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Abstract

The increasing demand of electric power and the growingaonsness towards the
changing climate has led to a rapid development of renewatdegy in the recent
years. Among all, wind energy has been the fastest growiegggrsource in the
last decade. But the growing size of wind power plants, bettad conditions at
off-shore and the general demand to put them out of sight &lheentributed to the
installation of large wind power plants in off-shore coratit However, moving wind
power plants far out in the off-shore comes with many assegiproblems. One of
the main challenges is the transmission of power over losigdce. Historically, the
power transmission from off-shore wind power plants haslwemne via HVAC sub-
marine cables. This provides a simple solution, but AC cabimnot be arbitrarily
long. Itis shown in the report that major issues with HVAClegbansmission system
are related to surplus reactive power and added losses. eéluthier hand, HVDC
transmission system can be arbitrarily long and for lontpdise power transmission
requirement it provides much better efficiency compared ¢oreesponding HVAC
system.

HVDC may provide a viable solution for high power transnossover long dis-
tances, but some issues related to fulfilling different gade requirements still need
further clarification. A transmission system should forstqarovide a stable power
transmission and participate in network stabilizing bytng efficient support for
AC voltage control and frequency response requirementesd bbjectives are dis-
cussed and verification with simulation results is inclugethe report. A concept of
negative sequence voltage compensation during smallgeoliabalances and asym-
metrical faults at the grid are also discussed. Secondbtge IWPP is not allowed
to trip off during temporary grid side faults, commonly deéised as low voltage
fault-ride-through requirement. There are four differéailt-ride-through options
discussed in the report. The first option includes contrgliof collector network
frequency. This provides a very good opportunity to use knfiged speed wind
turbines in the wind power plant. Induction generatorscatta to a large rotating
mass show good response to frequency rise by allowing toe t@tspeed up while
reducing the active power output. However, it is observedittine post fault recovery
process is very difficult to control and as such a high curcaiacity of the WPP
side VSC might be required. Detailed simulation resultsiackided in the report.
The other option is to use a DC chopper, the results of whiehalso presented in



detail in the report. Itis observed that a DC chopper canigeoa simple solution but
the efforts required to remove the total heat during powssidation is enormous.
Alternatively, a telecommunication signal may be used thetreliability and speed
of such a system is in doubt.

Finally, a controlled AC voltage drop at the collector netkds derived and
discussed in detail. It is illustrated in the report thattsan option is advantageous
in the sense that a fault at the grid side and at the wind polaat gide can be dealt in
the same way. More importantly, a similar wind turbine type te used regardless
of HVAC or HVDC connection strategy. A good co-ordinatiortyeen the full-scale
wind turbine and wind power plant side voltage sourced caewés also verified in
the laboratory model based on real time digital simulatibwiad turbine connected
to an external voltage source converter via a power ampliflédre overall results
show that the power transmission from long distance offehand power plant is
viable via HVDC system and at the same time the strict girdeagdjuirements can
also be fulfilled by selecting proper control methods.
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Introduction

1.1 Background

Many future WPPs (wind power plants) are commissioned amrd for off-shore
installations. The main reasons being that the wind tusbare ever growing bigger
by size and the wind conditions are much better at off-shtwesome extend the de-
cision is also driven by various environmental factors asd & keep the WPP out
of sight. As the wind conditions off-shore are generallytdretthe capacity factér
of an individual wind turbine or that of an entire WPP will alsignificantly increase
compared to on-shore installations. At the time of writihgstreport, around 3000
[MV A] is the total off-shore installed capacity, around 4 0BIV[A] is the total capac-
ity under construction and more than 10008MA] have been approved for future
construction([l]. UK is the current world leader in off-shavind power installations
with over 13 [GW]. The trend of future off-shore WPP world-wide is presented
Fig. [1.1 (data sourcel [2]) and based on the data it can becegé¢hat both the
installed capacity and the distance to the shore will irsgda the future. It is also
estimated in[[B] that the total operating off-shore windrggecapacity in the whole
of Europe will be between 203W] to 40 [GW] by 2020. Therefore, there exists a
clear need to analyze and investigate different powertnégsion options or possible
electrical structures to connect a high power and long niistaff-shore WPP to a
nearby on-land transmission system.

1.2 Present Scenario

A conventional technigue of transmitting power from anstibre WPP is via HVAC
(high voltage AC) sub-marine cables. Most of the presegelaiff-shore wind farms
including ‘Thanet off-shore wind farm’, the largest offesk wind farm to date with
total installed capacity of 300MVA] [4], and ‘Horns Rev II' with total installed
capacity of 209 MVA] [B] are based on HVAC transmission system. In case of
HVAC transmission, the WPP collector network is usually atedium voltage£ 33

[kV]) level. The total power is collected at an off-shore platiovhere the medium

1capacity factor is usually defined as a ratio of the total gneutput from a given WPP over a
period of time to the total maximum energy output from the WHaH it been possible to operate the
WPP at rated output over the same period of time

3
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Data source: http://www.offshorecenter.dk, May. 2011
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Figure 1.1: The trend of future off-shore WPP - installed ppweapacity vs distance
from the shore

voltage level is transformed into a transmission levelagdt (> 100 kV]). The

power transmission distance to the near-by power systemlagvely small (< 50
[km]) and, therefore, a HVAC transmission option is justifiedheTirst large off-
shore WPP utilizing a HVDC transmission system is ‘BARD siffere 1’ with total
installed capacity of 400MW] and located approximately 20K from the AC grid

connection at the coast of north sea [6]. The WPP is plannée ia operation by
2012. The main reason for HVDC transmission is to allow highvgr transmission
over the long distance.

1.3 Problem Statement

The bigger the electrical size of a WPP, the higher the nurobéotal wind tur-
bines required. Considering the distance that has to betaiaéad between the wind
turbines in a WPP, the area of the farm could well be severa tdsgkm The
distance of the WPP from the coast will also increase acaglgi Current WPPs
with relatively shorter distance<(20 [km]) from the shore acquire HVAC transmis-
sion technology. For large distances 100 km]) and high installed capacity>(100
[MVA]), the suitability of HVAC transmission is questionablehatging current in
long AC cables are too high and the capability of the AC caldesansmit active
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power diminishes with transmission length. Reactive poe@npensation can be
provided, but only at the two ends of the transmission cabRsilding off-shore
compensation units are not cost friendly. An alternativetsan, therefore, is to use
a HVDC transmission system.

A conventional or classical HVDC system is realized withristpr-based con-
verters. The functionality required to initialize the stiore WPP collector grid,
however, cannot be fulfilled by a classical HYDC system. #i&ively, modern
HVDC systems are based on VSC (voltage sourced convertdgmadogy utilizing
IGBT (insulated gate bi-polar transistor) type switchireyides. As such, AC volt-
age magnitude and phase at both ends can be controlledyrapidlindependently
within the system limits. However, the total installed ceipaof renewable energy,
specifically wind energy, is experiencing a rapid growthg gode requirements are
also becoming more stricter.

Most TSOs (transmission system operators) have set grid m@glirement on
LV-FRT (low voltage fault-ride-through). This implies ththe WPP is obliged to
stay connected or enter stand-by mode when the voltagedevieé PCC (point of
common coupling) to the host power system is temporarily i@w or even unavail-
able as shown in Fid,_1.2. In case of a HVDC transmission Bystnnecting two
point-to-point power systems, the issues related to veltligs are relatively easy to
handle. If a voltage dip is experienced at the receiving e@dséltage, the other end
VSC control will immediately reduce the transfer of activemer. If a similar ap-
proach is applied to the HVDC system connecting an off-skéRP, the AC voltage
magnitude at the WPP collector network will increase rapitiusing the WPP to
eventually trip off. On the other hand, if no action is takdre WPP may continue
to deliver the same amount of active power as in the pre-faulation and the ex-
cess of energy will rapidly charge the HVDC side capacitégain the system will
eventually trip off if the DC voltage level exceeds a preigssd limit.

V/V0
100%]

041 L
80%] \ Fault

(AR threshold
60%] level
40%) +
20%] + % —— Fault region

f
Atfault,min Time [S]

Figure 1.2: Limit curve for voltage at the PCC for WPPs in therg of fault in the
grid
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Apart from the FRT requirements, itis also expected formge&V/PP to provide
voltage and frequency support at the PCC, meaning that tpeitneactive and active
power must increase in response to the decrease in grid A&geomagnitude and
frequency respectively or vice-versa. Therefore, evengha HVDC transmission
solution may provide economical and technical benefit ogrg ltransmission dis-
tances, practical fault-ride-through solutions and othquirements of such a system
still need clarification.

1.4 Main subjectsof study

The major subject of study of this project is to investigatatool solutions with
HVDC power transmission from an off-shore WPP to the neapbyer system.
This report is designed to contribute the following areasutijects:

1. Which parameters (e.g. transmission distance, indtaitever capacity) are
determining the shift from AC to DC transmission technolagyonnection
with an off-shore WPP? It is a known fact that AC cables cafsoarbitrar-
ily long. How long they can be may depend on the power leved|ectype,
frequency, voltage level, price, reactive power compénmsattc. Therefore,
it will be investigated in this report for which distanceqwer levels, etc, a
technology shift should be made.

2. Later on, when advantages and disadvantages of the twerpgmmsmission
technologies (AC and DC) are clarified, a total investigatiagll also be made
on the collector network and connection to the transmiseitvork. Should
AC or DC technology be used in the collector network in thedifarm? When
the conditions call for the use of DC transmission, this gpep alternative
possibilities for design of the collector network. An AC lealtor network or
a DC collector network can be used, as modern converter démiwy based
on IGBTs makes this possible. Another possibility would baigred AC-DC
network. It will be investigated which is the optimal sotrtibased on current
situation and future developments.

3. Which types of wind turbine should or could be used? Froenrttanufac-
turers prospective, it is a major benefit if a similar windbine structure can
be used regardless of AC or DC transmission solution. Wimblire struc-
tures based on fixed speed operation (induction generatodsyariable speed
operation (full-scale with induction or permanent magreteyators) will be
investigated.

4. Which control properties will the system have? Modern \&RTRst not only
be able to deliver maximum power to the network, they must béscontrol-
lable like conventional power plants and deliver the deredngower. The
WPPs must also participate in controlling the voltage amdjdency in the
network (network stabilizing) and other grid requiremerf&irthermore, the
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WPP must be able to enter stand-by during short fall outseoféftwork. Thus,
the proposed system(s) will be examined with regard to tleweamentioned
properties.

141 Magor Contributions
The major contributions of this report are listed below.

e A very detailed computational method is established in otdeompare be-
tween different transmission solutions for future off-shtVPPs.

e Comparison between three different transmission solstigfvAC, HVDC
with AC collector network and HVDC with DC collector netwQris pre-
sented. From the losses point of view and available compsrsvelopment,
it is illustrated that a HVDC transmission system with ACleotor network
is best suited for the near future. However, it cannot bedrolat that a DC
collector network solution might me the ultimate solutiorttie further future.

¢ A dynamic simulation model is developed with fairly detdileepresentation
of all major components. The total system model is develmpeithat it could
be used to study the synergy between wind turbines and fttMi2C trans-
mission system.

e Comparisons between and evaluations of various FRT siestdtave been
made. It has been suggested in many cases that fixed-speddusiines
can be employed when the transmission of power is via HVD&gysA very
detailed investigation of the FRT capability of such a syste presented and
different unforeseen challenges concerning centralizedrol of fixed-speed
wind turbines are outlined.

e A DC chopper solution for handling FRT issues is investigaiad compared
against controlled AC voltage solution at the WPP. A concdC voltage
control switch-over between the grid side VSC and the WPPE ¥E8C is in-
vestigated and a control system is derived to allow AC valtagntrol at the
WPP collector network during grid side fault. It is verifieat fall fault condi-
tions (including multiple dips, and unbalanced faults} tha proposed control
method is fully applicable.

e The ability of the system to withstand and ride-through WRfe $aults ( if
necessary) is also demonstrated.

e Control strategies to compensate for different levels ¢fvoek voltage unbal-
ances are presented. The ability of a VSC based HVDC systewalgated in
terms of negative sequence reactive current control dunnzalanced faults.
It is recommended after due consideration of the findingsgheh a control-
ability of a HVDC system can provide added value and efficéipport to the
grid voltage during unbalanced faults.



1.

INTRODUCTION

e Finally, a partial experimental validation of controlledCAvoltage solution
at the WPP equipped with full-scale permanent magnet typel wirbine is
presented in the report.

142 Method

The three methods primarily used in the project are thesaletialculations, simula-
tions, and building of a laboratory model. Theoretical aldtions are natural for a
number of isolated issues such as for e.qg., identificatiqgacdmeters calling for the
shift from AC to DC transmission technology. Most of the cédtions are performed
or coded in ‘Python programming language’. When a largerrante complex sys-
tem is examined, simulation models are designed and deaglspch that they can
be used for various dynamic simulations, capable of hagdlarious components
included in the investigated system. For this purpose ‘&mtiSimulink’ is used.

The most interesting solution or partial solution is tested laboratory scale model
to secure that missing details in the simulation model datdhave significant in-

fluence on the results. Laboratory model includes real tiigiadl simulation of a

wind turbine in RTDS (real time digital simulation), a powanplifier, and a VSC
controlled by a designated DSP (digital signal processor).

1.4.3 Limitations

Based on the methodologies applied during different typ@ss/estigation, there are
some limitations that needs to be taken into considerat®ome of the limitations
are listed below.

1. All the results and comparisons presented in this workbased on technical
analysis. The report does not include economical analysis.

2. All the theoretical calculations are based on the dataiged in the manufac-
turer's data-sheet. Therefore, no experimental verifioatare available.

3. Thisreport does not deal with WPPs based on doubly-fadtiimh generators.

4. The limitations of the simulation tools used during thekvare also the limi-
tations of the results presented in the report.

5. Based on the complexity of the simulation, some of the ammepts are rep-
resented by reduced order model. Although a valid reasonappdopriate
verifications are included when such simplifications are endldey can pro-
vide some limitations on the final results.
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HVAC Transmission System

This chapter introduces to a standard HVAC transmissiotesy$or an

off-shore WPP. Different technical problems associatetth wing dis-

tance sub-marine AC cables are outlined. Finally, lossakiation tech-
nique is described and results are presented for diffe@nponents of
a HVAC transmission system including collector networ&nsformers,
compensators and cables.

Generation units or power plants are often built far fromltea centers. The bulk
power, thus, needs to be transported over long distanceACHMnsmission system
has been the most common option in transporting bulk etattpower over long
distances. Power transmission is often done at a high wl&agl ¢ 100 [kV]) to
reduce current dependent losses in the transmission_ljneTfre choice of trans-
mission voltage level and the frequency (39z] or 60 [HZ]) varies among differ-
ent countries and power systems. When the HVAC transmissistem is on-land,
the most common technique is to use over-head lines. Demegngion different
variables like environmental impact, visual pollution,vgonment policies, techni-
cal requirements etc., there are also cases where underejoable transmission is
preferred. If the power plant is located in an off-shore tiweg it is not an option
to transport power via over-head lines. In such a situagmmwer transmission is
usually done via single-core or three-core sub-marine HvAkles. Many off-shore
WPPs also use similar technique to transport power to thelnean-land transmis-
sion system. In this chapter, the HVAC power transmissiomfoff-shore WPP is
discussed.

2.1 Off-shore Wind Power Plant

An electrical structure of a standard off-shore WPP with K\Vpower transmis-
sion system is illustrated in Fig._2.1. Individual wind tumbs in such a WPP are
connected to a local grid normally referred to as collecttxvwork via wind turbine
transformers. The collector network, often at medium \g#té- 33 [kV]) level, con-
nects the WPP to a high voltage transmission system thropginkatransformer. In
case of a small WPP with short distance from the coast, theptransmission can
be done at the medium voltage level. This implies that thé& pansformer is not

9
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necessary. However, for a large WPP, the park transformmerdsssary and so is the
off-shore platform for the installation of a sub-statiorhelpower transmission in all
cases is done by sub-marine cables to the coast or the nearHbapnd power system.

,0\ 1 - Rotor blades 7 — Wind turbine
| ) 2 - Gear box 8- WPP
N 3 - Generator 9 — Collector network
4-VSC 10 — Reactor
5-DC link 11— HVAC cable

6 — Transformer 12— AC grid

Figure 2.1: HVAC power transmission from an off-shore WPEhnear-by on-land
transmission system

2.2 HVAC Cable Transmission

The basic parameters of HVAC over-head lines and HVAC caatessimilar, but
some characteristic differences exist due to the differdndhe values of these pa-
rameters. HVAC cables have higher shunt capacitance pefamgjth compared to
the corresponding over-head lines. For long HVAC cables,stlirplus of reactive
power due to the HVAC cable charging imposes a major drawlbackuch trans-
mission systems. Though the HVAC cable transmission systwhimproved and
advanced, the main constraints of such systems still remagises of long transmis-
sion as presented inl[8] &[9]. Specifically, the ability oftige power transmission
reduces (as illustrated in Fig._2.2) and reactive power ggio® and compensation
efforts increase as the cable length increases. A simplgusiaon drawn for a HVAC
cable transmission is that either high power can be tratetindgver short distances
or low power can be transmitted over long distances.

In TabléZ.1, the parameters of all the cables used to contipeifelots in Fig[ 2.2
are presented. The three voltage levels in considerat®d 22 kV], 220 kV] and
400 kV], which are also the standard voltage levels used in HVAGec@nsmission
system. Cables are available in many different crosseseatieasd [mn¥]), but only

the examples of 80njn?] cables are shown. The selected cables are single-core,

copper conductor and XLPE (Cross linked polyethylene atsd power cable) type
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_Cables compensated from both ends |
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Figure 2.2: Active power capacity reduced due to the HVAQeaharging

and the nominal current is based on the assumption that bhescare laid with wide
spacing flat installation.

Table 2.1: Cable parameters

Parameters
Y, 132kVv] 220 [kV] 400 [kV]
a 800 [mnf] 800 [mn?] 800 [mn¥]
R/m 326[uQ] 326[uQ] 326([uQ]
L/m 054[uH] 056 [uH] 0.58 [uH]
C/m 022[nF] 0.17[nF] 0.15[nF]
lhom 1055 [A] 1055 A] 1055 A]

2.2.1 Characteristicsof aHVAC CableLines

The characteristics and performance of a HVAC cable linelmadescribed using
the well known transmission line equations. The generaatguos for a transmission
line can be achieved if it is assumed that the receiving rad(Q) voltage and current
are known. The equations for the voltage and current aloaditie while moving

11
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towards the sending end can be writtenas [7];

- VR+ Zu - I VR —Zu- It
V(x) = R+2w R grx VR 2w R oy 2.1)
- VR/Zw+ I VR/Zw— I
(x) = R/ ;v"‘ R arx_ R/;v R g VX 2.2)

Where,

x: distance from the receiving end along the cable

V: receiving end voltage

Vs: sending end voltage

Ir: receiving end current

Is: sending end voltage

y. propagation constant

Zy: characteristic impedance

The characteristic impedance and the propagation conefamtcable line are
defined as,

y = JWNz=a+|p (2.3)
Zv = V7ly (2.4)

Where,
y=R+ j(w-L) (series impedance per unit length)
z= G+ j(w-C) (shunt admittance per unit length)
The parameterR andG, per unit length, are relatively small and are, therefore,
neglected in many cases except for the evaluation of lireeks
The total charging current of a cable line at the terminals lwa calculated by
the help of an equivalent circuit. An equivalentrt circuit of a transmission line is
derived from([(Z.11) and (2] 2), by letting= Lo; whereL is the total length of the line.
The shunt and series parameters of the equivataritcuit can be expressed as,

Be i y-Lo
> ~ 7 tanh(—2 ) (2.5)
Zy = Zy-sinhy-Lop) (2.6)

As discussed earlier, the limitations outlined by the cimgygurrent of the HVAC
cables become significant because of surplus reactive pehen the transmission
distance gets longer. Charging current in a cable is,

Ichg == BC . ‘Va’ (2.7)

Where B, derived from the equivalent circuit of a transmission line¢ [7], is the total
capacitive susceptance of the cable &fdlis the rated line to neutral voltage.
Besides the shunt capacitance, HVAC cables also have sapesiance per unit
length. The effect of such series impedance in the HVAC chibéeis such that the
reactive power demand of the line increases with the inergesctive power transfer.
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If the transferred power is much below the surge impedarae (@) of the cable
line, the demand of reactive power is small compared to whatiplus due to the
shunt capacitance as illustrated in FigJ]2.3. The negaigyeis used to represent the
surplus reactive power while the positive sign represdmdgdtal demand.

1.0
: ; 5L, = 200 [Km]
] ST P Ny A0, MNP
0.4 =L, =150 [Km]
2 : : :
& oo2b i Ly =100 [Km)
o

: : =L, = 50 [Km]
11| R e

02—

0L A
0.0 0.5 1.0 15 2.0
'PS/PSIL

Figure 2.3: Reactive power demand of a cable line as a funofitransmitted active
power;Vp = 132 [kV]

Surge impedance load is defined as,

\V/ 2
PsiL = Mol ZO| (2.8)
W

When the transmitted power is less thas,, it is required to consume the surplus
reactive power at one or both ends of the cable. If the voltaggnitudes at the two
cable ends are to be kept constant, the surplus reactiver gasdo be equally con-
sumed at both cable ends. This can be achieved within tdéehatits by utilizing
compensators for e.g. inductors or SVCs (Static VAR comgiens). The length of
the cable for which the nominal current of the cable equadsctiarging current is
termed as the ‘critical length’ of the cable. If the cablegsi@ly compensated from
two ends, the critical length approximately doubles up careg to one end compen-
sation [10]. The plot showing the critical cable length of32 1kV] single core cable
when compensated from two ends is presented inFif). 2.4. Gheefalso shows the
difference in total active power transfer capacity at défe distances calculated by
taking the line inductance in account and neglecting it.alt be observed that the

13
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total critical cable distance remains the same (as there isare available room for
active power) while there exists considerable differeratesther distances.

1200
600L TN
400t

Maximum allowable current

|Irm,l,ma.r,| [A]

- - neglecting X;
20001 with X,
0 50 100 150 200 250 300
Distance, z [Km]

Power

350 400

250

150L o TSANC
100f

'P'II'I,().'I? [AW]

0O 50 100 150 200 250 300 350 400
Distance, = [Km]

Figure 2.4. Transmission distance vs. current and activeepdor a sub-marine
cable when compensated from both engsx 132 [kV]

The parameters of the cable are presented in Table 2.1. beabserved that
the critical length of the cable in consideration is clos&85® k. It has to be,
however, kept in mind that the critical cable length caltadahere is the theoretical
limit and is based on the nominal current. However, in pcactine allowable limit of
maximum current of the cable will be lower than the nominatent due to thermal
constraints and thus the critical length and the maximumgpavill be lower as well.

Due to the charging current, the distribution of the voltagd especially current
along the cable length is not uniform. For a fully compengditee from both ends,
the magnitude of the voltage at the cable ends remain cdrestahthe surplus re-
active current flows equally towards the cable ends. At thadiaiof the cable, the
reactive current is zero and at each cable ends, the valyg/&. As a consequence,
the voltage magnitude at the middle of the cable is maximuinthd losses along
the line are neglected during the evaluation of the voltaws @urrent profile, the
resulting profile is as shown in Fig._2]5a. Alternativelye tbompensation units can
be placed in between the cable sections as for the Horns R&CH¥ble connec-
tion [11]. But for large distances, it is not feasible botbhaically and economically
to locate those units in the sea.

The PV curve of the given transmission system proved thatrthgimum no
load voltage at the midpoint is 138 [kV] for a transmission distance of 10Kn,
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as illustrated in Fig[_2.8b. The different PV curves for elifint distances are only
shown upto the surge impedance load poRy; (= 3517 [MW]). To summarize
the results, for a medium sized power transmission level@0 [MV A)), it could be
verified that the transmission distance is only limited by tlurrent capacity of the
cable and not the voltage rise or the voltage angle.

2.3 Energy Losses Evaluation

The increase in charging current and cable losses withasgrg distance, thus, lim-
its the ability of a HVAC cable transmission system to traitidmlk power over long
distances. Apart from the cable losses, the other major oaems contributing
energy losses are the losses in the collector network,hoffesand on-shore trans-
formers and compensating reactors. In this section, bligtan of losses in all major
components of a HVAC cable transmission system from a WPPbeikevaluated.
Power from a WPP is not constant due to the variation of wirldoity over time.
Therefore, it is more reasonable to evaluate energy losslesrrthan power losses.

The entire WPP is modeled as a single re-scaled wind turlongpated with
a multi-turbine power curve approach. Acknowledging goaddaconditions off-
shore, the energy losses are evaluated for the average peed 40 n/s], as com-
pared to 97 [m/s] average wind speed for Horns Rev off-shore locatior [119. T
evaluate the energy losses, the power curve from the WPRliedpo the first com-
ponent (collector network in this case). The losses at elrhent (wind speed) of
the power curve are calculated to produce the total eneggeto The new power
curve adjusted with the losses is then applied to the pracgedmponent.

2.3.1 Wind Power Plant

In general, the entire WPP power curve can be derived as agrofithe single wind
turbine power curve and the total number of wind turbinesweleer, this assumption
does not account for uneven wind distribution over the WRfa.atn a WPP, wind
variation can occur both in space and time. To compensathifra multi-turbine
power curve is applied according to the description belohe hvestigated system
consists of a WPP comprisingg3]MV A] wind turbines (being a standard product of
Siemens Wind Power A/S for off-shore applications).

Fig[2.8 is derived for a WPP rated at 18@VYA] with N = 50 number of wind
turbines. It can be noticed from Fig._2.6 that the differeneawveen a multi-turbine
power curve and a single turbine representation for a velgtsmall WPP does not
seem so big. However, when annual energy is computed, tieeadite is still signif-
icant, justifying the use of a multi-turbine power curve eg@xch suggested in [12].
Therefore, all the calculations made in this work are basgettiat methodology. A 10
[%] turbulent intensity is considered within the WPP aremalty, the multi-turbine
power curve is calculated as below,

J
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Figure 2.5: Voltage, current and power relation with traission distance.
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WhereP is theit" element of the single turbine power curys, is the probabil-
ity of the spatial distribution.

Power Curve
: :
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Figure 2.6: Multi-turbine power curve (above) and the witgtribution (below)

When the multi-turbine power curve and the wind distribataver the particular
site area are known, the total annual energy production eaaloulated as in (2.11).
The wind in a site can be represented by different probghdigtribution functions.
The distribution function considered here is a Rayleigfritigtion withk = 2 as in

(2.10);

(W) = (3 e (2.10)

Etam = f(v)-Pn(v)-8760 (2.11)

M >

Wherev is the range of wind velocity) = 2-Vayg/+/TTandVay is the average wind
velocity. The total operation utilization of the WPP is take be 1. In a real WPP,
wind turbines are taken out of service for maintenance,renmental factors like
icing shut-down etc. and, hence, the utilization is belowThese situations with
lower utilization factors or different average wind vekysi are not included in this
report, however, such evaluations can be easily acconeglibi simply adjusting the
inputs to the code prepared during the project.
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2.3.2 Collector Network

Individual wind turbine in a WPP is connected to the colleatetwork via a wind
turbine transformer, .690/33 [kV]. Wind turbines in a WPP are arranged in rows.
The layout of the WPP that has been considered in this wotthag/s in Fig2.7.

Figure 2.7: Layout of a WPP

The losses in the collector network depend upon the way thd wirbines are
positioned in the WPP. To evaluate the losses in the collewttwork in detail re-
quires a significant number of computations. The total clrigth of the collector
network is relatively small. Therefore, it is reasonablertodel it using arr equiv-
alent network. To formulate the equivalent model, the cables inter-connecting the
wind turbines in the WPP and the cables connecting the wirtne rows to the
off-shore platform are all included in the samequivalent. The distance between
wind turbines in a row and the distance between two rows ectadl = 0.750 km.

For comparison, the distance between wind turbines in HBeswind farm [11]

is given to be (60 [km); while in case of Nysted wind farm_[13] the distance be-
tween wind turbines is given to bedB0 [km| and the distance between two rows is
0.850 k. After defining appropriate distances between each rowslanoff-shore
platform, the finalr equivalent model is prepared.

For example in a 180MIVA] WPP, wind turbines are arrangedim= 10 rows
andn = 5 turbines in each rows. A pair of rows is connected togetbdahé off-
shore platform; as a resutt/2 cables are required to connect the rows to the off-
shore platform. In each row the maximum current is 3Ap hence a 33KV], 150
[mn?] cable is selected for wind turbines inter-connection. Eonnecting rows
to the off-shore platform, 33k}/], 500 [mn¥] cables are selected. The electrical
parameters of the cables are presented in Table 2.2. Frooakie parameters and
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known distances, the resulting parameters offttezjuivalent model of Fig._ 217 are
listed below,

Zeq= (0.025+0.057j) [Q]

S — 5.025 [uF]

Table 2.2: Collector network cable parameters

Parameters
Vv 33 [kV] 33 [kV]
a 150 [mn?] 500 [mn?]
R/m 124 [uQ] 36.6 [uQ]
L/m 041[uH] 0.35[uH]
C/m 0.20 [nF] 0.30 [nF]
lnom 405 [A] 770 [A]

2.3.3 CableL osses

As described earlier, current along the cable line is notoami. This implies that
the power losses along the cable line are not uniform eifeetake into account the
non-uniform power losses along the cable line, the mettuayopresented in [14]
has been implemented for the losses evaluation of the cabtesany small section
dxalong the line, the power losses is calculated as,

2
P(dx) = PraxdXx)- [Il(d_x)] Vg + Py (dx) (2.12)
Vo = Ca (2.13)

Cq — OT - DNBrmax [1— ['(dx)] 2]

|nom

The total power losses is obtained by integrating (2.12) twe total cable length.
Where

PnaddX) = 3-12,-Rac(dX) (2.14)

WhereR,(dX) is the resistance per length of the calle= 1 — a7 - (20°C — Oamp),
ar is the temperature coefficient of coppéhmp is the ambient temperature and
ABmax is the maximum permissible temperature rise of the cable.bianm tem-
perature in this work is assumed to be 2Q][at the sea bed and maximum cable
temperature to be 90C].

The di-electric losses of the cable line is calculated asvb¢L5],

Pe(dx) = V& w-C(dx)-tand (2.15)
1
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WhereC(dXx) is the capacitance per unit length of the caBlgis the dielectric resis-
tance and/p is the nominal per phase voltage.

In Fig. [2.8, the total cable losses for different transnoissilistances are pre-
sented. The increase in power losses with increasing tiiasgm distance can be
observed. For 13XV], 200 [MVA] power transmission level, the percentage losses

of the total power in the cablesis4 [%] at 100 km] distance.

30
25—LU=200[Km]
f
20p S B e Ly =150 K] |
§ \ \ \ \ 1
= 15p
L, = 100 [Km]
. f
00 A A T
L, = 50 [Km]
f
5,,
% 50 100 150 200 250 300
Ptrﬂ.TLS[ATW]

Figure 2.8: Cable losses against the total transmitted pdye- 132 [kV]

2.3.4 Transformersand Reactors

The losses in the transformers are calculated using stmtacedures from the
known values of no-load losses and the winding resistanths.copper resistance
is appliedR; = 0.002 [pu] and the magnetizing current at no-loadlig, = 0.04
[%0] of the nominal current. The extra components that araired during a HVAC
transmission are the compensating reactors placed at thernsls of the transmitting
cables. The losses in the reactors are calculated simtlatlyat of the transformer,
but the difference is that a reactor has only one winding hAtdff-shore platform the
transformer voltage ratio is 3332 [kV] while at the on-shore location is 13200

[kV].
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2.3.5 LossesDistribution

Energy losses at each component is calculated asin (2.17),

Elosscomp = Z f(V) - Poss(V) (2.17)

Eloss [%]
Eloss [%]

Le=125 725 ]

Eloss [%]
Eloss [%]

Ly =175 774

Eloss [%]
E]nss [%]

793 = Collection network
] m Park transformer

m Offshore reactor

= Cable

= Grid side reactor

= Grid side transformer

Eloss [%]

3.2 3.7 54

Figure 2.9: Distribution of energy losses as percentagéefdtal energy losses in
the systemPans = 180MW, Vp = 13XV

The majority of the losses is contributed by transmissiobless the selected
cable is witha = 800 [mn¥]. Losses in other components do not change with trans-
mission distance, but the losses in the cables do incredkalistance as seen in Fig.
[2.8 and Fig[ 219. For a very long transmission line, the peege of losses in HVAC
cables is so high that the losses in other components becegtigihle. The cables
share 5& [%)] atLy = 50 [km] as compared to 72 [%] atLo = 200 [km of the total
energy losses.

In the next step, a WPP of 368V A] is considered; which is twice the size of
the one considered previously. The total number of winditeb is increased to
N = 100, but the layout of the WPP is assumed to be similar witlectdr network
voltage at 33KV]. The collector networkt equivalent parameters are re-calculated
in a similar way as explained earlier.

Zeq= (0.010+0.031j) [Q]

S 1398 [uF]
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The transmission voltage is selected to be 22 jand the host power system
voltage level to be at 40(kY/]. HVAC cables witha = 1200 jnn?] are selected to
allow room for higher current. Distribution of energy losse different components
of the transmission system is shown in Fig. 2.10.

The selection of transmission voltage is generally basethesize of the wind
power plant, and eventually the current. Thicker cabledddfieult to handle while
laying them over the sea-bed. On the other hand, the totagjicigacurrent require-
ment of the cables increase with increasing voltage levdltae available active
power capacity diminishes with increasing distance. Asudised earlier, higher
charging current will also increase the cable losses. Bhadso demonstrated in Fig.
[2.10, where the percentage losses in the cables have iedregsidly with increas-
ing distance. The cables share®B®%] atLo = 50 [km| as compared to 68 [%] at
Lo = 200 [km of the total energy losses.

Eloss [%]
Eloss [%]

Eloss [%]
Eloss [%]

[%]

= Collection network

m Park transformer

m Offshore reactor

= Cable

= Grid side reactor

= Grid side transformer

Figure 2.10: Distribution of energy losses as percentagbeofotal energy losses in
the systemBans = 36MW, Vg = 22V



Three

HVDC Transmission System

In this chapter, two different HVDC transmission systemisda off-
shore WPP are discussed - including AC collector network2@atol-
lector network. Losses evaluation method and comparistwieas the
two systems are presented. An over all comparison with spanding
HVAC system is also illustrated and finally the advantagebdisadvan-
tages of all the three systems are outlined.

The choice between an AC system or a DC system (distributitrasmission level)
has been under debate since a long time. Important isswesdik, protection units,
and transformers etc., have been the major factors in deridie use of an AC
system. However, an AC system has its own associated prebileareactive power,
harmonics and limitations of the cable transmission di#arsome components of
a HVDC system have advanced in recent years, specifically 8@s. As a result,
the transmission of power from an off-shore power plant isdpeonsidered to be
done via a HVDC transmission line. Point-to-point powengmission over long
distances or connection between two non-synchronous nehisalready done via
a HVDC line in some cases [16,/17]. At off-shore conditior®e prospect of DC
transmission system is considered very attractive dueetdirtiitations of AC cable
systems.

HVDC transmission system does not have any theoreticatdtrons on the
transmission distance and as such many research projectseng performed to
investigate the use of HVDC transmission system in the &utt#®/DC transmission
system is commonly classified into two categories based ervib end converter
topologies [[18, 19] - line-commuted converter (LCC) or smimmuted converter
(VSC) . A classical HVYDC system consists of a thyristor bagestcommuted con-
verter system which is well established for high power tnaission over many years.
Investigation of classical converter type HVDC transniassystem is not included
in this work. Modern HVDC transmission systems are equippéh IGBT based
forced-commuted VSCS$ [20,21]. For example, Siemens and A& HVDC sys-
tem under the name ‘HVDC PLUS’ and ‘HVDC Light'. The fundanterdifference
between the two systems is the topology of the VSC.

Modern HVDC transmission system offers further advantayes HVAC trans-
mission system in terms of grid connection. HVDC transmissystem provides
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better grid connection solution for weak grids. Specifigatie grid side VSC of the
HVDC system can operate in all four quadrants with active r@adtive power flow

in both directions, so it provides efficient voltage and reacy control and support
to a weak grid. The strength of the grid (or the host poweresysts a measure of
SCR (short circuit ratio) 7] such that higher SCR denotesanger grid.

PCC short circuit power

SCR =
max. apparant power of the WPP

(3.1)

Moreover, a HVDC system provides following advantages;[222
1. AC/AC decoupling between the WPP and the host power system

2. Transports the same amount of power with a less numbeglofiaitage cables
compared to HVAC system,

3. Provides better power flow control-ability and

4. Does not require the reactive current flow (demanded bgrideat PCC) along
the entire length of the transmission cables, hereby, iedube transmission
losses. Reactive current can be locally exchanged betvineegrid side VSC
and the host power system irrespective to the WPP .

However, the capital cost of a HVDC system and the lossesoitir in the con-
verter system at the two ends of the transmission line aremiconcern. A typical
HVDC transmission system from an off-shore WPP to the ngasrbland transmis-
sion system is shown in Fidg._3.1. The main components of a H#RaAsmission
system are the two VSCs at the two ends of the transmissien Jhile the WPP
collection grid may remain the same as in case of a HVAC trésson. The choice
of the wind turbine type can be influenced by the choice of robistystem selected
for the HVDC system (the details will follow in the coming gdtars).

3.1 Voltage Sourced Converter

For high power HVYDC transmission system application, tmeghmain topologies of
VSC utilized so far are; (i) two-level VSC, (ii) three-leve5C and, (iii) the MMC
(modular multi-level converter) VSC. The building blockstbese VSCs are the
forced commutated switching devices (specifically IGBTis, diodes, and the DC
capacitors (to store the required energy so that the powerdém be controlled).
Each phase leg of the converter is connected via an induatbadditional filters to
the grid.

Two-level VSC offers the most basic and simple topology, &y, has the
highest harmonics content of all VSCs. A two-level convedensists of six ac-
tive switches, each with an anti-parallel diode. The vatamd current handling
capacity of the presently available IGBTs are limited anddeethey cannot individ-
ually handle the entire high voltage and power requireméviteny of these IGBTs
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1 — Rotor blades 7 — Wind turbine

2 — Gear box 8- WPP

3 - Generator 9 — Collector network
4-VSC 10 — HVDC cable
5—DC link 11— AC grid

6 — Transformer

Figure 3.1: HVDC power transmission from an off-shore WP#h&near-by on-land
transmission system

are connected in series to meet the voltage requirementdteAdt the AC side is
required to eliminate the unwanted higher harmonics froemwbitage and current
waveform.

A three-level converter topology for e.g., a NPC (neutrahpolamped) mainly
differs from the two-level converter topology in the adalitiof a clamping diode. As
a result, three different combination of AC voltage outmupossible at each phase
leg - positive DC voltage, zero voltage and negative DC gataThe resulting AC
voltage is more closer to the desired sinusoidal AC voltagapared to a two-level
converter. Therefore, the efforts in filtering higher hanies are relatively reduced.

3.1.1 Modular Multi-level Converter

A recent development in VSC has provided a scalable modyper 4ystem suitable
for high power applications [24]. The detailed study of dyi@behavior of such
a converter type for use with VSC-HVDC system is presentethamy literatures
including [25--27]. The structure of a MMC system is shownig. B.2. Each phase
leg consists of two arms and each arm consistssafb-modules. A sub-module is a
two terminal structure with two IGBTS, two diodes and a capa@s shown in Fig.
[3.2. Unlike other topologies discussed earlier, the dcdifithe MMC do not require
any common DC capacitor and filter, also the total systenetage lower compared
to an equivalent two-level converter system|[28].

Each sub-module can have three states depending upon tbeofttne two
switches. Wherly is on andT; is off, the capacitor voltage is applied to the ter-
minals of the sub-module (the sub-module can be said to heduwn). In this state,
current can either flow througB; and charge the capacitor or throughand dis-
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Figure 3.2: Topology of a MMC

charge the capacitor depending upon the direction of thectuflow. WhenT; is off
andTs; is on, the capacitor voltage is not applied to the terminath® sub-module,
or zero voltage is applied and the capacitor voltage thusirgsmunchanged (the sub-
module can be said to be turned off). When both the switchedusned off, the
converter will be in a blocked state. All the sub-moduled wliéntically follow the
state; therefore, this state is not possible during normpatation. The per phase AC
voltage of the converter can be adjusted by turning on a nuwibsub-modules in
the upper and the lower arm of the same phase and the DC valagke adjusted
independently.

The main parameters defining the voltage and the currentrafithe MMC are
listed below.

~

_ . Va
o= 20 (3.2)
3‘i\a
K = o 3.3)
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WhereV; andi, are the peak value of the per phase AC voltage and current. The
control system in a modular converter is such that all thresesps are equally loaded
with the active power to balance the voltage. As a result) @am of an inverter leg
shares a DC current @‘IdC and a AC current o%ia(t), wherei(t) is the per phase
current of the converter. Assuming sinusoidal phase ctjritem current through each
arm can be written as,

ama®) = 3 lact 3 ialt) (3.4
larm1(t) = %-Idc-(1+k.--sin(wt+<p)) (3.5)

The voltage expression for each arm becomes,

Vami() = - (Ve va(t) (36)
Varma(t) = %-Vdc-(l—k\,-sin(wt)) 3.7)

If it is assumed that the voltage and the current on the DCaidevithout ripple,

_ 1 21T '
Pic = 2—/ Vac(@t) - ige(owt) - d(ewt) (3.8)
T Jo
Paic = Vdcldc (3.9)
The AC side power is expressed as,
FTac = 3‘Va‘|a‘C05((p) (3-10)

To keep the balance between the AC and the DC side, powerdskqull to each
Other, Pac — Pdc

Vic:lde = 3‘Va‘ |a‘C05((p) (3-11)
\7a 2'Idc
—-CO = = 3.12
Voo C03%) 30 (3.12)
2
P = — 3.13
g ky - cog(¢) (3.19)

From the arm voltage and current expression it is possibleatculate the power
expression in each of the arms.

Ve ldc
6
Fig. [3.3 shows the plot of the current, voltage and the poweafi arm of a phase

leg.
The pulsation of energy in an arm of an inverter leg can be knloyvcalculating
the area between the two consecutive zero crossings of therpmrve from Fig.

Parm1(t) (1—ky-sin(wt)) - (1+k; - sin(wt + @)) (3.14)
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Figure 3.3: Current, voltage and power in each arm of a plegsefla MMC,Brans=
180 MW]

[3.3. It can be seen that the zero crossing of the power cuthe igsoint at which the
current crosses zero. Therefore, the two limits for thegreteon can be found from
the current curve,

1 .
0 = 3l (1+k-sin(wt+9)) (3.15)
The above expression is zero wh&n,sin(wt + @) = —1.
Solving for wt,

(1
wt; = —(p—asm<E> (3.16)

at
wty = n—(p+asm<E> (3.17)

The pulsation of energy on each arm is thus,

1 [
AWarmJ_ - Z) . Parm’l(a)t) . d(&)t) (3-18)
why
5 3/2
AWarm71 = 3. Cjcklz ’ (k12 - 1) / (3-19)
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If we consider that the energy is distributed equally in ladl sub-modules, the pul-
sation of energy per sub-module can be derived as,
Pac

5o €07 (3:20)

AWspm

Where subscripgmstands for sum-module. The necessary capacitor per subienod
can be determined from the above expression.

2- AW
Com = = (3-21)

£-VZ

Com = 2-Pye (kiz—l)

3.g.VC2.w.n.ki2

3/2

(3.22)

where 0< £ < 1 is the ripple factor of the voltage in the sub-module.
The ratio of total capacitance per arm of the converter apcdctipacitance per
sub-module in an arm can be defined as,
Csm

Carm = n (3-23)

Once the current, voltage, capacitance and the paramdtdrs semiconductor de-
vices of each sub-modules are known, it becomes possibistitnate the losses of
the MMC.

3.2 Energy LossesEvaluation

The structure of the WPP is chosen to be exactly the same 4 inase of the
HVAC transmission system. This applies that the multi-stuebpower curve and the
parameters of the WPP collector network of the HVYDC conrE@# P remains the
same.

3.2.1 Modular Multi-level Converter L osses

A list of converter parameters used for the losses calaulas presented in Table

B.1.

Table 3.1: Parameters of the converter

Parameters
Psc  DC side power 180[MW]|
Vpc DC voltage 200 [kV]
Ve sub module voltage 1.8 [kV]
Vo  AC voltage 100 [kV]
n no. of modules 136/arm
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Losses in a MMC can be categorized as semiconductor switcriad conduc-
tion losses, gate driver losses, losses in the energy staagacitors, losses in the
passive filters and protection inductors and other miscetlas losses. Power losses
in the gate driver of B [W] is included per IGBT. Approximate power losses asso-
ciated with the components like passive filter and capacioe calculated. In case
of an inductor, the losses calculation is done when the oispeparasitic resistance
(0.001pu) and core losses are known. The total capacitive lossesparexamated
to be 01% of the total power.

The IGBTs in the MMC are considered to be ‘hard switched’ lfwitt any snub-
ber circuit). As compared to the switching frequency of a-texel or a three-level
VSC, the necessary switching frequency of a MMC is low, acbtyr= 150Hz[29].
This reduces the switching losses of the semiconductondfisigntly [28]. The con-
duction and the switching losses of the semiconductors a@oeilated with the as-
sumption that the load current is pure sinusoidal. The patars of the considered
IGBT module are presented in Table]32;= 1800/ andl, = 1500A. (The subscript
r stands for reference).

Table 3.2: Parameters of selected semiconductors fordasdeulation

Vi re Eon Eoft Erec
IGBT(TLT) 31\V] 16[mQ] 33[/P] 27[3/P] —
DiodeD1D;) 23[V] 104[mQ] — _ 2[3/P]

The total forward voltage drop and the total on state powssde on a semicon-
ductor is given byi[28],

B = ir-Ve(l) (3.24)

Where, i; is the average forward current in a semiconductor gnt the equiva-

lent on state current determined from the load current. éndidta-sheet of an IGBT
device, a plot showing the function of forward voltayg X against the forward cur-
rent (g) is generally provided. A polynomial expression of thisdtian is derived,

which makes it possible to calculate the forward voltagengtgiven current level.

The product of this forward voltage times the average swétainent gives the con-
duction losses. The average forward current in the semigiod of a sub-module
are given hy([28, 30],

D= %.b.x.@ (3.25)
— 1 - 1 1
T2 = -0l g e (1450 ) (3:26)
i, = %.b.x.@ (3.27)
_ 1 ~ 1 1
Ip2 = Z'(l_b'x)'“a‘—i-é'ldc'(1_3.—m> (3'28)
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_ R 3
where,b =Vgc/(2-n-Ve); m=k - 7T [ia|/(2-1a) andx = (1—m~2)2,
Similarly, the switching losses in the semiconductor cae\@uated as below,

Eon+ Eofs =
PsiceT = fs‘<%> Ve -iarm1 (3.29)
relr
E -
Psdiode = fs-| 57— | xVc-larm1 (3.30)
Vr‘lr

Semiconductor switching losses is due to the product ofageltand current dur-
ing the switching sequence. Accurate prediction of theahinig losses at different
power levels is relatively very difficult. A linear approxation based on analyti-
cal calculation of eqgs.[(3.29 ahd 3130) and the referencanpeters directly taken
from the data-sheet can provide a good estimafion [31]. RAGBT or a diode,
the total energy dissipation during a switching sequeng@asgided in the respec-
tive data-sheet at a reference voltage and current. In daae G5BT, dissipation
of energy occurs both at the turn on and off sequence, howevease of a diode,
dissipation of energy occurs due to reverse recovery. Hewéhas to be noted that
the arm currentiam1, is not symmetric (refer Fig._3.3). During the calculatidn o
the losses, the asymmetry has thus been taken into accaleujating the average
arm current using the positive average for one IGBT and thp@site diode and the
negative average for the other IGBT and the opposite dioe[34 shows the total
semiconductor losses. The upper four plots refer to thetossan individual IGBT
and a diode for a given sub-module. The bottom plot referbg¢adtal losses in all
semiconductor parts of the MMC. Conduction losses are thet daminating part of
the total semiconductor losses in a MMC. The increment irdaotion losses with
increasing power shows polynomial increment because théumtion losses are de-
pendent on the square of the current. As the switching ldesesvIMC are only a
fraction of the total losses, a linear approximation basddutation is justified. The
total semi-conductor losses in a MMC contributes approxéigad.833 [%] of the
rated power.

3.22 HVDC Cables

HVDC cables are generally available in three main types.[32]

1. Mass impregnated cables - which are insulated with sppajzers; available
for up to~ 600 [kV].

2. Self-contained fluid filled cables - which are also insdatvith special papers
but are impregnated with low viscosity oil; available fortap~ 600 [KV].

3. Extruded cables (XLPE) - which are insulated with poly&the based com-
pound; available up tez 320 kV]. XLPE cables are not suitable for rapid
polarity reversals. Rapid polarity reversals in XLPE cahteeate localized
high stress and cause fast aging of the cable insulation. eMerywXLPE ca-
bles have become more preferable due to the development Gfth& does
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Figure 3.4: Total power losses in the semi-conductor deviéa MMC;cosp= 1.0

not require polarity reversal for power reversal. All thlldaing analysis in
this work is based on XLPE cable types.

Charging current in a HVDC cable transmission system is restent because the DC
voltage and the current do not alternate. The voltage bigtdn is capacitive during
the start-up, but the cable acts as a resistor during thie standition. However,
a small ripple in the DC voltage can occur. With accurateagst control strategy
and tuning, the ripple can be kept within small tolerableiténf28], and hence the
added losses due to this are negligible. The losses alongptile are calculated as
suggested i [14].

2
[ (dx) } Ve
Inom
Ca

Cq — OT - ABnax {1— ['I(LX)} 2]

Pdx) = (3.31)

Praddy) |

(3.32)

Vg =
nom

The total power losses are obtained by integrafing {3.3&) the total cable length.
The maximum power per length is given by the expression below

Prax(dX) = 2-12..- Rac(dx)

WhereRy¢(dXx) is the resistance per length of the caldg = 1— a7 - (20°C — Oamp),
ar is the temperature coefficient of copp&hmp is the ambient temperature and

(3.33)
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ABnax is the maximum permissible temperature rise of the cableFign [3.3, a
comparison of total cable losses for varying transmissiestadce and transmitted
power has been presented. The presented result are fos gdtiie = 800 [mnt] and
Rac/m=22 [uQ] at 20°C. At 150 [km distance with total active power transmission
of 200 [MW] the total losses in DC cablesis4.25 [%] as compared te: 6.45 [%]

as compared to an equivalent HVAC cable system.
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Figure 3.5: Cable losses against the total transmitted paye= 200 [kV]

3.2.3 LossesDistribution

Implementing a similar technique as discussed in the edEhaptef 2, the distribu-
tion of losses for a WPP rated at 18@VY A] with N = 50 number of wind turbines is
calculated; shown in Fig. 3.6.

It shall be noticed that the majority of the energy lossegrdmition is from the
cables and thereafter from the converters at the two endsedfiYDC transmission
line. The efficiency of these MMCs are generally very high tiuthe low switching
losses, smaller converter reactor requirements and theneliion of the filters at
both AC and DC side. Furthermore, a transformer at the gdd & not necessarily
needed with a MMC HVDC transmission. In the WPP collectomaek, the AC
voltage is relatively low £ 33kV). A transformer is thus required to step up the
voltage and reduce the converter current. In this work, mstcamer at both ends of
the HVDC transmission system is present to make a compaiesahiVAC solution.
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Figure 3.6: Distribution of energy losses as percentagéeftdtal energy losses in
the systemPans = 180MW, Vp = 20kV

The cables share ZB[%] atLy = 50 [km] as compared to 6@ [%] atLy = 200 [k
of the total energy losses. The cross-section area of teetsdl cable is 800jin?].
Likewise with a HVAC transmission system, a WPP of 3B0/A] is also evalu-
ated; which is twice the size of the one considered above tdthenumber of wind
turbines is increased td = 100, but the layout of the WPP is assumed to be similar
with collector network voltage at 3%Y]. The transmission voltage is selected to be
300 [kV]. HVDC cables witha = 1400 mn¥] are selected to allow room for higher
current. Distribution of energy losses in different comgais of the transmission
system is shown in Figl_3.7. The cables share’ 18] at Lo = 50 [km] as com-
pared to 48 [%] atLy = 200 [km)] of the total energy losses. For short transmission
distances, the losses in the converter stations dominatgitbuincreasing distance,
the losses in the cable start to grow. l4t= 50 [k, the sum of total losses in the
two VSCs is 497 [%] as compared to 3@ [%] at Lo = 200 [km] of the total energy
losses.

3.3 HVDC Transmission with DC Collector Network

The scope of a DC system can also be extended to a MV (medidagedlgrid, espe-
cially for future off-shore WPP collector network, where ghower transmission will
be via HVYDC sub-marine cables. MVDC grid allows weight sgvof components
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Figure 3.7: Distribution of energy losses as percentagbefdtal energy losses in
the systemPans = 360MW, Vo = 30kV

used in the system [33,34], specially for voltage transtdiom. The WPP collector
network conventionally is a MVAC system. However, in casepbwer transmission
is done via HVDC transmission system, the use of a DC coltemttwork might

provide an advantage. The electrical structure of such a @dRe&ctor network and
transmission system is presented in Figl] 3.8.

The use of a MVDC system in the WPP collector grid will requimdividual
wind turbines in a WPP to generate DC output. The AC outpuhefwind turbine
generators should be rectified, and instead of a convehtidDaransformer, a DC-
DC converter should be used to step-up the voltage level DD@onverters are the
DC equivalent of the AC transformers, whose primary job istep-up or step-down
the voltage level. The DC-DC converter required for this powand voltage level
is, however, not a standardized unit and is under developf38h A comparison
based on power losses of different types of DC-DC convestétts MF (medium
frequency) AC transformer is also presented in [33]. It earpresented that a full-
bridge converter is the most suitable option for WPP apfitioa in terms of energy
losses, simple design and control options.

3.3.1 DC-DC Converter

A full-bridge DC-DC converter topology is presented in HB19. The low voltage
side of a step-up type full-bridge DC-DC converter consitfour active switches
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Figure 3.8: HVDC power transmission from an off-shore WP#é&near-by on-land
transmission system with DC collector network

and four freewheeling diodes and the high voltage side stssif a passive diode
rectifier. The high voltage side and the low voltage side ofilalfridge DC-DC
converter is isolated through a MF transformer. As one enthefconverter is a
passive diode rectifier, the power flow is uni-directionaheTiode bridge output on
the high voltage side is connected via an output filter so amitimize the output
voltage and current peak ripple. The low voltage side adiidge is controlled via
PWM signal by utilizing the duty ratio control. The relatigitip between the input
and the output voltages of a duty cycle controlled full-ggdDC-DC converter can
be expressed in terms of duty ratid)(of the active switches and the turns ratio of
the transformer.
VO Ns
va N, 2.D (3.34)

Where,V, is the output side DC voltag¥j, is the input side DC voltagé\s andN,
are the secondary and primary side number of turns of the Btistormer. There-
fore, to optimize the transformer turns ratio, it might beattageous to operate the
DC-DC converter with a highest possible duty ratio. The mmaxih possible duty
ratio for the active switches is 50 [%]. But in practice a lstlg lower duty ratio
is implemented to account for a small dead time between theopposite pair of
switches (required to avoid complete short circuit), traission voltage drop and
the transformer leakage reactance current reversal tirhes rieeds to be compen-
sated by increasing the transformer turns ratio.

The other technique to control such a full-bridge DC-DC @ster is to utilize
a phase shift control between the two legs of the low voltade Isridge [35]. This
technique utilizes the transformer leakage inductancetlamdctive switches para-
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Figure 3.9: Full-bridge DC-DC converter

sitic capacitors to achieve a soft switching, hereby, reduthe switching losses.
The range of zero voltage switching is thus limited by thdéege inductance of the
transformer and the parasitic capacitors. Zero voltag¢chinig over a wider range
of operation demands higher leakage inductance, makingptimized transformer
design complicated. An additional inductor might becomeessary and also an
additional capacitor across each of the switches will beired. Additional induc-
tor and capacitors will, nevertheless, introduce add#idosses. Therefore, design
and control of such a converter is relatively complicatedhe Tost and benefit of
such a system for a very high power level application is natiais and will re-
quire a detailed comparison. In this work only a hard switctety ratio controlled
full-bridge converter will be analyzed as it offers relatisimple control and design
options (which for a very high power application is a majovattage).

A MF transformer is composed of a core (magnetic materiad) the windings
of primary side and the secondary side. The choice of the omterial can be
influenced by various application requirements and spatidics like power level,
frequency of operation etc. For example, for low frequenower transformer ap-
plications, laminated steel cores are preferred. Theyr dffigher saturation flux
density and hence reduce the weight (size) of the transfori@e the other hand
they have higher core losses, specifically the eddy curassgek are high due to
their lower electrical resistance, hence laminated staretssed to reduce eddy cur-
rent losses![36]. For relatively small power applicatiorthaligh frequency over
10 [kHZ, ferrite cores are generally preferred [36, 37]. Ferrianials offer lower
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eddy current losses as they have very high electrical agist but low saturation
flux density. The other material class used in transformetde alloys of mainly
iron and small part of other elements. Amorphous alloys af iand other transi-
tion metals, trade name as METGLAS, is also presented_in [Ifipse materials
offer higher electrical resistance than steel cores ankenigaturation flux density
compared to the ferrites, thus making it suitable for MF sfarmers of around 2
[kHZ ranges [[37]. With this in consideration, an amorphousyatiore material
2605SA1[38] is chosen for the design of the MF transformedus a full bridge
DC-DC converter application (also referenced.in [39]). $tze (volume and weight)
of an off-shore transformer is an important parameter, enthié losses in the core and
the windings are also equally significant. During the desifjithe transformer, the
main focus should, therefore, be put on those parametemserl.copper losses are
achieved by using lowest possible turns in both the primadythe secondary wind-
ing. However, lower turns result in higher core loss and éighansformer weight
as seen in Fid._3.10. Although higher turns reduce both thelogses and the core
weight, the copper losses are increased and more impgrtiaatiso increases the
weight of the windings. It is seen in Fig._3]10 that the lowestes occur at around
Np = 12 while the weight of the core and copper added together doeseduce
significantly with additional turns in the primary windinghe plots in Fig[.Z3.10 are
calculated for a 14HZ transformer designed for a@[MW] wind turbine DC-DC
converter. The weight of a MF transformer (approx. 5&@]) is only around 7 10
[%] of a standard 50H Z] transformer (approx. 600[g]). The transformer design
procedure is described in detaillin B.1.

3.4 Energy LossesEvaluation

The VSC and the transformer representation at the grid emdharsame as in the
earlier case of HVDC transmission with MVAC collector gridhe layout of the
WPP is again considered to be exactly the same as in therezaties; however, the
collector network is a MVDC system. This implies that onlyoteables are required
instead of three (or three core) as compared to MVAC systelme dguivalentrt
parameters of the collector network are re-calculateddanehe DC cables and the
resulting parameters are,

Zeq= (0.014+0.047j) [Q]

Ceq= 6.529 [UF]

3.4.1 DC-DC Converter Losses

A list of DC-DC converter parameters used for the calculatice presented in Table
B.1.

Losses in a DC-DC converter can be categorized into three gnaups, (i) trans-
former losses, (ii) semiconductor conduction losses dijdsémiconductor switch-
ing losses. Losses in the transformer are mainly due to tleelasses and the copper
losses. Core losses are constant irrespective to the poavesfdr, as they depend
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Figure 3.10: Dependence of transformer losses and sizerabemwof turns

Table 3.3: Parameters of the DC-DC converter at the WPP

Parameters
Pac DC side power 180 [MW]
Vbc DC voltage 200 [kV]

Ven collector network voltage 33 [kV]
Ns/Np Transformer turns ratio 7
Fsw switching frequency 1kHZ

upon the voltage level. Copper losses, however, depend tingocurrent and hence
the power level. The total core lossé%{sc) can be estimated when the volume of
the core Y¢) is known.

Rossc = kl-pc-Fskz-Blégk-Vc (3.35)

Wherep, = 7.18 [gm/cn?] is the density of the core materidh = 6.5, ko = 1.51,
ks = 1.74 are the constants given in the data-sheet [38] Bydis the peak flux
density in the core. The total copper losses can be calculaten the length of
the winding of the primaryl{,p) and the secondanl(s), cross-section area of
the primary and secondary windingg,() and resistivity of a copper wirepf,) are

39



3. HVDC TRANSMISSION SYSTEM

40

known.

A A
12. Peu-lcup 112, Peu-lcus (3.36)
Acu,p Acus

The total transformer losses are the sum of the total cose$oand the total copper
losses.

Iqoss,cu

Iqoss.,tx = Hossc+Hosscu (3-37)

The semiconductor switching and conduction losses canlbalaged using similar
technique as discussed in case of the MMC.

In Table[3.4, the parameters of the semiconductor compsnesed for the WPP
DC-DC converter is presented. Inthe table, the terms ‘S*Rihstand for the number
of units per switch that are either series or parallel coteteto achieve the rated
voltage and current requirements. The total calculatese®$or the WPP DC-DC
converter is shown in Fig_3.11 and the rated WPP power I¢kelpercentage of
the total losses is approximately6B [%)] of the rated power. The most dominant
losses are the switching losses followed by the conductiesels. The contribution
of transformer losses to the total losses is very small.

Table 3.4: Parameters of the selected semiconductorseai/tP DC-DC converter.

Vces | c Eon Eof f Erec S P
IGBT 3300[V] 1500[A] 3.3[J/P] 27[J/P] — 20 4
Diode 6000[V] 1100[A] — — 5[J/P] 58 1

3.4.2 LossesDistribution

The distribution of losses on different components for WH® wated capacity of
180 [MVA], N =50 is presented in Fig._3.112. The sizing of the cabkes- @800
[mn?]) and the parameters of the grid side VSC and transformerslap chosen
to be identical as in the case of a HVYDC transmission with Aector network.
The losses in the DC-DC converter are slightly higher that tdf an equivalent
MMC. Therefore, the contribution of DC-DC converter losf@sshort transmission
distance is more significant. Losses contribution due tagtte drivers (7\[V]) per
IGBT and due to the output filter (® [%)]) is included during the converter losses
evaluation. The cables share.25%] at Ly = 50 [km] as compared to 59 [%] at

Lo = 200 [km of the total energy losses.

3.5 Transmission System Comparison

The wind turbine topology for a HVAC transmission system artdvVDC transmis-
sion system with MVAC collector network is selected to beamdard full-converter



3.5. Transmission System Comparison

IGBT Rectifier diodes
2.5 0.8
—e— Conduction —e— Conduction
2[| —o- Switching 1 0.6/l ¢~ Switching
) 15 Total 50 =) Total
= &° = £0°
= X = 04 &0
g 1 o g 09
2~ 509 a” PR
oo M | o2 M
ol e
0 0%+
0 50 100 150 200 0 50 100 150 200
Ptrans [MW] Ptrans [MW]
Total DC-DC converter losses
4 T T
—o— Conduction
3l —%— Switching i
3 —+— Transformer
=, Al Total |
2
o2
1 - -
0 50 100 150 200
P [MW]

trans

Figure 3.11: Total power losses in the WPP side DC-DC coevert

design based on induction generator. However, when theatofl grid is replaced
with a MVDC transmission system, the topology of the winctne converter sys-
tem should be modified. The AC collector network side VSC &edXC transformer
of the wind turbine will be replaced by a DC-DC converterslassumed that the gen-
erator side VSC and the DC link voltage will, neverthelesmain the same in both
cases. Based on this assumption, losses comparison betwstandard two-level
VSC (semiconductor losses plus the wind turbine transfotowses) and a DC-DC
converter (semiconductor losses plus the MF transfornesel) is performed. At
the rated power of the wind turbine, the percentage losse®i@-DC converter sys-
tem was calculated to be@D8 [%] compared t0.X57 [%] in case of a VSC system.
The DC-DC converter system seems to offer slightly lowesésswhich are mainly
due to the lower losses in the MF transformer. The contidioutf output filter has
been neglected in the above comparison. Therefore, asguh@hthe wind turbine
losses would not differ significantly among the two wind fngbsystems, they are
not considered in the total system comparison.

The total energy losses for a HVAC and the two HVDC transroissiolutions
are compared in Fig. 3.113. Each transmission solution isifidévidually optimized
in terms of transmission voltage rating and component gizifhe comparison of
cost has not been performed as a part of this work (an exaraplbefound in[40]),
but the comparison has been performed in terms of total dremeagy losses. As
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Figure 3.12: Distribution of energy losses as percentagbeofotal energy losses in
the systemBans = 18MW, Vp = 20kV

seen in the figure, the losses in an HVAC transmission systentower than those
in a HVDC system for shorter transmission distances. Howeavken the length
of the transmission line becomes longer, the HVYDC systemoiserefficient; as the
losses in the HVAC cables increase rapidly with length. Témults presented are
for 180 [MW] and 360 MW] WPPs; which are medium sized WPPs compared to
those presently announced. For a medium sized WPP it canrifienced that be-
low 90 [km], the HVAC solution provides more efficient solution whilbave 110
[km] the HVDC solution provides the most efficient transmissiofution. In case of
large WPPs*$ 500 [MVA]), it can be expected that the HVDC system will provide
a further efficient solution intersecting the losses curivthe corresponding HVAC
system at a shorter distance. Based on Eig. 2.2 a higher darabsarplus reactive
current is required to be compensated as the power levehéovdltage level) in-
creases. Although total system losses is only one of themfejtors, the process
of optimization will also include many other factors. Sonfietem would be the in-
vestment cost, running cost, system services, systematoRIEC grid strength etc.
These comparisons will have to be made based on individaggirrequirements
and parameters.

On the other hand, the difference between a HVDC system wiftVAC col-
lector network and a HVDC system with DC collector networkdg as obvious in
terms of efficiency only. Except for the collector networkdathe WPP side DC-
DC converter, the two transmission systems are identicthepdo not show much
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Figure 3.13: Comparison of energy losses among differamstnission systems;
*MVDC collector network

variation with transmission length. As discussed in eadixtions, it can be seen
that all the pre-requisites and system control are availfdsl constructing a MVDC
collector grid in a WPP. Much research are being performeskiacting and devel-
oping DC-DC converters and their control. But even thougitglare many DC-DC
converter topologies available for small power level, ¢hesnverters are not tested
enough for high power applications.

A brief summary of the three transmission solutions aregmesl below.

HVAC system

1. Is the most mature transmission solution and most of thgpoments are well
known; the past experience is vital for the reliability oétsystem operation.

)

2. Provides the lowest losses of the three compared sotutarshort transmis-
sion distances. (+)

3. Offers the lowest off-shore platform cost, because nogp@lectronics devices
are required. (+)

4. Generates considerable amount of reactive current aisctitle cable capacity
is limited. Reactive power compensation becomes necegsary
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5.

Requires more number of transmission cables than theadgoi DC trans-
mission solution, and hence the cable cost is higher. (-)

Due to the higher capacitance in a HVAC cable line, resoesumay occur
between the WPP collector network grid and the main grid etaih-shore;

causing voltage distortion. Fif._3]14 shows the networkddgmce of a cable
space-state model calculated as a transfer function frencdinrent input to
the voltage output at the receiving end. It can be obsenaittiie frequency
of the oscillatory modes of a cable line are decreasing fenesing transmis-
sion length. Lower resonance frequency results in highterifilg efforts. A

good approximation of the maximum frequency range reptedeny the ca-
ble model isfmax= (Nz-V)/(8-Lo), v=1/v/L-C, Ny = number ofrr sections,

Lo = cable length([41]. (-)

. The WPP collector network is AC-AC coupled with the maimdgso the AC

side disturbances are directly reflected to each other. (-)

. Modern WPPs are expected to support the grid with reactiveent. In case

of a HVAC cable transmission, the required reactive cunatneed to be de-
livered over the entire transmission length. This impliest the losses in the
cables will increase accordingly and as such the cables toebe consider-
ably over-sized. Alternatively, an extra reactive powenpensation unit (e.g.
SVC) is required to be installed at the PCC. (-)

HVDC system with MVAC collector network

1.

Provides very fast active and reactive power controlomgti which is ideal for
weak grid connection of WPP. (+)

. The reactive power demanded by the host power system chocdley sup-

ported by the grid side VSC. (+)

HVDC provides an AC-AC de-coupling between the WPP ctllenetwork
and the main grid, so the AC disturbances at either ends dreewessarily
reflected to the opposite end. (+)

. There is also no resonance between the transmissiorsaairdeother compo-

nents in the AC grid at the two ends of the transmission sysfejn

Requires less number of transmission cables and alsasised in the DC
transmission line is lower. (+)

. There are no theoretical limits on the active power trassion distance. (+)
. Requires more components (VSCs) and bigger off-shottopiasize. (-)

. The cost of added components and the amount of losses dbeske it com-

petive for short distances. (-)
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Figure 3.14: Network impedance of a cable space-state ncaliellated as a transfer
function from the current input to the voltage output;= 132 [kV], Ny =5

HVDC system with MVDC collector network

The system does not vary so much from the HVDC system with M\é&{lector
network, but some differences are itemized below.

1. MVDC collector network results in reduced component \Wgigspecially in
case of transformer and number of medium voltage cables. (+)

2. MVDC system does not offer any natural zero crossings Hretefore, re-
quires more complicated switch gear and protection uni}s. (

3. The DC-DC converters are relatively unproven for high eoapplications. (-)

Therefore, based on known technology and components gewelat, HVDC with
MVAC collector grid might be preferred in the current coritébut the use of MVDC
collector grid cannot be ruled out for the future.
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Four

Dynamic Simulation Model

In this chapter, a dynamic simulation model of a VSC-HVDheated
off-shore WPP will be discussed including wind turbine, Y&&bles,
other major components and associated control systemsmolel pre-
sented here will be further used to investigate the systesaftsfactory
operation and will also be tested to verify various grid cdiance ca-
pabilities of the system.

The electrical structure of the system selected for furiinestigation is as shown in
Fig.[4.1. A more generic diagram of the system is the sameRigif8.1 with MVAC
collector network. The HVDC transmission system in congitien is based on VSC
which enables bi-directional flow of active power betweea YWPP and the host
power system. However, the flow of active power from the pasystem towards the
WPP is limited mainly during the system start-up. The simotemodel has been
prepared in ‘Simulink, Matlab{R. In Table[4.1, the parameters of the system under
consideration are presentel. is the number of turbines in the WPP, subscripts
stands for wind turbine¢cn stands for WPP collection networkc stands for DC,
k stands for a VSCg stands for grid and.q is the HVDC transmission distance.
The nomenclature of different parameters presented hdrdavused to illustrate
different electrical behaviors and plots further on in tbpart.

Table 4.1: System parameters

Parameters Parameters
WPP Location Offshore N 50
Sit 3.6 [MVA] Vi 690 V]
Ven 33 [kV] S 180 [MVA]
Ve 200 kV] Vi 100 [kV]
Vg 400 kV] Lo 100 [kni

a7
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Figure 4.1: General overview of the simulation model
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4.1. Grid Side Voltage Sourced Converter

4.1 Grid Side Voltage Sourced Converter

The grid side VSC is referred to the HVDC VSC at the host powstesn end (Fig.
[4.1) which is represented by a generic VSC model - equivaliectit shown in Fig.
[4.2. A detailed vector control structure is then implemdrtte control the voltage
magnitude and angle at the terminals of the VSC.

_ Vo) —— — ()

V. / 2—_:T

A —

Figure 4.2: Equivalent circuit of the VSC model

The control of a VSC can be divided into two loops. The innerent loop
controls the current by sending controlled reference gekao the VSC modulation
unit. The inner current loop operates ida@rotating reference frame synchronized to
the PCC AC voltage by a PLL (phase locked loop). Theaxis currentjyg controls
the active power while thg— axis currentjyq controls the reactive power. Tlie-
andg— axis are defined as the components in phase with the AC vgitaage angle
reference and in quadrature to the AC voltage phase anglerafe respectively. The
output voltage references generated by the current lodpasradq reference frame,
which is then transformed t@bc stationary reference frame. The active and reactive
power exchange of a VSC is, therefore, determined by the \é&@Gimal voltages
with respect to the reference voltages. At the grid side gf Bil, ifv is taken as
the terminal voltage (for e.g. the magnitudeslin andq— axis asvg = 81.65 [kV],
vq = 0 [kV]), the expression for active and reactive power can be eéras in the
following equations.

Va - [(Vd — Vid) - R — Vig - X0

P, — e (4.2)
(Vg — Viea) - X :

The plots forPy andQg are presented in Fig. 4.3. It can be observed that the active
power can be controlled by adjusting, with respect to the terminal voltage while
changingvq has very little effect on active power exchange except ferrésistive
losses. Similarly, reactive power can be controlled by stitig vig with respect to

the terminal voltage while changingq has very little effect on reactive power.
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Figure 4.3: Active and reactive power exchange of a grid eoted VSC

The active and reactive power exchange between a VSC anditheag also be
explained through standard equations applied betweennt@o¢onnected AC sys-
tems with impedance in between. The control of active poweoine by controlling
the voltage angl® between the fundamental voltage of the VSC and the grid volt-
age; whereas the reactive power control is achieved byabng the amplitude of
the VSC voltage with respect to the grid voltage [7].

V -V - sind
Py = X (4.3)
V- (V—\V-cod)

Qg = X (4-4)

41.1 Current Control

The current control of a VSC is, therefore, designed to obritre VSC terminal
voltages ind— andg— axis and performs the following tasks,

1. Take current command (reference) from external coetsll
2. Apply current limits to the reference values if necessangy,

3. Ensure that the VSC is exchanging the right amount of ntae being com-
manded.

The active and reactive current capability diagram of theC\&§stem is shown in
Fig.[4.4. The figure cannot be generalized to all VSCs buasepresentation of the
limits applied in this work. The inner dashed circle represehe unit circle of the
current and the outer curve is the available current owimgaThed— axis current
is over-rated to 1L [pu] while theq— axis current is limited to D [pu].

The reference values for the active and reactive currerttacaare derived from
relatively slower outer control loops. A VSC can operatelifaur quadrants; ab-
sorbing and releasing both active and reactive power. Tdrerea VSC can actively
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Figure 4.4: Current capability of a VSC converter

control a number of parameters including: (i) AC side fregpye(fy), (ii) active
power @), (iii) DC voltage {/qc), (iv) AC voltage ¥o) and, (v) reactive poweig).

Control of eitherfy, Py or thevyc can be used to generate thg reference (de-
noted byi, ;) and the control of eithe¥p or theQq can be used to generaig refer-
ence (denoted b‘%). It has to be noted that not all parameters can be contralled
one time. The choice depends upon the situation and the ctimgpgower system.

The inner current control structure of a VSC can be derivethfthe terminal
voltage equation. The grid side VSC is connected to the el sansformer’'s LV
(low voltage) side through a three phase inductor. The geltaquation of a VSC
can is expressed as in ef._(4.5). The system parametersaava shFig.[4.5. The
synchronization signalsapc andigp, are obtained from the LV side of the grid side
transformer. Therefore, the transformer and its leakagedtance can be considered
as a part of the host power system.

dig(t)

w(t)—v(t) = Lk at

+ Ry - k(1) (4.5)

Wherey is the converter side phase voltages the transformer LV side phase
voltage, iy is the phase current through the inductgy,is the phase inductance and
R« is the resistance associated with the inductor. The nualeradues of the VSC
parameters are presented in Tdbld 4.2. For all the threeephag. [(45) can be
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Figure 4.5: Representation of a grid side VSC

re-written as in ed(416).

ika(t) ika(t) Via(t) — Va(t)
9 | = “R e [+2 ] vio® —w() (4.6)
dt ikc(t) Lk

Table 4.2: Parameters of grid side VSC

Parameters
Lk VSC output inductor 15.9 [mH]
R Inductor resistance 50 [MQ)]

Cdc/2 DC side capacitor 250 [uF]

It is possible to apply Clarke’s transformation betwedst reference frame and
a3 through a transformation matrix. Ensuring equal peak \&alngwo reference
frames, the transformation can be done throughledl (4.7).

Xt | _ 211 2 |
xgt) | — 3]0 — V3
Thus ina 3 reference frame, ed._(4.6) can be written as:

dliky | = R [ika®) ], 1 [ Wka(t)=Valt)
dt [ ikB(t)] Lk [ikﬁ(t)] Ly [vkﬁ(t)—vﬁ(t)} (4.8)

Eq. (4.8) describes a VSC operating under balanced vol@aggitoons (symmetrical
three phases). An additional negative sequence needs #kdre ihto consideration
when the VSC is operating under unbalanced voltage conditibhe zero sequence
components can be assumed zero for the considered thresystem. In thex 3
reference frame, the two network sequences can be decothasse

(4.7)

N|§|I\J!l—‘

Xag)(t) = Xa(g)p(t) +Xa(p)n(t) (4.9)
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Where the subscriptp andn stand for positive and negative sequence components
respectively. Different techniques to separate the sesuesmponents from the3
reference frame are discussed(ini[42]. Among differentri@gles, it is concluded
that the delayed signal cancellation method is the besttadafyhe sequence sepa-
ration is achieved by introducing a delay of one fouflh (4) of the network funda-
mental period. The equations implemented for the decortipnss as follows:

Xan(t) = %-[Xa(t)—i—XB (t—J"}s)} (4.10)
) = 3 pa e (12| -
Xap(t) = Xa(t) —Xan(t) (4.12)
Xgp(t) = Xg(t) —Xgn(t) (4.13)

WhereTn = 1/ fm, fm is the fundamental frequency of the AC system agé the
sampling time.

The separation of sequence components under unbalandedes/alondition is
shown in Fig.[4.6. At = 0.08 [5], a negative sequence voltage 60.2 [pU] is
imposed on the three phase voltages. It can be observedhéhpbsitive sequences
remain unchanged in the reference frame and similarly in tloke reference frame,
but the negative sequences are introduced.

2
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©
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_2 | | | | | | |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time [sl
2
.5-. ,‘\\ \\ \\ ,\\ A /«‘ /ﬁ‘ //‘ é !
3 O /, il \ 1 o | ,\ mc')_ 0,
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Figure 4.6: Separation of network sequences during unbathoonditions
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Therefore, e (4]8) can now be split into positive and nggatequence compo-
nents.

d [ ikap(t) 1 R [ ikap(t) | 1 [ Vikap(t) = Vap(t)
dt [ igp) | Lk [ ikgp() | L | Vigp(t) —Vpp(t) ] (4-14)
d [ ikan(t) ] N _&. [ ikan(t) ] i [ Vian(t) — Van(t)
dt [ ign() | Lk [ kgn() | * Lic | Viggn(t) —Vgn(t) ] (4-19)

The a3 reference frame can be further transformed uhtpreference frame which
gives a space vector standing still in a new rotating coratdi system. Ifw =
2.1 fy is the fundamental angular frequency, the transformatam e obtained
through the following Park’s transformation:

[ xap(t) ] _ [ cog6) sin() | [ Xap(t)

L XqE(t) | | —sin(B) cogB) | | Xﬁs(t) ] (4.16)
an(®) | _ [ cod0) —sin(0) | [ Xan(t) |

| Xn() || sin(@)  cogB) || xgn(t) | (4.17)

Where the angular position of the supply voltage can be ke as in[(4.18)
or generally derived from a PLL,

6 — tant <V—B> (4.18)
Va

A PLL is implemented such that the AC voltage vector is aldyatngd — axis
Therefore, the— axisvoltage is compared against a zero reference value. The erro
is applied to a PI controller to derive angular frequenay.(The required angular
position ) is further derived by integrating the angular frequency.

The active power and reactive power flowdgreference frame can be expressed
as below with the scaling factor used in the transformation.

3 . ) . .
R = é'((Vdp'lkdp+vqp'|kqp)+(Vdn'|kdn+vqn'|kqn)) (4.19)

3 ) . . .
Q = _E'((Vdp'|kqp+qu'|kdp)+(Vdn'|kdn+an'|kqn)) (4.20)

Sinced — axisis aligned with the voltage position given Iy vy is zero during

steady state condition. The active and reactive power thills, be proportional to
ikapn) @ndixgpn) respectively. The rotation for the negative sequence gel@nd

current €)%Y) is in the opposite direction to that of the positive seqeenaltage

and current¢lt). Egs. [4.1%) &[(4.15) can after transformation be written a

d [ ikap(t) _ ikdp(t) 1 Viedp(t) — Vap(t)
a[ iqu(t) ] = A { iqu(t) ]+L—k. [ quz(t)_vqg(t) } (4.21)
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Sl ] < e[t | L [ et ] az)

dt | ikgn(t) ikgn(t) Lic | Vkgn(t) —Vgn(t)
_ R _Re
Where [A] = | L _ﬁ 8=k A
Lk

By solving egs. [E]l) &[(4.22), the converter side AC voitagan be obtained.

dep(t) = Rk-ikdp(t)+Lk- dikgrt)(t) —OJ-Lk-ikqp(t)+Vdp(t) (4.23)

Vkgp(t) = Ri-ikgp(t) + Lk dikgif(t) + - Ly-ikap(t) +Vgp(t)  (4.24)
_ . dikdn(t) .

Vikdn(t) = Rk:ikan(t) + Lk at + w- Lk-lkqn(t)+Vdn(t) (4.25)

wanl®) = Recikgn L P o () +vnt) 0.2

Integrating eqs[(4.23-4.26) over the sampling penof to (n+ 1) - Ts (n being
an integer);

1 (n+1)-Ts 1 (n+1)-Ts di
— dep(t) dt = — <Rk Ikdp(t) + Lk~ kdp( )
Ts n-Ts Ts nTs

1 (n+1)-Ts 1 (n+1)-Ts dlk ( )
= t).-dt = = “ikgp(t) + Ly - —2p
TeJur. Vigp(t) Toor (Rk ikgp(t) + Lk at +
1 [(DTs 1 (MDTs dl

= Vign(t) -dt = — <Rk ikdn(t) + kdn( ) +
Ts n-Ts Ts nTs

1 (n+1)-Ts 1 (n+1)-Ts dl

TS nTg TS n-Ts

The integration of voltage or current over a sampling pedivitied by the sampling
time will return a mean value of the voltage or current reipely. For further
analysis it can be assumed that the current changes linaadlythe AC voltage at
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PCC is relatively constant during the period of integrafié8]. The mean value of
VSC side voltagesw(n,n+ 1)) are the parameters to be controlled.

1 (n+1)-Ts 1
— ikt)-dt = =-(ix(n+1)+ik(n)) (4.31)
TS nTg 2
1 (n+1)-Ts _
= V(t)-dt = w(nn+1) (4.32)
Ts n-Ts
1 (n+1)-Ts
= v(t)-dt = v(n) (4.33)
Ts n-Ts

Therefore, the above voltage equations can be re-written as

Vidp(n,n+1) = %'(ikdp(nJrl)Jrikdp(n))+|-_r—:'(ikdp(”+1)—ikdp(n))—
w'TL" - (ikgp(N+ 1) +ikgp(N)) + Vap(N) (4.34)
Vigp(N,n+1) = % + (ikgp(N+ 1) +ikgp(n)) + I}—: (ikgp(N+1) —ikgp(n)) +
“"2"" (ikap(N+ 1) +ikdp(n)) + Vgp(N) (4.35)
Far(nn+1) = 2 (an(n= 1)+ () + = (an(n+ 1)~ kan) +
“"2"" - (ikgn(N+ 1) +ikgn(n)) + Van(n) (4.36)
Tar+1) = 2 (n+-2) ) + = (an(n+2) —an() —
O (4 1) +ikan() -+ V() 4.37)

The values of current ah(+ 1) are replaced by the current reference values from the
outer loops atrf). This is also justified considering the unit sampling tingdag in

the control system. The mean value of the VSC side voltagesansidered as the
required reference voltage command to the VSC.

Vo) = 3 (el + kap) + 7 gp(r) — () -

w'TLk - (ikgp(n) +ikgp(n)) + Vap(n) (4.38)

Vlr<qp(n) - % : (irkqp(n) + ikqp(n)) + l-_l-_: : (irkqp(n) - ikqp(n)) +

O (iaplm) -+ k) + Vop(1) (4.39)
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&

Lk

Vi) = 5 an) + i)+ 2 () —an() +

O 2 (i) +ikan() + Van(1) (4.40)
Vign® = 3 () + i) + 2 ()~ ) ~

L ifan()+ () Ve () (4.4)

Therefore, eqs[(4.38-4141) can be directly used to cotfieopositive and negative
sequence currents. E@._(4.38) can be further simplifiedievthe same can be done
to the remaining three egs., but are not shown in detail gréport.

Viap(N) = Ruikdp(n) + Ge (ikap(n) —ikdp(n)) —
D72 (ikaplR) -+ ikaplK)) +Vap(K) (4.42)
Where, G is a function of the error signag = (ij4,(n) —ikap(n) ) representing a
PI1 (proportional integral) controller. The current comtiotock diagram is shown in
Fig.[4.7. The PI controller processes the error sign’%a‘gn — lIkdq(pny) N order to
stabilize the current control, and the remaining terms énabove equation are feed-
forward terms mainly responsible to de-couple the dynamfdgy pr) from ixgpn)
(or vice-versa) and to de-couple the dynamicg@fn) andiyypn from those of the
host power system.
To design the current control system, it can be assumed hbaturrent con-
trollers ind andq reference frames act independently, while the cross-aaypérm

is considered as a disturbance to the system. The planfdrdnaction is derived to
be,

1
Gp(s) = Rt s (4.43)
Gp(2) = ZfSA (4.44)

Where,Ks = (1—A)/R¢ andA = e R/, The sampling time used i& = 100
[us]. Aunitdelay, Yz, is included to account for the controller delay. The nucari
values ofR¢ andLy parameters are presented in Tdblg 4.2. By using the folpwin
controller of eq. [(4.45), a design for damping ratiofo&= 0.7827 and close-loop
natural frequency ofo, = 7431 fad/s] can be obtained.

Gz) — 50- (z—0.9992 (4.45)

z—-1

In Fig. [4.8, frequency response of the system from the ratme:urrent,i’kdp, to
the converter actual curreriig, is shown for different gain value&(f = Kps- Kpc;
whereKys = (Lk/Ts) + (R¢/2) is the system gain anl, ¢ is the Pl compensator
gain). To obtain fast response usually a higher gain is medehowever, it shall be
noted that a very high gain can result in an undesirable dabhessystem.
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Figure 4.7: Current control block diagram

4.1.2 DC Voltage Control

One of the main functions of the grid end VSC of a HVDC transimis system is to
maintain the DC voltage level at a pre-defined value. By atlitig the DC voltage,
the grid end VSC ensures that the total active power from tRé\ig delivered to the
host power system and the system balance is maintained.

If it is assumed that the voltage and current at the AC sidebatanced, the
expression for the AC side active power will consists of ahlg positive sequence
terms. Furthermore/y, = 0, so the active power expression is,

Pac = 3+ (Vap(t) Teplt) + Vap(t) Tep(D) (4.46)
Pac = >+ (Vaplt)iaplt) (4.47)

Similarly, the power in the DC side can be written as,
Pac = ldc(t) - Vac(t) (4.48)

If the losses in the system are to be neglected, active paowttiei AC side should
equal the power in the DC side to maintain energy balancedrsyistem. If the bal-
ance in energy is not maintained in the system, the DC sidag@Wwill be affected.

Pac — Pd c (4 . 49)
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Figure 4.8: Frequency response of the current control

If the active power equality between the AC and DC side isBat, the following
expression can be derived.

3- (Vaplt) - 50))

lac(t) 2-vyc(t)

(4.50)

In the above eq.[(4.50), the AC side- axis currentqp(t) is replaced with the ref-
erence current valuig,(t). The DC voltage control (outer loop) is relatively slower
than the current control loop (inner loop). So for the coesition of DC voltage
control, the AC side current in consideration can be comsitlequal to its equiva-
lent reference valué [43].

The main idea behind the DC voltage control is to keep theggrtealance over
the VSC DC capacitor, given by the following eq. (4.51) - tistem parameters are
shown in Fig.[6.B. The HVDC transmission is a bi-polar systeith =100 kV]
voltage level and the value of capacitor per converter pkr isd®250 uF].

‘ dVdC(t)

iin(t)—idc(t) = Cqc dt

(4.51)

59



4. DYNAMIC SIMULATION MODEL

60

Integrating the above equation over the sampling pemiog to (n+ 1) - Ts,

(+1)-Ts _ (MHDTs Jyye(t
/ (iin(t) —ige(t)) -dt = Cdc-/ ‘éct()-dt (4.52)
nTs nTg

The DC side currents;, andigc can be considered constant during steady state (or

the considered time interval), which implig&y " ™ ii(qq (t) - dt = iin(aq) (N) -

lin(N)— ige(n) = CdC-Ti-(vdc(nJrl)—vdc(n)) (4.53)

S

vac(n+ 1) is the DC voltage referencej(n). Using eq. [(4.50), the following ex-
pression can be derived.

3+ (vap(n) i5(m)

()~ e = G (el ) @59
3 (Vap(n) i, (n)
<dzp.vdc(r:j)p ) = iin(n)—CdoTis'(VEc(n)—Vdc(n)) (4.55)
|(r:ip(n) - %:/IZZE:;'M”)—
g . ://:;C)E:; . CT_d: - (Vie(M) = Vge(n))  (4.56)

Therefore, eq. [(4.56) can be directly utilized to contra IDC voltage from the
grid side converter. While designing the DC voltage coigrplthe inner current
control can be assumed ideal [44]; while the plant transfection is given as;qyc-
Ts/(z—1). The following controller, therefore, gives a design witmping ratio of
{ = 0.746 and close-loop natural frequencywf= 174 [rad/s|.

0.13(z— 0.9885

Ge(2) = 1 (4.57)

The response of the inner current control and the outer Dtagelcontrol for a step
change in input active power at the DC side is shown in Figl A9t =0.2, a
step input of DC current from.0 [pu]-0.9 [pu] is applied at the sending end of the
transmission system. The response shown in[Eig] 4.9a is thiedrost power system
is set with the strength @CR= 5 and ¥y| = 160 [QQ], which is a considered to be a
relatively weak grid. The response shown in ig. 4.9b is wtherhost power system
is set with the strength #CR= 20 and ¥,4| = 40 [Q] and thus it is considered to
be a very strong grid. The effect of sudden increase in agtbveer is seen in the
voltage at the PCCvf q) and also in the DC voltage. However, the impact on the
grid voltage is less significant as the grid strength in@ea¥0ltage magnitudeyy,

at the PCC is controlled by the implemented AC voltage cdietr¢Section4.1.83).
A rise in DC voltage is observed while the controller finds wsteady state value.
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The disturbance in DC voltage is also affected by the imphaetk current limit,
as the current command exceeds the limit, the active powesfer to the grid is
momentarily restricted to the maximum limit value. As soantlae output active
power Py) equals the input DC power, the DC voltage is controlled ladke pre-
set value.
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Figure 4.9: Power step response of the grid side VSC

4.1.3 AC Voltage Control

To calculate the reference value of reactive current dedtvéo the grid, an AC volt-
age control at the PCC is implemented. The implemented aoistrdivided into

two parts: (i) control during normal operation, (ii) cortauring fault operation.
A combination of feed-forward and PI controller is implerteshduring the normal
operation; this mode of operation is termed as voltage obnipode. To derive the
feed-forward term, the measured AC voltage (at the LV siddaefyrid transformer)
is compared against a reference value and a voltagekggin is applied to the dif-
ference.

ikgp(N) = Kugain - iqim - (Vg — Va(n)) + Ge (Vg — Va(n)) (4.58)

Where, G, is a function of errore™= (V| —vgy(n)) representing a Pl controller.
However, if the voltage at the HV side of the transformer ibéocompensated, the
above control eq. can be re-written as,
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ikgp(N) = Kygain - iqim - (Vga — Vad.eq(N)) + Gc (Vg — Vgdeq(N)) (4.59)

Where, ig)im is the maximumg— axis current Iimit,v[lld is the reference grid
voltage, and/gqeq(n) is the equivalent grid voltage measured from the primarg sid
of the transformer.

Vgd.eq(N) = Vap(N) —igp(N) - Xirans (4.60)

Vap is the voltage magnitude at the LV side of the grid transforigans is the
transformer equivalent impedance. However, during a &duence or voltage dip
in the host power system, the PI controller is by-passed ahdtbe feed-forward
part is implemented; this mode of operation is termed as RIV-mode. As the feed-
forward term only consists of a proportional gain in the favhvoltage gairKy,gain,
the stability of the control can be ensured relatively gagiler the entire range of
voltage dips. The numerical value of the voltage gain is radiymdetermined by the
nature of the grid and usually by the grid code requireméntthis work,ky gain = 2
is implemented as recommended|in|[45].

4.1.3.1 Voltage Dip Detection

The detection of the voltage dip directly follows from thdtage measurement at the
PCC. Thed— axis voltage, which corresponds to the amplitude of thestprease AC
voltage due to the implemented transformation factor, isitoced and compared
against a reference thresholdn = 0.9 [pu]. The threshold value of the voltage is
based on the recommendation[in{[45]. When the voltage isritivea the threshold
value, the dip detected flag is turned on (flag = 1) and the mbdperation is - LV-
FRT. The current reference priority in the control systeseissuch that active current
(or ikg) gets the highest priority during normal condition, whikefault or voltage
dip, reactive power (dikg) gets the highest priority. When the voltage recovers or the
voltage exceeds the threshold value, the dip detected ftagisd off (flag = 0) and
the mode of operation is - voltage control mode. Howevemiatitstance the flag =
0 is latched such that the flag switch-over is restricted;far, = 60 [mg. The main
purpose of this latch is to avoid any control instability idgrthe voltage recovery
process, specifically for the weak grid inter-connectionhéw the remote fault is
cleared, the active power transfer from the grid side VSCimglease and the voltage
recovery process will be influenced by the sudden increasetive power. The level
of influence is dependent upon the relative strength of tisé¢ pmwver system.

414 Power Curve

The PQ characteristic of the grid side VSC, outlining thevacand reactive power
transfer capabilities, is shown in Fig._ 4110. The active @owharacteristics are only
shown in the positive axis as it is not so relevant on the atlter when connecting a
WPP.
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The PQ capability curve of a VSC is generally determined lycilrrent and the
voltage limits of the VSC. As explained earlier in sectiofi.4, any VSC has a pre-
defined current limitation predominantly imposed by theent carrying capacity of
the switching components. Both active and reactive powatritite to the current
that flows through the VSC or the switching device usually TGBesides the current
limitation, a VSC PQ characteristic is also determined lanbltage limitation set by
the modulation index limit or the total available DC voltade Fig.[4.10, the upper
flat portion G-ve Qlimit) of each curve is due to the voltage limit of the VSC. The
+ve Plimit and the—ve Qlimit of the VSC is due to the current limit of the VSC. In
some cases, it is also desired to apply an under voltagedimh that the-ve Qis
restricted well above-1.0 [pu] value to allow adequate AC voltage to transmit the
active power.

The PQ characteristics of a VSC are further influenced byatyed bf the grid side
AC voltage magnitude. The shift in the PQ curve for differeoitage magnitudes is
shown Fig[4.10; where increase in AC voltage magnitudeeePt®C means decrease
in maximumQ@ export capability or increase in maximulexport capability. The
maximum over voltage limit of the grid end VSC is set &t pu].
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-1f vy=10[pu] |
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-0.5 0 0.5 1 15

P [pu]

Figure 4.10: PQ characteristics of the grid side VSgijs the peak value of the
reference voltage at the LV side of the grid transformer
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4.1.5 Negative Sequence Control

As presented earlier, the inner current control of the pasdnd negative sequence
currents can be achieved via edqs. (4.88 -14.41). The refenaiaes for the positive
sequencal— axis andg— axis currents are determined from the dc voltage control
and AC voltage control loops. However, the reference ctivalues for negative
sequence control cannot be generated through a similaoagipr

One approach is to assign zero reference values to the veegatjuence currents
such that,

This implies that all three phase currents from the VSC araroanded to remain
balanced regardless of the grid voltage. The other applisdclyenerate a controlled
reference value for the negative sequence currents [46Eai]ng unbalanced grid
voltage conditions, the apparent power to the grid can beeggpd as,

St) = {&“ (Vap(t) + jVap(t)) + €% (Van(t) + jvgn(t)) }
{1 (ikap(t) + Jikgp(t)) +€ 9 (ikan(t) + jikgn(t)) }* (4.62)

Whereel“* - x(t) rotating clockwise denotes a positive sequenceentf! - x(t) ro-
tating counter-clockwise denotes a negative sequextiterepresents either voltage
or current. The active and reactive power can be thus exutess

Py(t) = Po+Py-sin(2- wt)+P,-cog2- wt) (4.63)
Qy(t) = Qo+Q1-SiN(2-wt)+Q,-cog2- wt) (4.64)

The component$;, andP», are non-zero when the AC side voltage is unbalanced. A
non-zero value of eithd?; or P, will introduce an oscillating term on the active power
delivered to the grid with frequency o, = 4- 1T1- frh. Since the exchange of active
power between the AC and the DC side determines the DC vgléagescillation or
ripple in the DC voltage will be introduced as a result ofaEpower oscillation. The
frequency of DC voltage oscillation is also equal tafg, 100 [HZ for a 50 [HZ] AC
system. Therefore, during AC voltage unbalance, the negaéiquence currents can
be controlled such that the DC voltage oscillation is mimmurhesineandcosine
components of the reactive power do not directly affect tlavDltage so they can be
taken out of consideration. Using eds. (4.19-#.20), theviohg eq. can be derived.

é%-Po Vdp  Vogp Vdn  Vgn i_kdp
3 Qo _ Vagp —Vdp Vgn  Vdn | !I:qp (4.65)
3R Van —Van —Vap Vdp lkan
5 P, Vdn  Vgn Vdp  Vgp lkn

Solving the above eq. for VSC currents in positive and negatquence,

. -1 2

Ikdp Vdp Vgp  Vdn  Vgn ;'PO

kap | _ | Vap —Vap  Van  Von 5§ Qo (4.66)
Ikdn Vgn  —Vdn —Vgp Vdp 0



4.2. DC Cables

The negative sequence currents derived from the above eachteveP; = 0 and
P, = 0 are treated as reference values to the negative curremolben Therefore,

2 2
—2.P -V, <. -V,
ikan = ( 3A° 3 (ii qn) (4.67)
2 2
. —5Pvgn  5-Qo-Van
_ 3 an 3
Irkqn - ( A - A, ) (468)

WhereA = ((vZ,+V2) — (Vi +V2n) ) andA, = ((VB,+V2p) + (V3 +Vay) ).

In Fig. [4.11, two cases are presented with zero negativeesequcurrent refer-
ence and controlled negative sequence current referendeoth the cases, identi-
cal grid voltage conditions are maintained, with strengtithe host power system
SCR= 7 and|Zy| = 1143 [Q]. A negative sequence voltage 0.1 [pu] is intro-
duced at @5 [s]. When zero negative current reference is used, the AC hide t
phase currents are relatively balanced compared to ctettnobgative sequence cur-
rent reference. The imbalance in the current waveform fotrotled negative se-
guence current reference counters the voltage imbalareet@nge non-oscillating
active power. On the other hand, a 16{¥] oscillation is obvious in the active power
and DC voltage waveform for zero negative sequence cureégremce. The peak-to-
peak DC voltage ripple magnitude is dependent upon the ardpliof the negative
sequence voltage and the available DC link equivalent dapae.

4.2 DC Cables

The DC power is transmitted using two cables of a bi-polatesys with each pole
rated aly = 100 [kV]. The DC cables are modeled as series connexteguivalent
circuit between the two end VSC capacitors as shown in[Eljadd 4. 1P. The total
transmission length of the HVYDC transmission system isidansd to bd_g = 100
[km], so each cable is modeled willy, = 5 number of segments connected in series
and each segment agmequivalent. The maximum frequency range approximated
by such a cable model is given by,

(4.69)

wherev = 1/(v/Lcaple: Ceable) » Leavle @NdCeapie are the cable inductance and capaci-
tance respectively per urkiin Adding more cable segments will offer more detailed
results for very high frequency transients, but at the same the required simula-
tion time will be much longer. It was confirmed that by usingusnber of segments
would provide sufficient accuracy for the system dynamiasoincern.
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Figure 4.11: Comparison of negative sequence control
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Figure 4.12: HVDC cable model representation

4.3 Wind Power Plant Side Voltage Sourced Converter

An off-shore WPP is often an isolated network system. Imtiligi wind turbines are
directly connected to the collector network generally at MVel. The WPP side
VSC, referred to the HVDC VSC at the WPP end as representedgin[£1, is
responsible to provide a synchronizing grid to the entireRNVP

A simple control system is implemented based on DC voltagd-ferward loop
to provide a constant AC voltage and frequency referencea®PP collector net-
work via the WPP side VSC. To implement a constant voltageytiitage references
are defined in synchronous reference frame. d@y@bc transformation constant is
selected such that the voltage vector in the axis equals the peak value of the
per phase AC voltage. The three voltage references arefoneyvi, , = 1.0 [pu],
vrlkq = 0.0 [pu] andV},, = 0.0 [pu]. Itis possible to calculate the modulation index,
m, from the measured DC voltage together with the peak AC geltaference. The
three AC voltage references can be further calculated asvbel

2V,
m=——1kd (4.70)
Vdcwpp
Viga = M-sin(w-t) (4.71)
: 2.
Vigp = M- sin (w-t+Tn> (4.72)
. 4.
Vige =Mm-sin (w-t+Tn> (4.73)

A constant frequencydf = 2- 11 f,)) can be generated with the help of a virtual
PLL or the frequency measurement signal communicated frergtid end. This
ensures that the AC voltage amplitude and frequency at tlectmr network is con-
stant regardless of the DC voltage fluctuation. The fluabnatin the WPP side DC
voltage Vacwpp) Can be due to the variation in active power transfer oveHW®C
cables, or AC voltage unbalances in the host power systeemWIPP side VSC can,
therefore, be compared to an equivalent AC slack bus (iafimits) which absorbs
the power produced by the WPP without altering the voltagelémie and angle.
The theoretical reference value of the MVAC system frequeaiche WPP collec-
tor network, however, is open to a further optimization s As the WPP is an
isolated system, the choice of AC frequency in the powertptan be set higher
than the standard 5®[z] or 60 [HZ] value to reduce transformer material costs [52].
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The wind turbines selected in this work represent a stanfiarfiHz] product. The
collector grid frequency reference is also set ati3@ to match the wind turbines.

This provides a simple control mechanism to the WPP side V&Cas such
there is no direct current control implemented. In a nornteady-state situation
the total current in the WPP side electrical system is cdietidoy the wind turbine
converters (provided that the wind turbines in the WPP asedan full converter
technology). The WPP side VSC shall, therefore, ensure\e haurrent capacity
slightly higher than the WPP ratings. During disturbaneethée collector network,
an indirect current control is implemented by using voltdgap technique. As the
current through the converter exceeds an upper threshoit the terminal voltage
of the VSC is reduced sulfficiently in a controlled manner toitithe fault current.
The upper threshold limit of the current is mainly deterndin®y the sum of total
active current from the WPP at maximum rated wind velocitgt Hre total reactive
current demand by the collector network at rated active p@raduction.

Vikdnew = Vikd+ Ge(itx —[izl) (4.74)
WhereG; represents a Pl controller atigk| = /i2, 4+ i{kq.

4.4 Wind Turbine M odédl

The three major types of generally adopted commercial winbites are; (i) fixed-
speed, (ii) partial-scale wind turbine, and (iii) full-¢4eavind turbine [22, 53]. A
fixed speed wind turbine utilizes an induction generatomeated to a host power
system with a reactive power compensation unit (usuallaciéqrs) and a soft-start
mechanism. The frequency of the host power system and thbetuwhpole pairs of
the generator determines the rated speed of the generafgnghile the speed of the
wind turbine rotor blades is further determined by the dearratio. As the speed of
the wind turbine system is constant, it cannot be possibille avfixed-speed system
to achieve maximum power point tracking over the entire eaofyoperation (wind
speed). The total annual energy production is, therefetatively lower. The other
main drawback of such a system is its need to stand high stressthe gear-box and
the rotor shaft during fast change in the wind speed (winlience). Nevertheless,
a fixed-speed wind turbine is simple and cheaper.

The most common example of a partial-scale wind turbine isubly-fed induc-
tion generator concept. In such a wind turbine configuratapartial-scale back-
to-back VSC is implemented on the rotor circuit of the getwrarhe back-to-back
VSC on the rotor circuit handles 20— 30 [%] of the rated power and, therefore, the
wind turbine can only provide a partial variable speed range

A full-scale wind turbine configuration consists of a fullade back-to-back VSC
implemented on the stator circuit of the generator. Theueegy range of operation
of the generator is not restricted by the frequency of the power system, as the
VSC provides a de-coupling between the generator and thepbogr system. The
wind turbine system is designed to obtain maximum powerfiderfit over a wide
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range of operation (wind speed). The TSR (tip speed ratiefined as the ratio
between the tip speed of the rotor blades and the wind spsedaintained at a
constant value that results in maximum power output: Wip /Vwind- Also the fast
variations in the wind speed (wind turbulence) are absobyatie inertia of the rotor
mass by allowing rotor speed to change. As a result the totalal energy output of
a full-scale wind turbine system is relatively higher and sfress on the mechanical
system is also reduced.

A full-scale wind turbine can adopt either an asynchronangugction) genera-
tor or a synchronous generator (electrically excited omaarent magnet). Asyn-
chronous generators require magnetizing current or keaptwer to produce active
power. The use of an active bi-directional AC-DC VSC at theaegator end with 6
active switches is very essential in such an applicatiorabe of a synchronous ma-
chine, it does not require any reactive power. Hence, itds ptesented in [54-56]
that a simple three phase diode rectifier can be used togettrea DC-DC boost
converter. The electrical structure of the wind turbineipged with a synchronous
generator and boost converter is shown in [Fig. 14.13. A sysigsuch is generally
applied to small or medium wind turbines. The major advamtaigusing a DC-DC
boost converter can be seen in terms of the total numberigEawitching elements
and hence the lower losses in those semiconductor devitessystem redundancy
can be increased by simply adding an extra IGBT, in case tier ¢ails to operate;
the total IGBT count will still be significantly lower thanahof a two level VSC
system. However, detailed comparison will be required fgeitocan be claimed that
a system with a DC-DC boost converter is suitable for veryrlmgwer applications.

Low speed shaft High speed shaft DC-DC boost converter

Rotorsé Gear box A Synchronous  Diode rectifier A DClink Grid - converter ~ Transformer Grid
; i generator :

Q>g # J@? K}%@D

Figure 4.13: Wind turbine with a synchronous generatorsigasrectifier, DC-DC
boost converter and grid side VSC

A typical configuration of a full-scale wind turbine systesrshown in Fig[ 4.14.
The necessity of a gear-box is mainly determined by the gémetype. For example,
some permanent magnet wind turbine generators are cotestnrith multiple-poles,
particularly to operate at lower rotational speed and hesticeinate the need of a
gear-box. Siemens wind power has adopted a full-scale wirldnte configuration
in its entire current product portfolio. A new developmemdirect-drive (gear-less)
permanent magnet wind turbine has also been recently anaeduihe study of full-
scale wind turbines have been presented in different titeza including([5/—=61].

In this work, a 36 [MV A| full-scale geared wind turbine based on an induction
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Figure 4.14: A full-scale wind turbine configuration

generator has been selected; being a standard producheé@sevind power for off-
shore applications. The selection of wind turbine topolbgged on full-converter
system for use with off-shore application is also based erfdht that many man-
ufacturers have such turbine types in their product paetfioicluding Siemens and
Enercon. Siemens has also experienced a great amount @ssueith such wind
turbine design in the off-shore conditions [62]. The wintbine model is described
below in detail; while the LV-FRT validation of the wind turte model against real
wind turbine experimental results are presented_in [58].

4.4.1 Mechanical System

1. Aerodynamic model - including power coefficie@y§, TSR () and the pitch
angle @) representation,

2. Shaft model - with inertia and damping of two mass rotogrg®x and gen-
erator,

3. Turbine controller - including three stage speed/pitohtil (changing be-
tween modes as determined by the generator speed and pderence), and
active damping of the drive train.

The aerodynamic model of the wind turbine calculates thedygramic torquetiero)
based on wind speednq), rotor speeddy), pitch angle 8) and power coefficient
(Cp). The power coefficient is calculated from tGg— A — 3 look-up table.

1 p'Af'V\?vin
Taero = a'cp' <fd> (4.75)
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The aerodynamic torque is then passed on to the shaft mddeli(sin Fig.[4.15),
which is represented by a two mass model. The shaft modeldaslthe inertia of
the rotor ;) and the generatodg), damping Ds) and stiffnessks) of the shaft.

DS
T [D
Z-e
) ¥ o
4 Ct /
a‘r KS 9 Jg
J

Figure 4.15: Two mass model of the wind turbine drive train

The control of the wind turbine is achieved in three stagda the wind turbine
controller. At low wind speed, the rotor blades pitch angleiaintained at a constant
optimum value. The wind turbine is run at a speed that coardp to an optimum
TSR such that the highest power coefficieDg)(is achieved. The speed/power con-
trol of a wind turbine during this low wind speed region is doria the generator
side VSC control by applying an equivalent breaking torgdumugh the genera-
tor. At medium wind speed, the control is set to maintain thterrspeed constant,
W = Wrrated- The pitch angle is still kept constant at the optimum valdewever,
at higher wind speed when the wind turbine active power egilre nominal value,
the rotor speed is controlled by adjusting the pitch angtg hareby, the mechanical
torque.

4.4.2 Electrical system

1. Converters - grid side and generator side converters,

2. Control system - to regulate the active and reactive p@sewxell as the DC
link voltage,

3. ADC link - including the DC link capacitance,

4. FRT limiter - limiting active current injection to the meark upon fault detec-
tion,

5. Unbalanced control - including the injection of zero rtagasequence current
during normal voltage unbalances and unbalanced faults.

The wind turbine induction generator and the generator$®€ are represented by
an equivalent zero order/reduced order model. It has bemmrsim many work, in-
cluding [61] and the working group report on specificatiomsdeneric WTG (wind
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turbine generator) models [63], that any transients atémegator side and the gener-
ator flux dynamics will be removed or eliminated by the DC lanid the fast response
of the grid end VSC (further confirmed through the experiraergsults presented in
the Chaptell6). The added accuracy of the system responsepbgnienting a fully
detailed model is minimal compared to the added compleXitye equivalent zero
order model is divided into two sections, (i) power contplio control the DC link
voltage and the generator power and, (ii) calculation ofegator electrical torque
from the generator power and speed.

The active power reference from the wind turbine contrafieient to the grid side
VSC as shown in Fid._4.14, which determines the active powkvety by the wind
turbine to the host power system. The control of the grid sigaverter is mainly
divided into two parts with active and reactive power coltero As in most VSC
control, the active power control is directly related to duntrol of active current
(ia) and reactive power control directly related to the contfaleactive currentig).
The controller sets the wind turbine to export the active gross commanded by the
wind turbine controller. At the same time the grid side VS@ eachange reactive
power as determined by the AC voltage controller. In casenatant reactive current
is demanded by the host power system, the reactive poweantoah be switched to
a constanty mode. The current control of the grid side VSQligrotating reference
frame requires that the phase angle of the connecting ACbgritieasured; which is
done by using a PLL. Furthermore, two different wind turbinerent priority modes
are set depending upon the AC voltage retain value at thevatjage side of the
wind turbine transformer. The current limit of the grid sd&C is shown in Fig.
[4.16.

a.b

i;*’zllw—»Z o x

Active current priority | r — I X

s
Reactive current priority | - I X




4.4. Wind Turbine Model

The grid side VSC of the wind turbine is also set to controlrtbgative sequence
current during asymmetrical voltage condition at the attle network. Zero nega-
tive sequence current reference is appligg € ig, = 0), such that the three phase
currents from the grid end VSC is symmetrical or balancedndigss of the collec-
tor network voltage unbalance. The response of the windrtenmodel for different
fault voltages Vretain) at the HV side of the wind turbine transformer is presented
in Fig. [4.17. Att = 1.0 [s], fault voltage of 015 [pu], 0.40 [pu] and Q60 [pu] are
applied respectively and the resulting active powy)( reactive powerQ@,:), and
the generator speedy) response are shown. The export of reactive current by the
wind turbine during fault condition is determined by thetagle magnitude of the
retain voltage and the applied voltage gain.
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Figure 4.17: Wind turbine performance during voltage difhatHV side of the wind
turbine transformer

4.4.3 Wind Power Plant and Collector Grid

An aggregate model of a WPP can be derived in different waypsexéremely accu-

rate way would be to utilize a detailed wind turbine model entelr-connecting cable
representation for each and every wind turbine in a wind farea. This makes it
is possible to model the internal WPP dynamics at the caltegtid and also the
electrical behavior of the power plant at the PCC (off-sharb-station in case of a
HVDC transmission system). However, in most dynamic studiés the electrical

behavior of the power plant at the PCC which is of major imaioct.
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If it is assumed that the conditions at each wind turbines WIRP are similar,
the total WPP can be represented as a single up-scaled winiddu The cables
inter-connecting individual wind turbines and cables amimg WPP feeder rows to
the off-shore sub-station can be represented mgguivalent model as explained in
section Z.3.R2. It has also been presented in[[64—66] that ihatual interaction of
the control system between the wind turbines is indicatatfP& based on variable
speed wind turbines can be represented by a single up-sealddurbine model for
dynamic and transient studies with tolerable electricdlaveor accuracy. Among
other variables, such an up-scaled wind turbine represemtaf WPP does not take
into account the wake effect and the propagation delay ofvihe along the WPP
length. Depending upon the direction of the wind in the giVERP area and the
layout of the wind turbines, the total amount of active pogeenerated by the entire
power plant differs by a factor af,.xe as a result of wake effect.

total active power with wake consideration
Cwake = . . . _ (4.76)
total active power without wake consideration

In this work, an aggregate model with single up-scaled wintibhe is imple-
mented withcyake= 1. As mentioned earlier, it is also assumed that the mutual in
teraction between individual wind turbines is not preseitihiw the operation range
of interest of the WPP.



Five

Control of VSC-HVDC Connected to a
Wind Power Plant

This chapter introduces and validates via simulation resthie different
control structures of a HVYDC transmission connection framo#-shore

WPP. The start-up process, steady state operation, FRDnsgpand the
negative sequence voltage compensation of a HVDC systameatory

WPP are evaluated. Different FRT options are analyzed asd alFRT
scheme for a WPP based on fixed-speed wind turbines is dtestifor

comparison.

In Chapte’2 and Chaptét 3, different power transmissiontienis for off-shore
WPPs were discussed. It was illustrated that a VSC-HVDCstrassion system
with MVAC collector grid at the WPP provides an attractivéusion in terms of total
energy losses and development of available componentst #pa the system effi-
ciency prospective, itis also necessary to validate thaahmresponse of the system
in accordance to different requirements. A dynamic sinutamodel introduced in
Chaptef ¥ will be used to evaluate the electrical perforraard behavior of such a
transmission system. In this chapter, different contmidtres for a VSC-HVDC
system will be evaluated based on the prepared simulatiaemo

5.1 System Start-up

Prior to the first grid connection, a HVDC transmission systeeeds to be energized.
The energizing process involves charging of the cable dmpa@lus the VSC ca-
pacitors to a nominal HVDC value. VSCs are bi-directionbkrefore, power can
be drawn from the grid during the start-up operation. Iititithe WPP end VSC is
blocked, while the grid side VSC is grid connected. When th@ gide VSC is di-
rectly connected to the grid with no control over the actiwitches, the anti-parallel
diode across the switching elements will provide a threesp#eC-DC rectification.
As the rectifying action is uncontrolled, the HVDC side ceipars will be charged
to a level determined by the AC side voltage magnitude.

Vae = V2V (5.1)
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WhereVy. is the HVDC voltage determined by the grid side AC voltagelandVy
is the AC side rated line-line voltage. However, uncont@liectification can result
in a very high inrush current. The magnitude of initial ifmugurrent is determined
by the total of AC side impedance. It may be preferable totlthe charging current
during the start-up by using a three phase series resistatieh is later by-passed
upon the charging of the HVDC capacitors. After the HVDC eabdre energized,
control signals may be applied to the grid side VSC. As the Difage dynamics
are let to settle down, the WPP side VSC can be un-blockeda3signed controller
will slowly ramp up the AC voltage magnitude at the WPP cdbemetwork as
shown in Fig.[5Jl. The no-load active and reactive power aehtd the collector
network is provided by the WPP side VSC. Once the collectowoek is energized,
synchronizing voltages are available to the wind turbiffd®e wind turbine DC link
voltage can be set up similarly. All the active power consdrdering the start-up
sequence including those required changing the wind tegbiitade pitch angle and
other auxiliary demands are drawn from the host power system

WPP side
lk T
= 0.5F
&
8‘) 0 <
ks
> -0.5F
-1t i ] ] ] ]
0 0.05 0.1 0.15 0.2 0.25
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0.03 ‘
mean
_ 0.02r Qmean_
3
‘6_: 0.01r- :
o
0 -
_0.01 | | | | |
0 0.05 0.1 0.15 0.2 0.25
Time [s]

Figure 5.1: Start-up process of the WPP collector network

5.2 Steady state Operation

During normal operating conditions, active power from a WBHnainly deter-
mined by the available wind velocitwing) in the WPP area. As discussed ear-
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lier, the WPP side VSC of the HVDC transmission line is cofgtbas an infinite
bus ¥ Z6° = constant ). This implies that the voltage magnitude anduieeqy at
the WPP collector network is kept tolerably constant. Wiatbines in the WPP
synchronize to the voltage set at the collector grid. As stloh total active power
delivered by the WPP is transmitted to the HVDC link by the W&rie VSC.

The reactive power compensation of the WPP collector nétwan either be
provided by individual wind turbines (if set at voltage cahtmode) or can be dis-
tributed between the wind turbines and the WPP side VSC. ASNRP side VSC
controls the collector network voltage magnitude, it mayb®desirable to control
the same voltage from the wind turbine end as well. Therefosewind turbines can
be set to a constant reactive curreg) (node instead. To optimize the sharing of re-
active power, an estimation of total requirement can be nfi@dbe rated conditions
(or at average wind speed in the WPP area) and the known vaflgable and trans-
former parameters. Based on the estimation, optimizediveacurrent command
can be set to each wind turbine control system. As for the W& \8SC of the
HVDC transmission, it is not possible to set the reactiveentrcommand directly
as no direct current control is defined. However, an indicecttrol can be achieved
by adjusting the reference voltage magnitude of the WPP ¢8I, such that the
required reactive current flow is achieved.

The distribution of reactive power between the wind turbiaaed the WPP side
VSC is shown in Figi_E]2. The nomenclature of different pagtars follows directly
from Fig. [4.1, where Agg sideg) refers to the aggregated wind power plant side
and the WPP sidey(pp) refers to the WPP side VSC. As an example, a constant
reactive current reference is applied to the wind turbiges 0.1 [pu], where as
the voltage magnitude reference of the WPP side VSC is assigp, = 1.01 [pu].
During the simulation, the wind velocity is changed from b%/§] to 11 [m/s] and
the resulting drop in active power outpiigg) of the aggregated WPP model can be
observed. However, the reactive pow@adg) is relatively constant because of the
applied reactive current reference. The dynamic reactiveep compensation of the
WPP collector network is provided by the WPP side VSC as shawhe Fig.[5.2
(middle plot). The AC voltage magnitude at the collectoddsi, therefore, tolerably
constant.

The HVDC voltage is maintained by the grid end converter a@saitsports the
available active power from the DC side to the host poweresysiThe grid end VSC
independently provides voltage support at the PCC. This avatable steady state
operation of a VSC-HVDC connected WPP is ensured.

The frequency response control demanded by the grid codéreetents can
be fulfilled using communication signal. The grid side freqay measured by the
grid side PLL is transmitted to the WPP side VSC control systas the WPP is an
isolated network, any frequency can be assigned to thectotleetwork via the WPP
side VSC. Therefore, the grid side frequency can be imitatékle collector network
at all time. Similarly to other modern wind farms, a high lewark pilot control can
be used to command a new power reference to the individual wirbines based
on the collector network frequency. In special conditioas,absolute production
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Figure 5.2: Reactive power compensation of the WPP collewttwork

constraint (limit active power production) may be necessaravoid overloading of
the power grid, in which case a new power command can be lireminmunicated
to the park pilot control by the grid operator.

5.3 Low-voltage Fault-ride-through

Once a stable steady state operation is ensured, a large @iABated to a grid or a
host power system is also required to fulfill different degafrom the power system
operators. Some of these requirements are very strict smhie for the stability
and smooth operation of the power system. One of the majaiiregents is to
stay connected to the grid during a severe voltage dip ot &dkast temporarily or
during a specified length of time.

When the host power system is subjected to a disturbance aulta the grid
voltage retain value at the PCC is reduced or in other wordgltage dip is observed
by the grid side VCC. The level of the voltage dip will depenmba the nature of
the fault and the electrical distance from the fault to thid gide VSC. The grid side
VSC will respond by injecting more active current into thetgyn in order to balance
the HVDC voltage (and hence the energy). However, if the gpithge dip is large
enough, the active power capacity of the grid side VSC willibgted because of
the applied current limits. Also the reactive current tatkeshighest priority over the
active current as regulated by the grid code requirememthdr reducing the active
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current capability. To calculate the reference value oftiea current delivered to
the grid, the measured voltage (at the LV side of the gridstiamer) is compared
against a reference value and a voltage d&ighin = 2 is applied to the difference
(see section 4.11.3).

As the active power transfer is reduced or limited, consetiyi¢ghe HVDC volt-
age will start to the rise if the WPP is producing the same arhobiactive power
as in the pre-fault condition. The rate of rise of the DC \gdtddvyc/dt) is mainly
determined by the amount of active power generated by the sviERhe equivalent
capacitors in the HVDC side. The AC-AC de-coupling betwden\WPP collector
network and the on-land transmission system or the host ipgystem makes it im-
possible for the wind turbines to directly respond to thengjes in the voltage at the
main grid without any external influence. If no action is takthe HVDC system
will subsequently trip-off and the LV-FRT requirements a@ met. To avoid the
subsequent trip-off of the HYDC system, additional congitolictures are necessary.

There are some litterateurs [67+-75] dealing with differeamtrol methods to
over-come the aforementioned problem related to LV-FRE Thoice of control
method is often affected or determined by the choice of gegaeand/or converters
equipped in each wind turbine of the WPP.

5.3.1 DC Chopper

A common solution to achieve the required LV-FRT criterisrby implementing a
DC chopper([68, 70]. A DC chopper is a power electronic devitgch burns the
excess of energy in a resistor by means of a controlled eldctiswitch (usually
an IGBT for high power applications). A full-power rated D8opper is generally
connected in the HVDC line close to the grid side VSC as showfig.[5.3. When
the system is operating near its full capacity and a voltageodcurs at the main
grid, the power delivered by the grid end VSC will be reducénsequently, the
DC voltage may rise and exceed a threshold value where thenDg@per is activated.
A hysteresis control can be applied to the DC chopper so driémcy of operation
during DC over voltage is determined by the size of the resiahd the dissipated
active power. Alternatively, a PWM (pulse width modulafi@ontrol method can
also be applied to control the breaking chopper [76].

Psiss = I&Reh (5.2)
dec;uth
Ren = Ruep (5.3)

Wherelg, is the chopper current arigly, is the chopper resistor. The upper and the
lower voltage threshold value for the DC chopper controlsateatvge yth = 1.1 [pu]
andvgcith = 1.05 [pu] respectively.
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Figure 5.3: Representation of a grid side VSC and the DC atopp

5.3.1.1 Results

The role of a DC chopper to achieve LV-FRT is evaluated in #aistion. A com-
plete three phase to ground short circuit is applied at theskdlé of the grid side
transformer at = 0.05 [g] for a duration ofAt;,,r = 250 [mg and the grid strength
is set at theSCR= 5 and|Zy| = 160 [Q]. A wind velocity of ~ 10 [m/q] is applied
at the WPP. Simulated voltage response of the system atafiffiocations during a
fault event is shown in Fig5.4. The grid side instantanebuset phase voltages are
measured at the LV side of the transformer, therefore, th&jrr a non-zero value
based on the transformer impedance and the amount of rea@ctivent export from
the grid end VSC. The grid side transformer ha§g.,s = 12 [%] impedance in the
simulation model.

G

v, (0 [pu]

A WP&E@ME@WMW&W&W&W&W |

1 1 1
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Figure 5.4: Simulated voltage response during three-plaagieusing a DC chopper
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The simulated power and current response at differentitotaare illustrated
in Fig. an@5.8b. The AC side active and reactive powepkntted as a mean
value over a periody, = 1/ f,, while the DC side powers are plotted as instantaneous
values.

Tm
Pmean = Ti/ P(t)d(t) (5'4)
mJo
As seen in the plots, the active power and voltages at the WidPare virtually
unaffected. In other words, the dynamics of fault at the gndl are completely
de-coupled from the WPP end. This implies that a DC choppeippgd HVDC
transmission system can be implemented to any wind turpipe in the WPP, even
though the simulation results presented here are basedlestdile wind turbines.
The total active power produced by the WPP is totally unmigted during any dis-
turbances occurring at the grid end. Therefore, mechasitasses on the wind
turbines are also significantly reduced.

As the fault is cleared, the grid side VSC can restore theeptbwer back to the
pre-fault value. It should be noted that the DC voltage recpis slightly delayed as
it does not recover instantaneously. The delay is causedcbynaination of the grid
side VSC control recovery time and mainly due to the powedigra or the ramp
rate @P/dt) applied during the post fault power recovery process.

The minimum permissible ramp rate during the power recopeogess is gen-
erally determined by the host power system requirementsveder, in a relatively
weak grid, a very fast recovery of active power during thd fendt recovery process
can result in an overshoot in the recovering voltage at th€ BCin worst cases,
the voltage may get unstable and a significant voltage ba@hkgscan occur. Ex-
amples are shown in Fid._5.6, where the grid strength is s&8G@R= 5 and the
WPP producing the maximum rated powerghg = 15 [m/s] in both the cases. In
Fig.[5.64, the post fault active power recovery is relayifabt as no ramp or power
gradient is applied. In the top plot, the three phase RMSt (no@an square) grid
voltages at the PCC are shown and it can be observed that ltage® suffer from
higher over-voltage (and considerable back-swing) dutirgrecovery process as
compared to the slow active power recovery in Hig. b.6b. HEu®vering voltage
gets more depressed as the strength of the host power systeeases, which may
trigger consecutive FRT. On the other hand, a slower povoavery utilizes the DC
chopper for a longer period of time.

In the simulation model, the power gradient is applied bylgpg a ramp in the
active current reference. As the fault is cleared and the élage at the PCC starts
to recover, a ramp function or the slope is activated (whervtitage dip flag switch
over from 1 to 0). The DC voltage controller sets the activeant at the maximum
limit in order to recover the DC voltage. The active currezference from the DC
voltage controller is then compared against a ramp sighalstope is given by the
selected value of constaAtin eq. [5.5). The ramp signal is given an initial condition
(%) based on the pre-calculated active current during the. fatle smaller value
among the two, slope reference or the active current referéom the DC voltage
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Figure 5.6: Simulated active power recovery process

controller, is used ag for the current control. When the slope value reaches a
maximum limit (im), it is held constant until the next trigger (dip flag switcheo
from 1 to Q) is available.

inf .
Ad(t dipflag1to0
slope = X0+f9 ®) b Tag 2 to (5.5)
lim else
irkd _ i(r:LdC Slopez ?Ei,dc (56)
slope  slope<ig 4

Besides three phases to ground faults, the other commoalyrrirg fault types in a
power system are unbalanced in nature - line to ground otditire. Power, voltage
and current responses of the system under a single line todrfault (applied at
the HV side of the grid side transformer) are shown in Fig] &d[5.8. The grid
condition is set withSCR= 7 and the wind velocity at 151/s]. The grid side
transformer utilizes & — Y configuration, so the three phase voltages at the LV side
of the transformer under one phase to ground at the HV sideasipas shown in the
grid side voltage plot in Fig. 5.8a.

Under unbalanced voltage conditions at the PCC, the powieedsd by the grid
side VSC is oscillating with twice the grid fundamental fwegcy (2 f). During a
fault event, the negative sequence current referencessignad the lowest priority
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Figure 5.7: Simulated power response during single-pragdedsing a DC chopper

to allow room for active and reactive power. In case of raii/@ power transport,
the condition will be equivalent to applying zero negatiggeence current reference.
However, when the DC chopper is active, controlled negat@auence to eliminate
DC voltage oscillation is anyway irrelevant because the age oscillation is
suppressed by the chopper.

The control of reactive power during unbalanced conditiequire further con-
sideration as three phase voltages are not equal in magnitin amount of reactive
current support to the grid in the presented results is basdbe positive sequence
voltage dip as in the case of balanced three phase faulttcmmdT his might in some
cases result in the highest phase over voltage. An alteenatilution is to provide
reactive current support based on the highest of the thrageploltage magnitude.

The major advantage of using a DC chopper is that a reliablERV can be
achieved irrespective to the type of wind turbine used inili&P. The DC chopper
can also be advantageous in other situations such as whest gri side power
regulation is required. During a short instance, the agimeer transfer to the grid
can be reduced or the direction of the grid side active povegr flan be reversed,
burning the excess of active power in the chopper resistus Way a very fast active
power damping can be achieved. With all its advantages,s8eiDC chopper are
being considered for HYDC connected WPPs. However, somerrdigadvantages
of a DC chopper are (i) the added cost of the DC chopper conmperand, (ii)
the amount of heat that needs to be removed during the faeiitevt was also
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Figure 5.8: Simulated power and current response duriregthhase fault using a
DC chopper
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verified from the simulation results that during a three pHasilt at the grid end for
Atraue = 250 [md, the total energy dissipated into the chopper resistBgig~ 45.0
[MW 4. The physical size of the required resistor (includingtts#ak) and the efforts
to remove the amount of the heat is enormous. The total poissipdted into the
chopper resistor is given by,

Piis = hc-Acn- (AT) (5.7)

Whereh, is the hear transfer coefficiem, is the surface area of the chopper re-
sistor,AT is the temperature difference between the chopper resistace and the
ambient temperature. The required surface area of thage$fsy,) to remove a
given amount of heat is determined by the type of fluid usedd the surface area
(for e.g., in case of ain. = 10— 100 W/m?K]) . The heat removing capacity of the
chopper resistor is, therefore, determined by the surfeese aigher the power to be
dissipated - bigger the required surface area.

5.3.2 Data Communication

In case a DC chopper is not desired, an alternative solui@thieve LV-FRT is to
lower the active power production from the WPP. As the hostgresystem and the
WPP are AC-AC decoupled, conditions at the grid end duristuddances need to
be transported to the WPP end as data signals. One optioansptrt data signal
is by using light guides pre-installed in most modern cabl€se communication
signal can be in the form of active power reference direcijvdred to individual
wind turbine control system. The new active power referesieauld over-right the
local active power reference generated by the wind turbamgroller. Alternatively,
the voltage magnitude at the grid end can be communicatée /PP side VSC end
such that the voltage conditions at the grid end are direuntiyored at the collector
network, in which case the wind turbines are required to h&ERT capability.

A HVDC power transmission from an off-shore WPP justifiesaidyantage only
if the transmission distance is relatively long. Howevbe speed and reliability of
data communication over such long distances is not very.clElae speed of data
communication is determined by the total time required fierdrid side controller to
measure and calculate a reference signal plus the timeda@igimal to transmit over
the entire HVYDC cable length plus the time for the WPP endrotiet to execute the
reference command. It is very essential to ensure that taetime delay involved
in the process is less than the time for the DC voltage to tiewethe maximum
allowable limit at rated active power transmission. Thealte@nergy stored in the
HVDC link during a fault event is determined by the amount ctiee power that is
being transmitted, the size of equivalent DC capacitandafanduration of the fault.

1
/(RNPP_ Pg) dt = E -C- (deqmax_vdzqrated) (5-8)

Fig. [5.9 illustrates the time taken by the HVDC voltage t@ris 5 [%], 10 [%],
15 [%] and 20 [%] over-voltage for different equivalent DCpeaitance Ceq) per
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pole at rated WPP active power productionRyfpp = 180 [MW], Py = 0 and the
DC voltage of 100 kV] per pole. If it is assumed that the system trip-off is set at
120 [%] of the DC nominal voltage and the average DC voltaginduhe fault to
be maintained at 110 [%] of the DC nominal voltage, the maximavailable system
reaction time isx 3 [md for Ceq = 250 [uF]. By employing a larger DC capacitor,
more energy can be stored in the HVDC side and the reactiandan be effectively
increased. However, it can be seen in the plots in Eigl 5.0th®aincrease in the
available reaction time is very small even for a large insesia DC link capacitance,
especially as the slope of the curves get steeper. Whilg alsita communication to
ride-through grid side faults provides a simple soluti@diability of such a system
over long distances should be realized first. Also it is oftehpractical to increase
the size of DC capacitance for high power and voltage apjoits.

2 ey
—o—5.0 [%] DC voltage ris
1.8H —¢— 10 [%] DC voltage rise -
15 [%] DC voltage rise
1.6H — 20 [%] DC voltage rise i
1.4F a
1.2f B
3
|_|g 1 | —
(@)
0.8 8
0.6 8
0.41 4
0.2 4
0 i PR | = == Sewwi i
10° 10° 10™ 107!

Time [s]

Figure 5.9: Calculated time for the HVDC voltage to reach imaxn allowable limit
for different equivalent DC link capacitance per pole

5.3.3 Wind Power Plant Side Frequency Control

Although the WPP side collector grid is AC-AC decoupled frthra host power sys-
tem, it should be noted that the state of HVDC voltage canigeoa means for
estimating the fault at the grid end to the WPP side VSC cantfahe main grid

undergoes a three phase to ground fault close to the griov&de the AC voltage
retain level is severely small. The grid end VSC is no londse ¢o control the DC
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voltage. If the increase in DC voltage is monitored from bettd of the HVDC
transmission system, a DC voltage control switch-over eaimplemented between
the two VSCs. The DC voltage control switch-over is discdgsefurther detail in
the Chaptefl6. As the DC voltage starts to rise and the grid81@ relinquishes
the DC voltage control, the role of the grid end VSC will beitait the current. At
the same time, the rise in DC voltage is monitored by the WRPWSC control. If
the voltage rise exceeds a pre-defined DC voltage threstwdd, the WPP side VSC
can be set to take-over the DC voltage control. The contrelatibe of the WPP side
VSC during normal condition is to provide a regulated AC &gt and frequency
reference for the entire WPP as discussed earlier. Howdueng the FRT mode,
the control of the WPP side VSC can be assigned to control ahector network
frequency as a function of HVDC voltage, while still regihgta constant nominal
AC voltage magnitude. In case of full-scale wind turbinedive power drop can be
achieved according to the increase in AC side frequency.

On the other hand, the possibility to actively control thélestor network fre-
quency introduces an opportunity to directly utilize fixguked wind turbines in the
WPP [67| 71],75,777]. Fixed-speed wind turbine has lesserbeuraof components
compared to a variable speed wind turbine. Therefore, a-Bpeeéd wind turbine is
a less complex and a more robust system, which may be an adeaat off-shore
conditions. In most of the previously presented work intietato FRT response of a
HVDC connected WPP based on fixed-speed wind turbines aqdeney control, it
is not very clear how the wind turbines, specifically the etiain of the wind turbine
has been modeled. It is understood from earlier work_in [Bat for various power
system studies including power system stability, shartiteoltage stability and LV-
FRT, a single mass model does not properly represent thierafoscillation of the
shaft. Hereby, the generator rotor speed and the activerpangealso not properly
represented.

The response of a fixed-speed wind turbine based WPP durllegtoo network
frequency control is analyzed in this section. The totdhitesd capacity $ypp= 180
[MVA]) of the WPP, the number of turbinell & 50) and the layout of the WPP are
considered to be the same as in case of the WPP discussed wéHifull-scale wind
turbines. The model of HVYDC transmission system includimgtivo VSCs, cables
and other components remain the same; only the full-scaid wirbines in the WPP
are replaced by fixed-speed wind turbines. The control stremf the WPP side
VSC during the FRT mode is shown in Fig. 5.10.

In a fixed-speed wind turbine, an induction generator isctlyeconnected to the
AC grid without any power electronics interface. The reggoaf induction genera-
tors to a change in AC grid frequency can be derived from thevé&hin equivalent
of an induction generator circuit model [78].

V2, (R
T = s’th2<Rr> , (5.9)
$' W (Rsth+ R /9)" + (Xsth + %)
s = 2- (5.10)

& ~

8 ‘
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Figure 5.10: Frequency control during LV-FRT

wheresis the slipw, wy are the synchronous and generator shaft angular frequency,
Rsth, R'r are the stator Thevenin equivalent and rotor resistaXeg, Xr are the
stator Thevenin equivalent and rotor reactance \pds the Thevenin equivalent
terminal voltage. As the electromagnetic torque of the atidln generator decreases,
the generator shaft speed will slowly increase, storingettmess of incoming wind
power as inertia in the rotating mass.

5.3.3.1 Aggregated Model of WPP with Fixed-speed Wind Turbines

The WPP is represented as an aggregated model. If it is adsinateall the wind
turbines and all the induction machines in the WPP are idaita single machine
aggregated model of the WPP is possible by summing up alhtfieidual machines
[53,61].

N
Se = 3 S (5.11)

WhereS,yq is the rating of the aggregated generator, whe&éasthe rating of the
it" generator in the WPP withl number of wind turbines. Similarly the other ma-
jor components like transformers and capacitors of the WeR\lao aggregated by
summing up all the individual component ratings. The imtennecting cables and
the cables connecting the rows or the feeder to the off-gblateorm are all modeled
as singlert equivalent representation. The characteristics of thelfspeed wind
turbine used in the simulation model is shown are Eig.15.11.

The wind turbine aerodynamic model takes in the wind veyoaitd the speed of
the generator shaft as inputs and the mechanical torquetjist dnack to the induc-
tion generator model. The drive train of the wind turbine edher be modeled using
a simplified single mass model or a detailed two mass model.simplified model,
the stiffness of the shaft is not included and the inertiastaimt of the generator shaft
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Figure 5.11: Characteristics of the wind turbine

and the rotor shaft are lumped together.

2-(HrJng)dd—at)“]J = Tm—Te—F-ay (5.12)
whereH,, Hq are the inertia constant of the rotor and the generaipis the generator
shaft speedry,, T¢ are the mechanical and electrical torque respectivelyraisdthe
friction factor.

Whereas, a two mass model (also discussed in Chapter 4)ita@erccount two
separate inertia’s of the generator shaft and the rotot sbahected to each other
with proper damping and stiffness.

2Hrdd—a1z)r == Tr—Kres—Dro.} (513)
2-Hgdd—‘*t’9 = T+ KgBs— Dgany (5.14)
de
o - (@) (5.15)

wherekK;, Kq are the rotor and the generator shaft stiffnéks,Dgy are the rotor and
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the generator shaft damping afidis the torsional twist about the axis of rotation of
the shaft (for details seg [63]).

In a full-scale wind turbine model, it was stated that theagator flux dynamics
can be eliminated due to the presence of DC link. Howeverage of a fixed-speed
wind turbine, the generator is directly connected to the Afe.sThis implies that
the generator dynamics can no longer be neglected. In thelation model, the
induction generator is represented by a fourth order sjadee model as presented
in [79]. The electrical representation of the induction hiae model indq reference
frame is shown in Figl_5.12. The parameters of the inductiemegator used in the
simulation are presented in Tahble.]5.1.

Table 5.1: Induction generator parameters

Parameters Parameters
Swom 180MVA]  fn 50 [H7]
p 2 Vo 690 V]

Rs 0.0196 [pu]  Ljs 0.0397 [pu]
R 0.01909 pu] Lj 0.0397 [pu]
Lm 1.35[puy Hgr 819

F 0.055 [pu]

The model equations of induction generators referred tetder side are,

Vgs = Rs-iqs+%qhs+w-¢us (5.16)
V4o = Rs-ids+%qhs—w-¢hs (5.17)
Voo = R’,.i’qur%cp(’]rJr(w—we)-(pc',r (5.18)
Ve = Rl gt (0 @)y (5.19)
Too= 5P (Gusios Griad (520

whereVgs, Vgs are the terminal voltage¥,,, Vi, are the rotor voltagesys, igs, i,

i:q, are the terminal and rotor currentgs, s, (P(;r, (pc’]r are stator and rotor fluxeg)
is the synchronous frequenay is the electrical angular frequenqyjs the number
of poles,Rs, R'r are stator and rotor resistances.

5.3.3.2 Results

To test the LV-FRT capability of the system under study, ad¢hwhase voltage dip is
introduced at the grid end for a period &t 5 = 150 [mg. The grid strength is set
at SCR= 10 with |Z4| = 80 [Q] and the applied wind velocitying = 10 [m/].
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Figure 5.12: Electrical representation of the inductiorchiae in dq reference frame

Case I: In the first case, the drive train of the wind turbineeresented using
a single mass model. The simulated voltage response of gtensyat different lo-
cations is shown in Fig._5.13. It should be noted that theagaltmagnitude at the
WPP side is relatively constant during the fault event; wihihly the frequency is
altered. The WPP side VSC has been taken into frequencyotondde; hence the
production of active power from the wind turbines has beeénced as shown in Fig.
£.14a. The DC voltage has been controlled and maintainddnaitlerable limits.

”W — m O

Il Il
0 0.3 0.4 0.5 0.6 0.7 0.8

Grid side

[

Vabcﬁ) [pu]
o

R

Time [s]

Figure 5.13: Simulated voltage response during threeepfadt of a fixed-speed
wind turbines based WPP

The HVDC voltage control switch-over between the grid sid&C/and the WPP
side VSC takes place when the DC voltage exceeds a pre-déffiresdhold level. At
this point the measured HVDC voltage is higher than the assigeference value;
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therefore, the change in collector network frequency ab#wginning of the control
mode is much faster as shown in Hig. 5]15a, while the prooliaf active power by
the wind turbines also follows the frequency response taaedccordingly. When
the implemented controller maintains the HVDC voltage lesecontrolled change
in frequency can be observed. As the fault is cleared, the gside VSC starts to
deliver the active power. The HVDC voltage drop is monitofiexsin both ends and
when the voltage level drops below a pre-defined lower tluleslevel, the control
action is reverted to the normal situation. However, it ltabéd taken into account
that a very fast jump in AC frequency at the collector netwoak provoke speed
instability or lead to an unstable condition for the indantigenerators as a large
change in slip value will be experienced. The value of ctdleaetwork frequency
is, therefore, ramped back to the normal operating poinOdHs] as shown in Fig.
[E.15. During the fault, a large amount of input wind powert@ed in the rotating
mass. The ramp applied to the frequency also controls tkeofahcrease of active
power during the immediate post fault recovery. Howevethd slope of the ramp
is too small, the induction generators will be able to folldve frequency change
and any control over the active power increase rate is losEid. [5.144, it can be
observed that at= 0.6 [g], the frequency ramp is equal to 58] and the normal
conditions of voltage magnitude and frequency are maiathhereafter.

Case IlI: It has also been mentioned earlier that the shadtotmal bending is
not modeled by a single mass representation of the windrteirtiiive train. This is
mainly due to the fact that both the high speed and low speaft sh either side of
the gear-box are lumped into one mass, ignoring the stdfoéthe shaft. As a result
the speed of the generator shaft and rotor shaft are repeelsas one. In a two mass
model an appropriate value of stiffnes§;, and dampingDs, are included, which
implies that the ‘soft’ shaft oscillations are not neglect& herefore, the predicted
speed of the wind turbine generator shaft for the same syst¢mepresented by two
different mass models are not identical as shown inl5.15.tHerovords, it can be
said that the system dynamics predicted by a single masslnsodery optimistic
because only a small deviation of generator speed and poeestimated.

The simulated power response of the system at differentitosawith a two
mass model representation of the drive train is shown in[Eig6. As illustrated in
the figure, a large amount of oscillating active power isasésl during the immediate
post fault recovery, even under controlled frequency ramprd In many sense, a
fixed-speed wind turbine is more difficult to control. A lamgmount of active power
oscillation during the post fault recovery means that theP/gRle VSC and the grid
side VSC need to be considerably over-sized in terms of cureging. Apart from
the active power, it is also illustrated in the power plot thauction generators con-
sume a large amount of reactive power during the post factivery. If no variable
reactive power source for e.g., SVC or ASVC (advanced s¥#R compensator) is
installed, the WPP side VSC needs to deliver the requiredtiveapower demand.
The over-sizing factor of the WPP side VSC is even furtherdased due to the
requirement of added reactive current.

It is not very clear how the variation in the wind velocity ass the WPP area
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Figure 5.14: Simulated power and current response duriregtbhase fault of a
fixed-speed wind turbines based WPP
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Figure 5.15: Collector network frequency and the wind toebjenerator speed
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Figure 5.16: Simulated power response using two mass model
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will affect the FRT event. In a large WPP area, the differeinceind velocity seen
by different wind turbines can be significant. The differeric wind velocity can
be due to wind turbulence, propagation time of wind acroesMPP area, and also
due to wake effects. Fixed-speed wind turbines definitebyiple a relatively cheap
solution, however, the centralized frequency control dbfxéhd turbines in a WPP
via the WPP side VSC needs to be carefully analyzed. The atlgsr drawbacks
of a fixed-speed wind turbine are: (i) lower annual energydpation, (ii) higher
mechanical stresses in the gear box, (iii) less contrditabi

5.3.4 Wind Power Plant Side AC Voltage Control

In the earlier section, a centralized frequency controhef WPP assigned to lower
the active power production during grid side fault was désea. Alternatively, it is
proposed and investigated in this report that a centralgedioltage control at the
WPP collector network can provide a controlled responsa tiee system, including
the wind turbines and the VSCs in the HVDC transmission sysifEhe investigated
system is mainly based on full-scale wind turbines. Majodf modern state-of-
the-art full-scale wind turbines are already facilitatedhw.V-FRT control. If the
voltage conditions at the grid end can be imitated at the WéfRator grid during
events concerning faults, the WPP can actively participatblower the active power
production; eliminating the need of a common DC chopper. d¢®irrence of the
grid end fault is indirectly communicated by the physicatstof the HVDC voltage;
hence no data signal is required to be transmitted. The gxafective power in an
individual wind turbine system is either stored in the mexba system (as inertia
in the rotating mass of the rotor blades) or dissipated in¢ovtind turbine DC link
chopper resistor. The choice is determined the type of FRiegty implemented
in the wind turbine. However, even though a DC chopper iszetil to dissipate
the excess of energy during the ride-through sequence nioeiret of energy to be
removed and the corresponding efforts in a single wind herlg significantly lower
compared to the total energy in a common DC chopper at the HWiXC Detailed
analysis and results are further presented in Chapter 6.

5.4 Negative Sequence Current Control

The control of negative sequence current to eliminate thevbDi@&age and active

power ripple was discussed earlier in Chapter 4. The needdgative sequence
control arises when the three phase voltages at the PCC batanped. It has been
mentioned earlier that the available room for negative sege currents during asym-
metrical voltages at the PCC maybe very small or mostly ragkdl on the unbalance
factor. The voltage unbalance is commonly measured by aalambe factor, and the
definition used in this work is,

Uu[%] = V"—”l « 100 (5.21)
p.
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Wherev, is the negative sequence voltagg, is the nominal positive sequence volt-
age. It was discussed earlier that the available room foathegsequence current
may be restricted in a HVYDC system when the amount of activeepdransport is
at the rated value. The range of negative sequence contiphowever, be further
increased given the following conditions,

1. If the WPP is producing lower than the rated power due tcetoavailable
wind velocity. This can be generally possible as wind tuebiare rated at or
higher than 12n/s] wind velocity, while the average wind velocity in off-
shore conditions is around 1@ns] - based on the example of Horns Rev
wind-farm of similar size considered in this work [11].

2. If the current rating of the VSC is increased. For a vergdaWPP, this con-
dition may not provide enough economic advantage, but isidelff open to
further detailed optimization.

3. If the active power export is reduced to create room foratieg sequence
current.

Small unbalance in three phase voltages< 5 [%]) in a power system is generally
caused by unbalanced loads, uneven impedance in the tisgiemiine etc. A more
detailed assessment of voltage unbalance in a power systerasented in [80, 81].
Whereas, large unbalance in three phase voltages in a pgstensis generally
caused by an asymmetrical fault (for e.g., single phasedargt fault). From the
prospective of the VSC, it maybe more practical to avoid fughk-to-peak DC volt-
age oscillations and preserve system control stabilityeureh unbalanced voltage
situation. However, it may also be on the interest of the hogter system to receive
support with negative sequence currents to compensatenttedamce in the three
phase voltages. In many cases, it is possible that the HVBICidi terminated in
a part of a power system connected to one or more industaakgphith induction
machines. The ability of a VSC-HVDC system to participatehiea compensation
of voltage unbalance could provide technical and econdnhieaefits to the WPP
owner or the grid operator or both.

If the unbalance factor is small, the level of negative saqaedemand is also
small and hence the current capability of the VSC maybe $eiffico export the nec-
essary negative sequence current. On the other hand, ihiadaince factor is large,
it becomes necessary to reduce active current export im todeake room for neg-
ative sequence currents. In this section it will be assurhatthe grid requirements
allow for the reduction in active power export during fawlests. Based on these as-
sumptions, four different negative sequence current obstrategy will be analyzed
in terms of DC voltage oscillation and AC voltage unbalanompensation; Case
I: Zero negative sequence current control, Case Il: DC geltascillation control,
Case lll: Negative sequence voltage compensation coratnal, Case IV: Negative
sequence reactive current control.
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Among the four strategies mentioned above, Case | and Chaedlalready been
discussed earlier. The analysis of negative sequencegeatampensation (Case Ill)
can follow directly from the inner current control equasoof the grid side VSC.

. dikgn(t .

0= Rx-ikdn(t) + Lk- Ikgt( ) +w- Lk-lkqn(t) + Van(t) (5.22)
. dikgn(t .

0= Ry-ikgn(t) + Lk 'kgit() — - L~ ikdn(t) 4 Vgn(t) (5.23)

During AC voltage unbalances, the VSC can be set to elimitisenegative se-
quence voltages from its terminals by exchanging an apatepamount of negative
sequence currents. It is possible to solve these equatipngf andiygn, and use
them as reference values for the negative sequence cumetnokcloop (in, ikgn)-
To ensure the stability of the system, the AC voltage comgtés control needs
to be relatively slower than the inner current control. Hus treason all the fast
variations in the negative sequence voltage needs to Heedately ignored (imple-
menting a low pass filter), which further simplifies the abegeations by justifying
the elimination of the current derivatives. In most casesam also be verified that
the resistanc® is relatively very small and hence neglected.

. —Rxikdn— Vi

e (5.24)
. i V,

= ke Van z‘j”:rk £ (5.25)

Implementing an open-loop control with the above derivedent references i (5.24
& B.28) for the negative sequence current control loop plesia simple control de-
sign. However, this requires that, (i) the equivalent ingrex value between the
converter terminals and the PCC point are accurately knand, (ii) the PCC is
close to the VSC terminals. The level of voltage compensatiith such an open-
loop control is also somewhat restricted as the convertgativee sequence voltage
is maintained constant at zero. Nevertheless, a combinafiopen-loop control to-
gether with feed-back control (implementing Pl reguldt@an be used to improve
and broaden the performance of the unbalance compenséatbe PCC is further
away from the VSC terminals, feedback control of the PCC mielgative sequence
voltage will provide better accuracy. For the purpose ofesysevaluation and com-
parison in this work , the control philosophy implementegasately ford— andg—
axis is as follows,

ikn = Ge(Vo — Vn(1)) (5.26)

Where, G; is a function of errore= (v, —vy(n)) representing a PI controller.
Finally, the last strategy (Case IV) with negative sequereative current con-
trol is simply a proportional gain applied to the negativegumnce voltage error
&= (V,—wa(n)). In this case the reference negative sequence active tyifgn
is set to be zero and the reference negative sequence esastientiy, = 5-&.
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To analyze the four different negative sequence currerttaiostructures, a neg-
ative sequence voltage dip or an unbalance factan,cf 5 [%] is applied to the
grid voltage at = 0.98 [g]. The simulated response of the three phase currents and
the corresponding negative sequence voltage at the PCGdbr aontrol philoso-
phy is illustrated in Fig[C5.17. The strength of the host posestemSCR= 5 and
|Z4| = 160 [Q] is applied to all the cases. The steady state active poaesitnission
prior to the applied negative sequence voltage 76 Qpu].
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Figure 5.17: Comparison of different negative sequenceenticontrol strategies

In Table[5.2 numerical results of the comparison are presemcluding peak-
to-peak active power and peak-to-peak DC voltage ripplesdoh of the four control
methods in percentage of the average value prior to theaapphibalance.

Table 5.2: Comparison results of different negative segeienirrent control strate-

gies; V| = /i, + Van linl = /i3, +12n

[val [pU
Casel 0.05
Case ll 0.0475
Case lll 5.65e—3
Case IV 0.0417

lin| [PU]
~ 0.0
0.037
0.175
0.064

By Vao %]
+5.04 +0.345
~ +0.0 ~=+0.0
+23 +1.56
+116 +0.83
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Case | with zero negative sequence control - obviously doegrovide any com-
pensation to the the negative sequence voltage at the PCtheQuositive side, the
three phase currents are balanced and the peak-to-ped irippoth active power
and DC voltage are relatively small compared to Case Il aaskQV and also com-
pared to a case with no negative sequence control. Theraéfgnevides a perfect
solution when there is no room for negative sequence current

Case Il with DC voltage oscillation control - is the best addpcontrol during
network voltage unbalances. It provides no or a very smafiamof negative se-
guence compensation of the voltage at the PCC. However,@heollage oscillation
is removed and is best suited from the VSC point of view.

Case lll with negative sequence voltage compensation @onprrovides a very
good compensation to the negative sequence voltage at tGe R@vever, this is
achieved in the expense of higher negative sequence camdriigher DC voltage
and active power oscillation. It is evident that higher threrggth of the host power
system, higher will be the required negative sequence ufieC voltage ripple will
increase accordingly) to compensate for the same amoumtbzfiance factor. On a
positive note, it is illustrated that a HVDC transmissiostsyn is able to compensate
for small voltage unbalances in a power system. In most ofghpean Union
countries, the regulation to keep the unbalance factombgI{s] is imposed([82].
The maximum unbalance factor that can be compensated by aCHxédhsmission
system clearly depends upon the current limits of the VSGjimmam tolerable level
of DC voltage peak-to-peak ripple and the strength of the poser system.

Case IV with negative sequence reactive current controlsuigble for large
voltage unbalances or during asymmetrical faults. Durimgsymmetrical fault, the
reactive current export from the VSC is usually based on ipledst voltage among
the three phases in order to avoid over-voltages. This mimatghe faulty phase
is not compensated with any reactive current. Thereformight be an option to
provide a negative sequence reactive current control gumalanced faults. In this
way, the problem of over-voltage is not just avoided but iowed by drawing reactive
current from the particular high voltage phase and at theestime considerable
support is provided to the faulty phase(s). The applied thegaequence voltage
gain can be fully based on the capacity of the VSC and theaoledimit of the DC
voltage oscillation.



Six

Wind Power Plant AC Voltage Control
for Fault Handling

In this chapter a controlled voltage dip method applied & WPP col-
lector network to ride through grid side faults will be dissed. It is
shown that the proposed control philosophy ensures a aattfy re-
sponse from the entire HYDC system including the WPP duinigpws
types of fault. Faults occurring at the WPP collector netiware also
discussed. Finally, hardware-in-the-loop test resulta @fll-scale wind
turbine connected to a physical VSC representing a WPP sRie &f a
HVDC system are presented.

LV-FRT is one of the most challenging requirements to fylihd more so in case
of a long HVDC transmission system with one end connectedwWwP#®. A HVDC
transmission system is composed of power electronic devisbereas, the WPP
collector grid is fully governed by power electronics (iretform of wind turbine
VSCs and WPP side VSC). Unlike electrical machines, powecteinic devices
have very strict current and voltage limits. It is possildesktend the limits of the
VSCs, but in the expense of added components and cost.

In this chapter the control of AC voltage (controlled vokadjp) at the WPP col-
lector network in relation to LV-FRT will be presented. Maeyisting large WPPs
are grid connected via HVAC transmission line. On demanthfte grid require-
ments, most of the modern wind turbines have LV-FRT capadsli The experience
of riding-through low voltage faults is ever maturing withthe wind turbine industry
and the option to allow the same wind turbine type for difféteansmission options
(HVAC or HVDC) would provide an enormous benefit.

6.1 WPP side AC voltage Control

Similar to frequency control, AC voltage control also reggia switch-over of HYDC
voltage control between the two end VSCs after a fault isadeteat the host power
system. The main principle behind HVDC voltage control igptovide an energy
balance between the sending end (WPP end) and the receidngd end). When
the active power export to the host power system is redtiidtee task to provide
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energy balance in the HVDC transmission system is assigngetWPP side VSC.
The WPP side VSC executes a collector network AC voltagercbphilosophy
(controlled voltage dip), hereby, reducing the total acfower generation from the
WPP. The control of AC voltage at the WPP directly followsmigr procedure that
was discussed in Chapfér 4 during the evaluation of HVDCageltcontrol method
for the grid side VSC. A fundamental difference is in the fdett the grid side VSC
is connected to a power system and is able to synchronize tavdilable three phase
voltages at the PCC. The control of DC voltage is achievegttir by controlling the
amount of active current exported to the connecting gridweéir, in case of WPP
side VSC, there are no synchronous generators or any synzimg voltage sources
available. It is the responsibility of the WPP side VSC tovide three phase syn-
chronizing voltages to the entire WPP during normal opegationditions and also
during the fault event if possible. Based on the fact thatdwirbines are equipped
with a full-scale back-to-back VSC system, they are capabtentrolling active and
reactive power as a function of available voltage at theectdir network. As such, a
WPP represent a current source and the response of thetcsmrene to the change
in collector network voltage is very fast. A single line lay®f the electrical system
at the WPP is shown in Fig. 6.1.

;] e

dc:
/I I I Vdcwppl
|

Figure 6.1: Single line representation of the WPP and the $iéHVDC VSC

| |
| |
| |
I i !
, dowpp outwpp :

|
| |
| |
|
|

The main control objective is to provide a power balance betwthe collector
network AC power and the HVDC side power during the fault ¢évéfna sustained
power balance is achieved during all conditions where tiséesy needs to stay con-
nected to the host power system , the magnitude of the HVDtagelcan be con-
trolled within tolerable limits.

The above expression neglects any losses in the WPP side ¥®€ lmsses in the
inductor, therefore the DC side current can be derived as,

3 (Vrlkd o) “i1kd p(t)>
2 Vacwpp(t)

lac(t) = (6.2)

In eq. [6.2), currenityqp(t) is given by the WPP. The collector network voltage is set
by the WPP side VSC, so the AC voltaggqp(t) is also the reference value for the
converter AC voltage controller. During the normal opergttondition, the value of
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v’lkdp(t) is equal to its 10 [pu] value or a value corresponding to optimized reactive
power compensation of the WPP collector network. During d,RRe WPP side
VSC is assigned to control the collector network AC voltagd aonsequently the
DC voltage at the HVDC transmission side. A properly implemed DC voltage
control maintains the energy balance over the DC capaeitat,any imbalance will
lead to an increase in the DC voltage level given by the esmrdelow (refer Fig.

6.7).

~AVgcwpp(t)

- (6.3)

idowpp(t) — Toutwpp(t) = Cdc

Integrating the above equation over the sampling pemiot to (n+ 1) - Ts, the fol-
lowing expression can be derived,

. . 1
idgwpp(N) — ioutwpp(N) = Cdc T (Vaewpp(N+ 1) — Vacwpp(n)) (6.4)

vac(n+1) is the DC voltage referencey(n). Substituting eq.[(6]2), the following
expression can be derived.

_ 2 Vdcwpp(N) Cuc

Vrlkdp(n) =3 W T '(V{jqup(n)—quwpp(n))
2 Vdc;w (n) .
S i o

Therefore, the control of the WPP side VSC during a FRT evantbe established
based on the above expression. Compared to the responsef tineeHVDC voltage
controller, the response time of the current control in wimndbines is relatively fast
and, therefore, can be considered as ideal. The design ofGtdllage control can
follow standard procedure with plant transfer functionegivas(Cyc- Ts) /(z— 1).
Apart from the main control philosophy, in order to allow &P side VSC to
control the DC voltage, it is also necessary to ensure a s$mtaansition during the
exchange of control between the two end VSCs. As no data concation between
the WPP side and the grid side VSC is used due to the reasaisiimy delay and
data reliability, the process of transition is fully based@C voltage measurements
at both ends of the transmission line. Following a grid seldtf the grid side VSC
active power transfer can be restricted by the applied nutimits. Beyond this
point and until the fault is cleared, the grid side VSC willeogte under current
limit mode. This implies that the grid side VSC relinquisitte HVDC voltage
control when operating under current limit mode. At the WE,avind turbines
may continue to produce the same amount of active power dipre-fault. The
difference in the active power will thus be stored in the HVEdpacitors (including
VSC capacitors and cable capacitors) ultimately incrggie HVDC voltage level.
The WPP side VSC control unit is assigned to monitor the HVDIEage at all time.
When the DC voltage level exceeds an upper threshold Viggikn = 1.05 [%] of the
rated value, the WPP side VSC is set to take-over the cortiaV®C voltage.
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However, the levels of HVDC voltage at the two ends of a trdasion line are
not equal because of the long HVDC cable parameters agdtaestin Fig[6.2. The
grid end voltage can be predictegydcac) at the WPP end from the known value of
cable resistance and the measured WPP end DC cuiggntzp. This is, however,
only correct during steady state operating conditionsfdildwing a disturbance, the
predicted DC voltage is not equal to the actual value untiéa steady state value
is reached. This can be explained because the WPP side D&htaoannot be used
to predict the grid side DC voltage dynamics precisely. Gndther hand, the grid
side DC current values are unknown at the WPP end unless diaiisenication is
utilized. Therefore, one should pay careful attention thatgrid side HVDC voltage
does not exceed critical upper limit while the WPP side culgr detects and reacts
to the DC over-voltage. In this case it becomes necessatyhaipper threshold
limit, Vgcuth, is carefully chosen. However, if the upper threshold lésvébo small, it
may trigger a false FRT mode during other events or disturksnausing DC voltage
change.

Fault-start Fault-end
1.15 1.15
Vdc,WPP
_ 1.1 _ 1.1 7Vdc,calc
> >
= k=3
8 1.05 —Vacwep || .8 1.05
Y/
dc,calc
1 Vdc,g 1
0 0.05 0.1 0.15 025 03 035 04

1

= 0.5

g

B
0

-0.5 : -0.5 :
0 0.05 0.1 0.15 025 03 035 04
Time [s] Time [s]

Figure 6.2: HVDC voltage and current level at different ibmas during grid side
fault

As the grid fault is cleared, the grid side AC voltage stastseicover. The total
reactive current export decreases, allowing more roomdtiveacurrent. During the
fault, a large amount of energy is stored in the HVYDC capeaxitdhe current limit
mode of the grid side VSC is turned off only when the HVYDC woéigumps back
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to the rated valueyycith = 1.0 [pu]. Therefore, this allows for the energy stored
in the capacitors to dissipate or the DC voltage to returrk badhe rated value as
fast as possible by exporting momentary inrush active otiiwat to the grid. The
simulated response of the reference current and the aatu@nt at the grid side
VSC during a fault is shown in Fig._8.3. Simultaneously, teerdase in HVDC
voltage is also monitored from the WPP end, and the WPP enttotlen allows
collector network AC voltage to increase back to its nomu@dlie. This also causes
a sudden momentary inrush of active power from the WPP to WieCEllink. Once
the collector network AC voltage fully recovers, the winddime controller applies a
ramp to the recovering active power, which is also followgddbtive power damping
control in individual wind turbines. It is, therefore, viéeid that a smooth exchange
of DC voltage control between the two end VSCs is possibledbas the state of the
DC voltage measured independently at each end.
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Figure 6.3: Grid side VSC current gig rotating reference frame during fault

6.1.1 Balanced faults

In this section different balanced fault conditions at tremgrid will be discussed.

Case|l: Three Phaseto Ground Fault

A three phase to ground fault close to the grid side VSC pemsvitie most challeng-
ing requirements in terms of LV-FRT. In Case |, a completed¢hphase to ground at
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the HV side of the grid transformer is simulated. Itis assdthat the fault is cleared
after Atau = 250 [mg. The majority of the highlighted results are taken from the
LV side of the grid transformer and the HV side of the WPP paakdformer. A
grid side transformer with X;;ans = 12 [%] impedance value is used in the simula-
tion model. A SCR of 7 between the host power system and the MW/Bsed with
Zy=11428 [Q] and X /R= 7. The wind velocity at the WPP is set to B3gng = 15
[m/s], which ensures that maximum power is delivered by the WPstuation with
maximum power delivered by the WPP represents a worst casauso for the FRT
test. The simulated voltage response of the system is showigi[6.4.

!
% J@W l %Md 8v“d
N —

Figure 6.4: Simulated voltage response during a threeeptwaground fault

Following a grid side fault, the DC voltage control switcheo takes place to
provide a controlled voltage dip at the collector networkeDC voltage reference
during the fault is set to b ;,, = 1.05 [pu]. However, it can be observed that the
steady-state error between the measured and the referéhamlfdge is not zero.
When a complete short circuit occurs at the HV side of the gadsformer, the
active power delivered to the grid is minimui, ~ 0.0, as shown in Fid. 6.5a. The
only available active power sink in the system is the systessds. Even though
the active power produced by the WPP is zero, the HVDC voltagenot be fast
adjusted to the reference value via the control system. Wefault is so severe,
the WPP side VSC goes into the state of short-circuit or a kevyAC voltage level
(lower limit of the collector network AC voltage control). h& total energy stored
in the HVDC capacitors during the reaction time of the odecantroller (plus the
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time required to allow for the control switch-over) cannet dissipated elsewhere
except for the system losses, hence the DC voltage steatdy-estror is hon-zero.
However, as shown in the voltage HVDC plots, by carefullyesthg a proper value
of DC voltage upper threshold limigc th, it can be ensured that the HVDC voltage
remains within a safe limit during a severe fault. It is asednthat the DC over-
voltage trip-off limit of the the VSC-HVDC is/gctrip = 1.2 [pu] or 20 [%] higher
than the nominal value.

A slight difference in the DC side power plots, prior to thekgd fault, between
the grid side and the WPP side can be noticed in[Eig.] 6.5a. ifiegehce is due to
the losses in the transmission cables. During the FRT evhahwhe active power
transfer is reduced, there is no current flow in the DC sideremde the active power
at both ends drop to a very small level. The excess of energfpiied in the rotating
mass of the wind turbine. The model of full-scale wind tuebdescribed in Chapter
[ is used in these simulations. As individual wind turbinetivaly participate in
storing the excess of energy, there is no need for a cemdaktorage or power
dissipation unit. The post fault active power recovery &ajoverned by the wind
turbine controller.

The response of the wind turbine during the process of clhedreoltage dip in
the WPP collector network is illustrated in Fig. 6.7. The evtarbine RMS voltage,
Vi, is taken from LV side of the wind turbine transformer. As thiad turbine ex-
ports a large amount of reactive current during the comtdolioltage dip created by
the WPP side VSC, the level of wind turbine LV side voltagesigtively higher than
the voltage dip introduced at the output of the WPP side V3@.difference is deter-
mined by the total impedance in the collector network intigdhe cable impedance
and transformers impedances. The wind turbine transfolmaeraXans = 6 [%]
impedance and the park transformer hag;as= 12 [%] impedance in the simula-
tion model. The level of reactive current export is detemdiby the available voltage
level at the wind turbine terminals. However, it is at all éimnsured by the wind tur-
bine VSC controller that the modulus of the total referenaeent is limited within
1.1 [pu]. Therefore, the WPP side VSC does not encounter any riskafcurrent
while its terminal voltage is lowered as illustrated in F&Qg.

The wind turbine DC link voltage is not so much affected darthe FRT se-
guence, as the excess of input power is stored in the mecthayistem. After the
dip is removed, the stored energy is slowly released whishlt®in the wind turbine
generator shaft oscillation. The oscillation in speed & albserved in the active
power output plot. Nevertheless, it may also be an optiontiliaeithe wind turbine
DC link capacitor to store all or part of excess power. Thiymealuce the amount of
mechanical stress on the wind turbine shaft and gear-boarticplar during voltage
dips, but on the other hand, the size of wind turbine DC lingazdtor will increase.
Alternatively, a DC chopper can also be used.
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Figure 6.5: Simulated power and current response duringe-yphase to ground

fault
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Figure 6.7: Simulated response from the wind turbine dugitiyyee-phase to ground
fault

Casell: Multiple Voltage Dips

Multiple voltage dips or extended dips are also a common qinemon in the power
system and it is a requirement for the WPP to ride-throughtayr sonnected tem-
porarily. It is illustrated via simulation results that theesented control philosophy
has the ability to control the HVDC voltage under such caods.

In Fig.[6.8, a case with a complete three phase to grouadi{ ~ 0.0 [pu]) fol-
lowed by a voltage dip ofetain = 0.6 [pu]) at the HV side of the grid transformer
is illustrated. AfterAtso,r = 200 [mg, the three phase to ground fault is cleared but
is followed by another voltage dip fdktsy,r = 300 [m§ immediately. Due to the
follow-up dip, the grid side fault is not completely over. \Mever, the retain voltage
at the HV side is much higher after the three phase to grountiifacleared. This

109



6. WIND POWER PLANT AC VOLTAGE CONTROL FORFAULT HANDLING

110

creates some room for active power transfer towards theagritie level of reactive
current export to the grid is reduced. As a result, a suddep or DC voltage oc-
curs at the grid side because the grid side VSC is still workinder current limit
mode (exporting maximum possible active current). The dndpC voltage is also
observed by the WPP side controller and as it is seen in theefithe DC voltage is
slowly pulled down to its reference vald ;. until the steady state error is zero.
Unlike during a complete three phase to ground fault, it i possible for the as-
signed controller to freely manipulate the DC voltage. Toetml of HVDC voltage
is done by indirectly controlling the collector network AGltage; the corresponding
simulated response of the collector network AC voltage ishasvn in Fig.[6.8a. It
is also confirmed from the current response (not shown ingpert), that the total
current amplitude running through the WPP side VSC does xu#ezl beyond set
limits of 1.1 [pu].

Caselll: Responseto Weak Grid Connection

The response of the collector network AC voltage contralgplied to different grid
strength SCR= 3, and 10) is illustrated in Fig. 6.9. It can be observed thabthes-
all control of the HVDC voltage during the grid side fault igtrso much affected by
the strength of the host power system. However, some diffexe can be observed
when the fault is cleared. A small difference can be noticetié active and reactive
power plots during the post fault recovery of the HVDC voéiadn case of a weak
power system, the export of inrush active power to allow fer HVDC voltage to
discharge quickly constrains the recovery of grid side AGage slightly. The only
other major difference is seen on the dynamics of the AC geltand reactive power
after the fault is cleared. This is because - the weaker tis¢ power system is,
the more sensitive is the AC voltage at the PCC to the activeepwoariation from
the grid side VSC. For a very weak gri®CR< 3) connection of a VSC-HVDC
transmission system, all the grid side VSC controllers rtedak less dependent on
the stiffness of the voltage at the PCC and the control pamsh&uned accordingly.
Analysis of very weak grid connection is not included in treport. However, it is
demonstrated that the implemented AC voltage control a8iMR® collector network
is capable of controlling the HVDC voltage and riding-thgbudifferent levels of
balanced faults in the grid irrespective to the strengthafver strong) of the host
power system.

6.1.2 Unbalanced faults

The most common type of faults in a power system is unbalaircedture [83]. As
with balanced faults, a VSC-HVDC connecting an off-shoreRAtB a host power
system needs to ride-through unbalanced faults. Duringnialanced fault, e.g.,
a line-to ground fault, the grid side VSC has to accommodagdrhbalance in the
PCC voltages and continue its operation at-least temarari
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Figure 6.8: Simulated voltage and power response duringlégbewoltage dip
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Figure 6.9: Simulated voltage and power response duringeg-ghhase to ground
fault for different grid strength

Provided that a sufficient room for the controlled negatieguence currents is
available, the HVDC voltage can be set free fromfg oscillation. In this situa-
tion, the control of HVYDC voltage by the WPP side VSC providesfurther added
complications. Assuming that no room for controlled negagequence current is
available, the oscillation in the active power is directiflected onto the HVDC volt-
age, because the AC side active power and DC power shouldleapiaother except
for the losses. Oscillating power in the DC side means treavtitage and the cur-
rent also possess the &, ripple. Even though the HVDC transmission cables are
long, some or part of these oscillations in the HVDC voltage eurrent are reflected
at the WPP end. The control of DC voltage at the WPP end durirgTamode re-
quires both, DC voltage and current, as inputs. When sudhatisqy parameters are
applied to the control equation (6.5), the resulting AC agéi peak reference( )
for the WPP side VSC is also oscillating. The transformatbthis reference volt-
age intoabc stationary reference frame will generate an unbalancegelin the
collector grid. The full-scale wind turbine used in the siation model is already
equipped with negative sequence control or FRT capabilitind unbalanced faults.
The WPP will, therefore, act accordingly by injecting baled three phase currents,
irrespective to the unbalance in the collector network ACage.

However, it has to be noted that a third order harmonic veltagl be super-
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imposed on the fundamental frequency voltage due to thefoanation of oscil-
latory reference imdq rotating reference frame intabc stationary reference frame.
Following the reference frame transformation, a 18@][signal with a DC offset gets
resolved into 50 Z] fundamental plus a small fraction is resolved into 1H@][har-
monics. This is revealed by the Fourier transform of thelteguthree phase voltage
waveforms as shown in Fig._6]10. The presence of such hacsi@only temporary
or short lived during the period of FRT sequence time frame.
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Figure 6.10: Harmonic presence in the WPP collector AC geltduring unbalance
fault in the host power system

The simulated voltage response at different location®\atig a single line to
ground fault at the HV side of the grid side transformer issitated in Fig[ 6.11.
A SCR of 7 between the host power system and the WPP is dged,114.28 [Q]
andX/R= 7. The duration of fault i\t;5,; = 250 [mg. The resulting AC voltage
unbalance in the off-shore collector network is shown intzbtom plot of Fig[6.111.

The simulated power and current response at differentitotatollowing the
single line to ground fault at the HV side of the grid side sfanmer is shown in
Fig. [6.12. As the collector network is unbalanced, the WRIe MISC draws an
oscillating active power from the WPP. It shall be noticedttthe unbalance factor
of the three phase AC voltage at the collector network idivelly smaller than that
at the grid end. This is because the peak-to-peak ripple @ voltage at the
WPP end is reduced due to the long cable parameters. Therdfieractive power
peak-to-peak ripple at the WPP end is relatively lower thahegrid end, however,
the DC component of the active powers are equal except farahke losses.

It is in practice possible to get rid of the third harmonicsitemt at the WPP
collector network by adding third harmonic compensatiamteto the modulation
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Figure 6.11: Simulated voltage response during a singéetbrground fault

signals. Alternatively, a large gain drop at frequencyfg (for e.g., a notch filter)
can be directly applied to the collector network AC voltagateol referencev, )
or to the feed-forward term&ycwpp andiouwpp- If this condition is satisfied, the
three phase voltages at the collector network can be caabigebalanced. An ideal
notch filter is practically not possible to achieve, therefaa considerable drop in
gain for a narrow band of frequency aroundfg will have to be accommodated.
Therefore, one should also make sure that the importantnigsaof the controller
are not affected by the implemented filter response. Thelatedivoltage and power
response of the system with notch filters applied to the feedard terms are shown
in Fig.[6.13. As expected, the active power at the WPP endnsiderably free from
sinusoidal ripples, and at the same time, the WPP side A@gelis also balanced.
The HVDC voltage control is achieved because the DC compookthe active
power at the WPP end and the grid end are equal except forgeedoAlthough not
shown in the report, the control of collector network AC agié during other kind of
unbalanced faults (double line to ground and line to lindt$awvere also confirmed
from the simulation results.

6.1.3 WPP Side Faults

The most typical faults in an on-land transmission systeendaie to natural causes
like falling of tree branches, conductor clashes due to wingater, lightning strikes

etc. These fault causes are almost irrelevant in the subienaable systems but
faults originating from other different technical causaga occur. On the other hand,
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most of the faults in a stand-alone off-shore WPP will bedlitito clear. The system
will have to eventually trip-off following a severe fault tinthe maintenance crew
repairs the damage. However, some faults may be localizeth individual wind
turbine or a single feeder (row in the collection grid) asvehan Fig.[6.14. In case
of a very large WPP, there may be more than one park transfeyraach allocated
to a certain number of feeders. In such a situation, thequéati feeder or the circuit
consisting of the faulty transformer can be isolated from WPP and the normal
services may be resumed after a temporary disturbance.

Figure 6.14: An example of off-shore WPP layout

When a fault occurs in the WPP area, the wind turbines respmtitk collector
network voltage dip by limiting the active current injectioT his is one of the direct
advantages of having an AC voltage control in the WPP catenetwork. But the
WPP side VSC is not equipped with a direct current vectorrodntn such a situ-
ation, the WPP side VSC may be over-loaded with the faulteturdetermined by,
() the fault resistance, (ii) the equivalent system impegabetween the WPP side
VSC and location of the fault, and (iii) the WPP side VSC vgtidevel. To prevent
the over-current, an indirect current control is implenaeintThe fault current can be
limited by limiting the WPP VSC voltage - there always exiatminimum voltage
level based on the equivalent system impedance which wslienthat the total cur-
rent does not exceed safe limits. When the current througWRP VSC exceeds
the pre-defined upper threshold, the AC voltage limit modapiglied. The current
feedback is derived from the three phase currents measutbd germinals of the
WPP side VSC which can be transformed idtpreference frame. The VSC voltage
is suddenly reduced to a level such that current from the WERIPA&SC is restricted
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within its maximum limit (see Fig[_6.15). Provided that tlailt is cleared by the
timer set on the circuit breaker, the fault current will seod the nominal voltage
can be re-established.

1 —
— 1kd [
a i
,2—_:‘ OF ~ 1kg H
i i
1k
_1k al
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0 0.1 0.2 0.3 0.4 0.5

Figure 6.15: WPP side converter currentigreference frame. A severe fault occurs
at the LV side of the park transformer and the current is &ohiby the implemented

. . B _ .2 .2
voltage limit modefiw| = 4 /ifq +iq

In Fig. [6.16 and Figl_6.17 a case with a three phase fault aMRP applied at
the LV side of the park transformer is shown. The consideaett presents the most
harsh fault situation in the WPP, which may or may not be es$o clear in the real
world. However, to test the system response, it is assurreddith fault is cleared
after Atz = 250 [mg. When the fault occurs, the WPP VSC starts to deliver the
fault current. The voltage limit mode is set on so as to limé turrent within safe
limits by lowering the WPP VSC voltage level. During this seqce, the losses in
the WPP VSC and the components within the location of the faulelivered by
the HVDC side, so the WPP side active power is slightly negatiAs a result, a
drop in the HVDC voltage can be observed. To maintain the H\bIEage level,
the grid end VSC is also required to send the active powerdrofiposite direction;
compensating the losses in the converters and the HYDC<alen the fault is
cleared, the current through the WPP VSC decreases rapidlgsit drops below a
pre-defined lower threshold, the nominal voltage is re-set.

It is, therefore, possible to indirectly imitate the vokagonditions at the PCC
during fault events by the WPP side collector network suet the wind turbines
can actively participate during the required FRT operationhis has been verified
for all the fault cases that can occur in the main grid. Somg@mnsdvantages of
having such a control option during LV-FRT are summarizeldwe

1. The commercially available wind turbine topology (irdig the generator
and the back-to-back VSC) and its control system do not recany modifi-
cation or changes (including all the control systems) sththey connect to an
HVAC transmission system or a HVDC transmission system.

2. The system does not need to rely on data communicatioragesclike FRT
control when very fast and reliable response is requiredhd®athe commu-
nication of the fault is done via a physical signhal (HVDC egje level in this
case).
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3. Itis not necessary to implement two different detectiod eontrol techniques
for the main grid fault and the WPP collector network faulturbg both the
cases, wind turbines in the WPP respond according to thegehianvoltage
level in the AC collector grid.

Any faults occurring at the HVDC transmission cables aramdtded in this report.
As with WPP side faults, the probability of fault occurrenoghe HVYDC transmis-
sion cables is very small and in most cases, it will not be iptesso ride-through
such faults and the HVDC system shut-down will be necessary.

6.2 Power-Hardware-in-The-Loop Test

HIL (hardware-in-the-loop) simulation is a technique usednderstand the behav-
ior of a new device, or to develop and test complex systents, aredict an outcome
under different system conditions. A HIL simulation ofterfars to a system in which
part of a full simulation has been replaced with actual ptglstomponents [84, 85].
Based on the inter-connection method of actual physicapom@nts with the simula-
tion part in HIL; HIL can generally be classified into two ogteies. CHIL (control-
hardware-in-the-loop) simulation is a scenario wheregtiemo power transfer to
or from the hardware being tested, in contrast to the morlectyang case in PHIL
(power-hardware-in-the-loop) simulation, where therifatee point involves conser-
vation of energy so that real power is virtually exchangetiveen the simulation
software and the actual hardware. Appropriate power aroglifin and conversion
apparatuses must be included. The closed-loop PHIL of thieeland the network
model provides insight on both the performance of the costbeme as well as its
effect on the power system. Hence, PHIL simulation is anctffe method to test
or verify the functionality of new control systems and diffet power components
interactions([86, 87].

The WPP collector network, as discussed earlier, is fullyegoed by power
electronic devices. Therefore, the interaction betweerP\Wésed on full-scale wind
turbines and the WPP collector grid becomes increasingpontant. For example,
the WPP collector grid’s dynamic response to transienttsweiil be influenced by
the VSC-HVDC link controls. Hence, the relevant influenceshe VSC-HVDC and
the WPP need to be carefully investigated. This sectiondesat what can be con-
sidered a first step into the development of a PHIL systenstdtections of control
and operation of a VSC-HVDC transmission-link. In PHIL testup the wind tur-
bine and the AC collector grid is built in the RSCAD simulatiprogram, modeling
the full-scale wind turbines with correct aerodynamics,CéSand control systems.
A single wind turbine model is used to represent a WPP. The $RPVSC-HVDC
connection is represented by a down scaled two-level ctavand the power termi-
nation is done through a DC chopper. The control algorithintheVSC are coded
and downloaded to a dedicated DSP/micro-controllers. paiticular experiment
contribute towards building an in-depth knowledge on tleady-state and dynamic
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behavior of WPPs connected through VSC-HVDC links, and d@epto provide rec-
ommendation for future developments. A picture of the sétplemented during
the project is shown in Fig. 6.18.

Figure 6.18: Picture showing the different components efithplemented PHIL test
experiment

6.2.1 PHIL Implementation Setup

The block diagram of the experimental test setup that has deeeloped is shown
in Fig.[6.19. The PHIL test platform is comprised of a RTDS#¢Reéme digital sim-
ulator) [88], a Spitzenberger Spies three phage[kW] power amplifier [89] with
frequency range from DC to kHZ large signal bandwidth<{3dB), a VSC and
a DC chopper. The top half of the Fig._6l19 presents the wingirta model im-
plemented in the RTDS platform and the bottom half represtive hardware setup.
The communication between the RTDS and the external haede@mnponents is
done via input/output AD/DA cards. A slight time delay (andufour time steps)
in the system was observed between the input and the outmalsj which has not
been resolved during this work but has been taken into ceregidn for future im-
provement. A proper scaling factor is implemented in theusation to accurately
amplify the voltage magnitude to and from the external cleésinThe HV side of
the wind turbine transformer is connected via an impedan@dontrolled voltage
source with rated voltage at 3B\], a standard MV level at the WPP collector grid.
The control signal for the voltage source is the input from theasurements done
at the output bus (BH1) of the external VSC. The external V&&Zeasents the WPP
side VSC of a HVDC line.
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Figure 6.19: Block diagram of the PHIL test setup

The DC voltage of the external VSC is terminated through a B@pper. The
role of the DC chopper is to maintain a tolerably constant @@age. The DC
chopper emulates the role of the grid end VSC (not to be cexfider a HVDC
chopper implemented for FRT) as it has not been possiblésdirtire to implement a
proper grid end VSC. For what is being evaluated, the usesoftiopper to emulate
the grid end VSC is fully justifiable because the DC chopper rcaintain the DC
voltage to a given value and the other responsibilities efghid end VSC does not
affect the DC side anyways. The DC voltage in the hardwaretiat500Y/] and the
AC voltageVp = 300 [V]. The rated power of the wind turbine modeRg rated = 2.5
[MW], therefore, by selecting an appropriate power rating lier éxternal system
Phwrated = 2.0 [KVA] the per unit ratio between the impedance in the hardware and
the model can be calculated. The value of the impedance imtel can be set to
represent any given condition, for e.g. if the WPP is modekea single up-scaled
wind turbine (aggregate WPP model), the impedance valuéeasalculated from
the T equivalent model of the WPP collector grid.

6.2.2 Voltage Sourced Converter

The VSC in the setup representing the WPP end VSC is a twbieBd based con-
verter with a switching frequencfg = 4.0 [kHZ and the switches are hard switched
based on PWM signals. The AC terminals of the VSC is connetiealLC fil-
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ter to eliminate the PWM generated harmonits<(5.5 [mH], C = 20 [uF] and
R = 1[Q] damping resistor in series with the capacitors). As exgdiearlier, the
main function of the WPP end VSC of a HVDC transmission systetn maintain
the AC voltage and frequency constant at the WPP. The cdristguency reference
(f =50 [HZ)) is generated via a virtual PLL in the controller. To maintéthe AC
voltage magnitude, a DC voltage feedback loop is implenientehe DC link of
the VSC is initially energized directly from a three phasealae transformer and a
diode bridge rectifier. For DC voltage below the rated vaMg € Vicrated = 500
[V]), the modulation index between the AC and the DC side of tB€V¥s maintained
constant am= 0.98. The modulation index is defined as the ratio between trame
value of the DC and peak value of the per phase AC voltage @ V,/Vyc). When
the WPP is connected, the flow of active power will cause sonwtufation on the DC
voltage magnitude. Also the sending end voltage is slighitiher than the receiving
end DC voltage due to the resistance along the transmisalda and the variation is
determined by the amount of active power transmitted. Inrttidemented lab setup,
a small variation in DC voltage is possible due to the hysisreontrol action of the
DC chopper. The DC voltage feedback loop thus compensdtéiseak variations
by constantly updating the required modulation index tdexeha fixed AC voltage

magnitude.
vV, =m-sin(w-t) (6.6)
V[J:m-sin<w-t+2'Tn> (6.7)
vf::m-sin<w-t+4'Tn> (6.8)

This provides a simple and robust voltage regulation at tfRPVXC collector grid.
The response of the VSC during a DC voltage sweep fr@hplito 1.1 puis shown

in Fig.[6.20. For a 10 % increase in the DC voltage, the AC RM$ue is tolerably
constant;~ 1.0 % change. The small change is observed because of theioariat
in the AC voltage harmonics (which is caused by the decreashel modulation
depth) as shown in the bottom two plot of Hig. 8.20. Howevergality DC voltage
change of such high magnitude cannot be expected in a HVD€myender normal
conditions. A slightly better response should be possiblease of a more precisely
tuned filter.

6.2.3 Wind turbine model

The wind turbine model is prepared in a real time simulati@fprm, RTDS. The
implemented wind turbine model includes the following;tfi® mechanical parts as
rotor blades inertia and associated pitch control, (i) a3®Vi(Permanent magnet
synchronous generator), (iii) a back-to-back VSC and timrobsystem, (iv) a wind
turbine transformer, (v) an AC side filter and (vi) a DC chapaethe DC link for
LV-FRT. The system diagram of the wind turbine model is pnésé in Fig[6.211.
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Figure 6.20: VSC response under DC Voltage sweep test
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Figure 6.21: Wind turbine model diagram
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The back-to-back VSC of a wind turbine and its control systam be divided
into two parts, (i) the generator side VSC and its contrglitie grid side VSC and its
control. A detailed discussion on variable speed diresedfiM wind turbine system
can be found on [90-92]. The function of the generator sid€ \&Sto optimize
the generator speed to maintain the maximum power tracKiihg. control of rotor
speed is achieved by controlling the stator currentddmotating reference frame.
The signals that are controlled are the voltage refererarethé PWM modulation,
Vkma @nd Vi, A dynamic model of PM generator (without damper winding) in
synchronously rotating rotor anglé;f aligned reference frame is given by,

. di .

Vsd = —Rs'|sd—(|—s+|—md)'d—i(j"f‘(l—s—"Lmq)'a)e'lsq (6.9)
. di :

Vsq = —Rs'lsq—(Ls—H—mq)'d—?.q—(Ls‘H—md)'(Jt’e"sd"“*’e'LIJ (6.10)

Where,Rs andLs are the generator resistance and inductahgés the mutual in-
ductanceqy is the generator shaft speéd,is the magnet flux. The control of stator
current ing- axis is used to control the generator electromagneticu®(g), which
ultimately controls the speed of the generator or rotortsidfe control ofd— axis
current is used to control the generator terminal voltage.

3 :
Te - E'p'w'lsq (6.11)

Where, p is the number of poles. In order to achieve the speed comtnobptimum
rotor speed @ opt) is derived based on the measured generator active power and
maximum power point tracking characteristics of the windbitae. A general block
diagram of the generator side controller is shown in Eig26.2

The function of the grid side VSC is to maintain the energyabeé in the DC
link by exchanging active power at the PCC and provide reagiower support. The
general equations describing a grid side VS@drsynchronously rotating reference
frame aligned to the PCC voltage vector are,

dikwd

Viwd = Vwd+ Rerans: ikwd — @Wm- Ltrans- ikwq+ Ltrans dt (6.12)
_ ¥ Lo L., .. dlkwg 6.13
Vkwg = Vwgt Rerans® lkwg+ @Wn- Ltrans® Ikwd 1 Ltrans dt (6.13)

Where,Rans andLirans are the transformer equivalent resistance and inductasce r
spectively,ar, is the AC voltage fundamental frequency. The active curcentrol

(ig) is achieved by controlling the DC side voltage and the reaaurrent control
(ig) is achieved by controlling the AC voltage. As already désad earlier, during
the grid side VSC control of the HVDC transmission systens, WsC control ref-
erence frame is aligned to the voltage vector at the PCC byfisePLL, which
implies thatv,,g = 0. The AC voltage at the collector grid is controlled by the RVP
side HVDC VSC, so individual wind turbines do not apply dir&€ voltage control
mode to avoid any possible control interactions betweentlrecontrol systems.
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Figure 6.22: Generator side VSC control

Alternatively, a proportional AC voltage control is apglien the wind turbine grid
side VSC. The grid side controller diagram in shown in Ei@36.

et) = (Vhe—Vwac(t)) (6.14)
g = kueelt) (6.15)
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Figure 6.23: Grid side VSC control

To fulfill the criteria of wind turbine staying connected tetAC collector net-
work during a fault event, a DC chopper is implemented. Theess of energy be-
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tween the input power from the wind and the output electacélve power to the grid
is slightly stored in the DC link capacitor and the rest isifiated into the chopper
resistor. Therefore, in this model the speed of the geneshiat remains relatively
constant during the grid side voltage dip events as no pav&ored in the rotating
mass of the rotor blades. The current limit of the wind tuegb¥SC is applied in two
parts; (i) 11 [pu] during voltage dips or faults, (ii).2 [pu] during normal voltage
conditions. Some major parameters of the wind turbine madelisted in Table 611.

Table 6.1: Wind turbine parameters

Parameters Parameters
Som 25[MVA] fn 50[HZ
Vic 6.8 [kV] Vo  4[kV]
fy 382[H7 Xs 0O.1[py
Rs  001[pdl  Xma 1[pul
Xmq 0.65 [pu] Hg 4[]
y 1.2 [pu]

6.2.4 Resultsand Discussion

In this section some major test results are presented,figadlyi the co-ordination
between the WPP end VSC of the HVDC system and the wind turbBefore
connecting the wind turbine model prepared in the real timeigtor to the external
hardware requires an orderly start-up procedure. The Ewmpatal setup start-up
procedure is listed below.

1. The DC side of the VSC is energized to a nominal DC voltagel ldirectly
from a 400 V] AC grid via a transformer and a three phase diode rectifier.

2. Once the DC side is energized, the DC chopper and the VSCpgddes are
unblocked. However, the upper threshold level of the DC pkojs set slightly
higher than the nominal DC voltage level. Therefore, the DGpper is not
activated until the wind turbine amplifier starts to deliaetive power to the
VSC.

3. The AC side output breaker of the VSC is closed and the tiinase AC volt-
ages appear across the capacitors of the VSC LC filter at theni@s. The
magnitude of the output AC voltage is determined by the imugleted modu-
lation index.

4. The three phase voltages across the filter capacitorseasured via a voltage
measurement board, which applies an amplification gain shahthe peak
voltage measurement is less than ¥(. [The maximum voltage that the 1/0O
cards can handle 510 [V ].
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5. The voltage measurements are fed to the wind turbine mod@TDS with
appropriate scaling factor via GTAI (analogue input) cartdese signals con-
stantly update (every 5Quf]) the controlled voltage source representing the
WPP side VSC in the model. The nominal voltage level of therotied volt-
age source is 3XV].

6. The voltage measurements at the output terminal of the tuiline at bus B2
(Fig. [6.19) are fed to the the amplifier input channels aftglying proper
scaling factor via GTAO (analogue output) card.

7. The wind turbine model in RTDS is initiated.

Consequently, the controller of the grid side VSC of the wimdbine synchronizes
to the available voltage at the PCC. The exchange of actider@active power is
determined by the applied wind velocity and the amplitudehaf AC voltage at
the PCC. In the main hardware loop, the power amplifier erasltite wind turbine
response and delivers the scaled down active and reactiverpo the VSC. In the
simulation model the controlled voltage source emulatedH{DC WPP side VSC.
Any reactions from the VSC are immediately communicatedi¢éosimulation model
in real time.

The wind turbine model and the experimental setup is firsuntil a steady state
condition is maintained (completing the wind turbine stgstprocess). Before the
first run, it is necessary that the model is properly initiedl. The DC capacitors
are initialized to the nominal DC voltage level, the genarapeed at 1gu] and
the turbine blades running freely with no electromagneditjie applied from the
generator. As the wind turbine is connected to the AC netwtite exchange of
active power takes place. The speed of the generator sliggdtlices because of the
applied electromagnetic torque. The generator shaft spetide power and reactive
power slowly build up to a steady state value determined bynilaximum power
tracking characteristics of the wind turbine system andvtiiage level at the PCC.
A satisfactory operation of the system at the steady stateri§ed. The active and
reactive power during the start-up is illustrated in Fi@4.

In order to verify a well coordinated response during AC agét dip situations,
the control system of the WPP end VSC is triggered into FRTanadch that the
VSC responds by lowering its retain voltage level. Two défe voltage retain levels
were evaluated alietain = 0.5 [pu] and Vigtain = 0.2 [pu] with Atgaye = 150 ms
The voltage and current response of the system at the HV $itlhe avind turbine
transformer are shown in Fig._6.25a. After the fault is deteécthe wind turbine
control limits the exchange of active power while the reacfiower is determined by
the level of voltage dip. The limitation of the active curréngiven by the following
expression, except that a peak surge current can be obsemmetiately after the

fault is detected.
iwd = «“ﬁm,wt—iﬁwq (6.16)
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Figure 6.24: Start-up sequence of the wind turbine

After the fault is detected, the modulus of the referenceerurlimit is applied at
lilimwt| = 4 /120 + iﬁwq = 1.1 [pu]. Apart from the reference current limitation and
control philosophy, a low-level hardware protection isa implemented on a VSC
to protect the switching devices from excessive over-ciysghich is often activated
when the high level protection fails to control the currddbwever, the peak surge
current (half sine-wave) carrying capacity tggqe < 10 [md of general IGBTs are
much higher than the nominal current capacity. Thereftme ctrrent spike seen in
the plots will neither affect the wind turbine VSC nor the W#ige VSC nor will it
trigger the low level hardware protection.

The active and reactive power outputs from the wind turbieshiown in Fig.
for the two different voltage dip levels. The conventused is such that the
direction of active and reactive power from the wind turbioeards the collector
grid is taken as negative. The difference in the active pdvetween the generator
side VSC and the grid end VSC is slightly stored in the DC lingacitor and mainly
dissipated in the chopper resistor. When the voltage difeared, the active power
from the generator end VSC plus the energy stored in the D@citap is suddenly
released in to the collector grid. What is implemented is thiork is a very harsh
power recovery condition for the wind turbine and colleatetwork during the post
fault period. In many cases, it is common to implement a softgy recovery by
utilizing a power slopedP/dt) or gradient. This implies that the total energy dis-
sipated by the DC chopper will slightly increase, but thedsudjump in the active
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power output and the DC voltage can be eliminated, ensuriagra smooth AC
voltage recovery after fault.

The total active power delivered by the power amplifier mesdat the hardware
side at steady state prior to the applied voltage digisw ~ 1.8 [KW]. A compari-
son of currents measured in the simulation and in the extexmeriment during the
applied voltage dip ofretain = 0.5 [pu] is presented in Fid._6.26. It can be observed
that the simulated currents show a good agreement with tlesumed currents dur-
ing the steady state condition. However, the amplitude efrileasured currents in
the external setup is slightly higher during the transiemt @oltage dip situations. It
was also briefly mentioned earlier that a delay of four samgptime is introduced
between the voltage measurements at the output of the aki¢®C and the voltage
references that is sent to the power amplifier. During thadstestate operation, the
effect of the delay will simply reduce the voltage angle ketw the power ampli-
fier output and the external VSC terminal as compared to thag®angle between
the wind turbine terminal and the controlled voltage sourcthe real time simu-
lation. The effect of this reduced voltage angle can be cosgted or re-adjusted
by manipulating the size of the external inductance betwhertwo end voltages
in the external setup. However, the voltage angle will be ielatively dynamic
state (adjusted by the implemented current control of tmelwtirbine VSC) during a
voltage dip situation, the system delay cannot be competigat is very complicate
to compensate) and the resulting currents in the exterrsbisyis different from
what is desired. The main purpose of the experiment is toystuel co-ordination
between the wind turbine VSC and the external VSC when phlgiconnected to
each other. This has been, nevertheless, achieved withinyareasonable accuracy
despite some differences from the delay.

The response of the DC voltage during the introduced voltigges shown in Fig.
[6.27. Once the AC voltage recovers, the DC voltage is cdattdlack to the nominal
value and as such the wind turbine is able to provide a FRTorespduring the grid
side voltage dips. As a DC chopper is implemented in this wiik mechanical side
of the wind turbine remains relatively undisturbed durihg tisturbance and hence
the mechanical oscillation and time constants are not seddn the power curve.
This is also verified from the speed plot in Eig.6.27. Only akmsignificant change
in the generator speed can be noticed which is due to the susldmp in the DC
voltage level as seen in the DC voltage plot, otherwise thehargical side remains
unaffected.

The results presented above provide a positive overalliggicin this first step of
development. These results confirm a good co-ordinatiowdst the wind turbine
and the WPP side VSC. The response from the wind turbine jsiglentical to the
situation when it is connected to a strong AC super grid, a{PP side VSC is able
to provide a stable voltage regulation at the collector nétw The performance of
the wind turbine and the external VSC was as expected. Inlamval different full-
scale wind turbine systems were tested. The simulatiodtsgaesented earlier was
based on full-scale wind turbines with induction generatbile the results presented
from the experimental work is based on direct drive fulllscaind turbines with
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PM generator. There were also two different FRT schemeseimghted in the two
separate wind turbine models. One of them utilized a DC cboppd the other used
mechanical inertia as power storage during voltage dipsréfare, among all the
presently available full-scale wind turbine systems, thieocept of controlled voltage
dip at the collector network to ride through grid side falilés been verified.



Seven

Conclusion

The work reported in this dissertation can be divided inte¢hmain parts. The first
part was mainly focused on the comparison of different potrgmsmission solu-
tions for an off-shore WPP including HVAC transmission, HZEransmission with
MVAC collector network and HVDC transmission with MVDC ceditor network.
The second part was focused on the development of a dynamidation model
including a proper WPP model, VSC and its control, cables ahdther compo-
nents required for a HVYDC transmission system. In the lagt péferent control
solutions were discussed and results were presented fg ker the implemented
control would allow for the HVDC system to meet differentdydode requirements.
A partial solution was also tested and verified in the latuyat

7.1 Summary of the Work

The global wind power generation is experiencing a rapiavgnoWith the growing
size of wind turbines and the total installed capacity of WiePs, it is a trend now
and for the future to locate them in the off-shore conditiods the transmission
distance increases, so does the efforts required to treing@obulk power to the
near-by power system. Until recently, the power transmois$s done via HVAC
sub-marine sea cables. However, cables have higher capaeiper unit length. All
cables have a limit current carrying capacity. The surplusactive power due to
cable charging, therefore, reduces the total active pawasinission capability of a
HVAC cable system. On the other hand, the charging curresat adids to the total
losses in the system. It is verified in the report that thel ®tatem losses become
more and more significant with the increase in transmissogth as the losses in
the cables completely dominate. For a medium sized WPP, tie lmitation is
imposed by the current capacity of the cables and not by thage angle or the
transmission mid point voltage rise.

In comparison, a HVDC transmission system does not haveiitations over
the transmission distance. There are two different typd$\ddC transmission sys-
tem discussed in the report. One of them is composed of MVAfeéaor network
and the other with MVDC collector network. A detailed comipan of total sys-
tem losses between the HVAC system and the two HVDC systemprasented.
It is illustrated that for a medium sized WPP, HVAC solutidovimusly provides a
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more efficient system for short distances below @[ However, the efficiency of
a HVAC system deteriorates much faster for distances lothger 100 k], and the
corresponding HVDC transmission system provides a bettietisn. Among the
two HVDC systems studied in this work, there is very littléfelience in terms of
losses comparison. The VSC used for a HVDC system is based\w@ tpology
whereas the DC-DC converter is based on a full-bridge tgyoldhe main advan-
tage of a DC collector network is the reduced size and weifjtlieotransformer in
the off-shore sub-station and the wind turbine. This is beeaa standard 5M[Z]
transformer can be replaced by a MF transformer of the DC-Drverter. On the
other hand, the main component of a DC collector networkctvis a DC-DC con-
verter, is not fully tested for such high power applicatioMdost importantly, DC
circuit breakers for such applications are not totally d¢ociwng. With due consider-
ation to these issues, it is safe to assume that WPPs in théutee will adopt AC
collector network and, therefore, a system as such is iigatetl in more detalil.

In order to study various dynamic behavior of a HVDC transiois system con-
necting a WPP, a dynamic simulation model is developed. To@efrincludes wind
turbine, collector network, transformers, VSCs, cables @her major components
of the system. The performance of the system under normahtipg condition is
first analyzed. At the WPP collector network the total raectpower requirement
is optimally divided between the wind turbines and the WRie 8iSC. The WPP
side VSC is assigned to operate as an infinite bus. This wagahgol system of
the WPP side VSC can be designed with minimum complexity. ¢thieent limit at
the collector network is provided by the wind turbine (colle network side VSC)
control system. The grid side VSC of the HVDC system is sebturol the HVDC
voltage and hereby provide energy balance to the systemgridhside VSC has the
ability to control the AC voltage at the PCC independentiynlike HVAC transmis-
sion, the reactive current need not be transported theedrginsmission length. The
requirements of frequency control of the main grid are fielfilby use of a telecom-
munication signal. The frequency measurement at the PC@nisnunicated to the
WPP side VSC. As the WPP is an isolated system the choice giidreey at the
WPP is solely determined by the WPP side VSC. The high levdd gantroller can
be used to detect the change in frequency and adopt a freqdenap control. A
new power reference is then communicated to individual vimdines.

The most challenging requirements, however, is relate®4BRT. Different FRT
options are investigated in this report. The first optiorludes frequency control
at the collector network. This option is considered verytahle to be used with
fixed speed wind turbines. As a fault occur at the grid side, HvDC voltage
level increases. Based on the detected HVDC over-voltagheaWwPP end, the
WPP side VSC is set to take over the DC voltage control whigegind side VSC
enters current limit mode. The difference between the nredsDC voltage and an
allocated reference value is used as an error signal to #gtewontrol of the collector
network frequency. The wind turbines based on inductionegors respond by
decreasing the output active power. A well co-ordinatedgperance during the
fault event was observed. However, it was also observedttieaimmediate post
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fault response from the wind turbine is rather difficult tontrol and that leads to
considerable over current requirement for the WPP side VSC.

A commonly discussed option for LV-FRT is to implement a D@gper in
order to dissipate the excess of power during a fault evelwwener, the required
size of DC chopper and the efforts to remove the heat is enmsmdherefore, an
indirect control method to imitate the grid side voltage dighe WPP side collector
network based on full-scale wind turbines is derived anéstigated in this report.
Based on the measured HVDC voltage rise at the WPP end, tlieetooinetwork AC
voltage is reduced in a controlled way. The full-scale winbines installed in the
WPP are already equipped with low voltage FRT capabilityeréfore, the excess of
energy during grid end faults are stored in the rotating roés® wind turbine blades
and there is no need for power dissipation. Although notstigated in this report,
the proposed control structure can also be applied to ddedlynduction generator
based wind turbines. Any fault at the collector network goalealt in the same way.
The only difference is that an additional current limit masleequired for the WPP
side VSC to protect itself against fault current. This isiaedd by implementing
a voltage magnitude control. Therefore, no separate deteand control option is
required for faults occurring at the grid end or the WPP entis Pprovides a big
advantage of being able to use a similar wind turbine regasdbf HVAC or HYDC
transmission system.

Finally an experimental setup is prepared to test and val@aroper co-ordination
between the WPP side VSC and a full-scale wind turbine. Iexperimental setup,
the wind turbine model is prepared in RTDS and the simulateatinal voltages of
the wind turbine are amplified by a power amplifier. Thereftihe power amplifier
acts as a wind turbine and is connected to a VSC. The VSC isalleat to setup a
required AC voltage magnitude and frequency at its termittak verified that the
response of the wind turbine and the WPP side VSC during aibedr voltage dip
is as predicted and no unexpected behaviors were recordedel&ctrical structure
and control of future off-shore WPPs are analyzed in thisntep

7.1.1 List of Major Findings

1. Based on the present scenario, HVDC transmission sysig¢mMWVAC col-
lector network provides most efficient solution for longtdizce power trans-
mission system from an off-shore WPP.

2. By directly immitating grid side frequency condition hetcollector network,
known components and control can be applied at the WPP IfaretXample
park pilot control for different frequency control requinents).

3. Reactive power compensation of the MVAC collector nekvean be opti-
mally distributed among the HYDC WPP side VSC and individwaid tur-
bines.



7. CONCLUSION

138

4. Besides the regular control schemes, the grid side VSGIMRC link can be

used to provide negative sequence control. However, angretnanswers in
relation to negative sequence control does not exist ydtegswwould be more
determined by the grid code requirements. Some suggestiersutlined,

a) HVDC VSC can be used to provide full negative sequencageltom-
pensation for small unbalances, € 5%), depending upon different sys-
tem parameters.

b) For large unbalances or unbalanced faults, a constaatinegequence
reactive current reference can be applied to provide rgactirrent sup-
port to the faulty phases. The range of negative sequencentuefer-
ence may also depend upon different system parametersiapéhe
current limit of the VSC.

. Controlled AC voltage immitation (without telecommuaiton) at the collec-

tor network provides the best solution to ride-through giide low voltage
faults. This way the collector network side faults need retreated any dif-
ferently and the existing wind turbine control can be diseased regardless
of HVAC or HVDC transmission system. The validity of the posed control
was also shown via experimental results.

7.2 Future Work Suggestions

The following topics, which are also very relevant for thisn;, is proposed for
future work.

1. The experimental setup developed in order to study therdimation between

the WPP side VSC and the full-scale wind turbines can prosidery good
background to test and validate different control straegn relation to the
control and operation of a HVDC transmission system durimmgnal operating
conditions and disturbances. The setup can be further relegabby adding
a proper grid side VSC. This way the switch-over sequence @fvDltage
control between two VSCs can be analyzed in further detdile Setup also
provides a very good platform to pre-test the wind turbirme siontrol system.

. A single wind turbine model in RTDS was used to represenfd\iluring the

experiment. A RTDS based system provides a very fast soltbigimulate a
large WPP with many wind turbines. This will provide a veryodmpportunity
to investigate detailed response from individual wind iivels when subjected
to a voltage dip controlled by a VSC. As a future work, a dethW/PP model
in RTDS can be prepared. This will also allowtesting the diertpy response
requirements of the WPP.

. An economical comparison and other impacts of differéRT Bchemes can

be investigated. As mentioned earlier a DC chopper provédesry simple
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solution but the efforts required to dissipate the excesnefgy is enormous.
On the other hand, wind turbines are subjected to mechasticses during
voltage dips. Cost and benefits of the two systems can bezathly

. A detailed investigation on different simplificationsattcan be allowed on a
wind turbine desigh when connected via HVYDC system will beysterest-
ing.

. As the collector network is completely based on powertrme devices, har-
monic stability analysis of the collector network can beelon

. Grid requirements on negative sequence voltage comreatlawly evolving.
Further study and verification on the subject can be perfdrme

. Though some work has already been done in relation to Di€atof network
as mentioned in some reference provided in the report,duitivestigation on
this topic will be very interesting.
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B

Transformer Design

The size (volume and weight) of an off-shore transformenigmgportant parameter,
while the losses in the core and the windings are also eqsalhjificant. During
the design of the transformer in this work, the main focushierefore, put on those
parameters. The major input parameters for a transformsigmere the power,
voltage and current specifications, turns ratio, and cotemahspecifications. Cores
of standard size are not available for the given power l¢hietefore, core dimensions
should be calculated as a part of transformer design. Asiéogeéometry of the core,
C-cores are selected. Similarly, the primary and the semgmginding conductor
size needs to be calculated for lower losses and lower totame.

The transformer primary winding in this work is referred e tow voltage side
with fewer number of turns compared to the secondary windihigh is also the high
voltage side. For the primary side of the transformer wigdiolid foil conductors
are selected, while for the secondary winding, strand typelactors (litz wires), are
chosen. An approximate layout illustration of the transfer core and winding is
shown in Fig[B1.

» Core
» Insulation

» Secondary winding
» Primary winding

Figure B.1: Transformer core and winding representation.

The thickness of the foil conductor in the primary windingidae determined
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from the skin depth.

/ 2.p
o = _— B.1
2.7.Fs. Uo. e (B.1)

whered is the skin depthp is the resistivity of the coppekEs is the switching
frequency,p is the permeability of the free spaqa, is the relative permeability of
the coppertc, is the primary winding conductor thickness.

t(;u7 p — 5 (B . 2)

The cross-section areac(,p), and the heighti,, ) of the conductor can be cal-
culated from the known value of allowable current density, { = 4 [A/mn?]) and
the primary side input currenti{ p).

I.
fyp = np 8.3)
’ Jeup
Acu,p
heup = ——UP B.4
P teup-Nay.p 8.4

whereniyy, p is the number of layers per turn of the primary winding. Tacokdte
the total height and the total breadth of the winding, thekihess of the insulation
layer needs to be determined. In, it has been mentionedhbatgoxy cast resin as
an insulation material has a dielectric strength of 8/mm. With practical design
constraints and maximum transient over-voltage in comata®, tj, = 12 [KV/mni
is chosen.

hcu7tot.,p - hcu7p‘|‘2-tin7p (B-5)

toutot,p = Np-nlay7p-(tin,p+tcu7p)+tin,p (B.6)

For the secondary winding, the height of the winding is dateed by the num-
ber of winding turns and the number of winding layers. Thecemt of winding
layers for the secondary winding is different from that aof frimary winding. In
the primary winding, layers represent the same winding $ptit into layers. In the
secondary winding, layers represent the number of turnsmptdp of each other.

N
Peutots = n_p (teus +ling) +lins (B.7)

lay,s



tcu7tot.,s = Nays. (tcu7s + tin7s) + tin7s (B-8)

The cross section area of the secondary winding conductobeaagain found
from the known allowable current density(s), secondary output curreripg) and
the conductor fill factork,). According to, the copper fill factor for a Litz wire with
special winding arrangements can be achieved as higtvas W/ith due considera-
tion to practical constraints, a winding fill factor of/0is selected. The diameter of
the wire €, s) can be calculated by assuming the wire as one single circafaduc-
tor.

4.aqy,
teus = nu,s (B.9)

From the above derived parameters, the inner dimensions@tare can be
calculated.

he = maxheutot,p, Neutot;s) (B.10)

bc = (bcu7tot,p+bcu7tot,s) (B-ll)

To calculate the cross section area of the cagg the volt-second applied during
the positive portion of the voltage wavefordy] is required.

T+tpos
Moo= / vi(t)dt (B.12)
t
M

WhereBy is the peak flux density in the core.
If a square core is assumed the thickness of the ¢grar(d the width of the core
(wc) are equal. The Length of the coig)(is calculated from these parameters.

Similarly the volume of the cores) can be calculated.

Ve = acle (B.15)

However, the volume of the core can be further optimized. &@mple, the
inner dimensions of the core are optimized by assigningudifit layers of winding
in primary and secondary and the set of results that givetothest volume of the
core can be finally selected.
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Snap Shots

Figure C.1: Experimental set-up View 1 - \oltage sourcedveaer
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C. SNAP SHOTS

Figure C.3: Experimental set-up View 3
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Figure C.4: Selected snap-shot of the simulation model letogl
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