tg1i
−1
)
+Sg2i +

TRi

Tg1igst
∆ fi

)
,

(2.6)

where the following parameters are:

• gst - droop constant,

• TRi - transient control time constant.

Figure 2.6: Equivalent block model representation of governor with transient droop
compensation.

Another typical governor control is a PID type, and it is commonly used in the
Nordic power system, presented in both [14] and [16]. It also has a steady-state
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droop marked as EP, transient PID controller with properties [KP,KI,KD,Tf ], and
servo dynamic included with the first-order filter of time constant Tgt . The block
diagram is represented in Figure 2.7.

Droop

PID	controller

Servo

Figure 2.7: PID governor block diagram.

Additional state variables are xgov,i = [Sg1i Sg2i Sg3i]
T , with respective differ-

ential equations fgov,i defined as:

Ṡg1i =−KIi(∆ f +EPiSg3i);

Ṡg2i =
−1
Tf i

(
∆ fi +Sg2i +EPiSg3i

)
;

Ṡg3i =
−1
Tgti

(
(KPi+

KDi

Tf i
)∆ fi+

(
EPi(KPi+

KDi

Tf i
)+1

)
Sg3i +

KDi

Tf i
Sg2i−Sg1i

)
,

(2.7)

Turbine systems are highly complex, and their dynamic mainly depends on
properties such as size, configuration, and type (hydro or steam). Turbine dynam-
ics reflect the fluid flow through the penstocks for different (turbine) loading. The
changing of power cannot occur instantaneously, yet in the time scale of several
seconds. In some cases, as hydro type, there is even a non-minimum phase effect
where mechanical power initially change in the opposite direction. In the systems
with a high level of inertia, where frequency changes are relatively slow, these
properties are not vital. However, in the low inertia scenarios, they become essen-
tial, and therefore governor tuning must be rigorous.



36 CHAPTER 2. THEORETICAL BACKGROUND

A change of mechanical power affecting the swing dynamic in eq. (2.1) is
defined as:

∆Pmi = TG(s)∆Yi = TG(s)KG(s)∆ fi. (2.8)

The number of additional state variables xtur,i = [St1i . . .Stki]
T and differential equa-

tions ftur,i is k, and it depends on the representation of TG(s).

2.1.3 Load model

The load contains numerous different elements with unique characteristics in terms
of both static and dynamic behavior. Most of the features related to static behavior
can be captured through the ZIP model for both active and reactive terms. The ZIP
model defines load voltage dependency through a constant impedance, current, and
power characteristic as following:

PLi = PLoi

(
kpzi

( ULi

UL0i

)2
+ kpii

( ULi

UL0i

)
+ kpi

)
QLi = QLoi

(
kqzi

( ULi

UL0i

)2
+ kqii

( ULi

UL0i

)
+ kqi

)
,

(2.9)

where the respective coefficients and variables are:

• ULi (UL0i) - actual (initial) load voltage,

• PLi/QLi (PL0i/QL0i) - actual (initial) active/reactive load power,

• kp/qzi - active/reactive coefficient related to constant impedance load,

• kp/qii - active/reactive coefficient related to constant current load,

• kp/qi - active/reactive coefficient related to constant power load,

and the relation between ZIP coefficients is following:

1 = kp/qzi + kp/qii + kp/qi. (2.10)

Additionally, especially in frequency control analysis, the load frequency de-
pendency of the active power is included, such as:

PLi = PLoi

(
kpzi

( ULi

UL0i

)2
+ kpii

( ULi

UL0i

)
+ kpi

)
︸ ︷︷ ︸

ZIP

(
1+ ∆ fLiDLi︸ ︷︷ ︸

Load freq.dependency

)
,

(2.11)
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where DLi is the load frequency dependency constant and a deviation of a local
(load) frequency is calculated as:

∆ fLi =
d∆θi

dt
=

dθi−dθre f

dt
, (2.12)

where θi is a phase angle of load bus i, and θre f is a reference angle.

2.1.4 Transmission network model

Let the power lines (cables) be represented by assuming lumped parameters and
standard Π model [14]. Refering to Figure 2.8 there is the admitance ȳik between
two system’s buses, denoted by i and k, and shunts admitances ȳii and ȳkk between
nodes (i or k) and ground.

G G

SCF
(I)(II)

G G

Figure 2.8: Lumped Π model of AC power line.

The admittance matrix of an N-bus AC power system can be represented as:

Ybus = Gbus + jBbus =


Y 11 Y 12 . . . Y 1N

Y 21 Y 22 . . . Y 2N

...
...

. . .
...

Y N1 Y N2 . . . Y NN

 , (2.13)

where Ȳik is the (i,k) element of Ybus matrix, i,k = 1, . . .N, and it is obtained as:

Ȳik =−ȳik, i,k = 1, . . . ,N, i 6= k;

Ȳii =∑
N
k=1 ȳik, i = 1, . . . ,N.

(2.14)

Grid buses carry the information of algebraic variables such as voltage magni-
tudes Ui and phase angles θi:

y = [U1 . . .UN θ1 . . .θN ]
T . (2.15)



38 CHAPTER 2. THEORETICAL BACKGROUND

Active and reactive powers, respectively, injected into the bus i from all other
busses connected (in general form) are calculated as follows:

Pi =Ui

N

∑
k=1

Uk

[
Gik cos(θi−θk)+Bik sin(θi−θk)

]
;

Qi =Ui

N

∑
k=1

Uk

[
Gik sin(θi−θk)−Bik cos(θi−θk)

]
, i = 1, . . . ,N.

(2.16)

In the case of generator terminal buses 1, . . . ,n, active and reactive generator power
injections are:

Pgi =
E ′qiUi

x′di + xti
sin(δi−θi);

Qgi =−
U2

i −E ′qiUi cos(δi−θi)

x′di + xti
, i = 1, . . . ,n.

(2.17)

Now, the Kirchoff’s first low defines the algebraic functions g (in total 2×N), with
power directions indicated as one in Figure 2.9:

0 =Pi +PLi−Pgi;

0 =Qi +QLi−Qgi, i = 1, . . . ,n;
(2.18)

for the generator buses, and:

0 =Pi +PLi;

0 =Qi +QLi, i = n+1, . . . ,N,
(2.19)

for the load buses.

Finally, each generator has ng state variables whose dynamics originate from:

• 1-axis model - x1axis,i = [δi ωi E ′qi]
T ,

• AVR - xavr,i = [E f i]

• PSS - xpss,i = [S1i S2i S3i]
T ,

• governor - xgov,i = [Sg1i . . . Sgki]
T , k = 2, or k = 3 if the governor is PID

type.
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Figure 2.9: Indication of power injections and their directions.

• turbine - xtur,i = [St1i . . . Stki]
T , k ≥ 1, depending on the type of hydro tur-

bine,

giving the state variables assosiated with generator i = 1, . . .n. The total number of
state variables x and differential equations f (x,y) is nx = ng ·n, and the number of
algebraic variables y and agebraic equations g(x,y) is ny = 2 ·N, finally presnted
bellow as:

x =


xg1

xg2

...

xgn

 , y =



U1

U2

...

UN

θ1

θ2

...

θN


, where xgi =


x1axis,i

xavr,i

xpss,i

xgov,i

xtur,i

 , i = 1, . . . ,n. (2.20)

with the system dynamic described as:

ẋ = f (x, y);

0 = g(x, y).
(2.21)
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The relations between the system state and algebraic variables are now fully
defined. The equilibrium/initial point of the system is obtained by setting:

0 = f (x0, y0);

0 = g(x0, y0),
(2.22)

where:

x0 =


xg10

xg20

...

xgn0

 , y0 =



U10

U20

...

UN0
θ10

θ20

...

θN0


. (2.23)

In the following, the dynamics of the HVDC frequency controller is introduced
in eq. (2.21), and then in further, its impact on dynamics is studied.

2.1.5 HVDC representatation and dynamics

HVDC systems provide higher flexibility in operation due to their ability to con-
trol and set both: i) active power flow (both VSC and LCC) and ii) reactive power
injection or AC voltage in both connection nodes (only VSC). This work focuses
on active power contribution PHV DC and possibilities of adding a change to the ref-
erence by ∆PHV DC (marked in red in Figure 2.10) to support AC system frequency
stability.

The impact to system dynamic is reflected through power balance eq. (2.19),
such as:

0 = Pi +PLi−PHV DC;

PHV DC = PHV DC,re f +∆PHV DC, i = HVDC connection.
(2.24)

The reactive power injection is not used as control output, but it could contain a
steady-state component also contributing to power balance eq. (2.19):

0 =Qi +QLi−QHV DC, i = HVDC connection. (2.25)
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Figure 2.10: HVDC system connecting two different synchronous areas.

The HVDC converter basic control scheme is constructed through several layers:
outer power loop, inner current loop, and Phase-Locked Loop (PLL). They are
carefully tuned to enable fast response and appropriate level of decoupling between
control loops. Two leading HVDC converter technologies are LCC or classic type,
and VSC or light type, where the essential difference is in applied components
responsible for enabling appropriate conversion between AC/DC voltage. These
controllers are responsible for tracking the desired reference and maintaining the
HVDC system in normal operation. The scope of this work is not to assess the
details of HVDC internal control, since the phenomenon of interest belongs to a
longer time frame, and it is assumed that inner loops are properly tuned. The main
focus is on designing the HVDC frequency controller K(s) by having ∆PHV DC =∆u
as the output and local frequency ∆ fL =∆γ ′ as the input, as is shown in Figure 2.11.
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Figure 2.11: HVDC frequency control and impact to System 1 dynamics.
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The frequency is obtained from the bus where HVDC is connected. Local
frequency fL is theoretically not a part of either x or y, but it can be obtained by
taking a time derivative of the phase angle of Point of Common Coupling (PCC)
bus θL, in the same way as it is done in eq. (2.12). Hence, the input signal will be
θL = γ (or ∆θL = ∆γ), and time derivative is incorporated into frequency controller
K(s).

Due to the converter ability to respond fast to power reference change, in this
analysis, it is assumed that the change of active power output is equal to the ref-
erence change multiplied with the first-order filter described with THV DC (s). The
value of THV DC depends on the HVDC system and its inner control, and it varies
from dozens to hundreds of ms. In the case of perfect response (assumption), then
THV DC = 0 (s).

Finally, the HVDC frequency controller is defined as:

∆PHV DC =
1

1+THV DCs
K(s)(s∆θL) =

1
1+THV DCs

K(s)∆ fL. (2.26)

2.2 Stability analysis

From non-linear to linear dynamics

Each element in the system illustrated in Figure 2.12 is now defined, and the next
step is linearization. The goal is to state stability criteria obtained from linear
control theories, to understand how to improve the stability margin by using a
controller K(s) implemented for HVDC frequency control.

Now, with the inclusion of HVDC frequency control, the dynamics of a power
system is described by a set of non-linear Differential-Algebraic Equations (DAE):

ẋ = f (x, y, u);

0 = g(x, y, u);

γ = h(x, y, u),

(2.27)

where x, y, u, and γ are the vectors of state variables, algebraic variables, input and
output, and their dimensions are nx, ny, nu, and nγ , respectively. Let the respective
functions f , h, and g be continuous and differentiable. The steady-state system is
described by the equilibrium (opearating) point (x0, y0, u0)) where:

0 = f (x0, y0, u0);

0 = g(x0, y0, u0);

γ0 = h(x0, y0, u0).

(2.28)
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Figure 2.12: Power system model of interest.

For small perturbations in the state, input, and output vectors, near the equi-
librium (x = x0 +∆x, y = y0 +∆y, u = u0 +∆u,γ = γ0 +∆γ), eq. (2.27) can be
expanded in Taylor series. By neglecting the higher order terms, a linear time-
invariant system can be created, such as:

∆ẋ = fx∆x+ fy∆y+ fu∆u;

0 = gx∆x+gy∆y+gu∆u;

∆γ = hx∆x+hy∆y+hu∆u,

(2.29)

where:

fx =
d f
dx
|(x0,y0,u0), fy =

d f
dy
|(x0,y0,u0), fu =

d f
du
|(x0,y0,u0);

gx =
dg
dx
|(x0,y0,u0), gy =

dg
dy
|(x0,y0,u0), gu =

dg
du
|(x0,y0,u0);

hx =
dh
dx
|(x0,y0,u0), hy =

dh
dy
|(x0,y0,u0), hu =

dh
du
|(x0,y0,u0),

(2.30)
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and further, by using Kron’s reduction to eliminate algebraic variables ∆y:

∆ẋ = ( fx− fygy
−1gx)∆x+( fu− fygy

−1gu)∆u = A∆x+B∆u;

∆γ = (hx−hygy
−1gx)∆x+(hu−hygy

−1gu)∆u =C∆x+D∆u.
(2.31)

A ∈ Rnx×nx represents the system state matrix, and its analysis is of crucial im-
portance to obtain system stability without a controller. B ∈ Rnx×nu , C ∈ Rnγ×nx ,
D ∈Rnγ×nu are input, output and feedthrough matrix, respectively. They determine
how the controller should be tuned to improve the closed-loop stability perfor-
mance.

Stability criteria and stability margin

From the obtained state matrix A, system eigenvalues λ̄i represent the solution of:

0 = det(sI−A)⇒ λ̄i = σi± jωi = σi± j2π fi, i = 1, . . . ,nx, (2.32)

where σi/ωi and fi represent the real/imaginary part, and the frequency of oscilla-
tion of the selected mode, respectively. Their damping ratio is defined as:

ζi =
−σi√

σ2
i +ω2

i

=
−σi

|λ̄i|
, i = 1, . . . ,nx. (2.33)

For the system stability, all eigenvalues must be on the left-hand side:

σi < 0⇔ ζi > 0, i = 1, . . . ,nx. (2.34)

And furthermore, to ensure certain stability margin, it is usually required:

ζi > ζmin, i = 1, ...,n, (2.35)

where ζmin represents the minimum required system damping. The security mea-
sures are necessary to be satisfied due to high uncertainty in system parameters and
operation, and system linearization.

For improving the system stability margin, or performance on a specific fre-
quency range, a controller K(s) is applied. In the case it is considered as a Single
Input Single Output (SISO), nu = 1 and nγ = 1, with input ∆u and output ∆γ . Ini-
tially, let the open-loop system properties be analyzed without controller design
taken into account (just with having the information on the input and the output).
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The open-loop transfer function (tf.) from the chosen input and output signal
pair in the Laplace domain is defined as:

∆γ

∆u
=C(sI−A)−1B+D = G(s)︸︷︷︸

Open-loop tf.

=
M(s)
N(s)

(2.36)

Where M(s),N(s) represent numerator and denumerator polynomial of G(s), re-
spectively. The roots of polynomial N(s) are equivalent to system eigenvalues λ̄i

- Open-Loop Poles (OLP), and roots of polynomial M(s) are Open-Loop Zeros
(OLZ). In Figure 2.13, there is an example of OLP and OLZ in the complex plane
with an indication of stability and security region.
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Figure 2.13: Open-loop poles and zeros with the unstable and not secure region.

OLZs are highly determined by choice of input/output signal, and they imply
the limitations in controller design, before the design itself. That is why, before
the controller analysis in closed-loop, the assessment of limitations is important.
In this way, one may obtain the closed-loop system properties even if there is no
exact information on all parameters implemented in the controller.

The concerning properties are the appearance of Right Hand Side Poles (RHSPs)
- system is initially unstable, Right Hand Side Zeros (RHSZs), or even worse, both
of them. This means that there might be a specific trade-off in terms of achiev-
able performance over the frequency range. For example, if a high gain controller
is required, then some OLPs are moving towards RHSZs and might cause system
instability or poor damping ratios [50].

These system limitations are meaningful since power systems could contain
non-minimum phase properties like RHSZs imposed by hydro turbines, or con-
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verters using various combinations of PMU measurements as inputs from different
locations.

Frequency domain analysis

The study on system poles, zeros, and minimum damping ζmin is a good approach
to system stability assessment. However, it is not enough to capture all desired sta-
bility properties. The frequency-domain analysis can be more convenient since it
considers the broad class of signals, and stability performance can be assessed for
any combination of (sinusoidal) frequency inputs. In the investigation on proper
controller design, frequency domain analysis offers control theories where addi-
tional factors can be included, such as time-delays, noise, and uncertainties. There-
fore, introducing system transfer function and assessing their properties can be a
favorable approach in establishing a proper system stability performance.

Let G(s) be an open-loop transfer function and K(s) a controller which perfor-
mance should be evaluated concerning the overall stability of the closed-loop sys-
tem. For further assessment, it is convenient to introduce the loop transfer function
L(s) = G(s)K(s). Assuming that the system is closed-loop stable, the frequency
ω180 is defined as ∠L( jω180) = −180◦, and crossover frequency ωc is defined for
a condition where |L( jωc)|= 1. Then, the standard stability measures called Gain
Margin (Gm) and Phase Margin (Pm) are defined as:

Gm =
1

L( jω180)
(pu); Pm = ∠L( jωc)+180(◦). (2.37)

To ensure a proper stability margin to the gain and phase uncertainties, it is required
that: Gm > 2 and Pm > 30◦ [50]. These are typical values used in control theory,
but they can be different depending on a system case.

With introducing a closed-loop sensitivity function S(s), one can find a com-
mon stability criterion and take into account both Gm and Pm. For a SISO con-
troller K(s), the sensitivity transfer function is defined as:

S(s) =
1

1+G(s)K(s)
. (2.38)

The magnitude of S(s) reflects proportionally the effort to reduce the difference
between measured and reference signal penetrating to the controller K(s). There-
fore, it is of interest to keep its magnitude |S(s)| bellow one, or in general, at low
values for the frequency range of interest. According to the control theory called
the Waterbed effect defined in [50], the magnitude of sensitivity function cannot be
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less than one for the whole frequency spectrum, and stability performance degra-
dation is inevitable on certain frequencies. The peak of the sensitivity magnitude
MS presents the worst case in terms of performance. It can be defined as either a
peak of bode magnitude diagram or as an infinite norm of S(s) function:

MS = max
ω
|S( jω)|=‖S‖

∞
, (2.39)

The examples of bode diagrams of L(s) and S(s) are shown in Figure 2.14. In this
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Figure 2.14: Bode diagrams of functions L(s) and S(s).

case G(s) = 3(−2s+1)
(5s+1)(10s+1) and the controller is defined as K(s) = 1.136(1+ 1

12.7s),
so L(s) = K(s)G(s).

Furthermore, for a closed-loop system stablility the number of encirclements
of the critical point (−1,0) by L(s) Nyquist plot must not change; so L(s) should
have a distance measure from it. The minimum distance between the L(s) Nyquist
plot and (−1,0) is value equal to 1/MS. Therefore, MS present a measure of system
robustenss as well, and its relation to Gm and Pm [50] is defined as follows:

Gm≥ MS

MS−1
; Pm≥ 2arcsin(

1
2MS

)≥ 1
MS

(rad). (2.40)
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The convenience of introducing Nyquist diagram is a visual representation of
stability margins, and for the example of the functions mentioned above L(s),
Nyquist plot is illustrated in Figure 2.15.
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Figure 2.15: Nyquist diagram of L(s).

The presented measures are very general and can be applied to any control sys-
tem. However, the aim is also to look into specific phenomena and use properties
of the power system to capture a better physical understanding. In doing that, ba-
sic principles and conditions of generator linearized dynamics are assessed in the
following subsection.

Synchronizing and damping torque components

The change in generator electrical torque, occurring after a disturbance, can be re-
solved into synchronizing and damping components, and they are in phase with
generator (phase) angle and speed, respectively. The condition for generator sta-
bility is a sufficient value of both these components. The lack of a synchronizing
component leads to non-oscillatory instability, and damping to periodic (oscilla-
tory) instability appearing just around a few seconds after a disturbance. The in-
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sight into the values of these components is reflected through the (most dominant)
electromechanical mode.

In complex power systems, the number of state variables is large, so analysis
of stability, all modes, and control interactions becomes challenging, especially
for gaining fundamental understanding. Hence, to obtain general knowledge of
the specific phenomenon, such as SSS of a synchronous generator, the analysis is
carried out on SMIB with the ambition to yield analytical results.

To explain the main properties of these components, that are crucial for gener-
ator stability, initially, a classical model of the generator is used; the model with
the first two differential equations from eq. (2.1). Later on, the study is expanded
to the 1-axis model with the AVR and PSS control. The reasons for that are the ne-
cessity of AVR and PSS in real systems and a further assessment where the HVDC
frequency controller is introduced, and its interaction with AVR and PSS is ana-
lyzed, which is essentially the interest of this work.

Let the synchronous generator be connected to the infinite bus through the
transformer and power line (pure reactance), shown in Figure 2.16, where respec-
tive parameters and variables are noted. The generated apparent power can be
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Figure 2.16: SMIB system connected to an infinite bus over the line.

calculated, and the active and reactive part can be extracted as follows:

S̄ge = Pge + jQge =
E ′qUN

xe
sinδ + j

E ′q(E
′
q−UN cosδ )

xe
. (2.41)

Assuming that the generator speed, does not deviate too much from nominal, the
generator electrical torque can be approximated with electrical power (pu):

Tge ≈ Pge =
E ′qUN

xe
sinδ , (2.42)
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The classical generator model is used, and the first two equations from eq. (2.1),
are linearized around operating point:

∆δ̇ = ∆ω;

∆ω̇ =
1
M
(∆Pm−∆Pge−D∆ω),

(2.43)

so that electrical power (or electrical torque) is expressed as:

∆Tge ≈ ∆Pge =
∂Pge

∂δ
∆δ =

E ′qUN

xe
cosδ0(∆δ ) = K1∆δ . (2.44)

To keep the first swing stability, K1 has to be large enough. Referring to eq. (2.44),
this component is significantly dependent on equivalent reactance and initial phase
angle (power provided in the steady-state). Larger values of reactance and an-
gle reduce the synchronizing component and the generator’s ability to keep the
synchronism after a disturbance. So, it can be seen that in this case, actually K1
represents the synchronizing component.

By neglecting slow mechanical power changes ∆Pm = 0 (if there are any mod-
eled) after a disturbance, the system is at the border of oscillatory stability. To
reach a new steady-state, and to damp out the oscillation, the damping constant D
must be positive. In that way, there is a positive component proportional to the
speed deviation - damping component.

In this case (classical generator model), the relations between component K1
and D, to electromechanical eigenvalue λ̄p = σp + jωp, and its damping ratio ζp

are defined as:

σp =−
D

2M
, ωp =

√
4K1M−D2

2M
, ζp =

D
2
√

K1M
, (2.45)

so there is a clear correlation between the properties of λ̄p, components propor-
tional to ∆δ and ∆ω , and stability.

The generators without additional control are usually not capable of having the
desired value of stability components. That is why AVR and PSS are introduced
and designed to provide an additional positive impact on generator stability. The
idea is now to extend the model, and again separate the components relating electri-
cal power and parts considering generator angle and speed, e.g., the synchronizing
and damping components, as:

∆Pge|s=λ̄p
= K̃S∆δ + K̃D∆ω, (2.46)
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for the generator connected to a strong grid1. By expanding the model, the
components K̃S and K̃D are compound constants dependant on factors such as in-
cluded AVR and PSS control, initial operation state, and system configuration.
The sumarized dynamic with included generator transient internal voltage, AVR,
and PSS (eqs. (2.1)-(2.4)) is defined through the block diagrams in Figure 2.17.
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Figure 2.17: Dynamics of linearized SMIB with AVR and PSS - Heffron-Phillips
model.

This model is referred to as the Heffron-Phillips model, where coefficients K1−
K6 are derived in [43], [44]. From this block diagram, two respective functions can
be obtained, and the block diagram can be built in more compact form: the first
one Γ̃avr(s) is reflecting the impact of 1-axis and AVR control; and the second one,
Γ̃pss(s) is representing the impact of PSS control, defined strictly as follows:

Γ̃avr(s) =
−K2

(
KAK5 +K4 + sTeK4

)
1

K3
+KAK6 + s

( Te

K3
+T ′do

)
+ s2(T ′doTe)

; (2.47a)

Γ̃pss(s) =
Gpss(s)K2KA

KAK6 +
( 1

K3
+ sT ′d0

)
(1+ sTe)

. (2.47b)

1Note: Tilde sign is included for the case in Figure 2.16. With the inclusion of HVDC supple-
mentary control in Section 4, the coefficients are given without a tilde sign.
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The given functions can be further simplifed by taking into acount that the dynam-
ics of interest to the following equations:

Γ̃avr(s)≈
−K2K5

K6

(
1+ s

T ′do
KAK6

)
(1+ sTe)

; (2.48a)

Γ̃pss(s)≈
K2

K6

Gpss(s)(
1+ s

T ′d0
KAK6

)
(1+ sTe)

, (2.48b)

Now, the compact form of a diagram in Figure 2.17 can be obtained, and it is
shown in Figure 2.18. From the diagram in Figure 2.18, electrical power can be

Figure 2.18: Linearized dynamics of SMIB with AVR and PSS in a compact form.

expressed:

∆Pge = Γ̃pss(s)∆ω + Γ̃avr(s)∆δ +K1∆δ = (sΓ̃pss(s)+ Γ̃avr(s)+K1)∆δ . (2.49)

Looking into the electromechanical mode s = λ̄p = σp + jωp, and using the fol-
lowing properties:

∆ω = (σp + jωp)∆δ ⇒

j∆δ =
1

ωp
∆ω−

σp

ωp
∆δ ;

jωp∆ω = σp∆ω−|λp|2∆δ ,

(2.50)

one can eliminate imaginary part, and assosiate only the real constants to ∆δ and
∆ω . In that way, electrical power, defined by eq. (2.49), is given in the form of eq.
(2.46) where K̃S and K̃D are obtained.
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The condition for the system robust stability is:

K̃S > KS,min, K̃D > KD,min. (2.51)

By deriving analytical expressions for these coefficients, the required informa-
tion that is needed for a given stability condition can be obtained, and positive and
negative interaction can be examined.





Chapter 3

Assessment of FCR with HVDC
Links

This chapter assesses the FCR problem in low inertia systems supported by HVDC
interconnections in the Nordic power system. The first part of the chapter pro-
vides the methodology to identify the adequate system’s and FCR generators’ pa-
rameters. In that way, by using specific FCR requirements, a proper worst-case
scenario, for which frequency stability must be guaranteed, is defined.

In the second part of the chapter, the aim is to identify minimum system needs
from EPC and compare the proposed EPC methods from different operational as-
pects such as IFD, SSFD, and closed-loop stability margin. It is shown that cur-
rently implemented EPC in the Nordic power system is not sufficient to provide the
desired response. Therefore, the modifications of the EPC method are proposed, in
the form of equivalent ramp/step and droop frequency-based methods.

3.1 FCR assessment through a single-machine system

3.1.1 Background

The goal of this study is to identify the relevant model and its settings for assessing
the dynamics of a power system during large active power imbalances. The features
of interest are the system’s frequency and it’s active power response. The case
study of interest is the Nordic Power System (NPS) for which respective TSOs
provided the test model in the official reports [16], [17], and [32].

Generally, the task of the TSOs is to ensure a proper system’s response after

55
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being subjected to a disturbance. In the case of the FCR problem, TSOs provide
specific requirements to the units that might potentially participate in the FCR.
These requirements concern the dynamic properties of the respective units, but not
their specific control or unit parameters. The design of new FCR requirements and
their evaluation using the test model are presented in [16] and [17]. This thesis
uses [16], [17] as a reference for both the model and parameters with the aim to
identify the unique parameter set representing the “worst-case" dynamics fulfilling
the requirements. The qualified set is considered to be appropriate to reflect the
dynamic of interest, and therefore it can be implemented in the further assessment
of the EPC.

This thesis considers only hydro generators as FCR units. The reason for that
is their dominance in FCR in the NPS. However, the methodology can be extended
to any unit or power system case.

The Nordic Power System

The NPS is composed of: Sweden, Norway, Finland, and East Denmark with the
nominal frequency of fn = 50 Hz. The total kinetic energy of the Nordic power
system is in the range from around 120 GWs to 300 GWs [52]. However, Nordic
TSOs are planning further integration of RES and HVDC. Therefore, further re-
duction of inertia is to be expected in the near future.

In the NPS, FCR is divided into two parts: Frequency Containment Reserves
for Normal Operations (FCR-N) and Frequency Containment Reserves for Distur-
bances (FCR-D). FCR-N deals with the mismatch of the active power in normal
operation and operates in the frequency range of 49.9 Hz to 50.1 Hz. The regulat-
ing strength of FCR-N is 6000 MW/Hz, and the reserves are 600 MW. FCR-D, on
the other hand, aims to keep the frequency within the range of 49.0 Hz to 51.0 Hz.
The largest dimensioning/considered disturbance in the NPS is a loss of the power
plant Oskarshamn 3, with the active power reduction of ∆Pdist = 1450 MW.

In this analysis, as a part of the worst-case scenario for the FCR-D setup,
FCR-N is considered fully activated. Therefore the event starts at a steady-state
frequency of f(t=0) = 49.9 Hz. Related to that frequency, the maximum allow-
able IFD is ∆ f max

IFD = 0.9 Hz ( f = 49.0 Hz), the maximum allowable SSFD is
∆ f max

SS = 0.4 Hz ( f = 49.5 Hz), and regulating strength is 3625 MW/Hz. For the
sake of clarity of the text that follows, the abbreviation FCR refers to the FCR-D
of the NPS.
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3.1.2 System model selection

The common approach to assess the FCR problem is by using a linearized single
machine equivalent. The model is expected to reflect an approximated worst-case
power system response. Although the model is a simplification of the bulk sys-
tem, it is still realistic in the sense that the equivalent unit is qualified for FCR
according to TSOs’ requirements. The worst-case provides the safe margin to how
much the response must be improved, because, in of any other, more favorable
scenario, the system will have a better dynamical response. Since one mass model
is used, features such as voltage dynamics, power flows, and distributed responses
are neglected. Even though there are disadvantages of disregarding the aforemen-
tioned features, the study clearly analyzes the impact of specific control or system
parameters.

The model is linear-time invariant, and it can be represented by a transfer func-
tion composed of the parts related to the governor KG(s), turbine TG(s), and the
transfer function G(s) reflecting system kinetic energy (inertia) and frequency de-
pendent load (defined in the following).

In the studies presented by Nordic TSOs in reports [16], [17], and [32], they
used an equivalent governor of PID type (defined in Section 2.1.2) and the hydro
turbine model. The reports [16] and [17] focused on establishing the proper FCR
requirements for the units in the Nordic system. The methodology in this work
is evaluated for the specific values and ranges of parameters obtained from [16]
and [17].

For a further complete assessment of EPC methods, the specific case study is
carefully designed in the multi-machine system representing NPS. Following this
approach, it is possible to verify the conclusions from the single machine equiva-
lent, while still observing the more detailed side effects and mismatch in a multi-
machine system.

System model definition

The single machine equivalent model is shown in Figure 3.1. It is used to study the
impact of FCR on the dynamical response of the system frequency.

In Figure 3.1, ∆PL = ∆Pdist represents an active power disturbance, ∆PM is the
turbine mechanical power reflecting the sum of mechanical power changes of FCR
generating units such as:

∆PM =
n f

∑
i=1

∆Pmi (3.1)
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Figure 3.1: Single machine equivalent model with FCR.

where n f is a number of FCR units. System frequency deviation is marked as ∆ f ,
and G(s) is the dynamic of the single machine equivalent given by:

G(s) =
1

M′s+D′
, (3.2)

where s is the Laplace operator, and D′ is the load damping constant. Furthermore,
system inertia is represented as:

M′ = 2H = 2
EK

Sn
, (3.3)

where, H is the system inertia constant, EK is the total stored kinetic energy in the
system and Sn is the rated power.

Also, in Figure 3.1, TG(s) is the transfer function of the linearized model of
hydro turbine waterways that are described by:

TG(s) =
1−TWY0s

1+0.5TWY0s
, (3.4)

where, TW is the water time constant, and Y0 is the relative loading of the turbine.
Moreover, KG(s) is the transfer function of a hydro governor, presented in Section
2.1.2. and illustrated in Figure 2.7, which is given by:

KG(s) =
KP +

KI

s
+

KDs
Tf s+1(

KP +
KI

s
+

KDs
Tf s+1

)
EP +Tgts+1

, (3.5)

where, KP, KI and KD are the proportional, integral and derivative parameters of
the PID regulator, Tf is the time constant of the filter used for the derivative control
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part of the PID regulator, Tgt is the time constant of the servo motor which controls
the gate position, and EP is the droop.

Let there be n generators in total, and n f of which are involved in FCR, as
shown in Figure 3.2. The goal of this section is to represent the dynamics of the
generators by the previously discussed one-mass model, whose inertia constant
is calculated in eq. (3.3) where the rated power, Sn, is taken to be a sum of the
rated powers of all n generators, i.e. the effect of the ineratias/kinetic energies of
all generators is considered in the model. The pu parameters of the turbine and
governor models are calculated using a total rated power of all FCR units SFCR.

Transmission
network
model

Figure 3.2: Illustration of n f units participating in the FCR, and all n in the inertia;
voltage dynamic is neglected.

In order to make a unique base scaling, the power output from the governor
and turbine system is multiplied with the constant scaling factor k, calculated as:

k =
SFCR

Sn
, (3.6)
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If, for some reason, e.g. to improve the dynamic or steady-state FCR response,
there is a need to increase a number of units involved in FCR, n f , SFCR and, con-
sequentially, k should be appropriately increased.

From Figure 3.1, it can be found that the transfer function relating ∆ fre f and
∆PM in open-loop is given by:

RS(s) = KG(s)TG(s)k. (3.7)

The steady-state gain of the scaled turbine-governor system, or so-called regu-
lating strength, can be obtained as:

Rss
S =

k
EP

. (3.8)

It should be noted that the effects of the scaling factor k are proportional on
both the regulating strength and the whole transfer function RS(s). However, the
effects of 1/EP are proportional only when the regulating strength is considered.
When the Bode diagram of the transfer function RS(s) is considered, the changes
in the EP distort its shape non-proportionally at all frequencies. This is due to the
fact that the parameter EP enters the transfer function through the expression in the
denominator of KG(s).

Example: Regulating strength (s→ 0) can be changed using k and EP param-
eters. The example where regulating strength is increased to the same value using
only k parameter is represented in Figure 3.3 with a red line, and using only EP

parameter with a yellow line. The differences in the obtained transfer functions
RS(s) and sensitivity functions S(s) are observable (MS - a measure of the closed-
loop stability margin defined in eq. (2.39); higher values indicate worse stability
properties). The difference between these two methods is in changing the number
of units participating in FCR (while having the same individual droop constants),
and, on the other side, keeping the same number of FCR units while changing their
droop constants and FCR power capacities.

3.2 System requirements

As mentioned before, to ensure proper system operation and response when it’s
subjected to large power imbalances, TSOs define certain constraints and require-
ments. The constraints are specified to avoid the risk of Under-Frequency Load
Shedding (UFLS) and Over Frequency Generation Tripping (OFGT). Also, the aim
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Figure 3.3: Bode diagrams of functions RS(s) and S(s) for different ways of achiev-
ing the increase in regulating strength.

is to prevent the significant reduction of the life-time and efficiency of power sys-
tem elements, and jeopardizing the power quality. The requirements are supposed
to indirectly imply that these constraints are not violated even for the worst-case
scenario.

The system frequency constraints concern IFD (∆ fIFD) and SSFD (∆ fSS) as
follows:

|∆ fIFD| ≤ ∆ f max
IFD; |∆ fSS| ≤ ∆ f max

SS , (3.9)

where, ∆ f max
IFD represents the maximum allowable IFD and ∆ f max

SS the maximum
allowable SSFD.

The system must ensure the availability of the appropriate amount of FCR to
achieve an SSFD within the range of ∆ f max

SS . The amount of the required FCR in
MW is a dual property to required FCR gain in MW/Hz, or in other words, the
system regulating strength (neglecting the possible power limitations). The FCR
is designed considering the largest dimensioning incident and the N-1 criterion,
meaning that the minimum total FCR in MW is equal to the largest disturbance of
1450 MW [16].

The presence of self-regulating loads positively affects SSFD. For specified
SSFD, load-frequency behavior reduces the amount of the required value for reg-
ulating strength. In this work, the minimum required regulating strength RS,min is
conservatively calculated without taking into account the self-regulating of loads,
and it is given by:

RS,min =
∆Pdist

∆ f max
SS

, equivalent to
∆Pdist

∆ fSS
−D′. (3.10)
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It can be noted that the actual ∆ fSS considered by RS,min is lower than ∆ f max
SS , which

implies that even a greater margin than needed is provided by the conservatively
calculated RSmin.

Ideally, FCR units should provide the required power following a disturbance
before the frequency surpasses the specified constraint ∆ f max

IFD. Apart from the re-
quirement for the response to be fast, it should also be stable. A fast response can
be achieved by increasing the governor’s gain, but this can be in contrast to the
goal of having a stable response. The (closed-loop) stability can be interpreted as
a response that enables appropriate attenuation of the system frequency after IFD
leading to SSFD. Additionally, the overshoots where the system frequency devia-
tion changes the sign creating over frequency problem and possible turbine strain
should be avoided. The value reflecting this property is the sensitivity margin MS,
defined in eq. (2.39).

3.2.1 Requirements for the units involved in FCR

In the following, the method by which different parameters of the FCR units are
investigated and compared is presented. Previous sections described the model
used to study the system, however, the appropriate parameters of the model haven’t
been defined yet. Therefore, criteria for their choice must be established. TSOs
set the requirements concerning the FCR units’ speed of response in the open-
loop testing [16]. In these cases, the input is a test frequency and not the system
frequency, since there is no real power disturbance involved in the test, the synthetic
change in the frequency reference simulates the response during a disturbance.
Referring to the system in Figure 3.1, requirements and their testing are reflected
through the model in Figure 3.4. This thesis does not discuss practicalities involved
in testing of the units, but rather tries to connect that approach to the simple system
model presented in Section 3.1.2.

Governor Turbine Scaling
	factor

Power
System

Governor Turbine Scaling
	factor

Figure 3.4: Open-loop setup for testing units for FCR participation.

This study addresses the two requirements put forward by the Nordic TSOs.
The first one is related to the currently implemented – Existing Requirements
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(ExR), and the second one to Designed Requirements (DesR), proposed for the
future operation [16].

The chosen inputs are frequency deviations in the form of step or ramp func-
tions ∆ ftest . The outputs are power response, ∆PM, and respective energy response,
∆WM, referring to that power, as shown in Figure 3.4. It should be noted that, in
practice where TSO is testing the generating units, the measured power is elec-
trical, and in this case it is approximated to be equal to mechanical. Steady-state
power capacity of the equivalent unit is defined according to estimated dimension-
ing incident ∆Pss = ∆Pdist . The requirements from [16] can be extrapolated to the
system in Figure 3.4 as follows:

• Existing requirements (ExR) - for ∆ ftest = 0.4 Hz of step input, the re-
quired outputs are:

– ∆PM(t = 5s)≥ 0.5 ·∆Pss

– ∆PM(t = 30s)≥ ∆Pss

• Designed requirements (DesR) - for ∆ ftest = 0.9 Hz of ramp input with a

constant slope
d f
dt

=
∆Pss fn

2Ek
, and Ek = 120 GWs, the required output is:

– ∆PM(t = 5s)≥ 0.93 ·∆Pss

– ∆WM(t = 5s)≥ 1.8s ·∆Pss

– And the additional requirement is MS≤ 2.31=MS,spec, defined in (2.39).
The closed-loop system is stated for the kinetic energy EK =120 GWs.

Furthermore, SSFD constraint implied the minimum amount of steady-state
gain in MW (3625 MW/Hz in this case), and that is an additional feature connecting
the parameters for both ExR and DesR.

Selection of system parameters

The same values to the one presented in [16] are used to set up the appropriate
worst-case scenario of the case study. The total rated power of all units in the
system is set to be Sn = 23 GW, and the nominal frequency is fn = 50 Hz. The
minimum estimated level of kinetic energy is Ek = 120 GWs, which gives the in-
ertia constant of H = 5.217 s (according to eq. (3.3)). Load frequency dependency
is set to be D′ = 0.25 (pu)1.

1Which is equivalent to 0.25
100
fn

= 0.5 (%/Hz)⇔ 0.25
Sn

fn
= 115 MW/Hz.
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The values of servo gate and derivative filter time constants are set fixed as
Tgt = 0.2 and Tf = 0.15, respectively.

The relative unit loading and water time constant have a common and com-
bined effect named effective water time constant, and it is presented in the range
of TWY0 = TWe f ∈ [0.48–1.44] s. The property TWe f is a significant characteristic
for the system stability and response. It reflects the non-minimum phase of the
system dynamics, and it is a fundamental limitation of governors to achieve desir-
able performance. In control theory, it is a cause of Right-Hand Side Zero (RHSZ)
z̄RHS (defined in eq. (3.2), and discussed in Section 2.2), and their small values of

magnitudes |z̄RHS|=
1

TWe f
are not desirable [50].

This work defines the value of TWe f = 1.2 s as a representative from the range
of [0.48–1.44] s. For larger values of TWe f it is challenging to find a governor
capable of fulfilling DesR. This was also observed in [16], where less than 1% of
governor sets satisfied the DesR if TWe f > 1.28 s. Therefore, it is of no value to
asses the units which certainly cannot meet the system requirements. Due to these
reasons, in [17], the study aimed to relax the requirements for units whose effective
time constant have larger values. The capacity of generator units in which water
time constant Tw is larger than 1.6 s (with Y0 = 0.8 the effective time constant TWe f

is 1.28 s) is around 8.5 % of the total install hydro capacity in the NPS.
The example of the sensitivity analysis, where only TWY0 = TWe f is varied, is

presented in Figure 3.5 on the left. One can note the significant impact of this
parameter on the frequency response. The disturbance applied is 1450 MW of load
increase.

Through the sensitivity of KD parameter, it can be observed that the increase
of it improves both the IFD and damping of system frequency. Therefore, in order
to design the worst-case scenario, KD is set to the minimum value KD = 0 pu. The
example is shown in Figure 3.5 on the right.

The rest of the parameters [KP,KI,EP] do not give a straightforward positive or
negative effect on both IFD and closed-loop stability margin. Therefore, they need
to be tested separately, which is presented in the following subsection.. The range
of values of the presented parameters is provided in Table 3.1.

A method for evaluating units’ dynamic performances

In this part, the algorithm for evaluating which of the governor sets fulfill the re-
quirements ExR and DesR is proposed. The testing refers to the open-loop and
closed-loop models in Figure 3.4 and Figure 3.1. As previously discussed, only the
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Figure 3.5: Sensitivity analysis of TWY0 and KD.

Table 3.1: Range of evaluated parameters.

Governor
EP KP KI

0.02–0.12 2–18 0.05–3

governor control settings EP,KP,KI and the scaling factor k (dependent on EP) are
varied. Other parameters are considered to be constant, as previously presented.
The illustration of the demonstrated algorithm is given in Figure 3.6.

First, the total gain RS =RS,min = 3625 MW/Hz= 7.88 pu is defined concerning
the minimum required regulating strength. Further, EP is selected from the range
[0.02–0.12]. Then, the scaling factor k = kmin is calculated by:

kmin = Rs,min ·EP (3.11)

The next step is to select KP and KI , and check if the system is closed-loop stable
since assessing an unstable system is of no use. The dynamic response in an open-
loop is executed and checked for the power and energy requirements of ExR and
DesR. If the unit does not fulfill these requirements, it is scaled according to:

knew = kmin ·DS, (3.12)

where DS is the dynamic scaling factor, and knew is a new scaling factor. Hav-
ing DS > 1 represents settings that do not fulfill the power or energy response
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Figure 3.6: Algorithm for testing different set of governor parameters; CL - closed-
loop; OL - open-loop.

requirements. Multiplying the governor function by DS increases the output pro-
portionally, in order to reach the required values.

Example: Let the chosen set be: [KP,KI,EP,kmin] = [3.27,0.48,0.06,0.47].
The response of the open-loop testing for ExR is depicted in Figure 3.7. Appar-
ently, the presented set, marked with blue color, is not able to fulfill the ExR, even
though it is able to provide enough regulating strength. One solution for this set is
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to scale its output until the requirement is fulfilled. In this case, DS = 2.13 and the
open-loop response is marked with a red dotted line. It implies that this specific set
is too slow, and to be qualified for FCR, it has to have 2.13 times faster response.
Additionally, it can be noted that the closed-loop margin with DS = 1 for the ki-
netic energy of 120 GWs is MS = 1.42, and with DS = 2.13 is MS = 1.81, meaning
that by making the response more aggressive with increasing DS, the closed-loop
stability margin might be negatively affected.
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Figure 3.7: Open-loop testing for ExR set [KP,KI,EP,kmin]=[3.27,0.48,0.06,0.47].

After assessing the power output, with or without increased scaling factor k,
the system is checked for closed-loop stability margin. As mentioned before, DesR
includes a desirable value of stability margin MS in closed-loop for a stated inertia
value. ExR do not strictly require MS, but in this analysis, it is assumed that no
unstable (or very close to instability) set would be allowed - MS ≤ 20 = MS,spec.

3.2.2 Results of testing units’ dynamic requirements

Using the previously defined procedure for evaluating units to qualify for the FCR,
the results are provided for ExR and DesR in Figure 3.8.

The peak of the sensitivity function MS and the dynamic scaling factor DS are
illustrated with the color bar axis. Each sub-figure has its color-bar scale (this
is valid for all following color-bar figures as well). The results are provided for
EP = 0.06 pu. Each colored dot represents one set of parameters that satisfies the
previously presented requirements.

As can be observed from left plots and color-bar in Figure 3.8, MS values are
much higher in the case of ExR than DesR. This was expected since MS has a much
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Figure 3.8: [KP,KI] which satisfy ExR and DesR, for EP = 0.06.

lower value for DesR than for ExR. This is also the main reason for ExR more
parameter sets (points) are plotted, meaning that more combinations are capable of
passing the requirements. In both tested requirements DS is limited to 3. Higher
values of DS tend to be observed for the units with lower values of KP and KI . For
different EP values, different sets are obtained, but the same conclusions regarding
the values of MS and DS can be made.

Nevertheless, in Figures 3.9 (ExR) and 3.10 (DesR), qualified sets of KP and
KI are provided for different values of EP, and ∆Pdist=1450 MW. The focus of
the results is also on the values of frequency minimum for a reduced value of the
kinetic energy, equal to 100 GWs (H = 4.35 s). In this way, one can conclude how
efficient these sets are as the system inertia decreases even more in the future.

The further concern is that some qualified sets (capable of fulfilling ExR or
DesR requirements) are not sufficient to fulfill constraint related to IFD in the cases
of a further decrease in inertia. Apparently, analyzing results in Figures 3.9 and
3.10 that is the case for most of the sets, and that is a primary reason why FCR
needs additional support, which is introduced as EPC in the further study.

In order to avoid numerous computations that would lead to essentially the
same conclusions, the set which gives comparatively the worst response (or very
close to worst) is chosen. The established criterion is to have a large IFD and MS

values while having lower DS values. Large IFD nad MS values reflect the main
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Figure 3.9: fmin (Hz) for different EP values and EK = 100 GWs - ExR.
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Figure 3.10: fmin (Hz) for different EP values and EK = 100 GWs - DesR.

disadvantage of governor units to keep the system frequency within required limits
and the closed-loop stable for lower values of kinetic energy. DS increase imposes
a need to include more MW of the FCR units than it is initially designed, which
tends to be avoided.
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Based on the given results and the established criteria, the two sets of parame-
ters are chosen:

• ExR set: [EP;KP;KI]1 = [0.06;4.97;2.61] which implies DS1 = 1.039,

• DesR set: [EP;KP;KI]2 = [0.06;11.20;2.46] which implies DS2 = 1.114.

Note: There is a certain degree of freedom in the choice of the worst-case param-
eters, especially in EP. It does not have to be necessarily the “worst" one since,
in this situation, it is quite hard to establish what the criterion would precisely be;
how much weight should be given to IFD, MS and DS properties of one set.

For the case of the appropriately chosen sets, in Figures 3.11 and 3.12, one
can observe the open-loop and closed-loop test response. In Figure 3.11, on the
left side, there is a test frequency as input and power and energy as an output,
at the center, and on the right side, respectively. It should be noted that the test
frequencies do not have the same steady-state input magnitude; therefore, there is
a steady-state power output mismatch as well.
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Figure 3.11: Open-loop testing of ExR and DesR sets.

The closed-loop response in Figure 3.12, for the dimensioning disturbance of
1450 MW, shows that DesR can keep the IFD within the limit for the designed
inertia value of 120 GWs, but not for the further inertia decrease - 100 GWs. On
the other side, ExR is not sufficient even for 120 GWs.

The impact of the chosen settings and inertia value on the closed-loop stability
is illustrated trough Nyquist diagrams in Figure 3.13, where the circles around
the point (-1.0) have the respective radii 1/MS; the minimum distances between
Nyquist plots and (-1,0).
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Figure 3.12: Closed-loop response of ExR and DesR sets for ∆Pdist = 1450 MW.
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Figure 3.13: Nyquist diagram of ExR (blue), and DesR (red) sets.

3.3 Ramp/step EPC method in the NPS

HVDC systems provide a high level of flexibility and fast change of active power
control. Even though there are plenty of ways to use HVDC links, system opera-
tors are generally looking into reliable, cost efficient and simple solutions. Usually,
EPC is activated if there are already available HVDC interconnections for such sup-
port. The so-called ramp/step EPC method is the one initially assessed since it is
implemented in the NPS. This type of control method is frequency-based trigger-
ing. When the frequency reaches the triggering frequency level, and after a certain
time threshold, HVDC interconnections inject additional power into the grid with
a constant power ramp, as it is illustrated in Figure 3.14.

This ramp rate is pre-determined and is not a function of the frequency devia-
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Figure 3.14: Working principles of (HVDC) ramp/step EPC method.

tion once it has been activated. The injected power reaches the EPC power capacity
after a certain time, depending mainly on a ramp rate. The settings for this type of
currently implemented control, and respective HVDC interconnections in the NPS,
are provided in Table 3.2 [32].

This type of control is very convenient since an EPC activation is executed only
after time hold, as a measure to avoid activation resulting from false measurements
and other faults not related to frequency control. TSOs have the ability to gradu-
ally establish the total (system) ramp rate so that the EPC support could come in
different contributions for different frequency deviations. The control block of a
step is provided in Figure 3.15.
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Figure 3.15: Block diagram of the constant power ramp control of the HVDC.
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Table 3.2: Currently implemented EPC from HVDC links in the Nordic system.

HVDC link
Step TFL Capacity Total Ramp rate Time hold

# (Hz) (MW) (MW) (MW/s) (s)

KontiSkan 2
1 49,8 150

150
20 0,3

2 49,6 150 50 0,1
3 49,5 150 200 0,05

Baltic Cable
1 49,55 150

300
100 0,5

2 49,2 300 100 0,5

SwePol
1 49,4 150

300
100 0,5

2 49,1 300 100 0,5
Great Belt 1 49,5 18 18 10 0,5

Skagerrak 1+2
1 49,3 140

260
20 0,06

2 49 120 60 0,06

Skagerrak 3+4
1 49,3 130

250
10 0,06

2 49 120 50 0,06
Kontek 1 49,5 50 50 10 0,5

NordBalt
1 49,4 150

300
990 0,5

2 49,1 300 990 0,5

In this work, HVDC dynamic is included with the time constant of THV DC =
100 ms, which represent mainly the dynamic of the converters. Power increases
until the capacity of the step or link is reached. Although capacities can vary with
respect to the loading of the HVDC link, in this work, it is assumed that the full
capacities are available.

Contribution of each link to IFD improvement

One way to test how much one HVDC link, with existing settings, can contribute
to the IFD improvement is to test each link contribution separately for different
inertia values. In Table 3.3 IFD improvements are provided for each link compared
to the base case of IFD without EPC support. The case study is presented for ExR
set of governor parameters, largest dimensioning incident, and one mass system
presented in Figure 3.16; including EPC contribution of HVDC links given in Table
3.2.

The existing and future HVDC interconnections are stated in [51], and the
ones considered in this study are provided in Figure 3.16. It is assumed that EPC



74 CHAPTER 3. ASSESSMENT OF FCR WITH HVDC LINKS

Table 3.3: One HVDC link is activated.

HVDC KS BC SP GB SK12 SK34 K NB
(GWs) max IFD improvement (Hz)

60 0.15 0.10 0.08 0.01 0.07 0.05 0.01 0.24
80 0.12 0.10 0.08 0.01 0.06 0.04 0.01 0.19
100 0.11 0.10 0.08 0.01 0.04 0.03 0.01 0.16
125 0.10 0.10 0.08 0.01 0.03 0.02 0.01 0.13
150 0.09 0.10 0.07 0.01 0.02 0.01 0.01 0.10
175 0.08 0.10 0.06 0.01 0.02 0.01 0.01 0.08
200 0.08 0.09 0.05 0.01 0.01 0.01 0.01 0.06

capacities provided in Table 3.2 are fully available.
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Figure 3.16: The single machine system including HVDC contribution

Results provided in Table 3.3 marked with green color are the ones where
fmin ≥ 49 Hz, and in yellow if fmin < 49 Hz. This rule, related to the coloring
of the tables, applies as well for Tables 3.3-3.5. As expected, the links in which
activation frequency levels are high, or they have high ramp rates and capacities,
contribute more to IFD improvement. On the other side, there are links with almost
negligible contributions. Additionally, the contribution tends to improve as the IFD
increases. As the frequency drops more, it takes more time to reach the maximum
deviation point (IFD); therefore, there is more time for an HVDC link to contribute
to an improvement.

The power is injected until the EPC capacity on the activated link is reached.
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It means that the power could be injected even if the the frequency has stopped
dropping. This amount of power is considered unnecessarily used, since it does
not contribute to an IFD improvement. The percentage of the power considered
as unnecessarily used to the maximum injected power (of that link) is listed in
Table 3.4.

Table 3.4: Unnecessary power of ramp/step EPC injections after the fmin.

HVDC KS BC SP GB SK12 SK34 K NB
(GWs) Pmax,i−P(tmin),i (% of Pmaxi)

60 0 34 40 0 44 56 58 0
80 0 24 32 0 42 55 50 0
100 0 15 26 0 42 55 43 0
125 0 6 19 0 46 59 35 0
150 0 0 15 0 56 67 28 0
175 0 0 11 0 54 75 22 0
200 0 0 0 0 54 74 16 0

The reason why some links have a high percentage of unnecessary used power
is due to their low frequency activation levels or ramp rates. This property is con-
sidered as quite unfavorable since this power is generally reserved (for preventive
actions), and it does not contribute to improving the IFD, but it could possibly
cause over frequency issues with frequency settling from IFD to SSFD, as it is ob-
served in the following results. At this point, to the best of this author’s knowledge,
Nordic TSOs do not use any additional actions to prevent this effect.

Activation of all links in EPC

With existing settings the HVDC links can not significantly contribute to IFD im-
provement individually. Therefore, the further step considers the activation of all
of them. Here, the goal is to investigate the full capabilities of these EPC links to
support system frequency. It is assumed that all links are activated in the EPC with
their full capacity. Again, for the ExR governor parameters and the same inertia
scenarios, the results of IFD - with and without EPC, total and unnecessary EPC
power injected are listed in Table 3.5.

According to the presented results, one can conclude that the currently im-
plemented method quite efficiently improves the IFD values. However, a large
amount of EPC power is required for a disturbance of 1450 MW. Also, the amount
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Table 3.5: All links are activated in EPC.

No EPC With EPC Total After max IFD
(GWs) ∆ fmax (Hz) ∆ fmax (Hz) PEPC (MW) PEPC,un (MW)

60 -1.726 -1.218 1628 807
80 -1.404 -0.999 1628 792
100 -1.218 -0.880 1388 592
125 -1.070 -0.782 1088 376
150 -0.969 -0.711 1088 352
175 -0.896 -0.661 938 249
200 -0.839 -0.625 938 255

Deviation is measured from 49.9 Hz, ∆Pdist = 1450 MW

of unnecessary power is not negligible. Therefore, to overcome these issues, a
modification to the existing ramp/step EPC method is proposed.

Equivalent ramp/step control - modified

The currently used control of EPC and generator units can provide appropriate
IFD values with inertia larger or equal to 100 GWs (H = 4.35 s). However, with
the injection of unnecessarily used power, a problem of over frequency may arise.
This feature is a consequence of poor coordination between triggering levels and
ramp rates. One way to mitigate the issues mentioned above, without changing the
EPC method itself, is to include additional measurement of RoCoF, and saturate
the further increase of power when RoCoF is equal to zero. In this way, there is no
unnecessary injected EPC power. Furthermore, it is specified that all links have the
same settings, so in the assessment of the summarized response one can investigate
the system needs towards EPC MW and MW/s.

Therefore, it is proposed that all HVDC interconnections have only one step,
the same triggering level, and the same time threshold. An additional signal pro-
vides information when the frequency minimum is reached, and the EPC should
not increase the power further (reducing the impact of over frequency risk), as it is
provided in Table 3.6.

The aim with the given approach is to identify how much ramp rate (MW/s)
is needed from a system point of view, and how much total EPC (MW) needs
to be reserved. When all HVDC links have the same settings, then a TSO could
distribute the EPC actions among HVDC links depending on inertia value, giving
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the higher flexibility in operation.

Table 3.6: Proposed equivalent ramp/step method - all HVDC links have the same
settings.

HVDC
Step TFL Capacity Ramp Ramp rate T. hold

# (Hz) (MW) Saturation (MW/s) (s)
All links 1 EPC activ. Tot. Cap. RoCoF=0 Tot. Ramp 0,5

An analysis of the IFD is provided for two cases of governor control settings,
which are based on ExR set in Figure 3.17 and DesR set in Figure 3.18, for 100
GWs of kinetic energy.
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Figure 3.17: Equivalent ramp/step EPC and fmin improvement; ∆Pdist = 1450 MW.

These results demonstrate the amount of power and total ramp rates that are
needed for enabling the required IFD value, with varying Triggering Frequency
Levels (TFL). Higher values of TFL imply lower amounts of reserved power and
ramp rates, but trigger the EPC more often. Usual activation of EPC does not have
to be a concerning factor, but if this requires a cost compensation it could imply
higher cost on a longer time scale. On the other side, a late activation might not
satisfy desired IFD values at all. The late activation examples are the cases pre-
sented for ExR and DesR with activation levels lower or equal to 49.3 Hz; even the
ramp rates of 1000 MW/s are not sufficient to avoid violating the IFD constraint.
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Figure 3.18: Equivalent ramp/step EPC and needed EPC reserves; ∆Pdist = 1450
MW.

3.4 Droop frequency control of HVDC link

The aim of the introduced EPC method is to shift the HVDC frequency control
from an open-loop-like method to a closed-loop method. The solution, which is
considered as simple and robust, is droop frequency control. In this way, after the
EPC activation, the injected power is proportional to the local frequency deviation
(from the activation value), and there is no need to create separate frequency acti-
vation levels. Furthermore, EPC gains (MW/Hz) can be distributed among HVDC
links. The block diagram of the proposed droop frequency control is shown in Fig-
ure 3.19. There is no time threshold (even though it can be implemented), and the
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Figure 3.19: Block diagram of droop frequency-based control for HVDC.
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frequency activation is at 49.9 Hz. Although larger gain values improve IFD, the
aim of this work focuses on finding the minimum required gain, which would en-
able appropriate system frequency response. Referring to the simplified one mass
system in Figure 3.16, with a governor/turbine transfer function KG(s)TG(s)k and
system to be controlled G(s), the EPC contribution is given as:

∆PHV DC =−KHV DC
1

1+THV DCs
∆ f , (3.13)

and the loop transfer function of the system is obtained as:

L(s) =
(

KG(s)TG(s)k+
KHV DC

1+THV DCs

)
G(s), (3.14)

form where one can obtain a new sensitivity function S(s) and assess the impact
of KHV DC on MS. Furthermore, the new system regulating strength (or gain in pu;
s = 0) is obtained as:

RS =
k

EP
+KHV DC. (3.15)

Therefore, KHV DC impact positively transient performance (IFD), steady-state per-
formance (SSFD), and most certainly the closed-loop stability margin MS

2 as it is
provided in the following results. In this work, the aim is to identify the minimum
gain that enables appropriate IFD values. The implemented EPC is referred to as
equivalent droop control, and is presented in Table 3.7.

Table 3.7: Equivalent droop method - all HVDC links have the same settings.

HVDC
Step TFL Capacity Gain Time hold

# (Hz) (MW) (MW/Hz) (s)
All links 1 49.9 Tot. Cap. Tot. gain 0

The aim is to analyze the total gain value needed as seen from a system point of
view. Different inertia values are tested with ExR set, and DesR set cases. IFD de-
pendency and required power, concerning system EPC gains, are shown in Figures
3.20 and 3.21, respectively.

2For this not to be valid in the given analysis, KHV DC needs to be extremely large which is far
from truth for the case study presented.
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Figure 3.20: fmin values for equivalent droop control of HVDC; ∆Pdist = 1450 MW.
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Figure 3.21: Power injection for equivalent droop control of HVDC; ∆Pdist = 1450
MW.
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From the presented results, it can be noted that less EPC is needed for the droop
than the ramp/step EPC method, given the same amount of inertia. The reason for
that is the nature of the droop method where the input (frequency deviation) de-
termines the output, while in the case of the ramp/step method, the ramp rate is
constant, i.e. independent of the current frequency deviation post its activation. In
the case of the currently implemented ramp/step method in the NPS, the ramp/rate
is not constant, but it is not efficient since settings are not re-tuned for the current
low inertia levels. The possible approach might be re-tuning of this method (dis-
tributed settings, different steps, ramps, etc). However, that would imply constant
and extensive settings update with further decrease of inertia .

Comparison of EPC methods in a single-machine system

The IFD constraint is the achievable goal with any of the various EPC methods even
for 100 GWs (dimensioning incident, ExR settings of the single machine system),
and it is depicted in Figure 3.22 for the four following cases:

• Existing settings implemented in EPC (see Table 3.2) with all HVDC links
activated and EPC capacities fully available

• Equivalent ramp/step EPC for activation at 49.8 Hz

• Equivalent ramp/step EPC for activation at 49.5 Hz

• Equivalent droop frequency EPC for activation at 49.9 Hz

It is observed that ramp/step EPC methods do not improve the closed-loop
stability margin, inject more power and create over frequency problems. These
vital problems are solved for the case of droop frequency-based EPC, where the
closed-loop stability margin is improved from MS = 3.68 to MS = 2.00.

The mentioned issues are even more pronounced with the further inertia re-
ductions, as it can be observed for the case of 60 GWs. The system with ExR
parameters is closed-loop stable, but with a degraded margin of MS=8.43. Neither
governor alone nor currently implemented EPC can provide a proper response, as
it is shown in Figure 3.24.

As discussed before, IFD can be solved by injecting enough power (MW), ramp
rate (MW/s), or HVDC gain (MW/Hz). However, only droop frequency-based EPC
is able to improve the overall system frequency response. Even by reducing the
time hold and increasing the frequency activation, the ramp/step method provides
only marginal improvements.
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Figure 3.22: System response with different EPC methods and settings.
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Figure 3.23: System response for dimensioning incident and further inertia de-
crease.

The overall conclusion is that the results related to DesR provided less strict
requirements towards EPC in all of the presented comparison to ExR. This is be-
cause DesR are designed to improve the governor’s performance and the system
closed-loop stability. Therefore, most of the results are presented for ExR as a safe
margin and proper minimum requirements towards EPC. Proper governor settings
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Figure 3.24: System response with different EPC methods and settings with further
inertia decrease.

are important and reduce the stress on EPC. Nevertheless, as moving towards ex-
tremely low inertia scenarios, EPC (droop frequency-based) became so dominant
that governor settings do not play an important role. This property can be observed
in Figure 3.21 for 60 GWs of kinetic energy, and it highlights the importance of
proper EPC design in the future as the most important task related to the fast fre-
quency control.

In this analysis, in order to have the appropriate system dynamics, it is assumed
that the equivalent FCR unit fulfills the ExR or DesR. However, this might not be
the case, even though TSOs should enable this feature of their respective units.
The work, presented in this section, focused mostly on assessing the FCR features
through a methodology which is mirrored from the respective TSOs reports, and
represents a conservative approach to detect a worst-case set of parameters. In
the following, it is highlighted how the droop frequency-based EPC improves the
overall dynamics, while the ramp/step EPC is only capable of improving some
aspect of it, but also requires some trade-off in the design. This phenomenon is
observed for various values of inertia, and it is more pronounced as the values are
decreasing.
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Further analysis is provided for the same EPC methods but in a more compre-
hensive multi-machine test system. The goal is to verify if the same conclusions
can be obtained and how the system operation is affected with distributed EPC
activation.

3.5 EPC methods in multi-machine Nordic test system

3.5.1 Modeling of the Nordic test system

As concluded from the proceeding analysis, there is a clear motivation to change
the EPC method and improve the system frequency stability. However, with the
introduction of the new HVDC frequency control methods, the overall stability
should be guaranteed. The confidence in its implementation should be increased
by using appropriate models, and negative interactions ought to be avoided. Thus
for the purpose of the assessment of the new HVDC EPC method, a more detailed
multi-machine test system is designed and tuned in the simulation tool DigSilent
PowerFactory.

The analysis is carried out in the Nordic power system equivalent illustrated
in Figure 3.25. This model also includes HVDC interconnections (some of which
participate in EPC) and generator equivalents of Continental Europe and Baltic
countries3.

The Nordic test system is represented as a transmission grid where the dis-
tribution grid quantities (i.e., generation, load, wind generation) are modeled as
aggregated representations at the transmission voltage level. It comprises of 474
transmission busses and 81 synchronous machines (providing approximately 26.5
GW), of which ten are involved in FCR. By introducing 14.4 GW of wind gen-
eration (modeled as negative loads) in the Nordic test system, the kinetic energy
level of the system is adjusted to 131.2 GWs (before disturbance). The connec-
tion to the other asynchronous areas is achieved by introducing seventeen HVDC
connections, twelve of which are modeled as LCC, and five as VSC. The initial
steady-state frequency was set to 49.9 Hz - the lowest value where FCR-D are not
activated.

Generators are modeled as 5/6th order models (salient pole/round rotor type)
with excitation system type SEXS. Additionally, all generators in the Nordics ex-
cept East Denmark side contain power system stabilizer type STAB3 that were

3Vyborg link between Russia and Finland is not provided, since it is not modeled in any of the
studies provided. Also, that link is not involved in under frequency EPC in general.
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Figure 3.25: Nordic system map (purple color) with HVDC interconnections to
other synchronous areas (apart from Fennoskan).

tuned to provide a sufficient amount of system damping. All parameters were
taken to be typical ones for the given nominal power, voltage level, and generator
type. Ten hydro units involved in FCR contain HYGOV/TGOV1 governor/turbine
system.

LCC HVDC links were modeled as a two-port element connected to two-
winding transformers and capacitor banks at Point-of-Common Coupling (PCC).
The two-port element includes rectifier and inverter (equipped with a dynamic con-
trol system), and a DC cable. In addition, the converter station is equipped with
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two slow controllers for the tap changer of the transformer and a switching shunt.
HVDC VSC stations are represented as an average model; two-level voltage

sources with the DC capacitor and RL phase reactor connected in series. The inner
PI converter controllers were carefully tuned to provide a satisfactory response.

Load is modeled as a constant current type for the active power, and as a con-
stant impedance type for the reactive power part. It implies that voltage change
implies the change in active power of the load, and reduces the deviation in fre-
quency response for the active power disturbances.

The operating point and power dispatch are adjusted to reflect the presented
low inertia scenario. At this point, the system is small signal-stable, and the voltage
limits are in a desired range. Moreover, this study aims to include EPC methods
to support the FCR response, highlight the difference in their performance and
identify if they impose any additional (negative) side effects. The HVDC links
provide the exchange of power between synchronous regions, and therefore some
of them do not have a full EPC capacity available, or they are not designed to
participate in EPC at all.

3.5.2 Results from the Nordic test system

Case A: Dimensioning incident

In the previously introduced multi-machine Nordic test system model, the system
response and performance of the presented HVDC EPC methods are assessed. The
reference incident (Oskarshamn 3 - 1450 MW) is applied, and it is referred to as
case A. With respect to different EPC, four sub-cases were analyzed:

• No EPC support - only FCR

• Ramp/step EPC method with limited capacity

• Droop frequency EPC method

• Ramp/step EPC method with sufficient capacity on available HVDC links

The main results of these case studies are presented in Figure 3.26. They in-
clude the frequency (left), total system EPC power (center), and total mechanical
power contribution from FCR units inside the Nordic system (right).

Initially, the system response without EPC control is tested, and the results are
shown in Figure 3.26 with red dashed line. In this case, only units providing FCR
are responsible for keeping the frequency within limits. They were designed to
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Figure 3.26: System response for different cases of frequency support through FCR
and EPC for the largest dimension incident in the Nordic test system - case A.

provide 3625 MW/Hz of regulating strength (minimum SSFD=0.4 Hz and 1450
MW of disturbance). However, the governors’ response is made to be insufficient
to meet the frequency requirement (49.0 Hz) and avoid load shedding at 48.8 Hz.
This demonstrates the importance and possibilities for the inclusion of EPC.

Initially, the EPC which is currently implemented in the Nordic power system
is used in the second case study, and it is depicted with light blue dash-dotted lines.
The respective settings are listed in Table 3.8 where it is assumed that HVDC links
have 673 MW of available EPC capacity; 100 MW on the Baltic Cable, instead of
300 MW which is the maximum power for EPC service on that link.

As a result, substantial improvement in frequency response compared to the
“No EPC" case was achieved. Nevertheless, the frequency minimum is still (slightly)
lower than 49.0 Hz. In the provided case study, all HVDC links involved in EPC
have fully available EPC capacity equal to the one provided in Table 3.8, apart
from Baltic Cable. The next approach to make sure the system frequency does
not go below 49.0 Hz is to increase the capacity on Baltic Cable from 100 to fully
available 300 MW. The results of this study are referred to as “Ramp/Step EPC -
full reserves", denoted with dark blue dotted lines in Figure 3.26. The results show
that the frequency nadir is improved, and it is higher than 49.0 Hz, but not signif-
icantly. The injected EPC power is increased from 673 to 873 MW, and as stated
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Table 3.8: The EPC settings used in case A, and latter in B.

HVDC
Ramp/Step Droop

Freq. Trig. Cap. Ramp Gain Freq. Trig. Cap.
Name (Hz) (MW) (MW/s) (MW/Hz) (Hz) (MW)

Bal. Cable
49.55

300
100

143 49.7 100
49.2 100

Kontek 49.5 50 10 71 49.7 50

K. Skan 2
49.8

75
20

93 49.7 7549.6 50
49.5 200

G. Belt 49.5 18 10 25 49.7 18

Skag. 3
49.3 65 5

94 49.7 65
49 60 25

SwePol
49.4 150 100

357 49.7 300
49.1 300 100

Skag. 4
49.3 65 5

83 49.7 65
49 60 25

Σ / 873 / 866 / 673

in the previous section, the closed-loop stability margin is not improved by using
this method. That is why there is still a poor attenuation of system frequency after
reaching the maximum IFD. This consequence might impose an over frequency
issues, as the system frequency reaches close to 50 Hz.

In the final case study, the EPC droop frequency method is tested - solid or-
ange lines in Figure 3.26. The total HVDC gain is chosen to satisfy the frequency
requirement ( f > 49.0 Hz) and distributed to avoid violating EPC capacity limits
(no HVDC EPC limits are reached) - the distribution of HVDC gain is provided in
Table 3.8. HVDC links with EPC function are activated from 49.7 Hz. The activa-
tion value is arbitrarily chosen, and in general it can be set differently depending on
the TSOs’ requirements. Lower values of EPC activation may be suitable to avoid
activation during “small" disturbances. This is convenient if the TSOs do not want
to exchange the EPC support more frequently since smaller disturbances are more
likely to occur than the larger ones. On the other hand, EPC activation must come
quickly enough (high frequency triggering levels) to be able to support the system
in the case of large disturbance.
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One can observe that droop frequency-based EPC provided smaller frequency
nadir (higher than 49.0 Hz) even with less than 600 MW of EPC. Furthermore, the
system frequency attenuation is significantly improved which reflects the improve-
ment of the closed-loop stability margin. Additionally, the EPC methods have a
different logic in terms of providing the power where ramp/step method has the
maximum power equal to steady-sate contribution, while droop frequency-based
EPC has the steady-state power output proportional to SSFD, and the maximum
power proportional to IFD. That is the reason why ramp/step method has a signifi-
cantly higher contribution in the steady-sate, and significantly more EPC energy is
provided.

In the tested cases presented in Figure 3.26 (and later in Figure 3.28), the total
FCR power response is highlighted with the exact values in the moments when fre-
quency either crosses 49.0 Hz or reaches the minimum. It is interesting to observe
that with a better EPC design, the FCR units provide more power in the critical
points which makes them also more effective. The clear example is the case with-
out EPC and with droop frequency-based EPC in the right plots in Figure 3.26.
FCR units provide around 400 MW in the case of “NO EPC" when the frequency
reaches 49.0 Hz (red circles), and in the “EPC droop" case, around 800 MW when
the frequency reaches the minimum above 49.0 Hz (orange circles).

The efficiency of the droop-based EPC and the reduced use of EPC power and
energy also positively reflects on the system frequency in Continental Europe. The
Continental Europe system frequency response is presented in Figure 3.27, and a
better impact of the droop frequency EPC as compared to “Ramp/Step EPC - full
reserves" can be observed. This implies that having a better design of EPC provides
a better response in both synchronous systems connected by the respective HVDC
links.

Case B: “Smaller" power disturbance

In the previous analysis, different EPC methods were designed to support the
frequency response for the currently estimated worst-case scenario. However, it
should be noted that this scenario has a low probability of occurrence. That is why
it is essential to analyze the system behavior considering other more probable, but
less severe disturbances, and compare the performance of the implemented EPC
methods. In this case, referred to as case B, the system response was tested for
a disturbance of 840 MW generation loss. Droop frequency and ramp/step with
a sufficient amount of reserves (fully available EPC for this case) are presented.
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Figure 3.27: Continental Europe (CE) frequency response for different EPC meth-
ods used - case A.

As it is demonstrated in Figure 3.28, generating units are capable of keeping the
frequency within limits, so no EPC support services are necessary.

Figure 3.28: System response for different cases of frequency support through FCR
and HVDC EPC for generator loss of 840 MW in SE2 - case B.

Nevertheless, at the moment there is no infrastructure to identify the amount
of disturbance immediately after the event, so this EPC method cannot be applied
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as pure feed-forward control, even though ramp/step method has the logic simi-
lar to feed-forward. It implies that EPC must be activated even though it is not
necessary. The comparison provided in Figure 3.28 shows that droop frequency-
based EPC produces a slightly better frequency response in terms of IFD and, does
not create potential over-frequency swings (implying a better stability margin). A
ramp/step method injects “sometimes unnecessarily" a large amount of power with
a steady-state contribution, and after the frequency nadir, oscillations in frequency
response are to be expected. Therefore, the same issues might be implied with
using ramp/step EPC even tough there is a smaller disturbance and EPC is not
necessary.

3.6 Outcomes of the EPC methods

As can be noted from Figure 3.26 and Figure 3.28, there is a significant difference
in the steady-state power contribution between EPC methods presented. In the
currently used EPC method, the maximum injected power is the same as the one
provided in steady-state. On the other side, the steady-state contribution of the EPC
droop frequency method is proportional to the frequency deviation (from triggering
activation level), and it is much less than the maximum injected EPC power in this
case. It implies that, by using the ramp/step EPC method, there is more power
provided by the HVDC and less by the generators, compared to the case where the
HVDC droop frequency method is used.

Depending on the cases observed, different EPC methods might provide a bet-
ter post-disturbance load flow state. In some cases, injecting more power from
HVDC links could reduce the system stress. Moreover, using HVDC droop fre-
quency control, the steady-state frequency deviation is easily determined by know-
ing the amount of disturbance and total regulating strength of the system (eq.
(3.15)). In the case of ramp/step EPC, the steady-state frequency deviation may
indirectly be affected by inertia (since different steps are activated depending on
how low the frequency drops, which depends on inertia), which implies higher
uncertainty in the load flow distribution and power dispatch.

After a large disturbance, a proper system frequency response is mostly re-
flected on the desired IFD, but also in the suitable SSFD and system frequency
attenuation. There are various ways to implement EPC and ensure the IFD and
SSFD constraints. However, it was shown that in contrast to the ramp/step method,
droop frequency-based EPC provides a significant improvement of the closed-loop
stability margin and high level of controllability. FCR units’ dynamic properties
are important, and they relieve the requirements towards the EPC. On the other
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hand, a well-designed droop EPC can also overcome a poorly designed FCR. Fur-
thermore, given the extremely low inertia values, EPC becomes a dominant factor
for a dynamic performance. It is a reliable, simple, and robust solution that may
enable a transition to extensive RES integration and further inertia reduction.



Chapter 4

HVDC Frequency Control and its
Impact on Rotor Angle Stability

Supplementary active power control of the HVDC link can be utilized to improve
the system frequency response. However, it is important not to jeopardize the rotor
angle stability margins. Fundamental aspects of this phenomenon are analytically
examined through HVDC frequency control impact on synchronizing and damp-
ing torque components using the generic SMIB system. In further, derived results
are analyzed for a different range of HVDC frequency control gains. Addition-
ally, a multi-machine case is investigated, and the correlation between results is
presented.

4.1 Supplementary active power control of an HVDC
link in a SMIB

The goal of this study is to investigate how HVDC frequency support controls
might interfere with SSS, and to examine exact phenomenon to make sure that the
improvement of one category of stability (e.g., frequency) does not harm other sta-
bility types (e.g. SSS and transient stability). For this purpose, the following sec-
tion constructs a theoretical foundation for the SSS assessment of a system shown
in Figure 4.1. It represents a SMIB system with addition of an HVDC supplemen-
tary power controller. The aim is to derive an explicit relationship that describes
how a supplementary HVDC power control affects linearized generator dynamics.
The generator is here represented by the one-axis model [14] and has both an AVR
and a PSS installed.
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Figure 4.1: SMIB system with HVDC supplementary power control.

The motivation for using such a simple set-up arises from the possibility to
clearly outline the effect of the supplementary HVDC power control on SSS. The
non-linear dynamics of a general power system are described by a set of Differential-
Algebraic Equations (DAE), as it is presented in Chapter 2. When applied to the
system in Figure 4.1 without HVDC control taken into account, the differential
equations f (x,y) are given in Section 2.1 by eqs. (2.1)-(2.4), for the case of single
generator where 1-axis model is used, with AVR and PSS included.

The d-axis reactances (xd and x′d) include the reactance of the transformer
xt and all other variables and parameters comply with the standardized notation
from [14], [42], and they are also presented in Chapter 2. Algebraic equations
g(x,y) describe active and reactive power balances in the system. For the Point of
Common Coupling (PCC) in Figure 4.1 where an HVDC system/link is planned to
be connected, the power balance equations can be written as:

0 = P1 +P2; (4.1a)

0 = Q1 +Q2, (4.1b)

for the case without an HVDC system. The powers P1, P2, Q1 and Q2 are given in
eqs. (6.1.1a)-(6.1.1b) of Appendix 6.1. Linearization of the DAE model from eqs.
(2.1)-(2.4) and (4.1) is a reliable (and standard) tool for assessment of the system
dynamics which provides the possibility to analytically assess the given problem.
This analysis will further on be carried out by switching from the time domain (the
form of the system of eqs. (2.1)-(2.4)) to Laplace domain. After linearization and
transformation to Laplace domain, the generator active power ∆Pe can be expressed
in the terms of the synchronizing and damping components, which are in phase
with the the generator rotor angle ∆δ and speed ∆ω , respectively. To formalize
this concept, the synchronizing coefficient (KS) and the damping coefficient (KD)
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of the interesting electromechanical mode λ̄p were introduced in the literature, and
presented in Section 2.2. These coefficients are widely-recognized as a measure of
both SSS and transient stability of a power system [14], [42]. If the values of the
two coefficients become larger, the stability margin related to that (most critical)
mode will increase. The relationship between the generator active power and these
coefficients (in general form) is the following:

∆Pe|(s=λ̄p)
= KS∆δ +KD∆ω, (4.2)

where s is a Laplace operator, and for the purpose of obtaining KS and KD it is
set to be equal to the mode of interest λ̄p. The goal is to describe how a supple-
mentary active power control of HVDC system will contribute to the synchronizing
and damping torque coefficients that relate to generator electromechanical modes
of interest. To identify the impact of the HVDC controller on KS and KD parame-
ters analytically, the power balance from eq. (4.1a) is first extended for the active
power of the HVDC system (PHV DC) and then linearized as:

∆P1︸︷︷︸
= ∆Pe

+∆P2 +∆PHV DC = 0,
(4.3)

where the changes in active power contributions of the generator and infinite bus
are given with:

∆Pe = l1(∆δ −∆θ)+
Pe0

E ′q0
∆E ′q +

Pe0

U0
∆U ;

∆P2 =−l2∆θ − Pe0

U0
∆U,

(4.4)

respectively, while l1 and l2 are defined in the following entities:

l1 =
E ′q0U0

x1+x′d
cos(δ0−θ0) = const. =

∂P1

∂δ
|(x0,y0) =−

∂P1

∂θ
|(x0,y0);

l2 =
U0UN

x2
cosθ0 = const. =

∂P2

∂θ
|(x0,y0).

(4.5)

Given parameters l1 and l2 are positive1 constants dependent on the initial
condition and system parameters. In all the power contributions, the variables

1This is valid for cos(δ0−θ0) > 0 and cosθ0 > 0, or equivalently δ0−θ0 ∈ [−π/2,π/2] and
θ0 ∈ [−π/2,π/2]. The assumption is considered as reasonable since the provided generator power is
no larger than nominal, there are no load or HVDC steady-state contribution, and the line reactance
takes typical values.
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containing subscript “0" (x0,y0) refer to the initial operating point and the ones
with “∆" represent a general, small deviation from this operating point (around
which the linearization has been carried out). What remains here is to linearize
the HVDC system-related part of eq. (4.3) by taking into account the contribution
of the HVDC control. In that sense, let the HVDC supplementary active power
control be given by a general form:

∆PHV DC = F ′(s)∆ fL = F ′(s)s∆θ = F(s)∆θ , (4.6)

where F(s) represents the function of the supplementary HVDC power controller,
fL is the local frequency deviation. This study has now incorporated the effects
of the HVDC control that uses local input signal (frequency or phase angle devia-
tion). As a result, no remote information need to be used, which is an extension of
previous work provided in the literature review, where input signal to the HVDC
controller was typically a linear combination of remote ones. The HVDC control
function F(s) can be arbitrarily chosen, and that is important since it gives the
opportunity to investigate any control of interest. In the further study (the next
section), F(s) will be designed to serve a purpose of a frequency controller.

The replacement of eqs. (4.4)-(4.6) into eq. (4.3) with l12 = l1 + l2 yields the
relationship between the change in ∆θ and the state variables (∆δ , ∆E ′q):

∆θ =
1

l12−F(s)
(l1∆δ +

Pe0

E ′q0
∆E ′q). (4.7)

In a similar manner, by linearizing eq. (4.1b), and by assuming that QHV DC is
perfectly controlled to be zero:

∆Q1 +∆Q2 = 0, (4.8)

the respective reactive powers become as follows:

∆Q1=
U0

x1+x′d
∆U+

Q10

U0
∆U+Pe0(∆δ−∆θ)− l1

E ′q0
∆E ′q;

∆Q2=
U0

x2
∆U−Q10

U0
∆U+Pe0∆θ .

(4.9)

Then, a direct relationship between ∆U and the state variables (∆δ , ∆E ′q) can be
obtained as:

∆U =
U0

l12
(−Pe0∆δ +

l1
E ′q0

∆E ′q). (4.10)
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From eqs. (4.7) and (4.10), the change in generator active power can be expressed
only in the terms of generator state variables and the contribution of the supple-
mentary HVDC control:

∆Pe =

(
l1

l2−F(s)
l12−F(s)

−
P2

e0
l12

)
∆δ +

Pe0

E ′q0

(
1+

l1
l12
− l1

l12−F(s)

)
∆E ′q =

= F1(s)∆δ +F2(s)∆E ′q,

(4.11)

where F1(s) and F2(s) are the functions that include the HVDC control. The goal
here is to find the expression for the change in active generator power that has the
form of eq. (4.2). For this purpose, ∆E ′q first needs to be given via ∆δ and ∆ω .

This task will be addressed similarly as in [44] by establishing the following
relationship:

F2(s)∆E ′q = Γavr(s)∆δ +Γpss(s)∆ω. (4.12)

Now, let the transfer functions that describe AVR and PSS dynamics in eq. (4.12)
be defined here as:

Γavr(s) =
−F2(s)

(
KAF5(s)+F4(s)+sTeF4(s)

)
1

F3(s)
+KAF6(s)+s

( Te

F3(s)
+T ′do

)
+s2(T ′doTe)

; (4.13a)

Γpss(s) =
Gpss(s)F2(s)KA

KAF6(s)+
( 1

F3(s)
+sT ′d0

)
(1+sTe)

, (4.13b)

where Gpss(s) represents a PSS transfer function between input ∆ω and output
upss. The transfer functions from eq. (4.13) were in a similar manner previously
determined in [44], and they are provided in eq. (2.47). However, that work did not
consider the contribution of an HVDC control. Hence, those previous expressions
had constants K1−K6 instead of functions F1(s)−F6(s). The transfer functions
introduced here by eq. (4.13) are more general—they are constructed such that
they take into account the HVDC control while also working for the case without
an HVDC control contribution (F(s) = 0) for which Fi(s) = Ki (i = 1, ...,6). This
property is enabled by simply defining:

Fi(s) = Ki +∆Fi(s), for i = 1, ...,6 ∧ i 6= 3 and
1

Fi(s)
=

1
Ki

+∆Fi(s), for i = 3,
(4.14)
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where the functions Fi(s) and HVDC control contributions ∆Fi(s) are derived and
presented in eqs. (6.1.3)-(6.1.9) of Appendix 6.1. Finally, by the virtue of de-
rived functions (Fi(s)) and eqs. (4.11)-(4.12), the generator active power can be
expressed as:

∆Pe = (Γavr(s)+F1(s))∆δ +Γpss(s)∆ω. (4.15)

At this point, all the algebraic variables have been eliminated and the contribution
of HVDC supplementary control to generator dynamics has received its analytical
formulation. The presented generic approach provides a possibility to observe and
analyze the interaction between the HVDC control and generator dynamics with
AVR and PSS included. The properties of the derived AVR/PSS transfer functions
from eq. (4.13) at electromechanical modes will be used for the further analysis in
the upcoming section.

4.2 Analytical derivation of changes in KS and KD with
supplementary HVDC power control

Once that the exact analytical relationship “generator power-HVDC supplementary
control" is established, some convenient SSS properties will be exploited to sim-
plify eqs. (4.13) and (4.15). It is first of interest to assess eq. (4.15) with respect to
the specific case of electromechanical mode that is of importance for SSS analysis.
The frequencies of electromechanical modes are ranging up to about 3 Hz, and that
can be used to simplify the expressions in eq. (4.13) and highlight the significant
dynamics. The adoption of typical generator parameter values and methods for tun-
ing AVR/PSS allows the functions Γavr(s) and Γpss(s) to be represented similarly
as in [44], in the simplified form such as:

Γavr(s) =
−F2(s)F5(s)

K6

(
1+ s

T ′do
KAK6

)
(1+ sTe)

; (4.16a)

Γpss(s) =
F2(s)

K6

Gpss(s)(
1+ s

T ′d0
KAK6

)
(1+ sTe)

, (4.16b)

for the aforementioned modes. Equation (4.16) implies that only F2(s) and F5(s)
functions affect Γavr(s) and Γpss(s). A discussion of the given assumption, of this
specific step, is provided in the Section 4.5.
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Now, let all the functions and parameters related to the case without an HVDC
control contribution (Fi(s) = Ki, i = 1, ...,6) be marked with tilde sign. Then, for
the mode of interest s = λ̄p, eq. (4.15) becomes the similar to the one presented in
Section 2.2 and eq. (2.49):

∆P̃e|(s=λ̄p)︸ ︷︷ ︸
No HVDC

=
(

Γ̃avr(λ̄p)+K1

)
∆δ + Γ̃pss(λ̄p)∆ω = K̃S∆δ + K̃D∆ω.

(4.17)

The relationship between Γ/Γ̃ functions from the two cases (with/without HVDC
system) is straightforward to be derived:

Γavr(s) = Γ̃avr(s)
(

1+
∆F2(s)

K2
+

∆F5(s)
K5

)
; (4.18a)

Γpss(s) = Γ̃pss(s)
(

1+
∆F2(s)

K2

)
. (4.18b)

This ratio enables that in further a difference between with/without HVDC case is
obtained, and the contribution of HVDC supplementary control is derived for the
changes in synchronizing and damping coefficients. Now, with the inclusion of the
HVDC control, eq. (4.17) can be rewritten as:

∆Pe|(s=λ̄p+∆λ̄p)
= (K̃S∆δ + K̃D∆ω)︸ ︷︷ ︸

=const. (No HVDC)

+∆KS∆δ +∆KD∆ω︸ ︷︷ ︸
due to HVDC

,
(4.19)

where ∆KS and ∆KD represent the change of synchronizing and damping coeffi-
cients due to HVDC control, and they are the main focus of the further work.

Properties ∆KS and ∆KD have to be derived from the difference between eqs.
(4.19) and (4.17). Both these expressions contain properties of respective functions
Γ and Γ̃. Specific mathematical manipulations have to be done in order to establish
the desired connection. Γ̃ functions define the initial state, with a “no HVDC" case.
However, they are quite abstract functions that do not give any physical meaning in
this form. On the other hand, Γ functions from eq. (4.13) present the variations of
the previous functions whit inclusion of an arbitrary HVDC control. Arbitrary is
the important feature since, at some point, the controller will be defined as power
support, which is based on frequency deviation, and it will lead to a more concrete
connection between ∆KS and ∆KD and the respective HVDC control.
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By using the expressions from eqs. (6.1.9) and (6.1.3), the replacement of eq.
(4.18) into eq. (4.15) results in:

∆Pe =

(
(Γ̃avr(s)+K1)∆δ+Γ̃pss(s)∆ω

)(
1+

∆F2(s)
K2

)
+

+

(
l12

l1d + l2
Γ̃avr(s)+

∆F1(s)K2

∆F2(s)
−K1

)
∆F2(s)

K2
∆δ ,

(4.20)

as shown in eq. (6.2.10) of the Appendix 6.2. To obtain some physical meaning of
Γ̃, and separate the part related to HVDC control impact, the functions are reflected
through their contribution to synchronizing and damping components. Even more,
AVR and PSS separately have their own contributions. One has to notice that these
contributions are obtained by extracting the real and imaginary parts of those func-
tions by defying s = λ̄p = σp + jωp, using mathematical manipulations presented
in eq. (2.50), and connecting each value to component related to ∆δ and ∆ω . Since
these components are assessed for a specific mode of interest, Laplace operator be-
comes equal to that mode s = λ̄p, and components are dependent on its value. The
previously stated assumptions are that the Γ̃ contributions are not affected by a
movement of the given mode in the complex plot ∆λ̄p; movement is imposed by
introducing the presented HVDC control. The observation in the previous litera-
ture supports this assumption. In [42] and [45], it is identified that a high AVR
gain implies a constant contribution to the synchronizing torque coefficients and
that the PSS provides constant damping for small variations of the electromechan-
ical modes (without an HVDC system). These observations are consequences of
typical shapes of Γ̃ transfer functions. They imply that the stated HVDC control
is the only significant factor affecting the change in synchronizing and damping
components. With respect to this, let:

Γ̃avr|(s=λ̄p+∆λ̄p)
≈ Γ̃avr|(s=λ̄p)

= const. ∈ C; (4.21a)

Γ̃pss|(s=λ̄p+∆λ̄p)
≈ Γ̃pss|(s=λ̄p)

= const. ∈ C, (4.21b)

be assumed to hold for an λ̄p +∆λ̄p that is located in the proximity to the initial
electromechanical mode λ̄p. A further discussion of these assumptions is provided
in Section 4.5.
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By using this property, eq. (4.20) can be reformulated (as demonstrated in
Appendix 6.2):

∆Pe|(s=λ̄p)
= (K̃S∆δ+K̃D∆ω)+(K̃SS∆δ+K̃DD∆ω)

∆F2(λ̄p)

K2
, (4.22)

with:

K̃SS = K̃S +
l12

l1d + l2
K̃S,AV R + l1−K1 = const.; (4.23a)

K̃DD = K̃D +
l12

l1d + l2
K̃D,AV R = const., (4.23b)

where K̃S,AV R and K̃D,AV R represent the contributions of Γ̃avr(s) to the synchronizing
and damping torque coefficients [42], respectively. Coefficients K̃SS and K̃DD will
turn out to be presenting the summarized and important measure of AVR, PSS, and
system configuration impact on the interaction with HVDC supplementary control
and SSS properties.

Now, let the supplementary HVDC controller F(s) be designed as a propor-
tional to frequency deviation:

F(s) =−s ·KDC, (4.24)

where KDC is the gain of the HVDC controller. As given in eq. (6.1.9) of Appendix
6.1, this control directly affects the function W (s). By accounting for the HVDC
contribution, at the mode of interest s = λ̄p = σp + jωp, W (s), which is associated
to HVDC supplementary control F(s) in eq. (6.1.9), may be represented as:

W (s)|(s=λ̄p)
=

sKDC

l12 + sKDC
|(s=λ̄p)

=
KDC(σp + jωp)

l12 +KDC(σp + jωp)
. (4.25)

For further derivations, it is convenient to distinguish between the real (WR) and
imaginary (WI) parts of W (s):

WR = KDC
σpl12 +(σ2

p +ω2
p)KDC

(l12 +KDCσp)2 +ω2
pK2

DC
; (4.26a)

WI = KDC
ωpl12

(l12 +KDCσp)2 +ω2
pK2

DC
. (4.26b)
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By the virtue of eqs. (4.19) and (6.2.12), and using properties eq. (2.50) to elimi-
nate imaginary values, the changes in synchronizing ∆KS and damping ∆KD coef-
ficients can be expressed with respect to the real and imaginary parts of W (s):

∆KS =
l1
l12

[
K̃SS(WR−

σp

ωp
WI)− K̃DD

λ 2
p

ωp
WI

]
; (4.27)

∆KD =
l1
l12

[
K̃DD(WR +

σp

ωp
WI)+ K̃SS

1
ωp

WI

]
, (4.28)

from which the incorporation of eqs. (4.26a)-(4.26b) finally yields:

∆KS =
l1KDCλ 2

p [K̃SSKDC− l12K̃DD]

l12[(l12 +σpKDC)2 +(ωpKDC)2]
;

∆KD =
l1KDC[K̃DD(λ

2
p KDC +2σpl12)+ l12K̃SS]

l12[(l12 +σpKDC)2 +(ωpKDC)2]
.

(4.29)

(4.30)

Hereby, the explicit analytical relationships between the gain KDC of HVDC sup-
plementary power control (control proportional to bus frequency) and change in
synchronizing and damping coefficients ∆KS/D are derived.

The importance of obtained results relies in the fact that features of interest, the
changes in synchronizing and damping component imposed by the HVDC droop
frequency control, are given as an explicit function of the respective control gain
KDC. The rest of the parameters are constant (some of them assumed to be con-
stant), and their further analysis is crucial in understanding how the value of KDC

affects the presented stability measures. Each of the parameter can be reflected
through specific physical meaning such as system configuration (total reactance,
PCC location), initial operation point, properties of initial mode, and contributions
of AVR and PSS to initial synchronizing and damping coefficients.

The derived expressions are composite functions which is expected. Never-
theless, the study mainly looks into specific behavior of ∆KS and ∆KD, and not
necessarily to exact numerical values. The primary interest is if the increase of
KDC impose negative of positive influence on ∆KS and ∆KD, and which parameter
is mainly responsible for the nature of that interaction.

The simplified algorithm used to obtain the contributions of Sections 4.1 and
4.2 is illustrated in Figure 4.2. It presents a higher-level view on complex mathe-
matical derivations executed to obtain desired results.
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Figure 4.2: Algorithm presenting the methodology of the analytical analysis.

4.3 The analysis of derived expressions

The derived changes in synchronising and damping coefficients (∆KS/D) defined in
eqs. (4.29)-(4.30) are functions of both the mode of interest λ̄p and the synchroniz-
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ing/damping (K̃S/K̃D) coefficients from “no-HVDC-control-case". An increase of
gain KDC to a non-zero value causes the “HVDC gain-mode" interactions, i.e. ∆KS

and ∆KD resulting from the HVDC control change simultaneously with the mode
of interest. Due to the high dimensionality of the problem and non-symmetrical
structure of the system state matrix, it is not possible to analytically solve the new
characteristic polynomial of the system state matrix, i.e. determine a new λ̄p+∆λ̄p

in a general case. However, this issue can be addressed numerically by calculating
λ̄p +∆λ̄p from the equivalent state matrix which then enables the identification of
∆KS/D.

Some existing works were addressing the similar problem for the case of other
power system components (Static Var Compensator (SVC), AVRs and PSSs). How-
ever, in these studies, either the analytical expression for ∆KS/D was not derived
[46] or the effect on ∆KS/D was assessed through some extensive sensitivity anal-
ysis [47], [48]. In [45], an analytical expression was determined to show the PSS
contribution to ∆KS/D. That work used the assumption that is equivalent to the one
from eq. (4.21) of this thesis. Additionally, a possible solution to the analytical
problem was proposed in [49] where ∆KS/D were calculated iterativelly. Neverthe-
less, both of these analyses have focused on the effect of AVR and PSS only. This
work further investigates the properties of developed expressions and provides an
insight into SSS phenomena that are related to inadequate HVDC control gains.

4.3.1 Mathematical properties of ∆KS and ∆KD

By taking into account the aforementioned results and observations, the rest of this
study analyses the general behavior of ∆KS/D functions with respect to the HVDC
gain KDC. Here, it was considered that λ̄ is not changing as KDC increases (as for
eq. (4.21)). Since poorly damped modes are of interest, it can also be assumed that
σ2<<ω2

p and σ K̃DD≈02.
(i) Now, let KDC ≈ 0 be a small positive value. Then the following expressions

can be derived:

∆KS =
−l1KDCλ 2K̃DD

l2
12

; (4.31a)

∆KD =
l1KDCK̃SS

l2
12

. (4.31b)

2σKDD ≈ σKD = −2Mσ2 is a constant much less than KSS. In general, synchronizing compo-
nents have higher values than damping components.
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By the virtue of eq. (6.2.14) from Appendix 6.2, ∆KD > 0 holds always and if
K̃DD<0 then also ∆KS >0. Equation (6.2.14) assumes that AVR and PSS have an
overall positive impact on KS and that respective angles (δ ,θ ) are in a reasonable
range.
(ii) For K̃DD >0, it can be noted that ∆KS is non-negative as long as it is satisfied
that:

K̃SSKDC− l12K̃DD ≥ 0⇔ KDC ≥
l12K̃DD

K̃SS
. (4.32)

Although a theoretical condition for ∆KS < 0 exists, the typical values of the
given parameters imply that this effect is negligible, as it will be afterwards shown
in the case study.

(iii) At the maximum value of ∆KD, presented in the form eq. (4.30), it is valid
that:

d(∆KD)

dKDC
= 0. (4.33)

The solution of eq. (4.33) yields the expression for the HVDC controller gain for
the maximal damping coefficient as:

Kopt
DC = l12

 K̃DD

K̃SS
+

√√√√( K̃DD

K̃SS

)2

+
1

ω2
p

 . (4.34)

It is important to outline that the maximum value indeed exists, and that it can be
referred to as the maximum/optimum value for a given operating condition. By
taking typical operating conditions and parameters, it can be shown that this value
is quite high—sufficiently high to ensure the SSS of the system.

(iv) For large gains (dominant K2
DC terms), it holds that:

∆KS =
l1
l12

K̃SS; (4.35a)

∆KD =
l1
l12

K̃DD, (4.35b)

from where it also becomes clear that ∆KS remains positive and ∆KD is having
the same sign as K̃DD. Equation (4.35b) implies that KD decreases (∆KD < 0) for
K̃DD < 0 and very large HVDC gains. The damping for the case of an “infinite"
HVDC gain is, in fact, equivalent to the damping of an OLZ which is independent
of HVDC controller type.
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4.3.2 Comparison of analytical and simulation results

The subsequent analysis is provided for the SMIB system from Figure 4.1 which
is modeled in Solvina’s Simpow® software. The AVR and PSS are tuned by the
means of the “residue" method [14] to improve the system transient response and
SSS. The injection of the HVDC system is modeled via back-to-back connection
to another infinite bus. The study examines six distinct cases that involve:

(i) three different HVDC system locations reflected through reactance values
between the terminal and HVDC bus - x1, and the HVDC and infinite bus -
x2, as it is shown in Figure 4.1:

– Location 1: x1=0.2 (pu) and x2=0.2 (pu),

– Location 2: x1=0.3 (pu) and x2=0.1 (pu),

– Location 3: x1=0.1 (pu) and x2=0.3 (pu) and

(ii) two levels of PSS gain: KPSS1=1 and KPSS2=10.

In order to highlight the results of interest, as an example, the changes in synchro-
nizing and damping coefficients, for the sets of HVDC locations and PSS gains,
are chosen “Location 1/KPSS1

" and “Location 3/KPSS2
" cases, and they are visu-

alized in Figure 4.2 as functions of KDC. Rest of the four cases are presented in
Section 4.5. in Figure 4.15. The active power provided by the generator is 100
(MW) (nominal). With respect to the size of the system and the HVDC control
purpose, KDC=500 (pu)=1000 (MW/Hz) is found to be the maximum reasonable
gain value to be used for investigating the presented control. Higher gain values
could cause the instability during nonlinear transient response as well as numerical
issues in simulations.

The case depicted in Figure 4.2 includes:

1. The results obtained analytically by eqs. (4.29) and (4.30);

2. The numerical results provided by Simpow® software;

3. Results that originate from the exact expressions in eqs. (4.13)-(4.15) for the
AVR and PSS contributions. These equations were derived analytically in
Section 4.1, but to be solved for respective coefficients a numerical approach
from Matlab R2017b had to be used;

4. The approximate ∆KS and ∆KD from eq. (4.31) that have been defined for a
small, positive KDC value.
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Figure 4.3: The change of KS/D coefficients with respect to KDC for: (a) Location
1/KPSS1 with initial mode λ̄ = 0.1066+ j2π ·1.2217 (left figures) and (b) Location
3/KPSS2 with initial mode λ̄ =−1.2269+ j2π ·1.1787 (right figures).

Numerical results are obtained by calculating the eigenvalue related to elec-
tromechanical mode λ̄p =σp+ jωp, and then the coefficients are determined as [14]:

KS = Mλ
2
p ; (4.36a)

KD =−2Mσp. (4.36b)

Simpow® software is capable of providing λ̄p, while in the case of Γ(s) func-
tions the eigenvalue is calculated using Matlab software and the transfer function:

GDC(s) =
1

Ms2 +F1(s)+Γavr(s)+ sΓpss(s)
. (4.37)

where GDC(s) is a system transfer function relating ∆Pe and ∆δ .
Apparently, the results from the analytical approach follow the results obtained

by the software. The (small) mismatch between the analytically and numerically
obtained results comes from unmodeled HVDC back-to-back dynamics and stated
assumptions. This even holds for the approximated expressions from eq. (4.31) that
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were derived for smaller variations of KDC. The graphical representation of these
expressions from Figure 4.2 is exactly matching the three curves for the “lower"
values of the HVDC gain, acting as a tangent that defines the initial slope of the
curves. Figure 4.2 also demonstrates that there indeed exists a maximum value
∆Kmax

D for Kopt
DC starting from which the damping coefficient is decreasing. Addi-

tionally, the derived value of Kopt
DC from eq. (4.34) (given by a red marker) appears

not to deviate much from KDC obtained for ∆Kmax
D by the three methods, which is

an encouraging result. One may also notice that an HVDC converter placed closer
to the generator (as in the right figures) has a higher impact on the both torque
coefficients, as expected. The upper-right graph from Figure 4.2 demonstrates that
a high PSS gain causes K̃DD > 0 which further results in slight decrease of KS

for small HVDC gains (the opposite case applies to the upper-left graph). This
observation is in line with eq. (4.31).

To provide some sort of overall quantification for the case study, the deviation
between analytically derived value from eq. (4.30) (∆KDer.An.

D ) and the one calcu-
lated numerically by Simpow® software (∆KSim.

D ) is found in percentage as:

∆Kdev
D =| ∆KSim.

D −∆KDer.An.
D

∆KSim.
D

| ·100%, (4.38)

where the Simpow results serve as the reference. For a set of KDC values, the
maximum, minimum and mean values for all the six tested cases were summarized
in Figure 4.4.
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Figure 4.4: Max/min and mean ∆Kdev
D values for the six test cases.

Although the mean ∆Kdev
D increases together with KDC, derived ∆KDer.An.

D is still
able to capture a general behavior of KD under the influence of the HVDC control.
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The similar tendency was observed for KS. It is reasonable to expect an increase in
∆Kdev

D since the stated assumptions are more affected in the presence of very large
HVDC gains, which some of the tested ones certainly are.

Now, in the same system, the effect of the applied HVDC control will be tested
through a non-linear Time Domain Simulation (TDS) of a three-phase short circuit
on the line between PCC and the infinite bus. By clearing the fault without changes
in configuration, the time response for three different values of KDC is given in
Figure 4.5 for case “Location 1/KPSS1

".

1 2 3 4 5

30

40

50

Figure 4.5: TDS result of the fault response for three cases of HVDC gain.

In this figure, one may notice that the generator’s rotor angle oscillations be-
come more damped with the increase of KDC from 0 to 200 (pu) (or 400 MW/Hz).
However, a too large HVDC gain (i.e. KDC =500 (pu)> Kopt

DC ) causes the oscilla-
tions to become less damped, and it is in line with the results presented in Figure
4.3 for the case a), related to ∆KD. This implies that, besides affecting SSS, an
inadequate HVDC gain can as well trigger an unwanted non-linear response of
the system to large disturbances. Hence, this issue should be systematically ad-
dressed. In addition, results related to the increase of the synchronizing coefficient
is reflected in Figure 4.5 as the increase of the frequency of oscillation with KDC

increase.
In order to get a better insight into the effects of a supplementary HVDC con-

trol, the further analysis focuses on occurrences in a multi-machine system. The
main goals are to identify the modes that are prone to being affected by the con-
troller and to provide quantitative results of this interaction that are comparable
with the outcomes of the SMIB study.
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4.4 Linear analysis in multi-machine system

By taking both the static and dynamic parameters from [42], the following case
study is carried out in Simpow® by employing IEEE 3-generator 9-bus system
from Figure 4.6.

G2 G3

G1
1

4

6

2

5

7 8 39

Figure 4.6: IEEE 3-generator 9-bus system.

Three different cases of generator dynamics are covered: 1) all generators are
represented by the 1-axis model, 2) AVRs are included in all the generators, and 3)
PSSs are installed at generators G2 and G3. The HVDC control is defined as:

∆PHV DC =−KDC∆ fL, (4.39)

where ∆ fL is a local frequency measurement at the PCC, and KDC is the gain of the
supplementary power control of the VSC-based HVDC system. By analyzing the
provided multi-machine system case, one can assess the most critical electrome-
chanical mode between the generator G3 (the smallest amount of inertia), and gen-
erators G1 and G2. The features of interest in this study are the mode’s movement
in the complex plot and the change of its damping ratio, with respect to KDC in-
crease. Also, by analyzing these results, one can notice the influence of properties
such as modeling (including) the higher-order generator dynamics and the HVDC
system locations on the respective results. The idea is to investigate the correlation
between the results related to the most critical mode in the multi-machine system
and the results obtained previously for the SMIB.

Once the linear analysis for the three modeling cases was carried out, the damp-
ing ratio results for Open Loop Zeros (OLZs) and Open Loop Poles (OLPs) are
provided in Table 4.1 for the most critical mode (λ̄C). The importance of OLZ
lies in the fact that modes are converging towards them with the large values of
KDC, and they are affected by both generator dynamics and HVDC location. On
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the other hand, OLPs are affected by generator modeling, but not by the HVDC
location; the open-loop refers to the case where the HVDC control has zero gain.

Table 4.1: Damping ratios of OLP and OLZ related to mode λ̄C[%].

λ̄C OLP OLZ
HVDC location 1-axis avr pss 1-axis avr pss

5

3.13 4.65 9.74

3.13 4.29 8.85
6 3.18 3.45 7.31
8 3.03 2.32 5.36
9 3.14 0.61 2.99

It can be seen that including AVRs and PSSs determines the interaction be-
tween the AC system dynamics and the HVDC controller defined in eq. (4.39).
The OLZ of mode λ̄C has the smallest damping ratio for locations at buses 8 and
9, and therefore they are the most concerning ones. Furthermore, these locations
are electrically the closest to G3, and the HVDC control has the biggest impact,
which can be observed from the residue magnitudes of that mode λ̄C, listed in
Table 4.2. Residue values are the measures of controllability and observability, de-
fined in [14], and they are scaled according to the biggest residue for the purpose of
comparison. This observation is correlated with results in SMIB where the biggest
impact of the HVDC supplementary control on ∆KS and ∆KD is noticed for the
Location 3, or the one closes to the generator (Figures 4.3 ad 4.15).

Table 4.2: Scaled residue values of mode λ̄C.

HVDC location 1-axis avr pss
5 0.023 0.040 0.065
6 0.116 0.151 0.209
8 0.163 0.244 0.384
9 0.488 0.674 1.000

Although all the OLZ are on the left-hand side of the complex plane, it can
also be noticed that some of the OLZ damping values are smaller than the ones of
respective OLP. These results motivate a further assessment of possible damping
decrease due to the chosen controller. Therefore, the “pss" case (which includes
both AVRs and PSSs in generators dynamics) results for HVDC system locations
8 and 9 are shown in Figure 4.7. The left plots provide the modes movement in
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the complex plot with KDC increase, with illustrated black lines (full for OLP and
dotted for OLZ) presenting the constant damping ratio on that figure. The mode’s
damping ratio is depicted in the right plots for the same case.

It is interesting to notice that the frequency of oscillations fp is constantly in-
creasing with the increasing KDC, while the damping ζ reaches its maximum value
for the similar value of Kopt

DC for both cases and then decreases as KDC becomes
larger.
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Figure 4.7: Root locus analysis with AVRs and PSSs dynamics included.

PSS in the generator G3 is referred as an optimally tuned according to “residue"
method and it provides the maximum damping taking into consideration all modes.
In practice, it may be the case that not all (important) modes are observable, and
PSS gain is not tuned according to the global criteria. That is why it is of interest to
investigate the mode’s behavior for different levels of PSS gains. The results corre-
sponding to decreased/increased value of the PSS gain compared to its optimal, are
presented in Figure 4.8. The similar behavior of the given mode is observed, and
even though high gain PSS case reaches the point where the damping is lower than
the initial one, it does not concern since the obtained values are still sufficiently
high.

It is a fact that there is an exact maximal Kopt
DC after which the HVDC supple-

mentary control deteriorates SSS. Also, the frequencies of oscillations are increas-
ing, reflecting the increase in the synchronizing coefficient. Therefore, it can be
concluded that (for all the tested cases), the root locus and the damping behave
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Figure 4.8: Root locus analysis for two different gains of PSS.

similarly, and there is a correlation to the mode’s behavior in the SMIB study.
These results provide a higher level of confidence in applying the HVDC sup-

plementary power control in the form of the droop frequency control since there is
no significant negative effect on SSS. For none of the investigated cases, the real
part of the critical electromechanical mode was reaching zero value even for very
large HVDC controller gains (700 MW/Hz). Furthermore, for reasonable values of
KDC, and the ones suitable for frequency control, there are positive effects on both
synchronizing and damping component. This study provided a fundamental expla-
nation for the presented phenomenon in the case of SMIB, and verified it through
a dual multi-machine system with numerical analysis.

4.5 Discussion of derivations and results in the SMIB

This section discusses some of the provided assumptions used in the derivations in
Section 4.2. The premises are supported by the results of the presented SMIB case
study in Section 4.3.2 for Location 1/KPSS2 . Two main assumptions are stated:

• functions Γavr and Γpss are simplified, and

• the change (movement) of the eigenvalue λ̄p is not considered into the ana-
lytical calculation of ∆KS and ∆KD
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Furthermore, additional results related to ∆KS and ∆KD for the rest of the four
cases (mentioned in Section 4.3.2) are illustrated and explained.

Simplification of Γ functions

The literature [44] proposed simplifications of transfer functions Γ̃avr(s) and Γ̃pss(s)
defined in eq. (2.47) to functions defined in eq. (2.48). The comparisons of these
bode magnitude functions for the case of introduced SMIB, and KPSS2 , are shown
in Figure 4.9. One may notice that there is an appropriate match between them
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Figure 4.9: The comparison between Γ̃ functions in full and simplified form.

around the frequencies of interest. Furthermore, this assumption is used for the
case were HVDC supplementary control is included, and Fi(s) functions are intro-
duced instead of constants Ki. With respect to that, the magnitude bode diagrams of
functions presenting the ratio between ∆Fi(s) and Ki are shown in Figure 4.10. The
functions ∆Fi(s) are given for the following gains KDC = 0,100,200,300,400,500
(pu), and Location 1/KPSS2 .

After simplification of Γ̃, the neglected constants are K3 and K4 (see eqs. (2.47)
and (2.48)), and for Γ functions the remaining factors are F1(s), F2(s), F5(s), and
K6 (see eqs. (4.13) and (4.16)).

i) It can be seen from Figure 4.10 that F3(s)≈ K3, and therefore the neglection
is justified for both Γ̃ and Γ functions.

ii) F4(s) is changing to a similar range as F5(s) (comparing to their constants).
However, the value KA|F5(s)| � |F4(s)| and, therefore, the same neglection in the
case of F4(s) can be applied.
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Figure 4.10: The bode magnitudes of functions representing the ratio between ∆Fi

and Ki, i = 1, ...,6.

iii) Another observation from Figure 4.10 is that F6(s)≈ K6. K6 is considered
in the simplified form of Γ̃, and therefore the constant K6 is kept in Γ functions, as
well.

In that way, there is a convenient and simplified form of Γ functions used in
the analytical derivations. The comparisons and the almost perfect match between
simplified and full-expression system functions GDC(s), defined in eq. (4.37), for
HVDC gains KDC = 100,300,500 (pu) are shown in Figure 4.11.

Separate contributions to KS and KD, and their changes with KDC

In the analytical derivation of ∆KS and ∆KD, it is assumed that AVR and PSS pro-
vide constant synchronizing and damping components, even for the mode move-
ment from λ̄p to λ̄p +∆λ̄p. In the case of Location 1/KPSS2 , the changes in the real
and imaginary parts of λ̄p are illustrated in Figure 4.12. To obtain these values, one
has to calculate the poles of system transfer function GDC(s), defined in eq. (4.37),
and extract the electromechanical mode with its properties for each value of KDC.
In general, this can be only numerically obtained, and that is why in the analytical
derivation, only the initial value of λ̄p is considered (when KDC = 0).
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Figure 4.11: GDC(s) constructed from simplified and full-expression functions for
“HVDC-control" case.
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Figure 4.12: The changes in real and imaginary part of the mode with the increase
of HVDC gain KDC.

Due to this assumption, there is a mismatch between the derived and “true"
results. The results in Figure 4.3 show how much the total mismatch between four
different approaches is used to obtain the desired values. Nevertheless, it is of
interest to look into specific details of used assumptions so a better understanding
can be achieved. The total change of coefficients ∆KS and ∆KD can be separated
through summarized changes of the following functions:

1. “no-HVDC-control" case Γ̃avr(s), Γ̃pss(s) (and constant K1),

2. difference between cases of “HVDC-control" and “no-HVDC-control" func-
tions ∆ΓDC reflected through Γavr(s)−Γ̃avr(s), Γpss(s)−Γ̃pss(s), and ∆F1(s)=
F1(s)−K1.
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For the “no-HVDC-control" case, one can see how the respective functions’
contribution changes in Figure 4.13 due to mode’s movement in the complex plot
(imposed by the increase in KDC). With KDC = 0, it can be seen that K1 provides
a significant synchronizing component without impacting the damping part. This
is also explained in Section 2.2, where the classical model of the generator is pre-
sented. In that case, and without a damping constant D, the system is on the edge of
oscillatory stability. The inclusion of AVR provides additional synchronizing com-
ponent but adds up a negative impact on the damping part. To improve the system
damping, PSS is installed. Applying the residue method ensures an efficient con-
tribution to damping and slight impact on the synchronizing part (the mode goes
straight to the left-hand side). These properties can be noted in Figure 4.13, and
their changes with the inclusion of the HVDC control are indicated with full blue
lines.

It is interesting to notice that the damping contribution of PSS is increased
with the mode movement (especially for the values larger than 200 pu of KDC).
The main reason is a significant change in the real part of the mode, which impacts
the damping contribution of the PSS in a positive way (in this case).

The question is how significant all previous changes are compared to the one
for ∆ΓDC(s) and, for the case study presented, that can be observed in Figure 4.14.
There is a comparison between the contributions of ∆ΓDC(s) functions used in
analytical derivation (given by the red dotted lines), and for the “true" ones (given
by the full blue lines; the same marking as in the previous figure). The reason why
red lines are not constant is that they take into account the KDC value, but not the
change in λ̄p, and that is why there is a mismatch.

The major and positive contributions to changes in KS and KD come from
∆F1(s). This part exists regardless of the AVR and PSS inclusion. For different
case studies, the comparisons between contributions could have different ratios.
The further analysis of the provided contributions might be of interest to future
research since one can get an insight into which factors are the most significant.
Definitely, AVR and PSS impact the initial components and later on their changes.
However, if they can make a substantial difference in the nature of the interaction
is yet to be investigated.

The rest of the four test cases of ∆KS and ∆KD

Four additional results related to the following combinations of the HVDC lo-
cations (respective reactances) and the PSS gains are: I) “Location 2/KPSS1

", II)
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Figure 4.13: Γ̃avr(s), Γ̃pss(s), and K1 contributions to synchronizing and damping
coefficients, and their change with KDC increase.

“Location 2/KPSS2
", III) “Location 3/KPSS1

", and IV)“Location 1/KPSS2
", and they

are illustrated in Figure 4.15.
The results follow the conclusions previously obtained for all four cases. They

highlight how the HVDC location impacts the measure of interaction significantly.
There is almost no change in the coefficients in the first two upper figures, relating
to the Location 2 (closest to the infinite bys). The other two figures present the
variations of the results in Figure 4.3, and they imply similar behavior successfully
explained by derived analytical expressions.



4.5. DISCUSSION OF DERIVATIONS AND RESULTS IN THE SMIB 119

0 200 400
0

0.2

0.4

0.6

0 200 400

0

0.02

0.04

0 200 400

-0.6

-0.4

-0.2

0

0 200 400

0

0.02

0.04

0.06

0 200 400
0

0.2

0.4

0.6

0 200 400
0

0.02

0.04

0.06

Figure 4.14: Γavr(s)− Γ̃avr(s), Γpss(s)− Γ̃pss(s), and ∆F1(s) contributions to syn-
chronizing and damping coefficients, and their change with KDC increase.
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Figure 4.15: The changes of ∆KS and ∆KD coefficients for cases I) to IV).



Chapter 5

Conclusions and Future Work

5.1 Conclusions

The increase of non-synchronous generation can jeopardize the system frequency
stability due to a reduction in the total inertia. In other words, the replacement
of the conventional generation with RES is followed by a decrease in the system
kinetic energy, which further causes the system to be more vulnerable to large dis-
turbances. The conventional approach to stabilize the system frequency is FCR ac-
tivation, followed by the fast and stable response capable of keeping the frequency
within required limits.

The analysis of hydro generators participating in FCR response showed that the
governor control settings are of high importance. Having better ones, in terms of
speed and stable response, can significantly improve the system frequency behav-
ior. However, hydro units have certain limitations, and there is a bound to which
they can adequately respond, which was observable in low inertia scenarios. Also,
the governor and turbine settings are not properties that are easily accessible or
subject to change. It is challenging to enable appropriate tuning since the process
requires suitable requirements ensuring desired response, market incorporation of
the service, and an on site testing. Therefore, it is of importance to understand
how different parameters of the governor and turbine affect the closed-loop stabil-
ity margin, IFD improvement, and SSFD, which was provided by the results of this
thesis.

Understanding the limitations of FCR’s most dominant units (in NPS they are
hydro generators), this study was able to define appropriate sets of parameters and
investigate the incorporation of HVDC links into frequency support. HVDC links
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were equipped with supplementary active power control, which is based on the fre-
quency input. In the NPS, this support is referred to as Emergency Power Control
(EPC), and in this study, it is mainly analyzed for two different methods. The first
one is the ramp/step EPC method and it is currently activated in NPS. ENTSO-
E report [32] by Nordic TSOs, observed the insufficient performance of the EPC
settings for low inertia cases and expressed the need for modification.

Furthermore, this thesis assessed the same ramp/step EPC and concluded that
the drawbacks are present referring to a poor closed-loop stability margin, and a
large amount of provided power, finally implying undesirable system frequency
response. As a solution, modifications to the same method were proposed, so a
large amount of power injection after the IFD, and possible over frequency issues
could be avoided. However, it is confirmed that the reduced closed-loop stability
margin of the future low inertia systems can not be solved by using this approach.

As a solution, droop frequency-based EPC was proposed and compared in both
single and multi-machine systems. Through various case studies, it was shown that
the droop frequency EPC outperformed the ramp/step method. The important as-
pect is that it does not require additional communication infrastructure, and work-
ing principles are also simple. The main conclusions are that a careful design of
droop frequency EPC, can provide:

1. Better frequency response (smaller frequency deviation)

• Avoiding activation of UFLS or OFGT

• Improved frequency quality

2. Less HVDC power used:

• The reduction of reserved power on HVDC links might lead to lower
cost of provided EPC service

• In the case study presented, less stress of the sending end system (eg.
less frequency deviation in Continental Europe) is observed

• Better control of the post-disturbance power dispatch through control-
ling the HVDC steady-state power

3. The lower level of frequency triggering value

• Avoid unnecessary activation of EPC support during “smaller" distur-
bances
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Furthermore, this EPC method can be efficient even for the extremely low in-
ertia scenarios and probably could ensure a desirable transition to the enormous
integration of RES. The results showed that a proper EPC response becomes even
more vital comparing to FCR response; meaning that as inertia is decreasing, care-
ful and advanced design of EPC will become necessary.

As it was shown, the inclusion of a simple and robust HVDC supplementary
active power control can effectively improve the system frequency response. How-
ever, further analysis investigated which interactions are implied to other stability
types such as rotor angle stability. For this purpose, the thesis employed a linear
analysis to investigate how HVDC control may affect electromechanical dynamics.
An extensive analysis was carried out for a generic system to understand the under-
lying mechanism of undesired decrease of system damping due to a wrong choice
of the HVDC controller gain. The presented study overcomes the unavailability of
remote signals (typically used in the previous studies) by analytically incorporat-
ing the local signal as an input to the HVDC control while also including AVR/PSS
dynamics. In that sense, the changes in torque coefficients as the explicit functions
of HVDC gain KDC were derived. The established functional relationships were
then compared (and found to be in line) with the results of numerical analysis in
SMIB test system case study.

Furthermore, a numerical analysis related to HVDC control impact on the
multi-machine system was provided. The root locus and damping ratios were pre-
sented for the different cases of PSSs implemented in the investigated generator
and high range of HVDC gain. It is concluded that the same behavior of the se-
lected mode can be noted in both single and multi-machine systems.

The given approach introduces a plausibility of various SSS scenarios provided
that the applied HVDC control, AVR and PSS satisfy specific conditions (meaning
that these components need to be considered jointly in stability assessment). As a
final conclusion, the study has shown that the examined type of HVDC controller
can (i) improve the frequency, SSS and transient stability when being in its “range
of positive impact" (KDC < Kopt

DC ) or (ii) worsen electromechanical response if that
is not the case. The general approach to control design makes the study applicable
to other controllers. The main research lines of the future work involve a further
analysis of the conditions for the negative influence of the presented control as well
as the identification of stability measures for mitigation of such conditions.
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5.2 Future work

This study mainly covered challenges from a system point of view and provided
the vital aspects of specific FCR and EPC methods. As the methods are compared,
now, the further question is how can SO actually efficiently implement them into
the operation.

The extension of the given work is oriented towards a proper distribution of
EPC droop (gain) values among HVDC links for different operation periods and
criteria. Criteria can be stated as improved certain stability margin or cost of re-
served EPC. Also, it would be interesting to assess how fixed parameters would
perform compared to an adaptive one. Adaptive control refers to the ability to
change settings with different operation scenarios or remote information. It is be-
lieved that, by using adaptive droops, TSOs may significantly improve the overall
efficiency of the control actions.

Every choice on the EPC method and operation must be agreed between both
(all) SOs responsible for an HVDC link. In future operations, even a larger amount
of HVDC power is considered for frequency support. Therefore, taking into ac-
count a dynamic of sending end system, and its inertia change, could become more
significant.

The analysis of the interaction between generator dynamics and HVDC fre-
quency control, provided in Chapter 4, could be extended to different system set-
ups. The idea is to investigate if the negative effects might appear, and if yes,
how they can be recognized and avoided. Furthermore, it can be interesting to im-
plement a dual analysis into the developed (detailed) multi-machine system with
plenty of HVDC links (both LCC and VSC). In that way, the results of the theoret-
ical analysis can be observed in parallel to the numerical one, where a much higher
degree of dynamic is included.



Chapter 6

Appendix

6.1 Appendix A

The content of this Appendix is intended for supporting the mathematical defini-
tions and derivations of Section 4.1. There, the electrical powers from (4.1a)-(4.1b)
are given as:

P1 =
E ′qU

x1+x′d
sin(δ−θ)︸ ︷︷ ︸
= Pe

; P2=−
UUN

x2
sinθ ; (6.1.1a)

Q1 =
U2−E ′qU cos(θ−δ )

x1+x′d
;Q2=

U2−UUN cosθ

x2
, (6.1.1b)

for which it holds the steady-state (operating point) equality:

P10 =−P20 =
E ′q0U0

x1 + x′d
sin(δ0−θ0) = Pe0;

Q10 =−Q20 =
U2

0 −E ′q0U0 cos(θ0−δ0)

x1 + x′d
.

(6.1.2)

To simplify the linearized expressions of Section 4.1, it is convenient to define
the following entities:

wld =
E ′q0Ut0

x′d
cos(δ0−θt0); l1d =

Ut0U0

x1
cos(θt0−θ0). (6.1.3)
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By taking into account the contribution of the HVDC control, the linearized
dynamics of ∆E ′q is represented as:

T ′dos∆E ′q =
xd−x′d
x1+x′d

cos(δ0−θ0)∆U− x1+xd

x1+x′d
∆E ′q

+∆E f−
xd−x′d
x1+x′d

U0 sin(δ0−θ0)(∆δ−∆θ) =

=∆E f−

[
(xd−x′d)Pe0

E ′q0

(
l2−F(s)
l12−F(s)

+
l1
l12

)]
∆δ+

+

(xd−x′d)
E ′q0

2

(
l2
1

l12
+

P2
e0

l12−F(s)

)
− x1+xd

x1+x′d

∆Eq,

(6.1.4)

from which the corresponding functions (that figure in (4.13)) can be expressed in
a convenient form:

F4(s) =
(xd−x′d)Pe0

E ′q0

(
l2−F(s)
l12−F(s)

+
l1
l12

)
1

F3(s)
=−

(xd−x′d)
E ′q0

2

(
l2
1

l12
+

P2
e0

l12−F(s)

)
+

x1+xd

x1+x′d
.

(6.1.5)

Finally, by linearizing the dynamics of excitation voltage E f :

Tes∆E f =−∆E f −KA∆Ut , (6.1.6)

it becomes clear that the relationship between ∆Ut and state variables needs to be
determined. After several algebraic manipulations (similarly as in ∆U case), from
the reactive power balance for the terminal bus one may easily obtain:

∆Ut =
Ut0

l1d + ld

[
−Pe0

(
l1d

l12
+

l2−F(s)
l12−F(s)

)
∆δ+

+
1

E ′q0

(
P2

e0
l12−F(s)

+ ld +
l1l1d

l12

)
∆E ′q

 , (6.1.7)
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which then yields the remaining Fi(s) functions from (4.13):

F5(s) =−
Ut0

l1d + ld
Pe0

(
l1d

l12
+

l2−F(s)
l12−F(s)

)
;

F6(s) =
Ut0

(l1d + ld)E ′q0

(
P2

e0
l12−F(s)

+ ld +
l1l1d

l12

)
.

(6.1.8)

Once having all Fi(s) functions, it is straightforward to obtain the HVDC control
contributions ∆Fi(s) from (4.14) as:

∆F1(s) =
l2
1

l12
W (s) = F1(s)−K1;

∆F2(s) =
Pe0l1

E ′q0l12
W (s) = F2(s)−K2;

∆F3(s) =
(xd− x′d)P

2
e0

E ′q0
2 l12

W (s) =
1

F3(s)
− 1

K3
;

∆F4(s) =
(xd− x′d)Pe0 l1

E ′q0 l12
W (s) = F4(s)−K4;

∆F5(s) =
−Ut0Pe0 l1
(l1d + ld)l12

W (s) = F5(s)−K5;

∆F6(s) =
−Ut0P2

e0
(l1d + ld)l12E ′q0

W (s) = F6(s)−K6;

W (s) =
−F(s)

l12−F(s)
.

(6.1.9)

6.2 Appendix B

This appended section follows the derivations of the synchronizing and damping
torque coefficients from Section 4.2. As the first step, the change in active generator
power when an HVDC supplementary controller is installed may be easily obtained
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by combining (4.15) and (4.16):

∆Pe = (Γavr(s)+F1(s))∆δ +Γpss(s)∆ω

= (Γ̃avr(s)+K1)∆δ + Γ̃pss(s)∆ω+

+

[
Γ̃avr(s)

(
∆F2(s)

K2
+

∆F5(s)
K5

)
+∆F1(s)

]
∆δ+

+ Γ̃avr(s)
∆F2(s)∆F5(s)

K2K5
∆δ︸ ︷︷ ︸

≈ 0

+Γ̃pss(s)
∆F2(s)

K2
∆ω.

(6.2.10)

By accounting for (4.21) and (6.1.9), it can be written:

∆Pe|(s=λ̄p)
= (K̃S∆δ + K̃D∆ω)(1+

∆F2(λ̄p)

K2
)+

+

(
l12

l1d + l2
K̃S,AV R−K1 + l1

)
∆F2(λ̄p)

K2
∆δ+

+
l12

l1d + l2
K̃D,AV R

∆F2(λ̄p)

K2
∆ω =

= (K̃S∆δ+K̃D∆ω)+(K̃SS∆δ+K̃DD∆ω)
∆F2(λ̄p)

K2
,

(6.2.11)

where the coefficients from the “no-HVDC-case" are:

K̃S = K̃S,AV R +K1 + K̃S,PSS;

K̃D = K̃D,AV R + K̃D,PSS,
(6.2.12)

which then implies:

∆KS∆δ+∆KD∆ω =[K̃SS∆δ+K̃DD∆ω]
l1
l12

W (λ̄p). (6.2.13)

In this study, it was assumed that the following is valid:

K̃S,AV R + l1 > |K̃S,PSS| ⇒ K̃SS > 0. (6.2.14)
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