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Synopsis:

This thesis refers to the expansion of the

COBRAcable by adding an o�shore wind

farm converter into the existing point�to�

point HVDC link, as envisioned by Ci-

gre. The focus is placed on the examina-

tion of the in�uence of the added terminal

into the existing power oscillation damp-

ing control function and the tuning of the

latter for the expanded three�terminal sys-

tem. Initially, a simple two�area AC sys-

tem modelled in DIgSILENT PowerFac-

tory is utilized in order to excite inter�

area oscillations in it. The HVDC sys-

tem is modelled as a half-bridge modular

multilevel converter based voltage-sourced

converter system. The POD control func-

tion is added on top of the converters'

main control con�guration and the HVDC

link is connected to the AC system. The

latter is subjected to a disturbance and

the POD performance is assessed. Sub-

sequently, the additional o�shore terminal

is added to the existing PtP con�gura-

tion with the onshore converters operat-

ing under two di�erent control modes, i.e.

master�slave and DC voltage droop con-

trol mode and its in�uence into the POD

function is examined by varying the out-

put power pro�les of the wind farm. Fi-

nally, the output of the POD controller is

compensated with the aim of improving

the damping performance when the con-

verters operate in DC voltage droop con-

trol mode.
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Introduction 1
In today's era, HVDC transmission is a widely recognized and well-established technology

used for long-distance bulk power transmission, o�ering a potential for connecting the

renewable generation sources to the traditional load centers which are located far from

them. Under certain circumstances, HVDC systems present a series of advantages

cormpared to their AC counterparts in terms of technical, economic and environmental

aspects. Among the most important are the lower total investment and fewer losses over

a break�even distance as well as the increased controllability.

At present, the majority of HVDC transmissions are point�to�point schemes, i.e. they

comprise of two terminals. Nevertheless, multiterminal HVDC grids are expected to be

built in the future since they allow improved energy trading, integration of renewable

energy sources such as distant o�shore wind farms and potential for increased system

stability. For the realization of such grids, VSC�HVDC systems are more favorable

compared to their more established LCC�HVDC counterparts. More speci�cally, the

polarity of the DC voltage has to be reversed in LCCs in order to reverse the power

�ow, whereas the latter can be achieved by reversing the current �ow in VSCs, thus

resulting in faster power control. Moreover, since the converters can reverse the direction

of the power �ow without the inversion of the voltage polarity, the problem of a decrease

in insulation performance such as space charge in�uences, can be reduced and thus light

weight and economical cross�linked polyethylene (XLPE) cables can be used [1]. Additional

advantages of VSCs over LCCs are [2]:

� The independent control of active and reactive power.

� The less strict requirements of short�circuit ratio (SCR) for the AC system to which

they are connected. The use of VSC technology enables the control of reactive power

and hence the control of the grid voltage. In other words, VSCs can be connected to

weak grids, i.e. grids with low SCR, since they are able to support the voltage.

� The forced commutation which allows black start.

� The smaller converter station footprint.

An additional feature of HVDC systems is that they can be utilized for damping power

oscillations. Since they can be connected in parallel with long distance onshore AC

transmission corridors, they can a�ect the power system modes. These modes refer to

frequencies in which oscillations appear in a power system when the latter is subjected to

a disturbance. They can be obtained by applying small�signal analysis to a power system

model which can be done faster with the use of modern power system simulation softwares.

Therefore, having linearized the model around its operating point, its eigenvalues can be

plotted and thus the information about the frequency and the damping of the oscillations
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can be obtained from the imaginary and real part of the eigenvalues respectively. By

adding a supplementary level of control to the main converters' control level, the active

power of the VSC�HVDC terminals can be modulated resulting in damping the inter�area

electromechanical oscillations, as will be explained below. Regarding the fundamental

nature of these types of oscillations, they are caused by inadequate damping of the system's

oscillatory modes when the latter experiences a transient event. The inadequate damping

torque of a generator's rotor results in oscillations of active power �ow. The oscillations are

inherent to electric power systems with their frequencies ranging from 0.1 to 2 Hz. They

can be categorized based on the system components that they a�ect. More speci�cally,

the di�erent types are presented below [3]:

� Intraplant mode oscillations: Machines on the same power generation site oscillate

against each other at frequencies from 2 to 3 Hz.

� Local plant mode oscillations: A single generator swings against the rest of the

system at 1 to 2 Hz.

� Control mode oscillations: These include instability of modes associated with controls

of generator excitation systems, HVDC converters and static var compensators. The

insu�cient tuning of the control systems is the cause of such oscillations.

� Torsional modes: They appear due to the interaction of the aforementioned controls

with the dynamics of the turbine�generator shaft system at 10 to 46 Hz.

� Interarea mode oscillations: These oscillations occur between a group of generators

in one area swinging against a group of generators in another area of the power

system with a frequency range from 0.1 to 0.8 Hz.

The latter ones are a�ected by a series of factors which include the system structure,

the operating conditions, the excitation systems, the type of loads and the DC links [4].

Moreover, they can have very negative consequences on the large interconnected systems

such as instabilities, cascading events and system blackouts [5]. The traditional power

system stabilizers (PSS) can be utilized in order to achieve satisfactory damping of these

kind of oscillations from a generator's point of view. Alternatively, supplementary power

oscillation damping (POD) controllers can be added to the main VSC�HVDC control

level in order to damp the inter�area oscillations from inter�area transmission point of

view. The most common approach for designing the POD controller follows that of a

conventional power system stabilizer (PSS), as it will be explained later. It has been

previously integrated in PtP HVDC systems in order to modify their active power reference

and has been proved to provide e�ective damping of the inter�area oscillations [5], [6].

In addition to the control in steady�state conditions, HVDC systems often include

auxiliary control functions such as frequency control, emergency power control and power

modulation control. Regarding the latter, HVDC systems are required to work together

with the auxiliary control function of POD which is to modulate the transferred power

through the HVDC link typically in the range of 0.8 to 5 Hz in order to provide damping to

low frequency power oscillations appeared in the interconnected AC systems [7]. However,

there is still room for further research regarding the applications of the POD controllers

in multiterminal DC (MTDC) systems, since the expansion of the PtP systems creates

challenges in the design and tuning of the POD function. For example, when a PtP system

is to be connected to an o�shore wind terminal, as it is expected to be the case in North

2



1.1. Project background and problem formulation Aalborg University

Sea within the next years, the e�ect of the di�erent output power pro�les of the o�shore

wind turbines on the power oscillation damping e�ectiveness has to be investigated. More

speci�cally, conclusions regarding the damping of the oscillations can be drawn by varying

the control modes of the onshore converters as well as the number of POD controllers

applied to them (either in one of the onshore converters or in both of them) for each wind

turbine production pattern. The examination of the wind power production in�uence on

the POD capability and the proposal of a new way of tuning the POD function are included

within the scope of this thesis work.

1.1 Project background and problem formulation

In the context of this project, the feasibility of expanding the existing point-to-point (PtP)

HVDC link between Denmark and Netherlands in the North Sea region into a multi-

terminal HVDC (MTDC) transmission system is examined. This could be implemented

in two ways, i.e. by adding a new converter into the existing link or by interconnecting

neighbouring HVDC links. A possible solution is to tie�in an o�shore wind farm converter

to the existing COBRAcable. Since the current con�guration incorporates parallel long

distance onshore AC transmission corridors, it could be an e�ective solution for Power

Oscillation Damping (POD) within the Continental Europe area. These oscillations

are very unlikely to happen within the European power systems since the grids are

interconnected by strong AC interties which are not heavily loaded as in case of e.g.

the North American systems. However, the expandability of COBRAcable into an MTDC

system could introduce challenges in terms of the control design and tuning of the existing

POD function from PtP con�guration.

The main objectives within this thesis work include:

� The development of the PtP as well as MTDC VSC-HVDC models.

� The implementation and tuning of the POD control function for the PtP

con�guration.

� The examination of the in�uence of the added o�shore converter to the POD control

strategy.

� The proposal of a new way of tuning the POD controller for the expanded system

in order to damp the power oscillations e�ectively, depending on the output power

pro�le of the wind turbines.

1.2 Limitations

The main limitations and simpli�cations made in the context of this thesis are presented

below:

� Lower level controls are not implemented since the focus of the thesis is put on the

study of slow transient (electromechanical) phenomena.

� Radial con�guration is implemented for the three�terminal HVDC system while ring

topology is not considered within the context of this study.

� Variations for the tie�in point of the o�shore wind farm converter to the existing

HVDC PtP cable are not considered.
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� The modelling of the wind farm was simpli�ed representing its operation through

the use of an aggregated ASM model, consisting of 100 asynchronous machines in

parallel.

� The power oscillations were arised by the introduction of a three�phase symmetrical

short�circuit whereas no other kinds of fault situations were studied, e.g.

asymmetrical faults.

� In order to simulate the cases under study, a simpli�ed version of the power system

was used. A more realistic modelling of the power system with the use of more

generators and buses introduces more challenges, e.g. the choice of the input signal

for the POD controller is not straightforward but has to be done according to

observability criteria [8].

1.3 Thesis outline

Initially, a simple two�area AC test system used in the context of this thesis is simulated in

DIgSILENT PowerFactory. Modal analysis is performed in order to record the locations of

the eigenvalues associated with the inter�area modes. The system is perturbed by means

of a symmetrical three�phase short�circuit which is introduced in one of the test system

lines with the aim of observing the resulting inter�area oscillations by means of nonlinear

time�domain simulations.

An existing example model of PowerFactory, consisting of an HVDC system which connects

an o�shore wind farm to the onshore grid, is modi�ed appropriately in order to end up with

a PtP VSC�HVDC link connecting two onshore terminals. The model is properly tuned in

order to ensure its stable operation. Additionaly, the POD controller scheme is added into

the main control strategy of the VSC�HVDC system and the latter is integrated into the

AC system. Modal analysis followed by time-domain simulations are realized with the aim

of testing the e�ectiveness of the POD controller into damping the inter-area oscillations.

Subsequently, the PtP link is expanded into a three-terminal network with the addition of

an o�shore wind farm converter terminal. The wind farm is modelled using an aggregated

asynchronous machine model, consisting of 100 machines connected in parallel. The

in�uence of the o�shore wind terminal to the existing POD control behaviour is examined

by varying the active power output of the machines. Finally, a new way of POD control

tuning for the expanded MTDC system is proposed.
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PtP VSC–HVDC system 2
This chapter gives a brief overview of the components constituting a typical VSC�HVDC

system and its control structure. The modeling of the HVDC link and the tuning of

the converters' controllers with the use of PowerFactory are presented. Finally, the

implementation of the supplementary POD controller is provided.

2.1 Components of a VSC�HVDC station

Within this section the main components of a VSC�HVDC station are listed and their

operating purpose is brie�y explained. Figure 2.1 illustrates the con�guration of a common

VSC�HVDC system comprising of two terminals.

 GridAC
filter

Phase 
reactor Transformer

AC
filter

Phase 
reactor Transformer

 GridAC
filter

Phase 
reactor Transformer

 Grid AC
filter

Phase 
reactorTransformer

AC
filter

Phase 
reactorTransformer

 Grid AC
filter

Phase 
reactorTransformer

 GridAC
filter

Phase 
reactor Transformer

 Grid AC
filter

Phase 
reactorTransformer

VSC 2 VSC 1

DC capacitor

DC cable

Figure 2.1. Typical con�guration of a point�to�point VSC�HVDC system.

The main components of this topology include the converter, the interface transformer,

the phase reactor, the AC �lter, the DC capacitor and the DC line. A brief description of

each component follows.

Converter

The converter is the core component of the VSC�HVDC system and it is controlled via

a pulse�width modulation(PWM) technique in order to output an AC voltage of desired

magnitude and frequency. It can be operated either in recti�er or inverter mode. Among

the di�erent types of voltage�source converters, the modular multilevel converters (MMC)

are becoming nowdays attractive for applications such as VSC�HVDC schemes and FACTS

due to their inherent advantages, i.e. the built�in redundancy, the higher e�ciency, the

lower switching losses and the reduction of the low order harmonics compared to two�

and three�level VSC�HVDC [9], [10]. Within this thesis, the VSC converters are chosen

as half�bridge MMC type, since this is the type of converters used in the context of the

COBRAcable project. Further details about the converter model are given in the next

section.
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Transformer

The main function of the interface transformer is to transform the voltage of the AC system

to a value suitable to the converter. It also provides reactance between the grid and the

converter side in order to control the AC output current. Additionally, it is equipped with

an on-load tap-changer which can regulate the voltage and optimize the VSC operation

by reducing the power losses [11].

Phase Reactor

The phase reactors are used for controlling the active and reactive power �ow as well as

�lter the high frequency switching harmonics generated by the converters [12]. Moreover,

they limit the short-circuit current in case of a fault.

AC �lter

The AC �lters are installed in order to suppress the high frequency harmonic content

of the AC voltage due to the converter's switching operation and prevent the harmonic

components from being injected into the AC grid [12].

DC capacitor

The DC capacitor is used to keep the DC voltage constant by removing the ripple. It acts

as an energy storage in the DC side and the DC voltage can be controlled by exchanging

active power between the AC and DC sides. The choice of the capacitance value is a

matter of trade-o� between the voltage ripple and the dynamic performance.

DC line

Either overhead lines or cables can be used for HVDC transmission and the choice depends

on many factors. Overhead lines are mostly used for bulk power transmission over

long distances because of the lower installation costs. Cables are utilized in submarine

applications in order to connect o�shore wind farms to the land or for subsea transmission

of electricity [13].

2.2 VSC�HVDC control structure

Two possible strategies can be applied for the implementation of the control in VSC�HVDC

systems, i.e. the direct control and the vector control schemes [14]. The latter is the most

widely employed since it enables the independent control of active and reactive power, as

will be shown later. In this type of control, the three�phase quantities are transformed

into the static αβ stationary reference frame through the Clark transformation and then

they are represented into the synchronous rotating dq�reference frame through the use of

Park transformation. Next, the dynamic model equations are derived according to Figure

2.2 which presents the diagram of a VSC connected to the grid.

The dynamics of the AC side can be expressed in the αβ stationary reference frame as

follows:

6
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AC
filter
AC
filter
AC
filter
AC
filter

VSC

2CDC

VSC

2CDC

RL i

iDC iL

icap
+vDC/2

2CDC

-vDC/2

vDC

vs vc

Figure 2.2. Single line diagram of a VSC�HVDC system.

L
diαβ
dt

= vs,αβ − vc,αβ −Riαβ (2.1)

In the dq reference frame, the former equation can be formulated as:

L
didq
dt

= vs,dq − vc,dq − (R+ jωL)iαβ (2.2)

which can be further split into real and imaginary parts:

L
did
dt

= vs,d − vc,d −Rid + ωLiq (2.3)

L
diq
dt

= vs,q − vc,q −Riq − ωLid (2.4)

If the dq system is chosen in such a way that vd = vs and vq = 0, the active and reactive

power can be expressed as:

p = vsdid (2.5)

q = −vsdiq (2.6)

The following two equations can describe the DC side:

pDC = vDCiDC (2.7)

C
dvDC
dt

= iDC − iL (2.8)

7
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Equations 2.5 and 2.6 lead to the intuitive conculsion that the active and reactive power

can be controlled independently by controlling the -d and -q components of the current

respectively. The vector control diagram for a VSC is given below and a brief explanation

of its components follows.

AC
filter
AC
filter

RL i

Reactive power
controller

Active power
controller

AC voltage
controller

DC voltage
controller

vs vf

PLL

Current 
controller

id,ref

iq,ref

PrefPref

Qref

VAC,refVAC,ref

VDC,refVDC,ref

VSC

icap

2CDC

iDC iL
+vDC/2

2CDC

-vDC/2

vDC

VSC

icap

2CDC

iDC iL
+vDC/2

2CDC

-vDC/2

vDC

PWM

θ

abc/dq

idq

VDC

Active/Reactive 
power calculator

Q

P

vs

i

Figure 2.3. Vector control diagram.

2.2.1 PLL

The phase�locked loop (PLL) is used for detecting the grid voltage angle θ and locking

the dq axis to this angle. As mentioned before, the d-axis voltage vector can be aligned

with the grid voltage vector so that vd = vs,d and vq = 0. The latter can be implemented

by considering vq as an error and using it as an input for a PI controller. The simpli�ed

control diagram of a PLL is given in Figure 2.4. More detailed representation will be given

in the next section.

vq
PIPI

θ
1/s1/s

Figure 2.4. Block representation of PLL.
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2.2.2 Current controller

The block diagram of the current controller is given below:

idq,ref
PIPI

idq
PWMPWM PlantPlant

Figure 2.5. Block representation of the current controller.

The PI controller outputs the voltage references vd,ref and vq,ref . For the PWM operation it

can be written that vdq = vdq,ref , assuming that the converter voltage follows the reference

without any delay and the switching harmonics are �ltered out. The system plant is

described by equations 2.3, 2.4 and its transfer function is expressed as H(s) = 1
Ls+R .

By observation of these equations, it can be seen that there is a cross�coupling between

the currents id and iq due to the existence of a frequency induced term in each of them.

Furthermore, the currents are a�ected by disturbances of the grid voltage. By applying

current cross�coupling and voltage feedforward compensation, the control performance

can be improved. The equivalent block diagram of the current controller is modi�ed as

depicted in Figure 2.6, where these compensating terms can be observed:

id,ref

PIPI
id

PWMPWM PlantPlant

iq,ref

vs,d

PIPI

vs,q

ωLiq

ωLid

vc,dref

vs,d

ωLiq

vc,d

iq
PWMPWM PlantPlant

vs,q

ωLid

vc,q
vc,qref

Current controller Physical system

Figure 2.6. Block representation of current controller with the compensating terms added.
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2.2. VSC�HVDC control structure Aalborg University

2.2.3 Outer controller

Regarding the outer control loop, four di�erent control modes can be implemented, as

shown in Figure 2.3:

� DC voltage control

� AC voltage control

� active power control

� reactive power control

When referring to active grids, there are four di�erent possible types of control for each

converter, i.e. P�Q, P�VAC , VDC�VAC and VDC�Q [15].

2.2.3.1 DC voltage controller

The output of the PI for this type of controller is the d�axis current, i.e.:

id,ref = (kp +
ki
s

)(vDC,ref − vDC) (2.9)

Equating the DC and AC side power(Equations 2.5, 2.7), the DC current can be written

as:

iDC =
vs,did
vDC

(2.10)

Furthermore, taking the Laplace transform of Equation 2.8, the DC voltage can be

expressed as:

vDC =
iDC − iL
Cs

(2.11)

Based on the above Equations, the block diagram of the DC voltage controller can be

derived as shown in Figure 2.7:

vDC,ref

PIPI
vDCCurrent

controller
Current

controller
1/sC1/sC

iL

iDCid,ref

Current controller Physical system

vs,d/vDCvs,d/vDC

id

Figure 2.7. Block representation of the DC voltage controller.

10



2.2. VSC�HVDC control structure Aalborg University

2.2.3.2 AC voltage controller

The AC voltage is regulated via the q�axis current which modi�es the reactive power

magnitude and �ow with the aim of keeping the voltage at the reference value(Figure 2.8).

The q�axis reference current equals:

iq,ref = (kp +
ki
s

)(vAC,ref − vAC) (2.12)

Vac,ref

Vac

PIPI iq,ref

Figure 2.8. Block representation of the AC voltage controller.

2.2.3.3 Active and reactive power controllers

Figures 2.9 and 2.10 show the implementation of active and reactive power controllers

respectively. The active power is controlled via the regulation of the id current while the

iq current determines the reactive power. It is also worth of mentioning that there is an

anti�wind up limiter in each controller in order to limit the converter current within the

allowable range.

Pref

P

PIPI id,ref

id,min

id,max

Figure 2.9. Block representation of the active power controller.

Qref

Q

PIPI iq,ref

iq,min

iq,max

Figure 2.10. Block representation of the reactive power controller.
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2.2.4 Current limiter

In contrast to electromechanical devices, e.g. generators, the VSCs do not have inherent

overload capability. It might happen that the outer controller sets the current reference

higher than the current capability which can result in the damage of the valves. Thus, a

current limiter has to be implemented in the control system. Its function is to compare the

total current
√
i2d + i2q to the maximum one and if the former is bigger, the current limiter

limits one or both reference currents, depending on the implemented limiting strategy, as

presented in Figure 2.11.

id,ref

iq,ref

idq,max

id
'=id

iqiq
'

id,ref

iq,ref

idq,max

id

iq
'=iq

id
'

id,ref

iq,ref

idq,max

id

iq
'

id
'

iq

Figure 2.11. Current limiter strategies.

In the �rst strategy, the d�component of the current is prioritized with the q�component

being limited. This strategy is applied in case that the converter is connected to a strong

grid and it needs to produce more active power. On the contrary, in case of connection to a

weak grid or supply of an industrial plant, iq is prioritized in order to control the injected

or absorbed reactive power and thus support the AC voltage, e.g. allow the converter

increase its reactive power provision equal to its rating when a voltage dips occurs. In

the third strategy, the angle of the current magnitude is kept constant by reducing both

components [16].

2.3 Model development in PowerFactory

Several types of computational models have been developed for the simulation of voltage

source converters and their applicability depends on the purpose of power system study

that has to be performed [13]. In the context of this thesis the focus is put on the analysis of

the slow dynamic interaction between the HVDC and its interconnected AC system. Thus,

the phasor model (also known as RMS or fundamental frequency model) is utilized for the

representation of the MMC�VSC�HVDC in DIgSILENT PowerFactory. Depending on the

range of transient phenomena, there are three di�erent simulation functions available in

PowerFactory. Among them, the balanced RMS simulation function is chosen since low

transient phenomena are simulated in this thesis and thus the dynamic behaviour of the

passive network components is not taken into account (in contrast to the three�phase EMT

simulation function), increasing the simulation speed. It uses a symmetrical, steady�state

representation of the passive electrical network and it considers only the fundamental

components of voltages and currents, allowing the insertion of symmetrical faults only.

12
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Throughout the rest of the section, an insight into the modelling of the whole HVDC

system is given.

2.3.1 MMC�VSC�HVDC PtP system implementation

Within this subsection, a brief overview of the model used for simulations in PowerFactory

is given initially. The model was implemented based on the "HVDC Connected

O�shore Wind Farm" example which is incorporated into the Application Examples of

PowerFactory. This model consists of an HVDC connection between an o�shore wind farm

and an onshore grid and it was modi�ed such that a PtP VSC�HVDC system between

two onshore terminals is obtained. Moreover, the example's data was used for the various

components of the HVDC system. Subsequently, the way of modelling for the di�erent

parts of the system is presented.

2.3.1.1 An overview of the HVDC topology used in PowerFactory

Figure 2.12 presents the point�to�point con�guration used within this thesis for simulation

purposes. The system consists of two Half�Bridge MMCs which are in symmetrical

monopole con�guration since they are connected via DC cables of positive and negative

polarity without ground or metallic return. The converters are connected to identical AC

grids via interface transformers. Converters 1 and 2 were set in P�Q and VDC�VAC control

mode respectively.

Figure 2.12. HVDC topology used for simulations in PowerFactory.

At this point, the composite model frame for the VSC controllers is presented in Figure

2.13. This is an overview diagram that shows the interconnections between the slots.

Multiple instances (called composite models) which inherit the structure of this frame

can be created depending on the number of the modelled converters. It consists of the

measuring blocks for the active and reactive power as well as the AC and DC voltage.

Also, it contains the main (outer) controller, the current (inner) controller, the PLL and

13
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the converter unit. This frame is built�in in PowerFactory. However, the outer and inner

controller blocks were modi�ed, as will be shown in the next paragraphs.

Figure 2.13. Composite model frame for each VSC controller.

2.3.1.2 Grid model

The External Grid Element was used to represent the two AC grids. The model used for

the Load Flow calculation depends on the choice of the bus type which was selected as

SL(slack). This means that the grid controls the voltage, the angle and the frequency of

the bus to which is connected. Furthermore, the external grid is modelled as a synchronous

generator for the simulation part.

2.3.1.3 PWM converter model

The RMS model of the PWM converter in Powerfactory lies on a fundamental frequency

approach, meaning that the converter output voltage is purely sinusoidal. The converter

is modelled by a DC voltage controlled three�phase AC voltage source in the AC�side

and the DC�side can be seen as current�controlled source conserving active power balance

between the two sides.

The phase�to�phase RMS positive sequence voltage of the converter is calculated as [17]:

VC = K0PmVDC(cosphi+ jsinphi) (2.13)

where:

14
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� K0 =
√
3

2·
√
2
for sinusoidal modulation.

� Pm =
√
P 2
md + P 2

mq is the modulation index, with Pmd and Pmq being the outputs

of the current controller that are given as inputs to the converter.

� VDC is the DC side voltage.

� cosphi =
Pmdcosθ−Pmqsinθ

Pm
and sinphi =

Pmdsinθ+Pmqcosθ
Pm

, with cosθ and sinθ being

the PLL outputs which are given as inputs to the converter and θ is the angle of the

grid voltage phasor.

The equivalent RMS circuit of the VSC is given in Figure 2.14:

VC<δVg<θ CeqRnl VDC

PDCPC
iDC

Idc

Rt jXt

Figure 2.14. Equivalent RMS circuit of the VSC.

According to the Figure, the following equations apply for the AC side, written in the

dq�frame:

VC,d = Vg,d − IdRt + IqXt (2.14)

VC,q = Vg,q − IqRt − IdXt (2.15)

where Rt and Xt are the total resistance and reactance of the AC side resprectively. Their

values can be calculated according to Equations 2.16, 2.17:

Rt = Rtr +
Rarm

2
(2.16)

Xt = Xtr +
Xarm

2
(2.17)

where:

� Rtr, Xtr are the resistance and leakage reactance of the converter transformer re-

spectively.

15



2.3. Model development in PowerFactory Aalborg University

� Rarm is the arm resistance and Xarm its reactance.

The DC side can be coupled to the AC side by using the active power balance between

them, as mentioned previously, i.e. PC = PDC . Thus, the equivalent DC current source

can be expressed as:

idc =
VC,dId + VC,qIq

VDC
(2.18)

Regarding the converter losses, the most important type are the no-load losses resulting

from periodically recharging the transistor capacitances and they are modelled by adding

the resistance Rnl between the DC terminals. Furthermore, given the submodule

capacitance Csm and the number of submodules per arm n, the equivalent DC side

capacitance is calculated as [9]:

Ceq =
6 · Csm
n

(2.19)

2.3.1.4 DC cable model

The lumped parameters (PI) model was used for the purpose of the DC cable modelling

since it provides su�cient results for short lines, i.e. 100 km in the case under study.

2.3.1.5 PLL model

Figure 2.15 presents the way of modelling the PLL for RMS simulations, as can be found

in the technical reference documentation of PowerFactory [18]. As can be seen, the real

and imaginary components of the grid voltage phasor are given as inputs to the PLL which

determines its phase angle. The q�axis component of the voltage is fed as an error to a PI

controller, thus the d�axis is aligned to the voltage phasor when vq = 0. The PLL outputs

are cosθ and sinθ and they are used as inputs for the PWM converter.

vr

vi

PIPI 1/s1/s

sin()sin()

cos()cos()
cosθ

sinθ

θ

vq

Figure 2.15. DIgSILENT PLL block diagram (RMS simulation).
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2.3.1.6 Outer controllers

Figure 2.16 presents the Model De�nition of the outer controller. The Model De�nition

is essentially the design or blueprint for a piece of equipment (in this case the controller)

in PowerFactory and in order to link it to the actual controllers with speci�c parameter

settings, two Common Models were created, one for each of the two converter controllers.

Figure 2.16. VSC main control structure

From Figure 2.16, it can be observed that there are four outer loops which are related to

the active power, reactive power, AC voltage and DC voltage. There are also two droop

control loops, i.e Q�VAC and P�VDC . It should be mentioned that the Model De�nition

had to be modi�ed in order to include the P�VDC droop control scheme as well as the active

power control loop. Depending on the chosen MODE value inside the MODE switch block,

the control mode for each converter can be determined, as depicted in Table 2.1:

Table 2.1. Control mode selection due to MODE switch block value

upper MODE Control mode

0 P control

1 P�VDC droop control

2 VDC control

lower MODE Control mode

0 Q control

1 Q�VAC droop control

2 VAC control
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2.3.1.7 Current controller

The current controller was implemented using an existing User De�ned Model as a starting

point. The compensating terms had to be added, as it was explained in subsection 2.2.2.

The obtained diagram can be seen in Figure 2.17.

Figure 2.17. VSC current control structure

As it has already been presented in Figure 2.13, the implementation of the current

controller in PowerFactory is done such that it outputs the modulation indexes and not

the voltage references. Therefore, in order to obtain the desired vd,ref and vq,ref , Equation

2.13 can be utilized in order to obtain the expressions of the PWM indexes as shown below:

Pmd =
Vcd,ref
VDC

· 2 ·
√

2√
3

(2.20)

Pmq =
Vcq,ref
VDC ·

· 2 ·
√

2√
3

(2.21)

Since the controllers were implemented in pu, the above expressions can be rewritten as:

Pmd =
vcd,refVd,base
vDCVDC,base

· 2 ·
√

2√
3

(2.22)

Pmq =
vcq,refVq,base
vDCVDC,base

· 2 ·
√

2√
3

(2.23)

where Vd,base = 110 kV and VDC,base = 300 kV
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The �nal expressions for the modulation indexes are:

Pmd =
vcd,ref
vDC

· 0.6 (2.24)

Pmq =
vcq,ref
vDC

· 0.6 (2.25)

2.3.2 Tuning of the PI controllers for the HVDC system

Within this subsection, the tuning of control loops for the two voltage source converters

is presented. It should be highlighted that the aim of the tuning process was to ensure

the stable performance of the HVDC system such that it does not introduce any instabilty

into the two�area test system due to improper choice of PI parameters. The speci�cations

set for tuning are summarized below:

� The integral time constant of the PI controllers should be adequately larger than the

integration step size used by PowerFactory to perform its calculations. The choice of

smaller values for the step size leads to increased accuracy of the simulation results

but slows down the convergence. For the simulation of electromechanical transients

(which is the case under study), the step size is typically chosen equal to 0.01 s [19].

In this case, the step size was chosen equal to 0.001 s and the current controller

integral time constant, i.e. the smallest time constant of the system, was chosen

equal to 0.007 s. Thus, both good accuracy and convergence were achieved.

� The overshoot of the outer loop variables, i.e. active power, reactive power, DC

voltage and AC voltage should be lower than 5%.

� The inner(current) loop should be faster than the outer loop in order to decouple

the dynamics between them. This is an important requirement that has to be

ful�lled when choosing the PI parameters for a cascase control structure so that

stable operation is achieved [20].

� At the same time, the current loop bandwidth should be �ve times lower than the

converter switching frequency, as it will be explained below.

� The outer loop should be faster than the POD controller dynamics.

Figure 2.18 presents the di�erent dynamics that appear in the AC and HVDC grids and

their associated time constants compared to the fundamental period of the AC grid voltages

and currents.

In order to determine the bandwidth of the current loop, the MMC switching frequency

is chosen equal to fsw = 250 Hz. Normally, in order to ensure proper system performance,

the system bandwidth is recommended to be chosen such that it ful�lls the following

requirement [21]:

ac ≤
2πfs
10

(2.26)

where fs is the sampling frequency. By choosing fs = 2fsw, the closed�loop bandwidth of

the current controller was chosen as:
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Figure 2.18. AC and HVDC grid dynamics

ac =
2πfsw

5
(2.27)

Furthermore, in order to avoid any possible interferences between the cascaded control

loops, the response time of the outer control loops must be much longer compared to the

inner control loops, as mentioned previously. Typically, it is chosen such that it is at

least ten times slower. Therefore, the closed�loop bandwidth of the outer controllers was

selected as:

ao =
ac
10

(2.28)

Given these bandwidth speci�cations, the rise time for the inner and outer control loops

can be calculated based on the following formula:

tr =
ln(9)

a
(2.29)

Equation 2.29 relates the rise time (tr) to the bandwidth (a) of a �rst�order system but

it can also be used for the rise time calculation of higher order systems. By substituting

the inner and outer loop bandwidth values to Equation 2.29, the resulting rise times are

tr,i = 7 ms and tr,o = 70 ms respectively.

In the case under study, the PI parameters were chosen by trial and error with the aim of

meeting the aforementioned speci�cations. The system was tested under step inputs, i.e.

the step responses for both the inner and outer loops were measured. Initially, the current

loop was tuned. Figures 2.19, 2.20 present the responses of the d and q�axis currents

of converter 1 under step changes in the references at t = 0.1 s. It can be seen that the

current rise time is approximately equal to 7 ms.
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Figure 2.19. Measured d�axis current of converter 1 under a step change in the reference equal
to id1,ref = −0.5 pu.

Figure 2.20. Measured q�axis current of converter 1 under a step change in the reference equal
to iq1,ref = 0.5 pu.

Subsequently, the outer loop of converter 1 is tuned. First, the resulting active power

response is presented in Figure 2.21, when the active power reference changes from -1 to 0

pu at t = 0.1 s. The active power rise time is around 70 ms. The reactive power response

of converter 1 is also given in Figure 2.22 for a step change in the reactive power. The rise

time is almost 70 ms and it presents an overshoot of approximately 4%.

At this point, the measured reactive power at Onshore slack 1 is also presented in Figure

2.23 for the step change in active power of converter 1. When the step change is applied,

the reactive power experiences a small undershoot equal to -0.11 pu but it restores to its

reference of 0 pu within 0.3 s, showing that the active power change does not a�ect the

reactive power, i.e. they are controlled independently.

Regarding converter 2, only the outer loop responses are plotted since the inner loop gain

values are chosen the same as converter 1. Figures 2.24 and 2.25 present the AC and DC

voltage responses when the reference value changes from the nominal to 0.95 pu at 0.1 s.

It can be observed that the rise time for both DC and AC voltages is within the range of

70 ms. Furthermore, the DC voltage experiences an undershoot of 4%, whereas it settles

to the reference within 1 s.
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Figure 2.21. Measured active power at Onshore slack 1 under a step change in the reference
equal to p1,ref = 0 pu.

Figure 2.22. Measured reactive power at Onshore slack 1 under a step change in the reference
equal to q1,ref = 0.5 pu.

Figure 2.23. Measured reactive power at Onshore slack 1 under a step change in the reference
equal to p1,ref = 0 pu.

Table 2.2 summarizes the chosen PI parameters for the inner and outer control loops of

controllers 1 and 2.
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Figure 2.24. Measured AC voltage at the AC onshore slack terminal 2 for a step change in the
reference equal to vac2,ref = 0.95 pu.

Figure 2.25. Measured DC voltage at the DC onshore slack terminal 2 for a step change in the
reference equal to vdc2,ref = 0.95 pu.

Table 2.2. PI parameters for the PtP HVDC system

Parameters Symbol Value

Current proportional gain (d and q�axis) kp,cc 1 pu

Current integral time constant (d and q�axis) Ti,cc 0.007 s

Active power proportional gain kp,p 0 pu

Active power integral time constant Ti,p 0.04 s

Rective power proportional gain kp,q 0 pu

Rective power integral time constant Ti,q 0.08 s

DC voltage proportional gain kp,vdc 4 pu

DC voltage integral time constant Ti,vdc 0.15 s

AC voltage proportional gain kp,vac 0 pu

AC voltage integral time constant Ti,vac 0.0066 s
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2.3.3 POD controller implementation

This section presents the implementation of the POD controller which acts in a

supplementary way to the main HVDC control strategy in order to damp the oscillations

appeared in power systems. Its design follows that of a conventional PSS, i.e. it consists

of a washout �lter, a gain and a number of lead�lag �lters, as can be seen in Figure 2.26

from left to right.

The POD controller takes as an input the active power. In the case under study, the active

power of line 7-8-1 (Figure 3.2) was used as an input. However, in practice, the selection

of the input is not unique since alternative oscillatory signals can be used. These include

the power angles, the currents �owing through the AC inter-tie lines, the voltages or phase

angles at the ends of the AC inter-tie lines, the rotor angles or the generator speeds. The

washout �lter is essentially a high�pass �lter which allows signals related with oscillations

in active power to pass unchanged. This means that during steady state, i.e. when the

active power �ow is constant, the output of this controller is zero. The time constant Tsw
is normally chosen in the rage of 1�20 seconds. The gain Kd determines the amount of

damping, whereas the purpose of the lead�lag �lter is to compensate the phase lag between

the controller's input and output. In practice, two or more �rst�order blocks can be used to

provide the necessary phase compensation [22]. The output of the controller ∆P is added

to the reference active power of the converter, modulating the DC link active power �ow

and thus contributing to the damping of the power oscillations of the AC side. Moreover,

it is limited within ∆Pmin and ∆Pmax values.

Tws
1+Tws
Tws

1+Tws
KdKd

1+Tleads
1+Tlags
1+Tleads
1+Tlags

ΔP

ΔPmin

ΔPmax

Pac

n

Figure 2.26. PSS�based POD controller for HVDC.

The POD controller was implemented in Powerfactory using pre�built blocks for the

washout �lter, the gain and the lead�lag �lter, located inside its Global Library. The

controller con�guration was added in the Model De�nition of the main controller (Figure

2.16) which is given again below, including the POD function. More details regarding the

choice criteria of the parameters will be given in Chapter 4.
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Figure 2.27. VSC main control structure including the POD funtion
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Outline and parameters of
the test systems 3

The scope of this chapter is to provide the outline and the main parameters of the three

systems under test. The explicit systems' parameters and the dynamic data of their

components used for the realization of the simulations throughout the next chapter are

then given in detail in Appendix A.

3.1 Two�area test system

In the context of this thesis, the focus is put on the damping of the inter-area power

oscillations. The operational test platform which is utilized in order to introduce such

oscillations is presented in Figure 3.1:
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Line 7-8-2 Line 8-9-2

110 km 110 km

Figure 3.1. Two�area test system.

The above con�guration is a benchmark system frequently used in inter-area oscillation

studies. It was originally designed by Ontario Hydro with the aim of exhibiting the

di�erent types of oscillations appeared in interconnected power systems and studying the

fundamental nature of inter�area oscillations [4]. It lacks of complexity and thus it can

provide a systematic way for studying the inter�area oscillation modes and applying the

appropriate control techniques in order to damp them. Therefore, it was used as a basis

within this thesis work for introducing transient events.

As can be seen from the above Figure, the two�area system consists of two identical areas

connected by weak tie lines with total length equal to 220 km. Each area comprises of two

generators with nominal ratings Sn = 900 MVA and Vn = 20 kV. The generator units are

equipped with automatic voltage regulators (IEEE type AC4 excitation system), power

system stabilizers (IEEE type PSS1) and speed governors (IEEE type 1 speed-governing

model). They are connected to the transmission level through 20/230 kV transformers.

26



3.2. Two�area test system incorporating the VSC-HVDC link Aalborg University

The generators supply two loads connected at buses 7 and 9, whereas shunt capacitors are

connected to the the same buses. In steady�state, area 1 exports 400 MW to area 2. For

all the cases under study, a three�phase short�circuit was introduced at Line 8-9-2, 11 km

from BUS 9. The two�area system, excluding the HVDC link, was initially tested and the

values of its components and control parameters are listed in Table A.1 of Appendix A.

3.2 Two�area test system incorporating the VSC-HVDC

link

The second system that was tested is the two�area system incorporating the HVDC link

(Figure 3.2).
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Figure 3.2. Two�area test system incorporating the HVDC link.

Table A.2 summarizes the parameters of the di�erent components that constitute the

point�to�point HVDC topology (Figure 2.12). These include the external grid elements

(which are essentially sti� AC voltage sources connected to both sides of the HVDC link,

as described in subsection 2.3.1.2), the converter transformers, the modular multilevel

converters and the DC cables. Also, the data of dummy transformers is given. Once the

PtP system was tuned, the external grid elements of Figure 2.12 were removed and these

type of transformers were connected instead, with the purpose of connecting the HVDC

link with Buses 7 and 9 (Figure 3.2). Their resistance was speci�ed to zero and their

reactance was also considered negligible.

3.3 MTDC system

The third system under study is the two�area system incorporating the expanded three�

terminal system, as depicted in Figure 3.3. An o�shore converter was connected to the DC

terminals Tp and Tn via cables of 70 km length. The terminals are located at a distance of

30 km from the DC terminals of converter 2 and 70 km from those of converter 1. The wind

farm was modelled by using the Standard Asynchronous Machine type of PowerFactory

and choosing 100 asynchronous machines connected in parallel. An aggregated model

consisting of 100 0.69/33 kV step up transformers with nominal rating of 5.6 MVA and

a 33/155 kV dummy transformer rated at 450 MVA were used to connect the o�shore

converter MMC 3 to the wind farm. The parameters for each asynchronous machine, the

o�shore converter, the transformers and the DC cables are given in Table A.3.
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Figure 3.3. Two�area test system incorporating the three terminal HVDC system.
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Simulation results of the
test systems 4

This chapter begins with the simulation of the two�area system which is perturbed by

means of a three�phase short�circuit in order to excite the inter�area oscillation modes.

Afterwards, the VSC�HVDC link is integrated into the two�area system and the POD

controller is properly tuned with the aim of damping the interarea oscillations. In the

�nal section of this chapter, the in�uence of the o�shore converter into the existing POD

control behaviour is analyzed by considering di�erent simulation scenarios. Additionally,

a compensation method of tuning the POD controller for the MTDC system is applied.

4.1 Test system 1: Two�area system

Within this section, the test system was subjected to a disturbance by means of a three�

phase short�circuit in order to excite the inter�area modes of oscillation. The gains of

the PSS for all four generators were signi�cantly reduced by a factor of ten, i.e. K = 20,

with the aim of highlighting the stability provided by the auxiliary POD controller when

the HVDC link is connected to the AC test system. Before proceeding with the time�

domain simulation, a modal analysis was performed in order to record the locations of the

eigenvalues associated with the inter�area modes.

Modal analysis, also referred in the literature as eigenvalue analysis or small signal

stability, outputs the eigenvalues of the linearized system. Among them, the complex

eigenvalues re�ect the system's oscillatory behaviour, always appearing in the form of

complex conjugates. Their real and imaginary part represent the damping factor and

the frequency of the corresponding mode respectively. A measure for the damping of the

oscillations is the damping ratio which is de�ned as:

ζ =
−σ√
σ2 + ω2

(4.1)

where σ and ω are the real and imaginary part of the corresponding eigenvalue λ = σ+ jω

respectively. In order to operate the power systems within adequate stability margins,

the damping ratio of the oscillatory modes should be bigger than 5% [5]. For most power

systems, a damping ratio value between 5% to 10% is acceptable. However, the 10% value

is recommended for secure system operation [23]. The modes that present lower damping

ratio are de�ned as critical oscillatory modes and they can have negative consequences

for the power systems including lack of stability, cascading events and detrimental system

blackouts.
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The results of the modal analysis are presented in Figure 4.1. The inter�area oscillatory

modes are those whose eigenvalues are in the frequency range of 0.2 to 1 Hz, where the

frequecy of the ith eigenvalue is calculated as fi = ωi
2·π .

Figure 4.1. Eigenvalues of the linearized power system model.

Figure 4.1 shows that among the oscillatory modes, there is one inter�area mode with its

corresponding eigenvalue being equal to λ = −0.068 + j3.53. The frequency of this mode

is fint = 0.56 Hz and it has a damping ratio of ζ = 1.93%.

Subsequently, simulation of the test system under a fault condition was realized. In

steady state, area 1 exports 400 MW to area 2 and the tie�lines are equally loaded with

P7−8−1 = P7−8−2 = 200 MW. Regarding the operating mode of the generator buses,

generator 3 is the reference machine, i.e. it operates in PV mode whereas the rest operate

in PQ mode. A worst�case scenario was implemented with the introduction of a three�

phase short�circuit at line 8-9-2 at a distance of 11 km from BUS 9 (Figure 3.2) at t1 = 0.1 s

which was self�cleared at t2 = 0.25 s without isolating the fault line. The resulting speeds

of the four generators are plotted below:

Figure 4.2. Generator speeds following the disturbance.
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The presence of inter�area mode can be clearly observed from Figure 4.2, where the per

unit speeds of the four generators are plotted. More speci�cally, the generator speeds n1
and n2 are almost in anti-phase with n3 and n4, meaning that the generators of area 1

oscillate against those of area 2. The frequency of the inter-area oscillations is f = 0.56 Hz,

a result that coincides with the one obtained from the modal analysis.

The transient stability performance of the system is also depicted in Figures 4.3 and 4.4,

where the active power of tie�line 1 P7−8−1 and the rotor angle of generator 1 relative to

generator 3 δ13 are presented. It can be seen that the oscillations decay after a long period

of almost 50 s due to the low value chosen for the PSS units of the four generators.

Figure 4.3. Active power �ow of the AC tie�line 1 following the disturbance.

Figure 4.4. Generator 1 rotor angle (relative to generator 3) following the disturbance.

Next, an HVDC system incorporating the supplementary POD controller was connected

in parallel with the two�area system in order to improve the damping of the inter�area

oscillations.

4.2 Test system 2: Two�area system incorporating the

HVDC link

This section presents the two�area test system incorporating the HVDC link. Initially, the

POD controller design was done through the utilization of modal analysis and afterwards

its performance was tested via time�domain simulations.
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4.2.1 POD design

The PtP HVDC system was initially connected in parallel with the two�area test system

without the POD control functionality activated and modal analysis was performed. In

this case, the frequency of the interarea mode is equal to fint = 0.6 Hz. It slightly di�ers

from the one recorded previously for the two�area test system because the topology

characteristics have changed with the addition of the HVDC link. Nevertheless, the

damping ratio is still low, i.e. ζ = 2.4%, highlighting the need for the use of the

supplementary controller.

The design procedure of the auxiliary POD controller utilizes the residue based tuning

method with the aim of choosing the optimum controller parameters, as analyzed in [5].

Based on Equation 4.1, it is evident that as long as the modes are shifted further to the

left half�plane, i.e. the more negative their real part is, the more damping is achieved for

a certain frequency. To this end, the POD controller is employed and ideally it should

shift the eigenvalue to the left and at the same time maintain the frequency at a constant

value in order to damp the mode of interest. To achieve this, the design procedure that

was followed is given next.

Initially, the POD controller block (Figure 2.26) was integrated into the main control

without the lead�lag blocks. The washout �lter constant was set equal to Tw = 10 s,

meaning that the frequency components which are higher than 0.6 Hz pass unchanged

(Figure 4.5). The damping gain was set equal to kd = 0. For kd = 0, by applying modal

analysis, the respective eigenvalue was found equal to λ1 = −0.093 + j3.8, whereas by

increasing the gain to kd = 0.1 , λ2 = −0.085 + j3.85 was obtained. The eigenvalues are

plotted in Figure 4.6 and based on their values, the residue angle was calculated equal to

θR = −82o. Thus, the compensating angle that needs to be provided by the lead�lag �lters

can be calculated as:

Figure 4.5. Bode diagram of the washout �lter.

θC = −180o − θR (4.2)

which yields θC = −98o. The number of needed compensation stages (lead�lag �lters) N
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depends on this angle, as suggested in [5]:

{
N = 1 θC ≤ 60o

N = 2 θC ≤ 140o

Since θC = −98o = 262o, N=3 is chosen. Therefore, the parameters of the lead�lag �lter

blocks were calculated based on Equations 4.3, 4.4, 4.5 [5]:

a =
1− sin( θCN )

1 + sin( θCN )
(4.3)

Tlag =
1

ωint
√
a

(4.4)

Tlead = aTlag (4.5)

3.7

3.75

3.85

3.8

3.9

3.65

-0.08-0.085-0.09-0.095

Kd = 0

Kd = 0.1

θR = -82o

θC = -98o

3.95

-0.1 -0.075-0.105

Figure 4.6. Residue's phase angle estimation for POD controller design.

By substituting N=3, ωint = 2πfint (where fint = 0.6 Hz) and θC = −98o into the

above Equations, the lead and lag time constants were found equal to Tlead = 0.144 s and

Tlag = 0.482 s respectively. Next, by introducing the lead�lag blocks (with the calculated

parameters) into the POD controller and applying modal analysis again, the new eigenvalue

was found equal to λ3 = −0.48 + j3.78, with the damped frequency equal to 0.6 Hz and a

damping ratio of 12.53%. This means that the POD controller has shifted the eigenvalue

to the left half of the complex plane, providing increased damping and preserving constant

frequency.

Next, in order to choose the proper damping gain value, kd = 0.1 was used as a starting

point and its value was gradually increased. The shifting of the eigenvalue was monitored

through modal analysis. As long as the gain was increasing, the eigenvalue was shifted to

the left leading to increased damping but at the same time its frequency was observed to

be slightly decreased. Therefore, the selected value for the damping gain was kd = 0.25
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which corresponds to an eigenvalue equal to λ3 = −1.23 + j3.56 with a damped frequency

equal to 0.57 Hz and a damping ratio of 33.2%. At the same time, the e�ect of the increase

in kd was observed through time domain simulations under the fault condition that was

described in the previous section. More speci�cally, by observing the active power �ow of

line 7-8-1, it was concluded that further increase from this value did not have signi�cant

e�ect on the damping of the oscillations, thus leading to the choice of kd = 0.25.

4.2.2 Simulation studies for the assesment of the POD performance

The time domain simulations are next presented. They were realized in addition to the

modal analysis in order to assess the performance of the designed POD controller regarding

the damping of the inter-area oscillations. Similar to the previous case, area 1 exports 400

MW to area 2, with the total active power of the HVDC link being equal to PDC = 200 MW

at converter 1 terminal, whereas the tie�lines are equally loaded with P1 = P2 = 100 MW.

Figures 4.7, 4.9 and 4.11 present the active power output of the POD controller as well as

the active power �ows in the positive pole of the DC line and line 7-8-1, with and without

the use of the designed POD controller. For comparison purposes, Figures 4.8, 4.10, 4.12

are also given with the aim of highlighting the impact of the POD damping gain.

Figures 4.7 and 4.8 show that when the short�cicuit occurs, the POD controller detects

the variation of the active power P7−8−1 ( which is used as an input to the controller) and

modi�es its active power output ∆P appropriately.

Figure 4.7. Active power output of the
POD controller for kd = 0.25.

Figure 4.8. Active power output of the
POD controller for kd = 0.05.

The POD active power output oscillates with the frequency of the interarea oscillations,

whereas it limits were set to 0.0625 pu (i.e. 25 MW with Pbase = 400 MW), thus

allowing high level of contribution from the supplementary controller, as suggested in

[22]. Therefore, the active power reference of converter 1 is modi�ed by the amount of

∆P , thus resulting in the modi�cation of the DC link active power �ow, as Figures 4.9 and

4.10 depict. This results in an improved damping for the oscillations of the active power

in the AC inter�tie lines copared to the situation in which no POD was applied, as can be

clearly concluded from Figures 4.11 and 4.12. For the two di�erent damping gain values,

i.e. kd = 0.25 and kd = 0.05, it can be seen that the power oscillations are damped and the

active power returns to each pre�disturbance value within almost 5 s and 15 s respectively.

Finally, the generator speeds are plotted in Figure 4.13 for the case of kd = 0.25. By

comparing it to Figure 4.2, it can be seen that the addition of the POD leads to faster
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Figure 4.9. Active power �ow at the positive DC onshore bus of converter 1 for kd = 0.25

Figure 4.10. Active power �ow at the positive DC onshore bus of converter 1 for kd = 0.05

Figure 4.11. Active power �ow at line 7-8-1
for kd = 0.25.

Figure 4.12. Active power �ow at line 7-8-1
for kd = 0.05.

interarea mode damping, since the speeds are in phase approximately after 5 s. Similar

conclusions can be drawn by observing Figure 4.14, where it is shown that the relative
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rotor angle of generator 1 to generator 3 restores to its pre�fault value, i.e. 11.26o, within

almost 5s.

Figure 4.13. Generator speeds of G1�G4
for kd = 0.25.

Figure 4.14. G1 rotor angle (relative to G3)
with and w/o POD for kd = 0.25.

4.3 Test system 3: Expanded MTDC system

In the context of this section, di�erent simulation scenarios were created by varying the

o�shore wind power pro�le in order to investigate the impact of the o�shore terminal into

the POD control behaviour. The section is divided into two subsections based on the

control mode of the two MMC units. Subsection 4.3.1 presents the obtained simulation

results with converters 1 and 2 operating in P�Q and VDC�VAC control mode respectively

(master�slave mode). Subsequently, the control mode was changed to DC voltage droop,

with a single POD controller applied to converter 1, as presented in subsection 4.3.2. For

all cases examined, the o�shore controller was set to control the AC voltage VAC and

the frequency f of the o�shore converter AC terminal (OC) respectively (its operation is

explained in more details in section A.2 of Appendix). At this point, the topology of the

three terminal HVDC system used for the following simulations is repeated below:

G1G1

G2G2

1 5 6

2

25 km

7

10 km

G1

G2

1 5 6

2

25 km

7

10 km

G3G3

G4G4

31110

4

25 km

9

10 km

G3

G4

31110

4

25 km

9
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8

Line 7-8-1 Line 8-9-1

Line 7-8-2 Line 8-9-2

MMC 2 MMC 1
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Control mode
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Control mode

C7L7 C7L7 C9 L9C9 L9
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OS2 OS1
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TAC2 TAC1

Figure 4.15. Two�area test system incorporating the three terminal HVDC system.
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4.3.1 P-Q and VDC�VAC control modes

In this case, converters 1 and 2 were set to P�Q and VDC�VAC control mode respectively.

The POD controller was applied to converter 1. Regarding its damping gain value,

kd = 0.05 was chosen in order to make the impact of the added o�shore terminal more

observable since with kd = 0.25 the damping of the oscillations was shown to be very fast,

i.e. they were damped within around 5 s.

4.3.1.1 Constant power production

Initially, a constant wind farm active power production was assumed. Modal analysis

followed by non�linear time domain simulations was performed for �ve di�erent values

of wind power output. The amount of output power was increased from 0 to 400 MW

with steps of 100 MW. At the same time, the amount of the generated active power from

generator G1 was decreased in each case with the aim of keeping the power �ow through

line 7-8-1 (and thus the total exported active power from area 1 to area 2) constant, i.e.

almost 95 MW so that the damping of the power oscillations between the di�erent cases

can be comparable. The damping ratio without the addition of the POD controller (ζ
′
)

as well as with the POD applied (ζ) was calculated. Table 4.1 summarizes the obtained

results.

Table 4.1. Power oscillation damping for di�erent constant wind power pro�les

Active power (MW) Damping ratio

Wind farm G1 G2 G3 G4 Line 7-8-1 ζ
′
(%) ζ(%)

Case 1: 0 700 700 711.9 700 95.6 4.75 9.93

Case 2: 100 595 700 710.3 700 96.3 5.5 10.6

Case 3: 200 488 700 712.1 700 95.4 6.39 11.4

Case 4: 300 382 700 714.5 700 94.2 7.4 12.3

Case 5: 400 280 700 714.4 700 94.2 8.45 13.24

The addition of the wind farm means that some amount of active power previously

produced by generator G1 is now substituted by the wind production. Thus, the decreased

production of the generator leads to increased damping performance, since the lower level of

produced active power from G1 facilitates the damping of its electromechanical oscillations.

Moreover, comparing the damping ratios ζ
′
and ζ for the �ve cases under study, it can be

seen that the obtained damping ratio is increased by almost 5% when the POD controller

is incorporated into the system.

Figure 4.16 compares the damping provided in the active power �ow of line 7-8-1 for three

di�erent values of wind power production Pw, while Figure 4.17 presents the corresponding

POD active power output for each of the three cases. As it was also concluded from the

results obtained by the modal analysis, the highest damping ratio value is obtained for

case 5, where it can be seen that the magnitude of the power oscillations in Line 7-8-1 is

the lowest, since the production from generator G1 is the lowest one, i.e. 280 MW.

37



4.3. Test system 3: Expanded MTDC system Aalborg University

Figure 4.16. Active power of line 7-8-1 for three di�erent wind power pro�les

Figure 4.17. Active power output of the POD controller for three di�erent wind power pro�les

4.3.1.2 Increasing power production

The in�uence of ramping up the wind power production on the damping performance

is investigated within this subsection. Since in this case the wind power output is not

constant in the entire range of simulations, the modal analysis technique cannot be utilized

in order to measure the damping ratio since the operating point of the system is constantly

changing. Alternatively, the latter can be estimated from the waveform graphs, as will be

shown below. The wind farm output power was increased from 20 to 405 MW for all three

cases under study considering di�erent ramp up rates for each case, as can be seen in

Figure 4.18.

The initial operating point for the generators of the system G1�G4 is depicted in Table

4.2. Di�erent time instants were selected for the introduction of the three�phase fault at

each case (Figure 4.18) so that the oscillations are introduced at the same level of active

power �ow at line 7-8-1 for all three cases, i.e. P7−8−1,ft = 0.271 pu = 110 MW. Thus, it
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Figure 4.18. Wind farm active power output for cases 1�3.

was made possible to draw conclusions regarding the impact of the di�erent ramp up rate.

The fault was self�cleared after 150 ms.

Table 4.2. Initial operating point for the system's generators

Active power (MW)

Wind farm G1 G2 G3 G4 Line 7-8-1

20 680 700 710.5 700 96.3

Table 4.3 summarizes the damping ratio results for three wind power pro�les with di�erent

ramp up rate. It is worth of mentioning that the selected cases under study represent

three extreme cases rather than realistic wind power pro�les since the ramp up rates

are very big. However, this approach allows for shorter simulation time without loss of

generality regarding the e�ect of the increasing wind production on the damping of the

electromechanical oscillations.

Table 4.3. Power oscillation damping for the increasing wind power output pro�les

Wind power ramp up rate (MW/s) Fault time (s) damping ratio ζ(%)

Case 1 48.125 1 11.8

Case 2 24.06 2.3 10.46

Case 3 4.75 11 10.06

Figure 4.19 presents the active power waveform of line 7-8-1 for case 1. In order to calculate

the damping ratio, Equations 4.6 and 4.7 were utilized:

σ = ln(
dp1
dp2

) (4.6)
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ζ =
1√

1 + (
2π

σ
)2

(4.7)

where dp1 and dp2 are represented by the black line segments of Figure 4.19 and their values

can be calculated from the graph. More speci�cally, the line segment dpi is calculated as

the di�erence between the ith peak value of the oscillatory active power waveform and

the active power waveform without the presence of the fault. Furthermore, the damped

frequency can be calculated according to Equation 4.8:

fd =
1

Td
(4.8)

where Td is the period of oscillations. For all three cases the frequency of oscillations is

around 0.6 Hz.

Figure 4.19. Damping in the active power oscillations at line 7-8-1 for case 1.

The damping ratio for cases 2 and 3 can be calculated in a similar way. Figure 4.20 presents

a comparison of the damping performance for the three di�erent wind power pro�les

while Figure 4.21 presents the output of the POD controller. Although straightforward

conclusions cannot be drawn from the graph since the improvement in damping is not

clearly observable, the results of Table 4.3 show that as long as the slope of the wind

power ouput is increasing, the amount of damping of the electromechanical oscillations is

also increased.

Furthermore, Figure 4.22 presents the DC voltage at the terminals of MMC 2 for each

case. It can be seen that there is an overvoltage of almost 10% during the fault duration,

whereas the voltage experiences an instantaneous voltage dip of 15% after the release of

the fault. The DC voltage then experiences a 2% overvoltage for cases 1 and 2 before

settling to its reference.
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Figure 4.20. Comparison of the damping in the active power oscillations at line 7-8-1 for cases
1�3.

Figure 4.21. POD output for cases 1�3.

Figure 4.22. DC voltage magnitude at MMC 2 terminals for cases 1�3.
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4.3.1.3 Decreasing power production

In this case, the wind power production was ramped down from 400 to 20 MW. Similar to

the case of the increasing production, three wind power pro�les with di�erent ramp down

rates were simulated (Figure 4.23).

Figure 4.23. Wind farm active power output for cases 1�3.

The initial active power production of the generators is depicted in Table 4.4. For each

case, the three�phase fault was introduced at the time instant in which the level of power

�ow at line 7-8-1 is equal to 0.203 pu, i.e. 82 MW. Table 4.5 summarizes the damping

ratio results whereas the active power �ows of line 7-8-1 are plotted in Figure 4.24 for each

of the three cases. Based on the obtained results, it can be concluded that slower decrease

rates of the wind production lead to increased damping.

Table 4.4. Initial operating point for the system's generators

Active power (MW)

Wind farm G1 G2 G3 G4 Line 7-8-1

400 280 700 712 700 94.2

Table 4.5. Power oscillation damping for the decreasing wind power output pro�les

Wind power ramp down rate (MW/s) Fault time (s) damping ratio ζ(%)

Case 1 47.5 1.1 12.11

Case 2 23.81 2.24 12.46

Case 3 4.75 11 13.67

Additionally, comparing the results for the damping ratios between Tables 4.3 and 4.5, it

can be observed that increased damping performance is obtained in the second case, i.e. for

decreasing wind power pro�les. A comparison between Figures 4.18 and 4.23 can provide

an explanation for this result. In particular, in case of the decreasing wind power pro�le,

the contribution of the wind farm Pw,ft is bigger (and thus the production of generators

is smaller) when the fault occurs, thus leading to improved damping performance.
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Figure 4.24. Comparison of the damping in the active power oscillations at line 7-8-1 for cases
1�3.

4.3.1.4 Wind farm outage

Finally, a wind outage event was simulated in order to test the performance of the POD

controller. The fault event occured at t = 1 s for two di�erent wind power pro�les, as

depicted in Table 4.6.

Table 4.6. Power oscillation damping for two wind farm outage events

Active power (MW) damping ratio

Wind farm G1 G2 G3 G4 Line 7-8-1 ζ(%)

Case 1: from 100 to 0 595 700 712 700 96.3 9.47

Case 2: from 400 to 0 280 700 705.5 700 94.2 0.89

The resulting active power �ow at line 7-8-1 can be seen in Figure 4.25 for both cases. In

case 1, the POD controller provides adequate damping in the interarea oscillations caused

by the outage event since the obtained damping ratio value is ζ = 9.47%, close to the

one obtained for zero wind power production (Table 4.1). However, in case 2 where the

drop in the wind power output is higher, the dampring ratio is considerably decreased to

ζ = 0.89%.

Figures 4.26, 4.27 compare the active power response of the four generators G1�G4 to the

outage event. For case 2, the generators have to compensate for much higher loss of power

compared to case 1, thus increasing their production with higher rate. This introduces

oscillations of higher amplitude and the system presents more oscillatory behaviour until

the generators settle to their new operating point.

4.3.2 DC voltage droop control mode

The POD performance was examined with the MMCs operating in DC voltage droop

control mode and the POD controller being applied in MMC1, as previously. To this end,
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Figure 4.25. Damping in the active power oscillations at line 7-8-1 for the two wind farm outage
events.

Figure 4.26. Generated active power of
G1�G4 for case 1.

Figure 4.27. Generated active power of
G1�G4 for case 2.

the control loops for the two converters were modi�ed as shown in the block diagram of

Figure 4.28 which can be expressed by the following formulas:

VDC1 = VDC1,ref − kdr1 · (PAC1,ref − PAC1 + ∆P ) (4.9)

VDC2 = VDC2,ref − kdr2 · (PAC2,ref − PAC2) (4.10)

where ∆P is the output of the POD controller which is applied only in one side, i.e. in

MMC1, as stated above. Equations 4.9 and 4.10 are the droop control formulas and state

that the converter DC voltage is modi�ed based on the deviation of the active power from

its reference. Figure 4.29 presents the droop curve and the curves related to the system

limits, brie�y explained below [7]:

� DC voltage: The upper limit of the DC voltage is determined by the insulation

level of the switching components or the connected DC equipment. The lower limit

depends on a limitation of the modulation index, the converter topology and the

converter control implementation.
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Figure 4.28. DC voltage droop control.
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Figure 4.29. PAC − VDC curve for DC voltage droop control.

� Active power: It is limited by the semiconductor current limit which limits the power

(for a constant AC voltage).

� DC current: Its limit is based on the current rating of the connected DC components.

Table 4.7 presents the limits of the onshore converters MMC1 and MMC2 related to the

maximum and minimum DC voltage, the maximum AC current, the maximum AC voltage

(TAC1 and TAC2 terminals at Figure 4.15) and the maximum AC active power which is

derived as the product of imax and vmax. Regarding the o�shore converter MMC3, its
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limits related to the DC voltage, AC current and AC voltage (OC terminal at Figure 4.15)

are given in Table 4.8.

Table 4.7. Limits of the onshore converters

Variables(pu) MMC1 MMC2

vDC,max 1.05 1.05

vDC,min 0.95 0.95

iAC,max 1.1 1.1

vAC,max 1.15 1.15

pAC,max 1.265 1.265

Table 4.8. Limits of the o�shore converter

Variables(pu) MMC3

vDC,max 1.05

vDC,min 0.95

iAC,max 0.7

iAC,min -0.7

vAC,max 1.1

vAC,min -0.1

The POD performance was initially tested by applying an increasing wind power pro�le

and afterwards a constant wind power pro�le was considered. The ramp up as well as the

constant wind power pro�les are the same as in case 2 from Table 4.3 and 4.1 respectively,

in which the system was operated in master�slave mode. The damping ratio values for

these cases have been calculated previously and they are given in Table 4.9.

Table 4.9. Power oscillation damping for increasing and constant wind power pro�les when the
converters operate in master�slave mode

Active power (MW) damping ratio

Wind farm G1 G2 G3 G4 Line 7-8-1 ζ(%)

Case 1: from 20 to 400 680 700 712.1 710.5 96.3 10.46

Case 2: 100 595 700 710.3 700 96.3 10.6

Regarding the increasing wind farm pro�le, two di�erent scenarios were studied. In scenario

A, converter 1 operated as inverter and converter 2 was in recti�er mode when the fault

occured. In scenario B, the output of the wind farm was modi�ed such that both converters

operate as inverters in the fault time. More speci�cally, the wind farm output power was

ramped up to 400 MW for both scenarios and the initial operating point for the generators

of the system is given in Table 4.10. The POD capability was �nally tested for the constant

wind power production of Pw = 100 MW (Scenario C). Then, the calculated damping ratio

values for Scenario A were compared to the damping ratio obtained in case 1 (10.46%),

whereas the POD performance in Scenario C was compared to case 2 (10.6%).
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Table 4.10. Initial operating point of the system generators for DC voltage droop control mode
and three di�erent wind pro�les.

Active power (MW)

Wind farm G1 G2 G3 G4 Line 7-8-1

Scenario A: 20 680 700 710.5 700 96.3

Scenario B: 200 488 700 710.5 700 95.4

Scenario C: 100 595 700 710.3 700 96.3

4.3.2.1 MMC 1 in inverter mode and MMC 2 in recti�er mode

Initially, the wind farm output was ramped up from 20 to 400 MW with a ramp up rate

equal to 24 MW/s, as depicted in Figure 4.30 :

Figure 4.30. Wind farm active power output for scenario A.

By varying the droop gains for the two converters, �ve di�erent cases were simulated as

can be seen in Table 4.11. Again, the fault time instant is chosen in such a way that the

active power �ow through line 7-8-1 is the same for all cases under study when the fault

occurs, i.e. 0.24 pu or 96 MW.

Table 4.11. Cases under study for scenario A.

Cases under study Fault time(s) kdr1 kdr2
Case A1 10 0.05 0.05

Case A2 2 0.1 0.05

Case A3 1 0.05 0.1

Case A4 1 0.02 0.07

Case A5 1 0.1 0.01

Figures 4.31�4.34 present the AC side active power �ow as well as the DC voltage at the

DC terminals of MMC1 and MMC2 for case A1. It can be seen that as long as the wind

power output is increased, the active power �ow through MMC1 is also increased from

0.5 pu or 200 MW to 0.995 pu or 382 MW while the DC voltage also rises to 1.018 pu,
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following the droop curve of Figure 4.35. For MMC2 which operates in recti�er mode, the

active power �ow is gradually decreased leading to the increase of the DC voltage. The

droop characteristic curves for the two converters are given in Figures 4.35 and 4.36. The

damping ratio was calculated equal to 5.06%.

Figure 4.31. Measured active power at OS1
for case A1.

Figure 4.32. Measured DC voltage at MMC1
DC terminals for case A1.

Figure 4.33. Measured active power at OS2
for case A1.

Figure 4.34. Measured DC voltage at MMC2
DC terminals for case A1.

Figure 4.35. P�Vdc droop curve of MMC1
for case A1.

Figure 4.36. P�Vdc droop curve of MMC2
for case A1.

Subsequently, the droop gain of MMC1 was increased to kdr1 = 0.1 while the droop gain of

MMC2 was kept constant at kdr2 = 0.05. In this case, the resulting active power �ows and

DC voltages are plotted in Figures 4.37�4.40 for the two converters. It can be observed

that the active power sharing has changed due to the higher value chosen for the droop

gain kdr1, thus leading to a decreased active power �ow through converter 1. The droop

characteristic curves for the two converters are given in Figures 4.41 and 4.42. In this case,
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the increased value for the droop gain kdr1 resulted in increased damping ratio value which

was calculated equal to 6.29%.

Figure 4.37. Measured active power at OS1
for case A2.

Figure 4.38. Measured DC voltage at MMC1
DC terminals for case A2.

Figure 4.39. Measured active power at OS2
for case A2.

Figure 4.40. Measured DC voltage at MMC2
DC terminals for case A2.

Figure 4.41. P�Vdc droop curve of MMC1
for case A2.

Figure 4.42. P�Vdc droop curve of MMC2
for case A2.

In the third case under study, the droop gain value of MMC2 was chosen bigger than

MMC1, i.e. kdr1 = 0.05 and kdr2 = 0.1, resulting in much higher power �ow through

MMC1 compared to MMC2, as can be seen in Figures 4.43�4.46. The droop characteristic

curves for the two converters are given in Figures 4.47 and 4.48. In this case the worst

damping performance was obtained compared to cases A1 and A2 since the damping ratio

value was calculated equal to ζ = 4.77%.

At this point, the active power �ows of line 7-8-1 for cases A1�A3 are given in Figure 4.49
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Figure 4.43. Measured active power at OS1
for case A3.

Figure 4.44. Measured DC voltage at MMC1
DC terminals for case A3.

Figure 4.45. Measured active power at OS2
for case A3.

Figure 4.46. Measured DC voltage at MMC2
DC terminals for case A3.

Figure 4.47. P�Vdc droop curve of MMC1
for case A3.

Figure 4.48. P�Vdc droop curve of MMC2
for case A3.

and the resulting damping ratios are listed in Table 4.12 from the lowest to the highest

value. Comparing the damping ratio results obtained from cases A1�A3, the following

conclusions can be drawn: The highest damping ratio is obtained in case A2, i.e. when

the droop gain of converter 1 is bigger than the droop gain of converter 2. Furthermore,

the damping ratio is improved as long as kdr1 is getting bigger for constant kdr2 (from case

A1 to A2), whereas it is deteriorated as long as kdr2 is increased for constant kdr1 (from

case A1 to A3). To further validate these conclusions, two more cases were considered.

In case A4, both droop gains were decreased by the same amount compared to case

A3 and the damping ratio was deteriorated by 0.66%, showing that the decreased kdr1
a�ected the damping ratio value more than the reduction in kdr2, leading to an overall
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decreased damping performance. In case A5, kdr1 was kept constant and kdr2 was reduced

compared to case A2. The reduction in kdr2 had positive e�ect in the damping of the

power oscillations since the damping ratio was increased almost by 2%, i.e. ζ = 8.18%.

The e�ect of changing the value of kdr1 on the damping performance can be explained

based on Figure 4.28, where it can be seen that the droop gain of converter 1 is multiplied

with the output of the POD controller ∆P . This means that the POD output is lowered

for lower values of kdr1, thus leading to decreased damping performance. On the contrary,

as long as the damping gain is getting bigger, the overall gain of the POD is also getting

bigger, thus improving the damping of the oscillations.

Figure 4.49. Active power �ow through line 7-8-1 for cases A1�A3.

Finally, a comparison between the results obtained in this section and case 1 of Table 4.9

shows that the amount of damping is decreased when the control mode is switched from

master�slave to DC voltage droop control mode.

Table 4.12. Power oscillation damping ratio for the cases under study.

Cases under study Fault time(s) kdr1 kdr2 ζ(%)

Case A4 1 0.02 0.07 4.11%

Case A3 1 0.05 0.1 4.77%

Case A1 10 0.05 0.05 5.06%

Case A2 2 0.1 0.05 6.29%

Case A5 1 0.1 0.01 8.18%

4.3.2.2 MMC 1 and MMC 2 in inverter mode

The wind farm output was ramped up from 200 to 400 MW, as depicted in Figure 4.50.

Thus both converters operated as inverters from the beginning. The resulting damping

ratios can be seen in Table 4.13, where the droop gains have the same values as in cases

A1-A3. In this case , only the DC voltage and the active power for case B2 are plotted

(Figures 4.51�4.54). It can be observed that both converters operate in inverter mode since

the active power �ow is positive at OS1 and OS2. The increase of active power leads to

the increase of the DC voltage, following the droop control characteristic of Figure 4.29.
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Figure 4.50. Wind farm active power output for scenario B.

Table 4.13. Power oscillation damping ratio for �ve di�erent cases for scenario B.

Cases under study kdr1 kdr2 ζ(%)

Case B3 0.05 0.1 6.61%

Case B1 0.05 0.05 7.65%

Case B2 0.1 0.05 8.67%

Figure 4.51. Measured active power at OS1
for case B2.

Figure 4.52. Measured DC voltage at MMC1
DC terminals for case B2.

Figure 4.53. Measured active power at OS2
for case B2.

Figure 4.54. Measured DC voltage at MMC2
DC terminals for case B2.
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Regarding the damping performance based on the droop gain relationship between the

two converters, similar conclusions to scenario A can be drawn, i.e. the highest damping

ratio is obtained for kdr1 > kdr2, i.e. case B2. Moreover, comparing the damping ratios

of Tables 4.12 and 4.13, it can be seen that they are increased by almost 2% for scenario

B. This is an intuitive result, being into agreement with the conclusion reached in the

previous section where the converters operated in master�slave mode. More speci�cally,

it was shown that some amount of the active power of line 7-8-1 is now provided by the

wind farm with the production of G1 and G2 being reduced and the latter has positive

e�ect in the damping performance since it facilitates the damping of the electromechanical

oscillations. Similarly, in scenario B, since converter 2 is in inverter mode, some amount

of the power produced by the wind farm �ows through line 7-8-1, with G1 and G2 thus

reducing their production. Therefore, the damping ratio is increased compared to scenario

A, where converter 2 operates as recti�er when the fault occurs, thus all the power through

the AC intertie line is provided by G1 and G2.

4.3.2.3 Constant wind power production

The POD capability was tested under constant wind power output equal to Pw = 100 MW.

Five cases were examined with the droop gains having the same values as in cases A1�A5.

The calculated damping ratio values can be seen in Table 4.14.

Table 4.14. Power oscillation damping ratio for �ve pairs of droop gain values when Pw=100
MW.

Cases under study kdr1 kdr2 ∆P ∆P
′

ζ(%)

Case C4 0.02 0.07 0.031 0.001 5.61

Case C3 0.05 0.1 0.031 0.001 5.85

Case C1 0.05 0.05 0.03 0.002 5.88

Case C2 0.1 0.05 0.029 0.003 6.27

Case C5 0.1 0.01 0.029 0.003 6.33

It can be observed that for all �ve cases there is a reduction in the damping ratio compared

to the one obtained with master�slave control, i.e. ζ = 10.6% (Table 4.9). This is because

only a part of the POD output ∆P is added to the active power of converter 1 due to

the droop control operation in contrast to the master�slave mode, where the total ∆P is

added to the active power. This can be seen in Figures 4.55�4.58.

More speci�cally, Figure 4.55 presents the POD output for master�slave operation. From

t1 = 1.973 s to t2 = 2.321 s, it can be found that ∆P = 0.023 pu. Figure 4.56 presents the

DC voltage of MMC1 versus the measured active power at Onshore Slack 1, where only the

values from t1 to t2 have been plotted. By calculating the change in active power of MMC1

as the di�erence ∆P
′

= P1(t2)− P1(t1), ∆P
′
= ∆P is obtained, meaning that the whole

amount of the POD output is utilized for the damping of the oscillations. On the contrary,

when the converters operate under DC voltage droop control mode, e.g. considering case

C1, ∆P = 0.03 pu while ∆P
′

= 0.001 pu, as Figures 4.57, 4.58 depict. This means that a

very small amount of the POD output is utilized for the damping of the oscillations, thus

leading to reduced damping, i.e. 5.88%.
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Figure 4.55. POD active power output for
Pw = 100 MW and operation
in master�slave control mode.

Figure 4.56. MMC1 P�VDC curve for Pw =
100 MW and operation in master�
slave control mode.

Figure 4.57. POD active power output for
Pw = 100 MW and operation
in DC voltage droop control
mode.

Figure 4.58. MMC1 droop curve for Pw =
100 MW and operation in DC
voltage droop control mode.

4.3.2.4 Compensation for the reduction in ∆P
′
for constant wind power

production

In order to compensate the reduction caused by the droop gain, a gain kc can be added

such that when multiplied with the POD output, the whole ∆P is utilized for the damping

of the electromechanical oscillations. The modi�ed control block diagram is given in Figure

4.59.

In order to compensate for the reduction caused in case C1, the value of kc was gradually

increased and it was found that by choosing kc = 10.1, ∆P
′

= ∆P = 0.023 pu is obtained

(Figure 4.60, 4.61). Therefore, by proper choice of the gain kc, all the amount of the POD

active power output was added to the active power of MMC1, thus being utilized for the

damping of the electromechanical oscillations. This occurs similar to the case when the

system operates in master�slave control mode.

However, even after the compensation, although the damping ratio is improved for the

droop control, it is still lower compared to the one obtained for the system operating under

master�slave operation. Figure 4.62 compares the active power measured at bus OS1 with

and without the addition of the compensating gain kc. It can be clearly observed that by

adding the latter, a signi�cantly larger ∆P
′
is obtained which, added to the active power,

54



4.3. Test system 3: Expanded MTDC system Aalborg University

kckc

PAC,ref

PIPIVDC,ref

kdrkdr

VDC

id,ref

PAC

ΔP

LimiterLimiter

VDC,max

VDC,min

imax

Figure 4.59. DC voltage droop control with the compensating gain kc added.

Figure 4.60. POD active power output for
Pw = 100 MW.

Figure 4.61. MMC1 droop curve for Pw =
100 MW.

results in increased damping.

For the rest four cases, the compensating gain was selected based on an iterative process

until ∆P
′

= ∆P . The damping ratios were calculated and the results are summarized

in Table 4.15. A considerable improvement in the damping performance can be observed

by comparing the damping ratio values to those of Table 4.14. Moreover, the resulting

damping ratios are 0.6�0.8% lower compared to the one obtained for operation in master�

slave control mode (Table 4.9). Thus, it was concluded that for constant wind production,

the POD presents similar damping performance for both master�slave and compensated

droop control modes.
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Figure 4.62. Measured active power at OS1 with and without the addition of kc.

Table 4.15. Power oscillation damping ratio for �ve pairs of droop gain values when Pw=100
MW.

Cases under study kdr1 kdr2 kc ∆P ∆P
′

ζ(%)

Case C4 0.02 0.07 24.5 0.023 0.023 9.76

Case C3 0.05 0.1 11 0.023 0.023 9.86

Case C1 0.05 0.05 10.1 0.023 0.023 9.85

Case C2 0.1 0.05 5.6 0.023 0.023 10

Case C5 0.1 0.01 5.1 0.023 0.023 9.88

4.3.2.5 Compensation for the reduction in ∆P
′
for increasing wind power

production

Regarding the case of the increasing wind power pro�le, the damping ratio values are

repeated in Table 4.16, including the amounts of ∆P and ∆P
′
:

Table 4.16. Power oscillation damping ratio for �ve pairs of droop gain values when the wind
output ramps up from 20 to 400 MW.

Cases under study kdr1 kdr2 ∆P ∆P
′

ζ(%)

Case A4 0.02 0.07 0.033 0.014 4.11

Case A3 0.05 0.1 0.031 0.014 4.77

Case A1 0.05 0.05 0.027 0.09 5.06

Case A2 0.1 0.05 0.03 0.01 6.29

Case A5 0.1 0.01 0.031 0.008 8.18

The same procedure as before was followed with the aim of fully utilizing the output of the

POD controller. Figures 4.63, 4.64 present the waveform of the POD output as well as the

droop curve of MMC1 after the compensation for case A1. A choice of kc = 6.2 leads to

∆P
′

= ∆P = 0.023 pu which is added to the active power at OS1 as Figure 4.65 depicts.

The corresponding compensating gain value was found for each of the rest four cases and

the results are given in Table 4.17. It can be seen that the addition of the compensating
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gain has positive e�ect on the damping ratio. However, compared to master�slave control,

the POD controller performance is worse for operation in DC voltage droop control mode,

even after the compensation, except case 5 in which kdr1 and kdr2 have their maximum

and minimum values respectively.

Figure 4.63. POD active power output for
increasing wind power pro�le.

Figure 4.64. MMC1 droop curve for increasing
wind power pro�le.

Figure 4.65. Measured active power at OS1 with and without the addition of kc.

Table 4.17. Power oscillation damping ratio for �ve pairs of droop gain values when the wind
output ramps up from 20 to 400 MW after compensation.

Cases under study kdr1 kdr2 kc ∆P ∆P
′

ζ(%)

Case A4 0.02 0.07 12.5 0.028 0.028 5.89

Case A3 0.05 0.1 6.2 0.028 0.028 6.45

Case A1 0.05 0.05 6.2 0.023 0.023 7.75

Case A2 0.1 0.05 4.2 0.025 0.025 8.95

Case A5 0.1 0.01 4.2 0.025 0.025 13.09
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Conclusion 5
5.1 Summary of the main �ndings

In the context of this thesis, the focus was placed on the damping of the interarea

oscillations which appear in power systems between groups of generators in one area

swinging against a group of generators in another area. To this end, a simpli�ed two�area

test system was used to introduce such oscillations by applying a three�phase symmetrical

fault. An HVDC link was utilized with the aim of damping them instead of making use of

the conventional PSS units.

More speci�cally, a POD controller based on the structure of a PSS was applied in the

converter controlling the active power, thus modifying its active power reference. This

resulted in the direct control of active power �ow over the DC link and, through this, the

damping control provision on the inter-area mode. The controller was properly tuned with

the use of the residue based method in order to provide adequate damping performance.

It was shown that the addition of the POD controller can provide adequate damping

for the two�area system connected with the PtP HVDC system (test system 2), since

the damping ratio value was calculated equal to 33.2% for a choice of the damping gain

kd = 0.25, ensuring secure system operation.

Subsequently, the PtP system was expanded by the addition of a wind farm. In order to

make its impact on the power oscillation damping capability more observable, a lower value

for the POD gain was chosen, i.e. kd = 0.05, resulting in a damping ratio equal to 9.93%

for test system 2. For the three�terminal system, the system behaviour was examined

with the two onshore converters initially operating in master�slave mode. Di�erent wind

power pro�les were considered including constant, increasing and decreasing wind power

output. By examining all three cases, it was shown that the designed POD controller was

e�ective since it provided a damping ratio more than 10%. In addition, the damping of

the electromechanical oscillations was shown to be improved for lower production from

the traditional generators. A wind farm outage was also simulated, showing that sudden

outage of the wind farm can potentially threaten the system stability since the damping

ratio is decreased signi�cantly for large loss of generated wind power.

Afterwards, the mode was switched to DC voltage droop control. The POD performance

was tested for a constant and an increasing wind power pro�le by considering �ve di�erent

pairs of droop gains for each case. It was shown that as long as the droop gains of converters

1 and 2 are getting higher and lower respectively, the damping ratio is improved. More

speci�cally, higher values of kdr1 make the droop curve steeper, resembling more to the

constant active power control mode and thus utilizing larger amount of the POD output
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∆P . Additionally, lower values of kdr2 also lead to improved damping performance since in

this case the active power �ow through converter 2 is increased thus leading to decreased

production from the traditional generators when MMC2 operates in inverter mode.

Compared to the master slave mode, lower damping ratio values were obtained for the

droop control mode since only a part of the POD output is added to the active power

of converter 1. To this end, the output of the POD controller was multiplied with a

compensating gain kc which was chosen appropriately for each pair of droop gains so that

the utilization of ∆P is maximized. For constant wind power pro�le, the obtained damping

ratio for operation in droop control mode was found to be 0.6 to 0.8% lower than in master

slave�mode. Regarding the case of increasing wind power pro�le, the performance was

still better for the master�slave control mode, with the di�erence in the POD damping

capability between the two control modes becoming bigger.

5.2 Future work

Among the issues under investigation, the main ones are presented below:

� A more systematic way for the tuning of the POD controller in case of operation

in DC voltage control mode can be investigated, depending on the droop gain

relationship of the two converters.

� The POD performance can be assessed considering a ring topology for the MTDC

system.

� A more realistic power system consisting of a bigger number of generators and buses

can be modelled instead of the simpli�ed two�area test system studied in this thesis.

In such a system more aspects have to be taken into consideration, e.g. the proper

choice of the input signal for the POD controller.

� POD controllers could be installed in both sides in case of operation in DC voltage

control mode, o�ering the potential for improved damping performance.
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PowerFactory data and
modelling A

A.1 Parameters for the test systems

Within this section the parameters for the three test systems brie�y described in Chapter

3 are given in detail in Tables A.1, A.2 and A.3.

Table A.1. Two�area test system parameters

Parameters Symbol Value

Generators of Area 1 and 2

d�axis synchronous reactance xd 1.8 pu

q�axis synchronous reactance xq 1.7 pu

Stator leakage reactance xl 0.2 pu

d�axis transient reactance xd′ 0.3 pu

q�axis transient reactance xq′ 0.55 pu

d�axis subtransient reactance xd′′ 0.25 pu

Stator resistance ra 0.0025 pu

d�axis transient time constant Td,0′ 8 s

q�axis transient time constant Tq,0′ 0.4 s

d�axis subtransient time constant Td,0′′ 0.03 s

q�axis subtransient time constant Tq,0′′ 0.05 s

Inertia constant for G1, G2 H1, H2 6.5 s

Inertia constant for G3, G4 H3, H4 6.175 s

Damping torque coe�cient KD 0 pu torque/pu speed deviation

Generator step�up transformers

Rated power Sr 900 MVA

Nominal frequency fn 50 Hz

Rated voltage on HV side Vrh 230 kV

Rated voltage on LV side Vrl 20 kV

Transmission system

Nominal voltage Vr 230 kV

Line resistance rline 0.0001 pu/km

Line reactance lL,line 0.001 pu/km

Line susceptance bC,line 0.001 75 pu/km

BUS 7 load PL,7, QL,7 967 MW, 100 MVAr

BUS 7 shunt capacitor QC,7 200 MVAr

BUS 9 load PL,9, QL,9 1767 MW, 100 MVAr

BUS 9 shunt capacitor QC,9 350 MVAr

Fault resistance Rfault 0.1 Ohm

Power system stabilizers

Stabilizer gain kpss 20 pu

Washout integrate time constant TW 10 s

Fisrt lead/lag derivative time constant Tlead,1 0.05 s

Fisrt lead/lag delay time constant Tlag,1 0.02 s

Second lead/lag derivative time constant Tlead,2 3 s

Second lead/lag delay time constant Tlag,2 5.4 s

AC excitation systems

Exciter gain ka 200 pu

Speed governing systems

Speed governing gain kg 15 pu
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Table A.2. PtP HVDC test system parameters

Parameters Symbol Value

External grids

Acceleration time constant Ta 999 999 s

Short�circuit power Sk′′ 10 000 MVA

Short�circuit current Ik′′ 15.193 43 kA

c-factor c 1.1

R/X ratio R/X 0.1

Impedance ratio
X0/X1 1
R0/X0 0.1

Voltage setpoint vsp 1 pu

Reference angle δos 0o

Converter Transformers

Rated power Sr 450 MVA

Nominal frequency fn 50 Hz

Rated voltage on HV side Vrh 380 kV

Rated voltage on LV side Vrl 110 kV

Resistance (distributed at the LV side) r1 0.000 555 56 pu

Reactance (distributed at the LV side) x1 0.109 998 6 pu

Dummy Transformers

Rated power Sr 450 MVA

Nominal frequency fn 50 Hz

Rated voltage on HV side Vrh 380 kV

Rated voltage on LV side Vrl 230 kV

Resistance (equally distributed at both sides) r1 0 pu

Reactance (equally distributed at both sides) x1 0.001 pu

Modular multilevel converters

Rated AC voltage VAC,r 110 kV

Rated DC voltage VDC,r 300 kV

Rated power S,r 450 MVA

Copper losses Pcu 400 kW

No�load losses Pnl 3000 kW

Arm resistance Rarm 0.006 Ohm

Arm reactance Xarm 60 mH

Submodule capacitance Csm 10 000 uF

Number of submodules per arm na 200

DC cables

Rated voltage Vr,cable 150 kV

Rated current Ir,cable 1.4 kA

Resistance Rcable 0.01 Ohm/km

Inductance Lcable 1.273 24 mH/km

Capacitance Ccable 0.01 uF/km

Length lcable 100 km
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Table A.3. O�shore terminal parameters

Parameters Symbol Value

Asynchronous Machine

Rated apparent power Sr 5.556 MVA

Rated mechanical power Pm,r 4.87 MW

Rated power factor pfr 0.8952

E�ciency at nominal operation nr 97.9%

Nominal speed nrmp,r 1485.153 rpm

Number of pole pairs 2 �

Asynchronous Machine Transformer

Rated power Sr 5.6 MVA

Nominal frequency fn 50 Hz

Rated voltage on HV side Vrh 33 kV

Rated voltage on LV side Vrl 0.69 kV

Resistance (equally distributed at both sides) r1 0.001 pu

Reactance (equally distributed at both sides) x1 0.06 pu

O�shore Dummy Transformer

Rated power Sr 450 MVA

Nominal frequency fn 50 Hz

Rated voltage on HV side Vrh 155 kV

Rated voltage on LV side Vrl 33 kV

Resistance (equally distributed at both sides) r1 0 pu

Reactance (equally distributed at both sides) x1 0.001 pu

O�shore Modular multilevel converter

Rated AC voltage VAC,r 155 kV

Rated DC voltage VDC,r 300 kV

Rated power S,r 450 MVA

Short�circuit impedance Zsc 10%

Copper losses Pcu 400 kW

No�load losses Pnl 3000 kW

Arm resistance Rarm 0.006 Ohm

Arm reactance Xarm 60 mH

Submodule capacitance Csm 10 000 uF

Number of submodules per arm na 200

DC cables

Rated voltage Vr,cable 150 kV

Rated current Ir,cable 1.4 kA

Resistance Rcable 0.01 Ohm/km

Inductance Lcable 1.273 24 mH/km

Capacitance Ccable 0.01 uF/km

Length lcable 70 km
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A.2 Wind farm ramp function

As it has already been mentioned, the wind farm was modelled with the use of 100

asynchronous machines (ASM) in parallel, aggregated into an ASM model. In order

to create the di�erent wind power output pro�les, the mechanical input power of the

asynchronous machines has to be controlled, thus controlling the electrical output power.

The block Ramp function of Figure A.1 was implemented in order to output the suitable

mechanical power "pt" (in pu) according to the desired output power pro�le.

Figure A.1. Implemetation of the mechanical power control for each asynchronous machine in
PowerFactory.

Figure A.2 presents the implementation of the ramp function which was done in a simple

and straightforward way by using an integrator and modifying the value ot the parameter

"slope" for each case . More speci�cally, in case that a constant wind power output pro�le

is desired, the slope is set to zero. Thus the mechanical power stays constant with its value

corresponding to the electrical power value that has been set in the Load Flow Options

for each ASM. However,in order to create the increasing and decreasing power pro�les, the

slope has to be set at a nonzero value, i.e. a positive and negative value respectively.

Figure A.2. Ramp function implementation in PowerFactory.

A.3 O�shore controller

Figure A.3 gives an overview of the controller structure for the o�shore converter. The

structure and the parameters of the "HVDC Connected O�shore Wind Farm" example

of PowerFactory are used. The controller has to build the o�shore grid voltage, thus it

has to keep the frequency and the magnitude of this voltage constant. It takes as inputs

the o�shore terminal (OC at Figure 3.3) AC voltage and currents, the DC voltage of the

positive and negative DC terminal and the q�component of the current iq. The output
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of this controller is the modulation index Pm,in and the frequency f0 which are given as

inputs to the o�shore converter.

Figure A.3. Control block diagram of the o�shore converter control.

As can be seen in Figure A.4, the modulation index is controlled with the use of two

cascaded PIs and a feed forward path using the measured DC voltage. The AC voltage

deviation is given as an input to the �rst PI controller which outputs the reactive current

component reference. This is compared with the measured one and outputs the reference

AC voltage which is divided with the measured DC voltage and multiplied with a constant

based on the modulation method. The controller can also increase the frequency of the

o�shore network if the DC voltage rises, leading to the reduction of the active power

produced by the wind farm. This function is disabled by default with the use of very high

threshold values for the DC voltage. The chopper resistor keeps the DC voltage below the

threshold values.

Figure A.4. O�shore controller structure.
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