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Abstract

For connectiorof large offshorewind farms over distances @0 km modular
multi-level converte(MMC) based high voltage DGH{V/DC) system emerges asraore
suitablesolution than HVACdue to its flexible control and transmission distance not
affected bythe cable charging currenEor HVDC connected wind farms, the offshore
wind farm AC networks are established by the offshore MMC swtwinich exhibit
significant difference compared to conventional onshore netwad@iansequentlythis
thesis focuses on the offshore AC voltage control, system stahitidyfault analysis of

the offshore wind farm system connected with VMMAEZDC transmission.

To control the offshoré\C voltage and frequency using the offshore MMC, fixed
frequency control is the most common approach. However, offshore system with fixed
frequency contropresens a slow responseespecially during large transientghus,in
order to improve the voltageontrollability and system performances,PLL based
enhanced voltage and frequency control is proposed for the offshore MMC station. The
performance of the proposed control is validated through-diomeain simulations. The
stability of the offshore systemvith the proposed control is furthanalysedusing a
developed smalsignal offshore system mode@icluding the offshore MMC and lumped
wind turbinegrid side converters. Bode plots and pole/zero maps are utilized to investigate

suitable control parameat ranges and interactions between the power and AC voltage.

For the offshore AC network, system control and response during offshore AC faults
need to be carefully considered. During an offshore fault, both the offshore MMC and WT
converters have to ensutheir safe operation by limiting the currents to be within their
maximum ranges, and in the meantime, enable satisfactory operation of the overcurrent
protection relays. Considering the requirements of overcurrent relay, a fault current
providing contrbfor the offshore MMC is proposed which ramps up current during faults
over a predefined profile. This ensures adequate fault current for the relays while avoids

excessive overcurrent during WT string faults. The proposed fault current providing



control s validated with offshore AC faults at different locason a wind farm (e.qg.

clusters and strings).

Onshore faults which lead to the rapid reduction of power transition capability of the
onshore MMC is another challenge to MMH/DC connected offshoreind farm system.
A DC voltage dependent AC voltage control is thus applied at offshore MMC station
which reduces the offshore AC voltage once DC overvoltage is detected. The reduced
offshore AC voltage results in the automatic reduction of power gendratdee wind
farm such that the power imported to and exported from the HVDC link can be rebalanced.
Therefore, DC overvoltage is alleviated and when the onshore fault is ¢ciaaretfshore
AC voltage returns to the nominal vaJaad normal power gendian and transmission
can be quickly restored. Different onshore fault conditions with voltage drops of 100%,
50% and 20% are tested to shile satisfactory onshore fault ritterough control of the

system.
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Chapter 1

Introduction

1.1. Growth of renewable energy

The high carbon emissiaraused byarge fossil energy consumptitiasresuledin
significant environmenal problems such as climate change, air pollytiett The
increased focus isow moving tothe use ofenewable energgndfrom the Renewables
2019 Global Status Report [1], renewable energyas seerhuge growthwith the
advartement in enabling technologies, reduced costsin@nelased investment. The total
installed renewable power capacity (including hydropower) was around@iga@atts
(GW) worldwide and theaddedcapacity was around8% during 2018. Wind power

occupes themostamong theexisting norhydropower renewabless listed inTablel1.1.

Tablel.1 Global Renewable Energy Capadity.

Power Capacity (GW)

Added during 2018

Total at End-2018

Bio-Power 8.8 130

Geothermal power 0.5 13.3
Hydropower 20 1,132
Ocean power 0 0.5

Solar PV 100 505

Concentrating solar 0.6 55

thermal power (CSP)

Wind power 51 591




The huge growth ofenewable power generation is driven by the inaéaswer
demand for clean energy and continuous cediiictionespecially for wind powedR]. By
the end of 208, wind turbines installed worldwide were able to supply more than 5% of
the global electricity demand. Denmark leads the way, and its wind power shares 43% of
the total power supply, which is then followeg Bermany, Ireland, Portugal, Sp48j.
With the data published by the World Wind Energy Associafijn the global wind
energy installed capacity can be described as showigurel.1. By the end of 2018,
ChinaandUS hadthe largest installation shares of 3@¥d 16%, respectively.00% of
the electricity gaerated by renewable sources is being considerdéite European Union

and its member stat¢3).

Wind Installed Capacity by the end of 2018

= China
= US
= Germany
India
= Spain
" UK
® Fance
B Brazl
® Canada
= Rest of the World

%

Figurel.1 Continentakharesn new capacity (%).

Due to various limitations rated to onshore wind farm development, moving wind
farms offshore providesignificantbenefits and offshore wind power technologies have
been evolving with many innovations. Although the capital cost of offshore wingigrm
still higher tharthat ofonshore wind farms, the gap is reducamgican also be offset by
higher capacity factors due to better wind resource andudsgence



Offshore wind energhas been identified as a key power generation technology for
renewable energy in the future. i@ntly, Europe leads the world in the development of
offshore wind power. According to the reports from Global Wind Energy Council (GWEC)
and International Renewable Energy Agefty6], the global cumulative offshore wind
power installed capacity has reached@& with an addition of 4.43 GW in 2018, as
shown inFigure 1.2. As seen, UK ld the offshore wind farm development with an
accumulated capacity of more than 8 GW g/ ¢imd of 2018.
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Figurel.2 Global cumulativeoffshorewind capacity in 2017 and 2018.
Although the potential of offshore wind energy is vast, many key techniques still

need further research and developmsmth as system optimization, resource estimation,

electric transmission and gragnnection

1.2. Comparison of HYDC and HVAC power transmission

systems

Due to the rapid expansion of offshore wind farms, the electrical connection system
between wind farm andnshore power grid becomes one of the main challenges. When



connecting an offshore wind farm, the traditional AC transmission system may not meet
the requirements if the connection distance is Jahge to the high cable capacitive
charging current resutig in high power loss and need for reactive power compensation.
Thus, high voltage DC (HVDC) transmission might become the only viable option for

long-distance offshore wind farm integration.

Refeenceq7] and[8] compare the costs on high voltage AC (HVAC) and HVDC
transmission systefor offshore wind farm connectinds shown irFigure1.3, the total
cost for the HVDC transmission system is lower than the HVAC system when the distance
IS over the breakeven distance.

Cost
A

AC system cost curve

Breakeven Distance

50km ~ 80km DC line costs

DC system cost curve

AC line
costs

____________________________ : DC terminal costs

AC terminal costs

" .b
- . ! - » Distance
AC cost effective DC cost effective

Figurel.3 Cost comparison of HVYDC and HVAC transsion system§/].

In addition, HVDC system enables full control of powew which makes this
technique more attractivéhe overall omparison bthe characteristics of th¢VAC and
HVDC systems for offshore wind farm integratiare summarized imable1.2 [9].



Tablel.2 Comparative study between HVAC and HVD@nsmissiorsystemg9].

HVAC HVDC
Overall Losses High losses Low losses
9 skin effect 9 No reactive loss
9 dielectric loss 1 less fR loss

1 line chargingcurrent

Cost of transmission{ Economical for shoristance: High cost for short distance

but hgh cost for long but low cost for long distanc
distance

Cost of Equipment | Low High (due to highconverters

cost)

Powerflow Control | Powerflow cannot be Full controlof power flow
controlled

Maximum Distance dependent Largely independentro

transmitted power distarce

and distance

1.3. HVDC transmissiorsystens

As described, compared to HVAC system, HVDC is more attractive whenr long
distance and complex interconnections are required. There are two main HVDC
technologies, i.e. line commuted converter based HVDC (HMDC) using thyristors
and voltage source conver based HVDC (VS@&VDC) using IGBTs (Insulated Gate
Bipolar Transistor). LCEHVDC requires external circuits for commutation whereas

VSC-HVDC uses seftommutated convertef$0].

1.3.1. LCC-HVDC

LCC-HVDC is a mature technology commonly used for large power transmission
over a long distance. Compared to VBEUDC, LCC-HVDC is suitable for transmitting

very large poweusing ultrahigh voltage transmission due to its relatively lower losses,



lower cost, higher reliabilitandoverloadcapability and minimal maintenang#l]. The

configuration of LCGHVDC connecting two AC grids shown inFigurel1.4.

Cable
| AC Filters * * AC Filters |
ACgrid 1 I Transformer 1 Transformer 2 I ACgrid 2
— LCC station 1 LCC station 2 —

Figurel.4 LCC-HVDC connecting two AC grids.

However, LCC requires ma external commutation voltage supplied bye.g.,
synchronous compensafd?] or STATCOM (Static Synchronous Compensatdr3]. It
should be notia@ that the current directiorat DC side of LCC cannot be changed.
Consequently, the chaagf powerdirectionneedto be realized by changing thelarity

of the DC voltage whiclsan becumbersome in practical systems
The critical disadvantages related to LEWDC arelisted below:

1 Lack of independent control on real and reactive power.
1 A strong AC network is required for normal operation and the risk of
commutation failure exists during network disturbances.

1 Large sitearea required due to the need for lafg&filters.

1.3.2. VSC-HVDC

VSC-HVDC overcomes many limitations of LCBVDC system.Compared with
LCC-HVDC, no external AC source for commutatisimequired by SC-HVDC systems
andit cancreate its own voltage in case of blestlrt[14]. Thesefeatures make VSC
HVDC more attractive whemisedfor connecting offshore wind farmghe recently
developedmodular multilevel converterMMC), a converter topology used for VSC
based HVDC systembassolved many challengessociated witWSC-HVDC systems
The distinctive characteristics of V&@VDC are listed as follow [15] whereagigure

1.5 showsa simplifiedVSC-HVDC configuration when connang two AC grids.



1 Full control of real and reactive power can be achieved without external voltage
source.

1 No requirement of reactive power compensations and reduced filter (or no filter)
requirement, leading to a congbalesign and installation (especially important
for offshore installation).

1 Canrestoe anoffshore windfarmwithout relying on the externalectric power
transmission networfblackstartcapability)[16].

Cable
AC Filters AC Filters
(D O+
ACgrid 1 I Transformer 1 Transformer 2 I AC grid 2
- VSC station 1 VSC station 2 -

Figurel.5 VSC-HVDC connecting two AC grids.

1.4. Challenges of MME@HVDC systemfor connecting tishore

wind farm

The connection systems for offshore wind farm must have very high reliability due
to the long repair time and high maintenance cost. To ensure safe operation and power
transmission, adequate system contnwairdy namal operation and fault conditions

necessary.

For HVDC connedad offshore wind farms, the offshore network is formed by the
HVDC converter and wind turbine converters. Such offshore AC grid mathotating
mechine shows a different characteristic cpamed with onshorergls. Consequently,
distinctive controls of the HVDC converters have to be adopted, e.g. frequency control,
DC voltage control, offshore AC voltage control and power control. The control schemes
for converters whiclapplyat island netwrk has been introduced[ih7]. For offshore AC
grid, thevaryingwind power and high cable capacitance may cause voltage instability and



harmonic resonance. Thus, a stable AC voltage and frequency control at the offshore

system is requiref8].

System behavior ancesponsealuring fault conditions need to be addres&aating
various faults, e.g. onshore AC fault, DC fault, offshore AC faultofffehoresystem

needs tde properly protected amdmains optionaf possible.

For offshore AC fault]arge fault currentgould potentiallycause damagw the
offshore systems and thushe offshore converter must ensure fast respanse
manipulaing the fault current of ofhore system. Consequentlyetmainrequirements
for theoffshore converterarecontrollingand limiing the fault current within the safety
range whilst contribute to a more rapid system recovidl§] and facilitate theperation

of protectng devices

The behaviour of an offshore wind farm system duangnshore AC voltage drop
isandher important aspetthichneedto beresearched. To ensure onshore grid stability,
the large wind farnusually is not allowetb be disconnected durisgichonshore voltage
dip andmeanwhile the transmitted power is limited. Therefore, awadrdinated control
on the HVDC converteand offshore wind farmeeds to be considerehdthe wind farm
system stayconnected during onshore AC faulthilst anyovervoltage on HVDC link

is avoided

1.5. Motivation and contributios
The research work will focus on the useM¥1C-basedVSC-HVDC systemdor

connecting large offshore wind farms. Coordinatedtrol of the wind farms and HVDC
convertersto ensure adequate system stability and ohyoaesponseare investigated.
Transient behavior duringffshore and onshorAC network faultsare studied andhe

corresponding control during fault conditiosgproposedo ensure fast system recovery.

The main contributions of this thesis are:



1 Proposing an enhanced AC voltage and frequency control of offshore MMC
station for wind farm connection. The proposed control improves the voltage
performancef the offshore network and enables better dynamic response of the
offshore wind farm system. Tletability of the proposed scheme and selection

of control parameters are investigated using developed-sigaldl models.

1 A fault current injection control is proposed to ridheough offshore AC faults

and to provide adequate fault current for protecéquipment.

1 Toridethrough onshore AC faults, a DC voltage dependent offshore AC voltage
control method is proposed to ensure that the wind power is automatically
reduced when the onshore AC voltage drops to enable power balance and reduce

DC overvoltag.

1.6. Organization of thesis

The thesis i®rganizednto seven chapters as follow:

Chapter 2: Review of HVDC transmission system connected with offshore wind

farms.

The research on HVDEonnecteaffshore wind farm system is reviewedcluding
HVDC transmssion system configurations, control of VVB{¥/DC transmission system
andsystemfault-ride-through (FRT).

Chapter 3: Fundamentals of converter modling and control.

In Chapter 3, the principle of VSBVDC system is studied and the basic controls
areoverviewed. The structure, mote and basic control of MM@cluding voltage

balancing and circulating current control are introduced.
Chapter 4: Control of the offshore wind farm system.

An enhanced AC voltage and frequency control of offshore MMtosatéor wind

farm connection is proposed in this chapter. An additional frequency control loop is added



to the offshore MMC control tamprovethe dynamic response of the offshore wind farm
system. Comparisons between the proposed control and conventiomabl are
presented during stamp and power step changes.

Chapter 5: Small-signal modeling and analysisof offshore AC system

To investigatesystem stability with the proposedenhanced AC voltage and
frequency controlasmaltsignal modebf offshore wind farm systeis developed. With
the smallsignal state space model, the stabilities of offshore wind farm voltage and
frequency aranalyseé. Furthermore, by using the pole/zero map, the ranges of parameters

are investigsed.
Chapter 6: Fault analyses of MMGHVDC systemconnecing offshore wind farm.

In the event of offshore AC faults, offshore MMC and wind turbines should remain
connected with the controlled current. In the meantime, adequate fault currents should be
provided to the offshore network to enable fault detection and isolation. A fault current
injection control is proposed in this chapter to facilitate offshore AC fault@weent
protection and fast system recovery. During onshore grid fault, a DC vokagadent
offshore AC voltage control is introduced to ensbiadancedransmission power of the
HVDC line. Simulation results are presented to demonstrate the performance of the wind
farm system with the proposed control methods.

Chapter 7: Conclusions

Chapter 7 draws theonclusionf the researches and outlines the contributions of

this thesis. Further work Elsorecommended.
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Chapter 2

Review o1 HVDC transmission system

connecing offshore windfarms

2.1. Introduction

As discussed in Chapter 1, VS€/DC transmission system is the most suitable
technology to connect largeeale offshore wind farms over londistance. Many
researches have been carried out on the control and operation of the HVDC system and
offshore wind turbines. This chapter focuses on the ¥MDC system connected with
offshore wind farms and reviews the gehe@nfigurations of the transmission system,
control of the HVDC converters and the fault ritbeough (FRT) capability of the
offshore wind farm systems.

2.2. Offshoretransmission systegonfiguration

For a large offshore wind farm, VSIEVDC transmission sysm structures can be
designed as a po#td-point HYDC transmission system, parallel HVDC links connected
to the offshore wind farm AC system and mdtiminal HVDC(MTDC) transmission
system depending on different situatid@®]. Compard to the simplest and the most
commonly used poirb-paint links, the parallel and MTDC configurations increase
power transmission capability and system availability but have more complex
configurations and high requirements on control. In addition, the selection of offshore
HVDC configurations shouldonsiderthe economic assessmeand regulatory and
geographical limitation$21]. Figure 2.1 showsthe three mentionedconfigurations of

HVDC system connected offshore wind power plants (OWPP).
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Figure2.1 OWPPconnected through offshore HVDC links.
(a) Pointto-point HYDC connection, (bparallel HYDC connection, (c) muiterminal

HVDC connection.

2.2.1. Point-to-point HYDC transmission system

The pointto-point HYDC system has the simplest structure, anduB€-HVDC
system can well contrtheoffshore networkiuringAC systendisturbances anariation
of wind power Moreover, the VSE@HVDC hasblack startcapabilitywhich is a critical
requirement at offshor&/PP sitesin the case of DC faults, converters at both terminals
of the HVDC link can isolate the DC link through AC side breakers to help the fault
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clearance, and thus, no DC breakers are necep&a?®]. However, the most serious
challenge opointto-point HVDC system is that the entire offshore power would be lost
during the outage ahe HVDC link.

2.2.2. Parallel HVDC transmission system

As shown inFigure2.1 (b), all the OWPP are connected to the offshore AC collector
and then deliver their power to the onshore site through two parallel HVDC links. With
such configuration, the availability of the HVDC system can be improved significantly,
as the wind power cape exported through the other route during faults on one HVDC
link (converters or cable$23]. Active power flow through the two parallel links need to
be controlled to allow certain power sharing. Similar to the goupoint configuration,

it also allows thédoreakes at AC sides to isolate DC faults.

2.2.3. Multi -terminal HVDC transmission system

Corsidering system reliability, power supply security, operational flexibility and
maintenance strategies, mikrminal HVDC configurationsvere introduced[24-27].
With the increasing number of operating peipipoint HVDC links in close range, the
availability culd be enhanced, and the total costs decreased by interconnecting them
together to form MTDC systen{28]. Studies have shown that mukirminal HVDC
links improve power exchange flexibility between multiplgeas and providéetter
systemredundancy29, 30] Also, coordinatecconverter controls such as voltage droop
control whichis able to providerobust performances with powsharing improves

system transient stability and ensusafe operation of the systédi, 32]

However, the feasibility of theulti-terminalVSC-HVDC link is limited by thdack
of matureHVDC breakers and associated DC protection sysfé@®s33] and the total
cost may even higher than equivalent AGteymns due to the DC breakd@4]. To
overcome the DC fault issues, the protection of large HVDC systems is under extensive
research33]. Converters with falt blocking capability have also been considered, though

the main drawback of these converters is tredativelyhigher cost and power [0§35].
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2.3. Control of HVDC systemconnected with offshore wind farm

VSC-HVDC connected to an offshore wind farm system transmits wind power to the
onshore grid and pwde AC voltage control to the offshore AC grid. Usually, the onshore
grid side converter of the HVDC system controls the DC voltage of the HVDC link and
transfers the received active power to the onshore grid. For the offshore wind farm side
converter, iforms the voltage and frequency of the offshore AC grid, as shofxigume
2.2.

Py, Q Ve~ Q/Vac V4 - f control
<g_g control Pw * i i P P - Q control
V, off w
el L + ve -y, <
< ) ( i: : | 4_ VC _| VdC |_ LW W
AC grid AC bus — HVDC T
us Onshore link Offshore - PCC bus OwWPP
VSC (GSC) VSC (WFC)

Figure2.2 General control scheme of V&&VDC connected offshore wind farm.

2.3.1. Control of offshore wind farm side converter

The offshore wind farm side HVDC converter (WFC) is required to build up the
offshore AC grid and controls the AC voltage and frequency. Theidrexy can be
directly fixed and the phase anglés derived using the fixed frequency. Thus, PLL is not

requiredfor the WFC. Two main contralesignshave been proposed for the WFC:

1 Voltage amplitudeangle control generates the AC voltage by simplygitie
AC reference amplitude’, andfixed frequencyy, without dq transform[36],
as schematicallghown inFigure2.3. Thiscontrol does not include current lap

and thus, theonverter may experienoxercurrent during large transiefigy].

+ M Ve

Vi ’? > P " VesMsnrard) |y, WFC
— ¥, Vg=Msin(¥t+d-2"/3) » PWM |—»

Vi Ve=Msin(yt+d+2 /3)| v
d —» .

Figure2.3 Amplitude-anglevoltage controlschemd38].
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1 Nested vector control with fast inner current loop and outer voltagedaage
to limit the overcurrentduring large transien{89, 40] This control is the most
common apprazh whered-axis PCC(point of common couplingyoltage
reference is set at the desired voltage value and-thés voltage reference is
always set at 0, as shown kiigure 2.4. The current and voltage symbols are

defined inFigure2.2.

'Frequency generation | q d%
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure2.4 Nested vector contr@cheme.

Although the nested vector control has a more complex desgritth other one, it
provides current control capabiliigl, 42] Due to highwind generatiowariation, HVDC
connected offshore wind farm netwarlay pose difficultis such as harmonic resonance
and voltage instabilitj43]. Variouscontrol strategiebave beemproposed to enhance the
offshore AC network stability and improve power transmis&ifliciency.Referencg44]
and[45] study thepowersynchronization controin which the offshore grid frequency is
dependent on the active power, as showrignre2.4, whereKysis anonzerodroop gain.
However, for the offshore network, system instabilities and grid resonances have not been
well understoodespecially the interactions among the HVDC and WT convesatiess

requinng further investigdon.
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2.3.2. Control of onshore grid side converter

As described, for MMEHVDC system connected with an offshore wind farm, the
onshore MMC station usually controls the DC link voltage to ensure balancing of the
imported and exported power of the HVDC link. Thesthcommon control strategy
applied at the grid side converter (GSC) is vector control where tha&xis current
regulates the DC voltage or active power andjtagis current is used to control the AC
voltage or reactive power, as showrrigure2.5. The PLL is used to track the AC voltage

phase angle and frequency of the amsigrid.

For pointto-point HYDC configuration, as long as the injected power of the GSC is
within its power limit, the GSC normally operatesir-Q (AC voltage shown inFigure
2.5) control mode. In the event when the GSC reaches its power/current limits, GSC might
transfer to power limit or current limit mode. For a MTDC configuration in which several
GSCs are connected to the DC link, the GSCs need to be coediingirevent conflict
in DC voltage contro[46]. In normal practice, one GSC controls the DC voltage while
the others either directly regulate active power injected to the AC grid or utilize DC

voltagepower droop contrdé7, 48] shown inFigure2.5.

Outer loop with Droop control
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| -y o (PU}=% > veo
| g | S SSSSSSSSSSSSissssssssssssssss ] 2
vg > PLL Pw control i +
>y + + + ! ld ¥gliq
— %P} T
Vaco - Pw Pw- i"g
Vg —»|abc +qu Vdc W0 PW
lg— /|
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dy—>] da| > lag “ + + + |
& l;l o
Quo - l: Ve Vi % i"q | Vg 3
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V0q+ be + + + % m ] 'X'gl_id
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Figure2.5 GSC control scheme.

16



2.4. Review on &ultride-throughof offshore wind farms

To ensure the safety of the equipment, the operadisoprotection of the HVDCta
offshore and onshore AC networks in the ewana network fault, the system must be
designed and contieldto cope with such fast transients. Various faults including offshore

and onshore AC faults, DC fault need to be considered.

During an offshore AC fault, both the offshore wind turbines anshofe MMC
must be able to ridéhroughfault andensure fast podault recovery. Minimizing the
overcurrent, overvoltage and thermal stress which could happen to WTs and MMC should

all be considered.

In the event of an onshore AC grid fault, the onshoitage dip during the fault can
impact on the DC link voltage and thus the operation of the HVDC link. In particular, the
power transmission capability of the onshore MMC is reduced and the imlzhfsower
transmission between the onshore and offshoes sibuld lead to rapid rise of the DC
voltage at the HVDC link. This must be dealt with otherwise the entire system may have
to be disconnectgd9].

This section reviews the control and operation of WTs and MAWDC system
during faults. DC fault at HVDC link which is another serious system condition is also

briefly reviewed although it is not studied in this thesis.

2.4.1. Offshore AC fault ride-through operation

The rapid drop ofAC voltage on the PCC bus duriramn offshore faultcould
potentially lead to overcurrent in the offshore MNED] . Therefore, current limitation
control is required omffshore MMC To limit the fault currents and avoid damagde o
offshore MMC station, threphase currents are measured5f] to adjust the voltage
control loop reference as illustratedFigure2.6, wherefo is the fixed frequency (usually
50 Hz). If the currents are out of the predefined range, the offshore voltage is reduced

accordingly in order to decrease the MMC output currents.
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voltage
control 2 tfo—> abc

Figure2.6 Current limitdion control at WFC

Referencg51] alsointroduces a shodircuit protection scheme for offshore AC grid
during offshore AC faultsHowever, it does notonsider therequirementsfor the
operation of the protection relgyandit takesalong time to recover power transmission
after fault clearancéreferenc¢s2] proposes a coordinated voltage controkescl which
enables the offshore VSCs to provide fault currents after offshore AC fault to support the
offshore grid shown inFigure 2.7. However, the fault current isidge during the fault
condition (due to the exisif iqandig) which indicates largeapacityovercurrent relay is
necessary and fasbmmunication islsorequired between the offshoMMC stations
and WT converters.
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Figure2.7 AC voltage control with reactive current providing on WFC.
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To provide fast current limiting during offshore AC faults, the inner current loop is
applied[53] and adecoupled current controller which is bypassed during normal operation
is further introducedh [18, 5356]. Once the currents are out of the predefined threshold,
the current controllers are trigged to limit the output currentstlamoffshore MMC is
switched to current control mode as shawirigure 2.8. After fault clearanceMMC is
switched back to voltage control mode. However, the switctietween voltage and

current control modes can potentially lead to transient overcurrent.
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Figure2.8 Powersynchronization control of VS{53].

2.4.2. Onshore AC fault ride-through operation

During onshore AC network faults, the power transmission capability of the GSC is
likely to be severely reducedihe continuous power output fratme wind farmgWF) to

the HVDC link leadto power imbalance in the DC link and rapi@ voltageincrease of
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the HVDC transmission system. To avoid damage to the HVDC link, the excess power

has to be dissipated or the power transmitted from WF needsrénlbced.

The simplest way to dlad the excess power during onshore faults to avoid DC
overvoltage is using DC choppers or dynamic braking resistors (DBR) at HVD[d#nk
57, 58]Jas shown irFigure2.9 (a). The DBR can be configured in different ways as shown
in Figure 2.9 (b), and with PWM control of the switches, the power dissipated can be
regulated. DBR circuit is reliable which can ensure the safe operation of the system and
the ofshore wind farm is not disturbed during the onshore AC faults. However, they

increase investment costs.

13l K

DBR VsC

Onshore Station Z:‘>

AC connection to
Onshore Grid

=
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Offshore Station

Top arm
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(b)
Figure2.9 VSC-HVDC system with DBR57].

System control based @ommunications employed i59-61] and the layout is

shown inFigure2.10. Wind turbines reduce their output power after receiving the signals
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from the offshore MMC through fast speed communication. The main drawback thus is
the need of communication, amdth this methodcommunication delays and reliability

directly influence the system performance.

! communication links

B Siimenioh o S e e - L1 W —— REC }-=-=-=-=- TSO
' (Vs CMSEEY*] Vs Vacr | eV, )
. [ s X |

AC SEC HVDC DC REC
filters link chopper

Onshore

grid

Figure2.10 Communicatiorlayout of VSGHVDC connecting offshore wind farfs9].

Referencd62] proposs an offshore AC voltage limiing method The offshoreAC
voltage limitis reduced linearhaccording to the exceedDC voltage andthena method
of de-loading which rapidly reduces the generator toiguesed at every WT. The control
diagram is shown ifigure2.11. However, with this method the current is uncolfdise,
and simply setting on the upper limit of the Pl controller may influence the system

dynamic response and cause oscillaiorthe system.
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Figure2.11 Offshore AC voltage limitaig control for FRTat WFC.

In [38], once the fault occurs at the onshore AC system and the increase of the DC
voltage is detected by the WFC, the WFC regulates the frequency rise of the offshore AC
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system. When the wind turbiseletectthe increased frequency, the output power is
reduced accordinglydowever the frequency responsesi®w,and the wind turbines have
to adopt special designs.

2.4.3. DC fault right -through operation

MMC based on halbridge (HB) submodule (SM) is the most commonly used in
HVDC system. When a fault ocauon the DC side, all the submodules are blocked, and
the SM capacitances are bypassed. However, the freewheeling diodes are still connected
in the circuit, and the blocked MMC acts as an uncontrolled rectifier feeding fault current
from AC to the DC faulpoints[63].

Using MMCs with SMs whiclareable to block DC faults, e.g. fdiridge(FB) SMs,
is a potential method to tackle DC faults. Referef@4 investigates the DC FRT
cambility of a hybrid MMC combining HB and FB SM&hich can also block the DC
fault while reducing cost and power loss compared to FB MMC. However, FB SMs result
in higher power loss and higir costcompared to HB SMs

The method to isolate the DC fault [|65] is to disconnect the entire wind farm
network when a fault occurs on the DC link teateergize the DC link and then uses DC
disconnector$o clearthe DC fault. The drawback of this approach is slow recovery and
long-time loss of large power generation. The slow recovery could also lead to the
disconnection of offshore WTs due to the blocked offshore MMC station anzblusol
of offshoreAC voltage and frequency.

The most direct way to isolate the DC fault is to use dx€uit breakergDCCB)
though they are not yet commercially availgelig]. Because of the challenge on the high
requiremerg on operationspeed, size and cost, further research and development on
HVDC circuit bre&ers are required. If66], a solidstate DC brdeer is investigated for
HVDC system though the high power loss during normal operation prohibits it from
practical use. With further development in DC breakers technslogy asybrid DCCB
[67, 68] fast fault isolation in HYDC systes can be achieved, and leading to reduced

disturbance to the connected offshore wind farm and onshore networks.
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2.5. Summary

This chapter maiy reviews HVDC connected offshore wind farm configurations,
control of HVDC transmission system and FRT requirenoéiiffshore wind farms. To
ensure stable offshore AC voltage and frequency, various offshore HVDC converter
controls have been developed. The existing control methods useloopefixed
frequency for generating offshore AC voltage which can lead tosjetem response and
recovery after large transients, and thus further investigation is required. To ensure safe
operation of the HVDC scheme and offshore wind farm, adequate protection and
operation during various faults, e.g. onshore and offshore AG fawi$t be incorporated.

The existing work related to offshore AC faults largely concergatgroviding certain
fault current without considering the needs and characteristics for protection relays.
Significant further investigations are required to tackle the control and operation of such

systems during various faults conditions.
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Chapter 3

Fundamentals of converter modelling and

control

3.1. Introduction

As mentimed in the previous chapters, HVDC connection is an economical solution
for integrating long distance offshore wind farms when compared with AC transmission.
Modular multilevel converter (MMC) has been developed recently and is now the
converter topologysed for VSC based HVDC systems due to its advantages of modular
design, flexible control and configuration, low power loss and good waveform quality
[69-72]. Therefore, MMC based HVDC system is considered in the work of this thesis.

For the offshore windarm studied in this thesis, variable speed WTs with full sized
backto-back converters are considered. As the focus of the stuaytie offshore AC
network, only the grid side WT characterissi@are included and thus all the WTs are

presented as simplkfd VSCs with the DC side voltage fixed.

In this chapter, the modeig of WT VSC and the MMC used in HVDC system is
introduced in detail, and their basic controls are discussed.

3.2. WT grid side VSC
VSC can synthesize an AC voltage from a DC suppltage by controlling the duty

cycle of the power devices, and in this study, the WTs grid side VSCs are aggregated into

different sizego presents thdifferent capacitiesf WTs.
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3.2.1. VSC principles

The basic structure of a twevel VSC is shown irFigure 3.1. As illustrated, by
switching the IGBTs on and off in each phase of the VSC, the voltage on each phase can
present positive or negative value, and thus, the outptage of VSC can be controlled.

To avoid the short circuit at each phase, the IGBTs of the upper and lower arm at each

phase must not be turned simultaneously

Sal S'ol Scl A +
{_}L AK}L AK—}L Ve
Vv 2
X |
Vb —
Ve I
. y x e
Sw St So _

Figure3.1 Two level VSC structure.

To synthesize a smooth outpd€ waveformand reduce the harmonic conterite
sinusoidalPulse Width ModulatiofPWM) strategy is applied to control the converter

statesas schematically shown KFigure3.2.

Modulation wave

Carrier wave

Figure3.2 Sinusoidal pulse width modulation.
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During the process, the reference sinusoidal sigmaddulation waveform) is
compared with a periodical triangular wavefofoarrier wave)at the required IGBT
switching frequencyln regular operation, the IGBT at the upper arm switches on when

the referace exceeds the carrier and vice versa.

As seen irFigure3.2, the modulation functioms is applied in the PWM method to
control the output fundamental frequency vgéas, of the VSCwith the following

relationship

va(t):\%ma(t) Q%Msin(wt " (3.1)

where M is the modulation index which can adjust the voltage magnitades, the

frequency, andfis the phase angle.

To avoid distortion and additional harmonics, the maximum output volade
limited to Vad2 with the maximum modulation indey limited to 1. To improve the DC
voltage utilization and achieve a higher AC output from the same DC supphird

harmonic can be injected to the modulation waveform to increase the output Vo3jage

3.2.2. VSC control

For the WT VSCs, by adjusting their modulation indéxand phase angld the
output voltage can be controlled to regulate the power output to th¢5dtidin this

section, the basic VSC control is discussed.

a) dgtransform

Directquadraturetransformation (dq transform or Clark transformations a
mathematicatransformation whichransformsthreephasequantitiesto dq quantitiesto

simplify the circuit analysigas:

qu = chlbc

- 3.2
Xabc =P 1qu ( )
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wherexanc can be voltage or current in the thig®ase frame, andqis the corresponding
quantities in thelq frame. Thedq transformparameter matri and P with the system
phase angld are described as:

ecosy cos(g 243) cos(§2 B

P:Zg sing  sin(g 2 p3) siA( g2 +P) (33)
g1/2 1/2 1/2
é, cosg - sing 1
p? :gcos(q -2pl3) sin( g2 fB) 1. (3.4)

gcosg+ 2p/3) -sin( g2 B) 1
By applying thetransformatiormatrix P, three separate sinusoidal phase quantities
can betransformednto two axedrame using the displacement angle between the-three

phase andqframes.

b) Vectorcurrent control

Figure3.3illustrates a simple structure when a VSC is connected to a grid through a
reactorL.

Vg Vs —
W ‘”:}L _T Ve

Figure3.3 Grid connected VSC structure

By applying Kirchhoff's voltage law (KVL) and considering the fundamental
frequency voltage produced by the V3agrelationship between the grid voltagg the
output voltage of converteg, and the line currentcan be described as:

vV, =V, -L—. (3.5)

Taking thetransformationparameter matrix° and P into (3.5) , the system

dynamics can be transformed intgframe as:
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gvgq a Ve g’l'JWL 0 Hiq gO gtﬂ- dt Bq (39

wherevgq andvgq are thed- andg-axis components of the grid voltagg vss andvyy are
the d- andg-axis components of the converter voltageis andiq are thed- and g-axis
components of the thrgghase current andvy is the rotating speed of tlug frame and

isgivenaxx =d d/ dt

From (3.6), currentiqq in the system can be adjusted by regulating the converter
output voltagesss andvsg. Based on this equation, the fast dynamic inner nuoentrol
loop can be designed with proportiomategral (PI) regulators as:

Sy =vy Wiy STy 19 Kty iJdt
[ o ) (3.7)
TVsq:ng -wlLi, 8kp(lq 19 Kii, i)dt !

With the PI contrder, thevector current contrdbop can be simplified as a secend

order close loogystem as shown Figure3.4 and the transfer function can be written as

i k,s+ K
—=r (3.8)
Iref LS + lﬂ) S +l|<
Thus,the P1 parametets andk can bepresented as:
gk, =L 2z n
i T . (3.9)
i k=L w

whereg s the controller damping ratia;, is the natural frequency of the control loap,
andiq are the references of thk and g-axis currentg74]. Later in this thesis, the

parametet is designed as a gain of Pl controller and the paramigtarglk; is defined
without theL.

Iref +
=f

Y

Figure3.4 Simplified current control loop.
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c) Phasdock loop

The phase lock loop (PLL) is used to ensureddagis of the synchronowdy frame
is aligned with the grid source voltage vector. As illustratdeélgnre3.5, the grid voltage
Vg is rotating at frequencys whilst the d-axis alignment of theonverter which rotating

with frequency ¥ has an angle displacement

Figure3.5 Synchronougrame and source vector.

Considering that the angle differengqe is small andvy is the voltage magnitude of

Vg, theg-axis voltage can be described as:

Vo =V,sin o Y, . (3.10)

Equation(3.10) stipulateghatvgyq reflects the angle differendetween thel-axis of
thedgframe and the grid voltage vectarich is zeo under idelbalignment. On the other

hand, the angle difference can be described as:

Dg 5 v -)ut
9Dy -w = | (319
da  °

whereyn is the rated gridrequencya n dr isdie small diversion which actual frequency
deviates away from the rated vald@ design a PLL, a PI controller which takeg as

the input can be applied as demonstratdeigare3.6.

Vg —» 3G/ | Vg w of Pl |aw ¥ ¥s
- . controller =
a1/ da -

S

Figure3.6 PLL control diagram.
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3.3. Modularmultilevel converter

Due to many restrictionof 2-level VSCs for HVDC application such as high
uniformity requirements on series connectmhnswitching devices to withstand high
voltage poor AC waveform quality andubstatial AC filter requirement, high power
losses etd.75], the MMC was firstproposedn 2003andhasbeen further developett
hasbecome the most commonly used VSC topology for HVDC transmission applications.
The modularity characteristic of MMC brings many benefits, such as better scalability and
flexibility when adapting to any voltage levgl6, 77] high efficiency, better power
quality with reducd (or even without) filterg§78], and possible faulblocking capacity
when applying in HVDC systemg6]. In this section, the fundamentals of MMC,

including the structure and basic control strategies, are discussed.

3.3.1. MMC principles

a) MMC structure

Figure3.7 MMC topology structures.
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The threephase MMC circuit diagram is shownkigure3.7 (a). As illustrated, each
phase consists of an upper arm and a lower arm, and each arm is forMeddnaded
SMs and an arm inductor. By controlling the states of the SMs at each armtpineAdT
voltage can be adjustedigure3.7 (b) and (c) illustrate two different circuit structures of
SMs. With different SM structusethe MMGs presents different enacteristics.

The haltbridge based SM (HBSM) as showrFigure3.7 (b) is the most commonly
used topology for MMC. Because of the simple topologlgag the lowest loss and cost
comparing to other MMC topologig¢g7]. The SM capacitor vaigeV. equals tovVadN,
and the switching status of HBSM is shownTiable 3.1. The output voltage oéach
HBSM is 0 orV.. In the event of a fault on the DC side, the collapse of the DC voltage
could potentially lead to the discharge of the SM capacitors and higrctagnt. The
IGBTs in all the SMs can be blocked to prevent SM capacitors from discharging though
the MMC will behave like an uncontrolled rectifier and AC side fault current can continue
feeding through the diodes to the DC f4uR, 80]

Table3.1 Switching status and output voltage of HBSM.

States S S Vsm ism Capacitor status
1 On Off Ve >0 Charging
On Off Ve <0 Discharging
2 Off On 0 - Bypassed
3 Off Off - - Blocked

Figure 3.7 (c) illustrates the full-bridge based SM (FBSM) circuit structure. With
FBSM, the voltage of each Skan be positive or negativEhe switching stasof FBSM
are described ifiable3.2.

In contrast to HBSM, in the event of a fault on the DC side, and negative voltage
from the SMs can prevent AC side fault current from feeding to the DC fault and thus
MMC with FBSM has DC falt blocking capability. However, the doubled numbers of
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IGBT and diode used in FBSM lead to the lower efficiency and higher cost when
compared to the HBSM based MMC topold§¥].

Table3.2 Switching status of FBSM.

States St S Ss S Vsm ism Capacitor status

1 On Off On Off 0 - Bypassed

2 On Off Off On Ve >0 Charging
On Off Off On Ve <0 Discharging

3 Off On On Off -Ve >0 Discharging
Off On On Off -Ve <0 Charging

4 Off On Off On 0 - Bypassed

5 off Off Off Off - - Blocked

A variety of SM topologies have been studied to provide improved MMC
characteristics, e.g. fault blocking, reduced losses etc. For example, the clamp double half
bridge based SM (CDSM82] has lower power loss than the FBSM whilst matag fault
blocking capacity, and the flying capacitor SM presents less circulating current and
voltage ripple, higher efficiency but with increased chakemyg voltage balancinf3].

The development of power semiconductor devices, new demands and regulations will

continuedriving and shamg future MMC technolops[82, 84]

b) MMC operations

For a thregphase MMC with N numbers of SMs at each arm (2N each phase), each arm
can generate voltage waveform with N+1 levels. To ensure stable voltage at DC side, the
sum voltage of the upper arm and lower arm at each phase should be Vdc, and #te insert
SM number at each phase should be equal to N (considering SM capacitor voltage

Vc=Vdc/N). By controlling the inserted SMs at the upper and lower arms, the output
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voltage can be adjusted. The relationship between the output voltage at the AC side (taken

Vdc/2 as the reference) and the inserted SMs number is shdvable3.3.

Table3.3 Inserted SMs and thmutput voltage.

Upper arm Inserted Lower arm Inserted Phase inserted Vi
SMs SMs SMs
0 N N (N/2) VadN
1 N-1 N (N/2-1) Vao/N
2 N-2 N (N/2-2) VgdN
| I N I
N/2 N/2 N 0
N/2+1 N/2-1 N -VadN
N/2+2 N/2-2 N -2V4dN
I I N I
N 0 N -(N/2) VadN

c) MMC equivalent model

The SMs at each arm of MMC can be represented by arm voltage sources as shown
in Figure3.8. According toFigure3.8, by applying KVL, the equations at MMC AC side

can be derived as:

?Vu = /. \_-{dhc I?rm%

o2 dt (3.12)
i V. =V -I\& Ha-l %

| T T

wherev; (phasg=a, b, c) denotes théhreephase MMC voltagey,; andvj; are the sum

voltage of SMs in the upper and lower arm at each phase respectively;the DC



voltage of the MMC stationiy; and i; are the MMC upper and lower arm currents

respectively at each phase:mis the arm inductance.

Figure3.8 Simplified MMC model.

Arm currentsiy (upper arm) and; (lower arm) at each phase comprisef loélthe
phase current, onethird of the DC current and any circulating currents that may present
among the threphase legs. Considering the circuiting currents of MMCs are well
suppressed by the controller, they are assumed at zero during the aBylysgiplying

KCL, the arm currents can be represented as:

Siy=d 4

Uy~ A c
! ? (3.13)
iy =

wherei; is threephase currentg is the DC componerih the arm

By substituting(3.13) into (3.12), the thregphase voltages can be described as:

>, dilj diui
Vlj - Vuj ‘2Vj i+-Slrm (E _d-t_)
. (3.14)
vV = I—arm ﬂ +\I|j B \{Ji
b2 dt 2

Defining:
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_Vit
mecj - 2
31

—_ Larm ( 5)

mmc 2
equation(3.14) which describes the MMC voltage can be rewritten as:

di j

Vi = meca -Nmmc_- (316)

Thus the MMC acs as a controlled voltage source on its AC side as described in

(3.16), and the AC side current can be controlled accordingly

3.3.2. MMC control

The operabn process of MMC controls the switol status of the SMs to select the
total inseréd SM capacitors to resemble the required arm voltage. However, this
configuration and working mode leads to complex interactions on the SM voltage and

phase currentuch as:

1. the charging and dischargingf the conne&d SM capacitorwhich cause

voltagevariation
2. existing circulating curreramong thearns leading to increaseplower loss

The large numbers of SMs in each arm also means the converRMMlis not

suitable for MMCand new modulation methods are required.

a) Modulation methods

For controlling multilevel converters, the phageft PWM and levekhift PWM are
commonly usedUsing the phasshift PWM method at MMC, many carrier waves are
required and the small phase displacement (phase shift) requires aneazzouier wave
genegation when the number of SMslarge[85]. Levelshift PWM introduced ir{86]
also employdN carrier waves which are verticallycatedwithin differentbands folN+1
level MMC. Both these two modulation methods become impractical when the number of

SMs (i.e.N) is high due to the potential high switching frequency and complexity of the

35



switching decision§87]. The nearest level modulation (NLM) introduced88] reduces

the switching frequency, and is the simplest modulation method for MMC.

NLM without carrier signals selects the number of SMs which @k converter
to generate the nearest output voltage level to the ratolilwave. FON+1 level MMC,
each phaséncluding the upper and low armsasN SMs switched on at anyime, as
described inTable3.3. Assuming that the voltage is balanced, the average SM capacity

voltage isV¢ thatcan be described as:

V.=V, /N. (3.17)

'Vdcl 2

Figure3.9 Nearest level modulation diagram.

As illustrated inFigure 3.9, the red waveys is the desired voltage, and the inserted
SM numbers at upper arMupperand lower armNiower can be described 48.18) while
roundmeanghe closest integer

IéNupper = E —round(ﬁ)

! 2 Ve (3.18)
:I: Nlower = E 'H’OUﬂd(E)

f 2 Ve

b) Voltage balancing

During operation, the eatate of SM leads to the aiging or discharging of its DC
capacitor. To ensure safe operation, the capacitor voltages ofealbNs must be

monitored and kept balanci&8]. In general, the most common voltage balancing method
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is based on the sorting and selecting metf@&j 90} which involves the following

procedures:
1. Monitoring and sorting the SMs according to their capacitor voltages.

2. Measuring the direction of arrourrent and determining the charging and

discharging status.

3. Selecting the SM with the lowest capacitor voltage at charging status and
selecting the SM with thieighestcapacitor voltage at discharging status.

One of the drawbacks for the sorting methotthéshigh computation requirement as
all the SMs have to be sorted based on their capacitor voltages during each sampling
period. To address this problem, laverate sorting strategy based on a clokep
modified method is studied if91]. This method only sorts a limited number of SMs
during a period rather than #fle SMs. With this method, if additional SMs are required
to be turned on at the next control period, only thesti#te SMs arsorted and vice versa.
Referencd92] proposes and investigatasundamentafrequencysortingmethod. With
this method, all the SMs are only sortedentthe AC output voltagés at the twopeak
AC voltage leved (Vad/2 and-Vad2 whenM=1). Based on this updated index list and the
direction of arm current, the required number of Sivs selected. Ayibrid balancing
strategy which combines a predictive methedalso studied if92]. This stategy
combines the traditional sorting method and predictive sorting method by comparing the
predicted capacitor voltage error in the @btep forward control cycle with their average

values to select the SMs to be inserted.

In this thesis, average MMCadel is used where each arm voltage is represented by
a controlled voltage source and one lumped DC capa@®r94] This effectively

assumes all the SM capacitors are perfectly balanced.

Another important aspect of MMC operation is to ensure the stored energies in all
the 6 arms are equal. This means the voltages across the 6 lumpegacitosin the
average MMC model should be balanced. Voltage balancing between the upper and lower

arms of the same phase is usually called vertical balancing and voltage balancing between
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the upper (or lower) arms of the three phases is usually caliemii@l balancing. The

sum and difference voltagef the upper and lower arm at each phase are defined as:

V.=V, N,
a cj cyj clj (319)
Dch j‘/cuj \/clj

whereVe,; andVj are the upper and lower SM capacitors voltages for ghase

According to[95, 96] injecting a small fundamental current into the commade
current as defined i(B3.20) caneliminate theDC voltage errobetween theipper and
lower SMcapacitowoltages.

uj

i =
comm 2 (3.20)

ThereforethreePI controllers (one for each phase) for vertical voltage balancing

control can be designed as shawirigure3.10and theDV,; is the difference in capacitor
voltages in phasg(j=a,b,c). A band pass filter tuned at fundamental frequamcy used
to remove the fundamental frequgroscillation in the voltage difference so as to ettra
the DC error component.

A DC offset injecting to theommonmode current can eliminate ti¥C voltage
error betweerthe threephases [95, 96] As illustrated inFigure3.10, a PI controller is
applied at each phase for the horizontal voltage balancing coftrek V' is the sum
voltage reference @M capacitor (RV ¢) at each phasé band pass filtetunedat 2wis

used fomremovng the secongrderbehaviorin the sum of the capacitor voltafg¥].

| horizontal XV H%—'

i balancing -

o vy |
| verticd - + e = N e
' balancing 0 _% Ij ¢
" control Tl
| , , [n
g Ly | (043,23 —

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure3.10 Voltage balancing contr¢95].
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By regulating the commemode currentvhich doesnot affectthe MMC AC output
voltage and currénthehorizontal voltagdalancing,and vertical voltage balancirggn
be achievedThe commormmode current contralill be introduced irthe next section

c) Circulating current and common mode current control

The current circulating between the three phasedistinctivecharacteristic of MMC.
The circulating current mainly includes the DC component which is used for converting
real power andhe secondorder harmonic compone{@8]. Referencd99] investigates
the relationship between circulating current and MMC performances, and proves that the
secondorder circulating current affects power loss and capacitor voltage ripples.
Therefore, combl of circulating current in MMC is necessary and the main target is to
eliminate the secondrderharmonic circulating current and minireithe voltage ripple

of SM capacitors.

Referencd100] applies a circulating current suppressing strateaged a theinner
current control loop witha proportionairesonan{PR) controller. However, the method
only targets aarmcurrent reduction without considering the capacitor voltage ripple. The
control methods proposed (101, 102]reduce the capacitor valje ripple, but the
extensive output current measuremeasplicae the control structure and the increased

arm current leagito more substantiglower loss.

In this study, two PR controllers resonatingrafundamental frequency@nd2y are

adopted taontrol the circuiting currerds described i(3.21).

_K +2Kr15 +2K,23
(s) P Sz+W2 52'(2@'2.

The PR controller at resonant frequencyis adopted to control the fundamental

G

(3.21)

frequencycurrent as required by the vertical capacitor voltage balancing shokgure

3.10, whereas the other one at resonant frequenrcig 2ised for suppressing the second
order circulating current. The control structure for the common mode current control is
schematically shown iRigure3.11where thé’ commis feed from voltage balancing control

andicommis calculated by3.20). Thev'%; andVv'§j in Figure3.11 come from the inner
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current loop of the MMC as demonstratedFigure 3.12, which shows the&omplete
control diagramof the MMC based on average modtde( simplified MMC modeks
shown inFigure3.8).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

T nd

Y v & MMC | .
| abc | V ulj
| Ig —> dg || _
R .1 N E |

P* —>| Outerloop |! dq_|Inner current §V*mm0dq
Q- —>| control control |

xV'g —> Voltage |I comm | Common mode
balancing | current control

Figure3.12 Competecontrol diagranfor average MMC model

3.4. Summary

In this chapter, WT VSC structure and operating principles are introduced. The inner

current control loop appléeat VSC based omlq frame is discussed. The operating

principles of MMCare also introduced. The inherent characteristics of MMC, such as

circulating current and capacity voltage variation atidied Typical system
configuratiors and control strategs for MMC are discussedand various modulation
strategies for ensuring captaeivoltage balancing are illustrated.
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Chapterd

Control of the offshore wind fen system

4.1. Introduction

For offshore wind farmgonnected using HVDChe offshore VSCife. MMC)
stationhas to form the AC power systems in offshore wind farms, which exhibit different
characteristics compared to conventional onshore power systemgotamdial voltage
oscillation or harmonic resonance in the event of faults can be infiL@&d08]. Stable
AC voltage and frequency control is thus a prerequisite for the transmission of offshore

wind energy.

Fixed frequency control by the offshore MMC statesdiscusseth Chapter 2s
the most common appach to regulate the AC voltage of offshore netwowith fixed
offshore frequencythe phase angle is generated usthg fixed frequency, and a PI
controller is used to regulate tdeaxis voltage, thereby the offshore voltage magnitude
[109]. Besides the contrahethods revieweth Chapter 2,n [110], offshore grid three
phase voltages are added to the ougfuhe PR controllers as feedforwards to improve
the dynamics of offshore voltage controller. Howeasthese control schemes only
contain voltage control loop and do not have current control, the system performance of

the offshore MMC stations, espalty duringlarge transientscannot be guaranteed.

In this chapter, the basic MMC control method is described &érst an enhanced
AC voltage and frequency control of the offshore MMC station connected with wind
farms is then proposed. Considering thperating principle of the PLL, the offshore
frequency flexibility is utilized to improve the offshore voltage control leading to faster
dynamic response and better performance of offshore AC voltage.
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4.2. Systemstructure

When using MMGHVDC systems for conneag offshore wind farms, MMC
station located onshore usually regulates the DC voltage of the HVDC link to ensure stable
power transmission from offshore wind farms to onshore grids. The DC voltage control
method ortheonshore MMC has been introduced in the previous chapter thi¢ithiable
DC voltage, offshore MMC controls the offshore AC voltage at the B@&@and ensures
the offshore wind turbinelsavea stable AC network voltage for controlling their active

and readve power generation.
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Figure4.1 Structureof MMC-HVDC connected fishore wind farmsystem

The considered offshore wind farm connected with an MNMDC is schematically
shown inFigure4.1. A symmetrical monopole HVDC system with the rated DC voltage
of £400 kV and two submarine cables are considered in this study. At the onshore side, a
single AC sourcavith certainimpedances used to represent the onshore electrical power
grid. The onshore station MM@vhich connected to the onshore power grid regulates the
DC voltage of the HVDC link. At the offshore side, the offshore station Mbtitrols

the AC vdtage and frequency of the offshore network. The offshore wind farm is
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represented by three 33kV wind turbine cluster models which are connected to the
offshore 200 kV HVAC network through 33kV/200kV transformers. The three wind
turbine cluster models arated at 500MW, 450MW, and 50 MW respectively, so events
with different power scales can be simulatedhe late studies. The three wind turbine
clusters are connected at different locations with different distances to the PCC bus. At
the end of each cltex cable, AC circuit breakers are equipped to isolate the fault branch
and enable continuous operation of the healthy wind turbines in the event of a fault in the

offshore AC network.

4.2.1. Wind turbine modelling

With the increasing scalenavind farms, simulating an offshore wind farm system
becomes computationaliptensivewhen modding each wind turbine (WT) in detail
[111]. As this thesis mainly investigates offshore AC voltage and frequency control and
the WTs mostly follow the network established by the offshore MMC, aggregated and
simplified WT systems are used. Thus, the dat#iuence factos of each WT can be
negleced, such as wake effect or different power output due to the variable wind speed

anddirection andonly the total output power and currergedto befocused.

To aggregate W3, there are two types of mettsddat can be used: Singlachine
Representation MethodSRM) and MultFMachines Representation Method (MRM)
[112]. SRM represents the whole WF into one equivalent WT whereas MRM clusters the
WEF in different WT groups according to the operation characteristics and then uses
paraneter estimation to model each group of WTs as one equivalefil V8]. Because
the dynamics of the Wmechanical system and wind generatenot thefocus ofthis
thesisandfor simplification of analysighe WTs are classified and represented by three
lumped different capacity WT converterstire WT converter models, only the grid side
converter is modelled, and the DC side is considered as a simple DC source. Different

power orders are applied to simulate the variation of wind power generation.

With the aggregatioof WTs, offshore windarm structure inFigure 4.1 can be
simplified to the circuit ashown inFigure4.2. All the wind turbinesare classifiedand
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combined to the equivalent thrdéferentwind turbine clusters whicarerepresented by
the three lumpellVT models. These thre&T models demonstratgind turbine clusters
with different capacity according to the numbef WTs connected to each clust&he
aggregadd wind turbinesand their filters are connectedo the termina through a
transformer at each wind turbine cluster.

WT Cluster 1
Cable1  200kV/33KV

Vit
e e ()i
1 lee1 Wil ol Ve
= 1
10km (500MW)
Shore PC\(/: b WT Cluster 2
429kV/200kV g Vpcc
| N v r Cable2 200kV/33k\XK 2
OO | Ve [ — @1
. I I CB |c32 i 2 L
1 2 2 wit
500kV MMC, ) MMC; C 5km CL = VSC,
1GW 1 (450MW)
WT Cluster 3
Cable 3 200kV/ 33k\\//M3
e O
CB; IcB3 Iwt3 —
3k 9
m (50MW)

Figure4.2 Offshore wind farnsystemstructurewith lumped WT clusters.

4.2.2. Control of wind turbine converters

As shown inFigure4.2, the system is represented by three lumped WTs, which are
modeled as thre@vo-level VSCsconnectedo constant DC sourceBigure4.3 shows the
connection of one WT convertérhe lumped VSC modglenerges avoltagewscthrough
an inner vector control loopvhich has been introduced in Chapter The PWM
modulation described in previous gher is applied t@enerate the switching pulses as

demonstrated ifigure4.4.

Vpcc ;
— |2 Zt
+ Ve < W — 4+
Vinee ﬁi %C@ |:@ AV
arm L + C Z I C\Nt Wt
wranst Rirans T witrans =

MMC VSC

Figure4.3 Structureof single simplified WT cluster

44



The control diagram aumpedWT VSC based on decoupleld) frame with fault
currentlimitation is given inFigure4.4. In this VSC control structure, the thrphase
voltagevwt onthe WT connection point is measured first and a i used to obtain the
phase angle and frequency. The voltage and current are then transformed frqgphdkeee
to those in thelg reference frames. The PLL control principle has been introduced in the

previous chapteso no furthediscussion is given here

PLL Power Control Current Loop Vid
oV
Prei — Y Pt 1y Vo
v ldref _ dqg
R oy AL IR Vac | PwM | Pulse
Vg \/vz +\2 > N
dqg CEEN A Modulation

¥

[Pl ] abc

|qref

Figure4.4 Control structure on W$ideVSC.

In thepowercontrol loop, reference current drexisidrer can be calculated as:

2 P

3 thd

Idref

where thePres is the output wind power of VSCywy is the d-axis voltage ofvwt. The
referance current om-axis is set as 0 in the illustration but can be set to different values

as required.

4.3. Basiccontrol on offshore MMC station

The offshoreMMC station works as a gafbrming converter to establish the
offshore AC network frequency and voltage, as well as balancing the transmitted active
power between WTs and the offshore network. The offshore MMC typically contains an
outer AC voltage controbbp and an inner current loop to provide fast system dynamics

and to enable MMC fault current limiting capability during offshore AC faults.
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4.3.1. Inner current loop

For the offshore MM shownin Figure4.2, by applyingKirchhoff's voltagelaw
(KvL) at the PCC bus and equivalent the v
side), the relationship between current and voltaghe®CC bus in tteephase static
coordinate frame can be described as shoviimedynamic differential equatio#.2). In
this equationycis the thregphase voltage geneeat by the MMG@ station,i1 describe the
threephase AC current whilgpcc is the thregohase voltage on PCC bURyans is the
transformer resistancd; is the total inductance including the transformer leakage

inductance.yransandMMC arm inductancémmcas(4.3), andn is the transformer ratio.

anCC = VC +L% Rransi (4'2)
L = L[rans -'meC' (4'3)

The resistor on theansformis relatively small and thus is neglected in the control
part. Therefore, the hreephasedynamic differential equations on AC ide can be

described into matrix form as

é‘/ca g v cca 9 l.Laé
&, ¢ ud e
@%b nevpccb u La !lte : (44)
@/cc EI 8\/ cce H |1£

Applying dq transform with parameter matrixes which have bdescribedin
Chapter3, the threephasesystem(4.4) can be transformed intig quantities The current
loop dynamics in theqreference frame where tleaxis is fixed to the PCC voltagg.c

can be expressed:as

pg:d eQO 7 ﬂ1d eLe@ d Q’ld

ev a9
Voo @ (4.5)
g\/ g Vr@q WL 0 5 q O etﬂ- dt Hl

wherev is the angular frequency of the offshore netwatkandiiq are the MMCdq

currents veq andveq are the MMC outputlq voltagesVpcca @ndvpccgare the PCC voltages

in thedqgframe.
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From (4.5), by adjusting the offshore MMC stati@utput voltages, thdq currents
can be regulated. Thus, the current controllers irdth&xes including the proportional
integral (PI) regulators can be designed as illustrat€éture4.5 and described d4.6).

:I.\e.V:d = nVPCCd WL& q égip( E d il ?) k iiﬁ I*1d |1d)d't
I A * . * . '
’lltch = nvpccq _WL!Ld gkip(l.l.q I1E) kii',;Fillq Ilc)d't {

In (4.6) and Figure4.5, the signals withsuperscripf indicate reference valsgkip

(4.6)

andk; are the parameters of the PI regulgtorthe current control loop.

anccd

Vcd*

Vg

®
nvpccqjA

Figure4.5 Current control loop structure

4.3.2. Outer voltageloop for AC voltage control

Transform the MMC curreni to the secondary side of transformer (PCC side), the

relationship between current and voltagehe PCGs shown as

g, 21, o ; g/pcca
e u.e u

né|lb ] I2bé 'CLE évpccb . (47)
glc H I2c§ H g/pccc

As shownin Figure4.2, i1 is the current flowng into the offshoreMMC station and
i2 is the current flowng from the WT collector network to the PCC b@stepresents the

equivalent AC capacitanseen at the PCpmt. Transforming4.7) into dgframeyields:

€0 wC g Cé g
g4 91 |2(§ F:‘{a n u/p(:(:d € neg d l}y peed
& §— . é €y u ey . U (4.8)
g 0N g (?U”’C 0 Q’pccq é OeL'JC dt Y pecq

€ n ) e n 9]
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From (4.8), it can be concludethat the outer AC voltage loop can set the current
references to control the PCC voltages. Thus, the outer voltage loop can be designed in a

similar way as for the current loop: as

e o I2d WC hY * *

f hg = F n Vpccq g(vp \4 pced V_pcch k \ﬁ v peed v pc_)d dt

i i G . (4.9
’I\ sk 2q ~

i hg = F n Voced Sk peeq PCC)I K ﬁ v pceg dt ’

In (4.9), signals withsuperscript  indicate reference valu® kyp, and ki are the
parameters dhePI regulatosin thevoltage control loopFigure4.6 illustrates theontrol
diagram based of#.9).

Figure4.6 Voltage control loop structure

4.3.3. Offshore frequency control

In the existing methodspPLL is used and the offshore frequemcytypically fixed
(e.g. 50 Hz). The phase anglés simply derived using the fixed frequencs; a

g=2 gt 00 t, (4.10
The MMC station then forms the offshore network according to the phase
information obtained by4.10) [114]. This approach is easy to implemenhe overall
control structure is shown fRigure4.7 in which the d-axis PCC voltage reference is set
atthe desired value while theaxis voltage reference is alwaysHowever, withfixed
frequency, the offshore frequency flexibility is not utilized, which reduces the offshore

voltageperformancesspecially undeiransient conditions as will be demonstchtater.
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Figure4.7 Offshore MMC station AC voltage control strategy with fixed frequency

4.4. Enhanced AC voltage and frequency control

To improve thalynamicresponse of the offshore system and provide a better control
on offshore AC voltage, a PLL based frequency control is proposed in this section. This
control method is able to improve the AC voltage control by utilizing the offshore
frequency flexibilityof the MMC station.

PLL Frequency control

K:.| +
—> K, o+ ® K> Vg

V —
pecg P S + Low pass f
Filter T
f() f

Figure4.8 PLL based frequency contrstrategy

Due to the robustness and ease of implementation, PLL is widely used in tracking
AC voltage angle and frequen[®p, 104] It usually measures tlgeaxis voltage/,ccqand
a Pl regulator drives the frequency in order to obtain veeg as illustrated ifrigure4.8
where the PLL part can be described as

l ~
f:1+_|_ Akfpvpccq -l-kfinvpccht -If)) (4.11)

whereTs is the time constant dhe low pass filter (LPF) anth is the desired frequey,
e.g. 50Hz.

Since the outputrequencyandthe phase angle of the offshore MMC derived by the

PLL, form the offshore AC network, an additional Rbased frequency loap propose
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to generate the desirethecs The proposed offshore MMC frequency control considers
the operating principle of the PLland sets th@-axis voltage reference pccq by the

referencdrequency andhe g-axis voltage droop contrals:

V=K (f -f) (4.12)

peeq
whereK; is the droop control gain arfdis the frequency referencehe PLL acquires the
frequencyf and the deviation of actual frequency and reference frequency acts@n the

axis voltage value on the PCC as showRigure4.8.

A
b| 4
V' pocq
\\}‘*‘\\\ Vpce
mf //
Dy f U
Vpccd d

Figure4.9 PLL synchronization control.

The operation principle can be further explained in detail by consideiguge4.9.
Thed-axisvpccdis the initial position measured by the PLL. If the MMC instantly generates
an AC voltagevpcc which leads theal-axis by a certain anglasl, the PLL will detect a
positivevpeeqin the next sampling step as can be seéfngare4.9. Consequently the new
measured frequendyincreases, as depicted p411) andFigure4.8. This in deed will
increase the MMC output voltage frequg since the measured frequency is used for
generating the output voltage. Thus, if the real offshore frequency obtained by PLL is less
than the reference value, ifes f*, the frequency loop outputs a positi¥g.cqwith (4.12)
which is then fed to the MMC AC voltage loop to generate the corresponding positive
Vpeeg IN the next measurement step on PLL, the positivgis detected by the PLL and
the offshore AC frequency controlled by the MMC increases accordingly. Similarly, if the
measured frequency is higher than the referencd,*.€., a negative voltageeference

V peeqiS generated by the frequency loop and the MMC generates a nagativender
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such a condition, the frequency detected by the PLL reduces due to the negative
voltage ¥pccqg< 0) and so as the new frequency of the MMC AC outplierdfore, with
the proposed frequency control, the offshore frequémeyn be tightly controlled at the

reference value. The overall control strategy is showsigare4.10.

V' pecd » Outer voltage Vg
Voocd Control » dg Ve
- [~
Vpoo e AOC v~ pLL | Frequency & Vaa | eb
pecg > > |nner current >,/ anc
W dq > control |V peq
F’ Control

Figure4.10 Offshore MMC station AG/oltagecontrol strategy with PLibased
frequency loop.

Compared withthe traditional method shown Kigure4.7, a PLL-based frequency
control is added to MMQ@o provide dynami@-axis voltage referenc®y utilizing the
offshorefrequency flexibility, the proposed strategy tightly controls the AC veliad
frequency of the offshore network and ensures a stable transmission of the offshore wind

energy, as will be demonstrated in the following section.

4.5. Simulationresultsonnormal operatiowf offshore wind farm

The proposed control strategy is testedViatlab/Simulink environment using the
model shown irFigure4.2, where the generat@ide WT converters are represented by
DC voltage sources for simpiig. Average modelgas reviewed in Chapter aye used
for the MMC station$115], and detaile@-level VSCswitch moded are adopted for the
grid-side WT converters. As previously described, the offshore wind farm has three
lumped wind turbine models rated at 500 MW, 450 MW, and 50 MW respectively, and
connected to the collector buses through 10 km, 5 km and 3 km calpestnedy. The
detailed parameters of the offshore MNHYDC system and the WT converters are listed

in Table4.1 andTable4.2 respectively.
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Table4.1 Parameters of the MMEIVDC system

AC grid voltage 429 kV
HVDC voltage 800 kV

MMC power rating 1000 MW
MMC side Reactance 0.2 pu

transformer
Resistance 0.004452 pu
MMC side AC capacitance 0.01 pu
PCC voltage 200 kv
R, L, and C of Cable 15 mq/ km, O.
0.12 pF/km

Table4.2 Parameters of the lumped wind turbine models

DC voltage of WT converter 65 kV
WT side Reactance 0.1 pu
transformer
Resistance 0.004 pu
WT side capacitor 0.15 pu
WT side inductor 0.2 pu
R, L,and C of Cable 1 (10km) 15 mq/ km, O.
0.12pF/km
R, L, and C of Cable 2 (5km) 16. 5 mqg/ km, O
0.11 pF/km
R, L, and C of Cable 3 (3km) 150 mq/ km, 3
0.012 pF/km
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4.5.1. Start-up duration
a) Startup process

After the stabilizationof the HVDGIink voltage regulated by the onshore station
MMC., the offshore station MM(s enabled at 0.05 s and the waveforms associated with
the starup process are shown kigure4.11. All three WT converters are not enabled
(i.e.the IGBTSs are bldeed) initially, but their AC filters are connected to the offshore AC
network. At 0.1 s, the offshore MMC station starts to build up the offshore AC voltage
and the AC voltage reaches the rated value at around 0.2 s andsretaalie. The three
phase AC wvltage and current of the offshore grid during stgrtwith the proposed
frequency control methods allesplayedn Figure4.11 (b) and(c), respectrely, whereas
Figure4.11 (e)and (f) illustrate the PCC voltage dig frame. Wherthe proposed control
started at 0.1 shed-axis voltages pccfollows the reference tightlgndtheg-axis voltage
Vq_pcciS also regulated to around zero. The frequetyryamicresponse with the proposed
control is illustrated irFigure4.12, where it can be seen that the offshore AC frequency
is controlled around the desired value of 50 Hz by the proposed frequency control. Due to
theconsiderableapacitive reactive power produced by the WT converter filters, inductive
reactive power is needed from the offshore MMC station as can be s$&éguaried.11(d).

As all the WTs are blocked, no active power generdtyathe W Tsin the offshore system
seenFigure4.11 (d).
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Figure4.11 Simulationwaveformsof offshore station MM@during stardup.
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Figure4.12 Offshoresystemfrequency during staip.

b) Comparisorbetween the proposed and conventional controls duringugiart

The AC voltage amplitude at the PCC bus of the offshore grid duringugtavith
the conventional and proposed frequency control methods are comp&igdred.13.
The detailed waveforms comparedrigure4.13(b) and (c) shows that the voltagepca
with proposed control has a better reference tradkiagvy_pc2 with conventional control

method with the fixed frequency.
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= (b) /l/f‘ — Vi e reference
8 05 - / © |_y 4 pocs wi-th proposegl control [
>13l 0 ‘ | —Vy poc with conve‘ntlonal control ||
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Figure4.13 Simulationwaveformscomparison of AC voltage amplitude on PCC during
startup.

(&) Comparison ofi-axis PCC voltage with different control strategies, (b) detailed
waveforms around 0.1 s, (c) detailed waveforms around 0.2 s.
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Figure 4.13 demonstrates that by utilig the offshore frequency flexibility, the
proposed strategy controls the AC voltage of the offshore network tightly tharthe
conventional approach with fixed offshore frequency. Further studiéisestability of
the offshore system with proposeahtrol will be reported in the smaslignal analysis in

the following chapters.

4.5.2. Wind turbine connection and power ramping up

The three lumped wind turbines are all enabled at 0.5 s and start generating power
from 0.7 s. Throughout the process, D€ voltage of the HVDC link is well controlled
by the onshore MMC as shownhkigure4.14 (a). The AC voltage amplitude at the PCC
slightly deviates from the reference but is restored quickly during wind power ramp up,
demonstrated iigure4.14 (b) and (e). As shown iRigure4.14(c), (d), the AC currents
of the offshore station MM{ncreases with the increase of the received windep@ifter
0.7 s. The offshore frequency is also tightly regulated around the reference during wind
power increase, benefitting from the proposed frequency control, as shbignrie4.15.
After t=1.05 s, the power generated by the three wind turbines reaches the rated values,
and the offshore MMC operates in steatdigteconditionand transmits rated power to the

onshore side.
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Figure4.14 Simulation waveforms of offshore station M @uringenable oMW Tsand
power increasing.

(a) DC voltage on HVDC link, (b) thrgehase voltage on PCC, (c) thelease currents
i1, (d). MMC; activeand reactive power, (e) PGlzaxis voltage, (f) PC@-axis voltage.
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Figure4.15 Offshore frequency duringnable oMVTs and power up

For onshore sitefFigure 4.16 shows the onshore AC current and power fléw.
t=0.7s, the AC current of onshore MMIBegins to increase and MMGtarts to receive
the active power. In the simulation, the reactive power reference for NBvi&et at zero

and so as the measured reactive power is always zero as illustraigdre¥.16 (b).
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Figure4.16 Curent and power flows at onshore MM §tation duringconnectingof
WTsand poweramp up

(a) Threephase current at onshore M &tation, (b) active and reactive power received
by onshore MMG@ station.

The awrrent and active and reactipewer waveforms of the three WTs are shown in
Figure 4.17. As stated, the three WT clusters with respective capacities of 500 MW,
450MW and 50MW are enabled at 0.ar&d ramp up power generation from 0.7 s at a
rate of3 pu/s At around 1.05 s, the three wind turbine clusters all reach their rated value

andoperate irstableconditiors.
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Figure4.17 AC current and output power on each WT cluster dugimgple of WTsand
power increasing.

(&) Threephase current o¥/SCy, (b) Threephase current o¥/SC,, (c) Threephase
current ofVSGC;, (d) activeand reactive power geraged byWSC;, (e)activeand reactive
power generated BYSC;, (f) activeand reactive power generated\b$Cs.
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4.5.3. System response during large power step
a) Power step due to WT blocking

To test the response thfe system during large transients, simulatiorescarried out
when the 500 MWWVT (VSC,) is suddenly blockedta=1.5 s(e.g.caused byigh wind
speeq, resulting in hereduction oftotal generatedvind power from Ipu to 0.5 puThe
simulation results are shown fiigure4.18. Due to the large power chandiee offshore
AC voltagefluctuates following theblocking of VSG but is quickly recovered to the rated
value, shown irFigure4.18 (b). To further observe the change on the PCC voltage, the
RMS (root mean square) value is showFRigure4.18 (f). As seen, the PCC voltage drops
to around 0.7 pu at the time when ViS€blocked but recovers within around 0.1 s. The
DC voltage also fluctuates as shownFigure 4.18 (a) because of the sudden power
imbalance betweetheonshore andffshoresites, buit is well controlled by the onshore
MMC.. The current flows through the MMGtation is well controlled and gradually
reduces to 0.5 pu when the power is reduced to 0.5 pu, as gagared.18 (c) and (d).
Again, the offshore frequency is well controlled even during such a large transient, as
illustrated inFigure4.18 (e).

The responses of each WT cluster are showviigare4.19. VSC; is blocked at 1.5s
and its output wind power reduces to zero quickly as shoviaigure4.19 (a) and (d).
However, VSG and VSG are still operating as normal and continue transmitivirgl
power to the onshore site through MM®ecause of the constant output wind power,
reduced PCC voltage leads to the temporary increase of the WT current as shigwrein
4.19 (b) and (c). To protect the WT converters, their currents are limited to 1.2 pu which
results in a small dip of active power generation for a short period around 1.5 s as seen
from Figure4.19 (e) and (f). After the recovery of voltage on the PCC bus, the output

currents return to the pffault values.
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Figure4.18 Simulation waveforms of offshore stati MMC: during power step.

(a) DC voltage on HVDC link, (b) thrgehase voltage on PCC, (c) thyplease currents
i1, (d). MMC; activeand reactive power, (e) offshore frequency, (f) PCC RMS voltage.
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Figure4.19 AC current and output power on each WT cluster during power step.

(a) Threephase current o¥/SC,, (b) Threephase current o¥/SC;, (c) Threephase
current ofVSGC;, (d) activeand reactive power generated\b§Cy, (e)active and reactive
power generated BYSC,, (f) activeand reactive power generated\b$Cs.
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b) Comparisons of the proposed and conventional controls during WT

disconnedhg

The advantages of the proposed control over conventional me#amodefurther

demonstrad by comparing the offshore voltages and currents darlagge transient

caused by the tripping of a WT cluster. The PCC voltage and the AC current of the

offshore MMC are compared Figure4.20.
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Figure4.20 Voltage and current comparison during the WT disconnection
(a) PCC RMS voltage, (b) MMRMS current, (c) Offshore frequency.

Att=1.5s, WT1 clustefVSC,) suddenly disconnects from th€@ bus by opening
CBL1 (circuit breaker) The total wind power transrned to offshore MMC station is

immediately reduced to 0.5 pu which leads to large transient on the PCC bus voltage. As

can ke seen, with the proposed control, the offshore voltage is more stable with faster
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restoration than that under conventional fixed frequency control, as shéugune4.20

(a). Due to better offshore AC voltage control, the current of the offshore MMC station
experiences less disturbance and exhibits better dynamic response with the proposed
scheme than the conventional one, as display&igure4.20 (b). The frequency under

the proposed control does have relatively large fluctuations, though the oscillation is still

controlled within around £1%bu.

4.6. Summary

In this chapterthe control and operation of offshore wind farm connected by MMC
HVDC transmission systems are investigated.ahalysethe operation process of an
offshore wind farm, all the WTs connected in the offshore syatediivided into groups

and aggregated MWT clustes represeted byVSCs

An enhanced frequency and AC voltage control scheme of the offshore MMC station
for wind energy transmissiols proposedAn additional frequency loopased on PLL
principle is ued to set theg-axis voltage reference toowtrol the offshore network
frequency.With the proposed control, the frequency tightly regulatedthrough the
adjustment ofg-axis voltage ahormal operatiorandit also allows slightlyfrequency
deviating duringransientgo improve voltaggerformanceSimulation studiesalidated
that during starup and power stegiMC with the poposedenhancedrequency and
voltage control presentsfaster dynamic responsehen @mpaed to the conventional
method without frequency Ipo The effectiveness of the proposed conisoffurther
demonstrated during largeansients caused by the sudden blocking and tripping of a 0.5

pu WT cluster
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Chapterb

Small-signalmodeling and analysisf

offshore AC system

5.1. Introduction

In Chapter 4, an enhanced AC voltage and frequency control method for the offshore
MMC was proposed to improve the dynamic response of offshore wind faha.
simulation results in Chapter 4 have shown many advantages of the proposed control
method with tle additional PLEbased frequency control loom this chapter, further
studies on the effect of the proposed controller on offshore wind farm system stebility

investigated

Generally, smalkignal analysis based on the stamace models is utilizetb
investigate the dynamic response of a system. Tihukis chapterthe corresponding
smaltsignal statespace model of the offshore wind farm systemegelopedo analyse
the system responses and behavadrthe system The interaction of wind poweand
offshore voltage is studied usim@pde plots and the impacts of control parameters on
system stability are examined using pole/zero maps. Moreover, system frequency

responses with the proposed and conventional controls are compared.

5.2. Offshore wind fam smaltsignal mod#ing

In order to simplify the system structure but keep adequate dynamic response, both
the offshore MMC station and VSCs at WT side are modeled as controllable voltage
sources. Since the focus of this study is on the offshore AC rietiie internal dynamics

of the offshore MMC is thus neglected. Transmission cables and transformers are also
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represented bgquivalent resistors and inductors. The equivalent circuit diagram of the
offshore wind farm system is shownkigure5.1. To analysehe stability of the offshore
wind farm system with enhanced AC voltage control, the system state equations are

formed and linearized based on this simplified model.

Offshore MMC station Viat Offshore Wind Farm
C
P nl.l VpCC 2 nZ-l Vth « IV\Itl

Offshore ) i - | — ol (O T Ao
L+ R C

MMC Leaviet Reable  Liransi+ Reranst T Cwt1 L WVyscl
station T ™ =

Figure5.1 Offshore wind farm equivalent circuit.

5.2.1. Offshore MMC small-signal modéling

For system level studies, the average MMC m@tks] is usually employed instead
of the detailed MMC model. As the focus of this study is the stability of offshore AC
system, the DC dynansof the HVDC systemis thus neglected, and the DC voltage is
assumed to be controlléd a constant valuey the onshore MMC. Besides, as previously
described, controllable AC voltage source is used to represent the AC sideftghore
MMC and its internal dynamics, e.g., SM capacitor voltage variation, arm energy
balancing, etc., are not consider€bnsequently,ite smaHlsignal model of the offshore
MMC includes the AC side MMC equivalent circuit, the voltagal@PCC bus anthe
MMC controler.

a) MMC side network system moldieg

Using the simplified equivalent MMC circuit, the smsijnal model of the MMC
and PCC bus can be developed based on the structure sholiguine 5.2. The
transformers equivalent ta seriexonnected resistanégand reactance attheprimary
side. Dynamic AC voltage which formed by MMC can be calculated tisedijfferential
equations on the PCC capacitor and the totdlictarce Liota cOmposed oMMC arm

inductancd.mmcand transformemiductance.:.
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| Lo 1
Ve Ly R Ce
Equivalent =
MMC

Figure5.2 The circuit diagram of thBCCside gridconnectedvith equivalent MMC
The AC voltage on the PCC bus can be defexed

dvpCC

© dt

wherevpcc is the voltage on PCC bus,is the MMC current at thprimary side of the

IZ _nlll

(5.1)

MMC transformerjz is the current flowng from the offshore WT sideay is the ratio of
MMC transformer,C. represents the cable capacitance at PCC bus or any AC filters
installed at the offshore MMC stati¢hl7].

Transforming(5.1) into dq frameas demonstrated i@#.8) andthenexpressing the

dg axisseparately

é .. dV ccd

? Mg =1y -IM’Cchccq Qc#

2 dv

’I‘ nlllq = i2q -M'Ccv pced Gc —

[ dt (5.2)

The equatior5.2) can bdinearizal at the operating poiras

e D,y n, iR

ID/pccd —% % v cq L cq

! ° 5.3
| : : (5.3)
Tpy Pzg T 1R W, vV w

’I: pceq CC 0 cd cO

The voltages and ctemywhiohtase deviated fromghe dpenatiort e
point, and subscript$ andq indicate thed-axis org-axis componeist The equations are
linearized at¥o, Voccd aNd Vpcep [118]. By s e | &gdt h dvgcfpgthe two state

67

t



variablesopy, iidgmndizdqas the input signalthe state space matrix can be described

as:
1 eDw
N N gvpcccp L 0 ~ 0 guld
e[)vpccd 9 ? 0 M/O ? |1ipccd _é? Cc Cc éD
€Dy € w 0 UBg a4 ) 1 1q - (54)
€ Vpccg UE 0 U "Epcca  ZL, 0 -n 0 —g:)l
€ “pccdo C C 2d
c

To calculate the MMC current, the differential equation across the impedance

between MMC equivalent voltage source and PCC bus on the primary side of the MMC
transformer (at MMC side) is gbnas:

di .
nlvpcc = mec _( mec H—-) d_:. R‘i (55)

In (5.5), Lt andR: are therespectivanductanceand resistance of the transfornseren at

the primary sideymmcrepresents MMC equivalent voltage which is obtained from MMC
control output. Describgb.5) underdq frame as:

e . DViy = Binc . . .
1 Dig Lot = s R LD wit,, D g
L +L L 4
{ DV mmc t@] mmc t . (5.6)
T~ _n:L ccq mc R . . .
,lt Dllq mer:c+Lt q mec -lLt IlP Ho P Mo

Linearizing(5.6) at¥o, i1d0 andiigo ands e | e ciitd mdyq agihe state variables,
the state spaaeguation can be described as:

. \ . SDw
&Di zgﬁ S ggil‘*o L : PR . T g)/mm“‘
& ..1d Eé 'mmc t .ld [:r'é mmc t mmc t 9‘\9 (57)
Di é -R 1€ 1 ey e
&u 0% 9 0% 0 0 n <
¢ " L Y g T L L, PV
e mmc t u e mmc t mmc t

é:)vpccq

Combiring (5.4) and(5.7), the state space model of the offshore MMC and PCC bus
is developeds shown irFigure5.3.
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C
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> I—mmc+ I—t1 Rt — ™ (5-3)
(5.6)

Figureb5.3 State space model of PCGsile grid.

b) PLL linearization

A PLL at offshore MMC is employed to track the frequency and phase angle of the
offshore network voltage which is used flortransformation and frequency control in the
control system. In steaetate condition, thdq frame formed by the PLL in the coatr
system is aligned with the pladg frame which defined by the actual grid voltage.
However, once a perturbation is added to the grid, an angle difference will arise between
thedqframe detected by the PLL and the actual ptlyframe. Thus, twalqframes are
required in the model, i.e. tlaetualplantdqframe and the controlleigframe[119, 120]

When developing the smadignal model, the angle difference between the two systems
needs to be fed iatthe control loop to represent the effect of the PLL loop dynamics.
With the angle differenced, as:

Dq = gant - p&- (5'8)
Signals expressed in the converter control system can be transformed to the actual

plantdqframe as:

Xojant — XcontrleiDq (5.9)
whereXcontrol Can be the voltage or current signals defined by the PLL with measured phase
angledy in the converter control loop, axgant represents the corresponding voltage or
current at the wind farm plant with the actual system adgie. Reformulaing this

equation by wusyvedg Eul erds formul a

(G + X)) X FKJ(Cos gDjsin g (5.10
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wherexcs andxcq are thed- andg-axis components O&ontrol. Xod @aNdXpq represent the-

andg-axis components ofiant. Equation(5.10) can be described in matrix form as:
exy gecosDg sinDg gXp@
gxcq o e sin @ cos yxga

For smal |l a ndgitheteadystétd oparatom poatkosD, Xpd andXpe,
(5.11) can be linearized 4%18]:

(5.11)

excd Q XPQO @ Oe XPCD g:)xpdg 5.12
X&) (g 1§ - X ')@qL' (512
® gDg

This signal transformation needs to be applied before the measured voltage and

excq u

current signals entering the converter control loop. On the other hand, whemtiie sig
are output from the controller, they should also be transformed hedorgfed to the

plant model using the following inv&e transformatian

N eDx
0
X%’ & X°q° @ (5.13)
"2 qu

c) MMC control linearization

\9’

pd

equ

(%]
u
a

The basic MMC control system has been introduced in Chapter 4 and thus will not
be repeated here. The MMs@ntrol system consists of a frequency control loop, an AC
voltage control loop, and a current control loop. The linearized MMC control block
diagramwhich introduced in Chapter ¥ shown inFigure 5.4 at its operation point
(variations with subscript 0). The voltaggscd,control@NdVpceg,controiare the corresponding
d- andg-axis voltages.ccafter doing the PLL angle shif6.12). The current$idg,controi@and

I2dg,control@re the currentsqq andizqq after the PLL angle shift transforming.

Adding the PLL, the control structure of the MMC system can be demonstrated in
Figure 5.5, where thevpccdq and i1qq are the measured network voltage and current,
Vpcedy,control @Nd 11dqcontrol @re the voltage and current signal at MMC control loop as
described irFigure5.4. Moreover, MMC is assumed to have no control delays, i.e., after
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transforming the voltagenmcdqginto three phase form, it is the same with voltage:as

shown inFigure5.2.

K [ ] K, [
pced

+
I Vpeeg,control ¥ 0Co/NL* I I 10,control ¥ oL otar ) + | Vimmed.control

—

v i [
pecd,control YVpcchCc/n14’ + | 'ldcontrol qej 1q0|—t0t o —+

i2d,contr0| / ng—+ N1Vpced,control —» +

ey e ) s B )
i

+
- i —| Vmmeq
VpCCd,COﬂtI’ ol Y ()Cclnjj> | 1d,controIY OLIOtElIA> m control
—>
Vpccq,control

i1q,c0ntro| .
YVpcchCc/ N —>— ¥lidoltota —>—

I 2,control /N1—> + N1Vpceg,control — 1 1 |

Figure5.4 Linearized MMC control block diagram.

¢ | Frequency .| Voltage
Viceg—» PLL > control V*pccq,control Control
—L ol & Vimmeda,control v
V. > Angle Shift | mmedd
Vooud _ pecdg,control | Current (5.12) -
P Angle Shift i Control q > '
i1dg —» (5.11) 1dq,control

Figure5.5 Control structure of offshore MMC with PLL angle shift.

d) MMC smaltsignal modelalidate

To validate the developed equivalent MMC and PCC side ssiggdal model, the
frequency responsef the linearized MMC state space modetcompared to those from
the timedomain Simulink model under the same operating condition. The system

paraneters are listed imable5.1.

The Bode plots for the clodeop responséo the reference valu®f Vpccg Vpccgand
f from the two models are comparedRigure 5.6, where the blue curves are from the

smaltsignal model (SS model) with state space equations while the red curves are from
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the timedomain nodinear model (TD model). Itan be seen frorRigure5.6 that the
linearized SS model matches the frequency responses well with the TD model in the
frequency range of 0.1 Hz to 1000 Hz. Above 1000 tHere are considerable errors
between the two models which are primarily causedhbyl aiylor transformatiorwhen
applying the SS modsl As the main interest of frequency for stability investigation in

this thesis is below a few hundred Hertz, lthearized SS model is adequate.

Tableb.1 Parameters on offshore wind farm PCC side

MMC control parameters

Frequency loop Kt 0.5 pu
Voltage loop Kv=26,( &) K= ( R)?
fv 30 Hz
By 1.2
Current loop Kip=26ec( & Kii= ( R)?
fe 50 Hz
e 1

MMC grid parameters

MMC arm inductance Lmmc 14 mH (0.1 pu)
Transformer Ration; 429kV/200kV
Resistancé& 0.74 q (0.
Inductance.; 64 mH (0.11 pu)
PCC capacitorCc 7.16 puF
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Figure5.6 Frequency responses comparisons on SS model and TD model at PCC side.

(a) Bode plotof the d-axis voltage reference pecq to thed-axis voltagevpees (b) Bode
plot of the g-axis voltage referare v'peq to the g-axis voltagevpcq, (C) Bode plot of
frequency referenck’ to frequency.
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5.2.2. Offshore wind farm small-signal modéling

In this study, a lumped WT model is considered and is represented by a controllable
voltage source as shown kilgure5.1. The WT transformer and transmission cable are
again represented by equivalent inductance and resistance as shdviguia 5.1.
Although only one WT model is considered in the study, the developed model can be

extendedto multiple WTs by considering the interconnection cables between different
WT converters.

a) WT cluster equivalent

As shown inFigure5.1, to describe the dynamic response at WT cluster side, the

relationship between the output current and voltage on WT converter is given as:

di
Visa = Ve d“;“ (5.14)

wherewsa is the VSC AC output voltage amgh is the VSC output currenkyy is the

inductance of the VSC filter whila is the voltage at WT filter side. Transformigl14)
into dg frameyields

8. DV - . .
1 Dijng =% T_W B Wy | qu WwQ]o
1 t1
i . (5.15
T D _D/VSCL q - \Q/u q H -
’I‘ witlqg I—W‘ H/O I WQi WWBO
1

Assuming the steadstate operating point of VSC s, iwndo andiwuq and by

selectinggpwud @ N dwug@s the state variables, the state space equati®il5) can be
described as:

. 1 1 e Dw
=» A Nt Q iwtho T 0 —= 0 sl d
e,Dthd ‘g e O M/o d)lwtld g_é vatl Lwtl QDV
é -.thd gg- M/O O -thq L,]é . 1 - 1 é vsdq . (516)
) lwt1do 0 — o — éDthld
e L\Nll witl ED/
e wtlq
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The dynamis of thevoltage on the capacitor of the WT filter can be defined as:

. dv,
wt =M € va\[nl (5.17)

whereiww is the thregohase currents at WT transmission caBlg, is the capacitance of
the WT filter andn is the VSC transformer ratio. Transformi¢igl7) into dqframe and

expressingt the operating point yield:

e _Di ud 1o chld
ID/wtld = C WE) Vqu W\/\qu
1 wtl
| : .
| - — o wtlq 2 clq
Dy = o VRs R
I wtl
wherevuudgpo andvwugp arethev ol t age oper at i n gwd@d O idiuies . By

the state variable¢5.18) is then expressed in state space forasat

L e Dw
e -n G
. 2V — 0 2 0 2Diug
gDthld g? 0 o !\Z I%thd -'égwtho vatl thl gDi ’ (5 19)
) Y wilg . (D.
éDthlq U g’ w, O H@Mq (?_uv 0 1 0 -n, g:)' ‘
€ V“wtldo wtcld
e thl thl §D|
e~ wtclq
According toFigureb.1, thereare:
Lwtcl = Lcable -ILtrani (520)
RNtcl = I%able +Rrani
B iy .
n2VWt1 - thc +Lwtd R/vtd thd (5-21)

dt
where Rrans and Reanle are the resistances of WT transformer and transmission cable
respectivelylwransandLcanieare the inductances of WT transformer and transmission cable

respectively. Similarly, linearizin(p.21) in dq frame yields:

75



e . n,Dv - . . . :

1 D'wtcld =2 Qt < le ' de Wyt wtdp Wkia E

!I vatcl Lwtcl (522
T n,Dv, - B Ria . . ' '
1Dy, =224 € e Wy -,

r wtclq mel Lwtcl V\Bq 0 " wtd p wtd Q

In the equationguwudo andiwngo are the steadgtate points. Selecting statariables

QPwud @ N dwugOthe state spaa@yuation came described as:

R e Dw
é 1 g é- nz = 1
ani é W N~ 5 IWtclqO - 0 — 0 wild
"M terd Qé L wetd 9 Ly L &Dv
&y dg : o€ oDV,.0, . (5.23)
gwaq € R. weg (€ o %t o ie

e n U e lwtcado T T wtcd

e Ltl u e 1 L[1 éle

e~ Twicq

As shown inFigure5.1, the currentz injected to the PCC bus is equals toithe.

b)  WT control linearization

As described in Chaptdr, WT side VSC control system includes the Ridntrol
power control and current control. Linearizing the power control loop and current control
loop at its operation point (variations with subscript e WT control diagram cave

described aFkigure5.7.

P*HI%—? +
: 0 T % [%—» Kwtp+_KWti =
Vat1d,control lwt1dg h —T S
+ | Wscid,control

i i ¥ 10lwi1
Iwt1d,control wtlg,control ¥ 10Lwt1 Iiiiie

——> I 190 -
Vit1g,control | "™t .
’ ¥ tlwtigobwts >

. \Vi _
Iwt1g,control @—' Viatid,control — > 1|

KWti (]
: T?ﬂ% Sl

lwt1g,control

+ Vvsclq,control

i —>
|Wt1d,controIY 10|—wt1

¥ 1lwirdobwts

Vwtig,control — 1 |

Figure5.7 Linearized control diagram on WT VSC.
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It should be noticed that the voltages and currents with subsgtiptare all the

signals applying at control loop, which have been transformed by PLL angle shift.

The smallsignal model othe complete WT systeis expressedn Figure5.8. As
seen m Figure5.8, vwtidg andiwudg are the grid mesured voltage and curremytdg,control
andiwndgcontrolare the control signstvhich have been corrected by PLL andiference
gxivt and are then fed to the control loop as demonstrate@jure5.7, Wsadgcontrol IS the
output voltageof VSC control loopwhile wsadq is the VSC output voltage after the angle

compensation.

thlq Y1 N
— PLL > Power
—iqﬂWt P> Control | Viscidg control
Vint1dg Viut1dg,control & Angle Shift | Vvscidg
— > Angle Shift > Current (5.12)
g : i Control | Gt 7]
q (5_ 11) wtldq,controL ontro

Figure5.8 The entire control structure of WT with PLL angle shift.

c) WT smaltsignal model validabn

To validate the accuracy of the WT convesiglesmallsignal model, the frequency
responses from its corresponding SS model and BDetnare compared iRigure 5.9
with the parameters shownTable5.2.

FromFigure5.9 (a), active power respons@som power to reference powesf the
two models when the WT is connected to a stable AC source match well in the frequency
range of 0.1 HZ to 1000 Hz. Similar trends can be observed indh@ndinwug responses
shown inFigure5.9 (b) and (c)wherethe blue curves from the SS model with state space
equations perfectly match to the red curves from the TD model. These results indicate that
the SS model of WT side can reflect the features of actdamadel withn the specific
frequency range.
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Tableb5.2 Parameters at offshore wind farm WT side.

VSC control parameters

PLL KpLp=26rLL( ApLL) KpLi=( ZeiL)?
fpLL 10 Hz
erLL 1
Current loop Kwip=20wt( Zwi) Kwi=( Fwi)?
fut 50 Hz
Gut 1

VSC grid parameters

VSC inductanceLwu 1.4 mH (0.2 pu)
VSC capactor Can 219pF (0.15 pu)
Transformer Ration 200kV/33kV
Resistanc& 0329 (0.004
Inductance.: 25.5 mH (0.1 pu)
Cable Resistanc®: 0.15q
Inductancd.c 3 mH
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Figure5.9 Frequency response comparisbetweerthe SS model and TD modai WT
side

(a) Bode plotof the WT power referend@” to the powelP, (b) Bodeplot of the WTd-
axis current referencéwuq to the d-axis currentiwug, () Bode plot of the WTg-axis
current referencBwug to theg-axis currentwug.
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5.2.3. Small-signal modeling of the complete offshore system

In the previous smabignal mod#Hing approachthe offshore wind farm system is
divided into the PCQMMC part and WT part. Each part is modeled on their ogn

reference frame definday their PLL as shown iRigure5.10.

Opce

Ot
Vpeed ¥ d
pee L
) } Pcc
Cli /
Viat1d th

Y1
Figure5.10 Reference frame transformation

To connect the PCMMC part SS model and WT side SS model, the angle shift
between the twdgframes should be considergdd 8]. In Figureb.10, the angle difference

dgirf IS calculated as:

Qir = G - E w (5.24)
where thedpccandy¥ are obtained fronthe PLL at offshore MMC station, and tta and
¥ 1 are obtained from the PLL ofie WT side VSC.To translate the PCC voltage which
is formed bythe MMC to the WT sidedq frame, the angle shift matrix should be

implementedand the corresponding voltagencbe calculated as:

s B COBGyy - SINGy V@€ (525
g U é :
g"wth a Slquiﬁ COS @G Vg €

By applying(5.25), the voltage/pccagunder MMCdq frame is transferred to WT side

dgframe expressed &stcd;.

To translate the output current from WT side under &gTrame to the PCC side,

theinversetransformation is requireas:
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€2q

9
e o
@aq (

u

CeSY i
-§n%m COS @ Iy

sin g

lia €
U €
ta €

(5.26)

whereizqq is the current under MM@dq frame and the curremftcidq is the original WT

output current under WT side VSig frame.

With the angle shift, the PCC side voltage signal which has tmanstito WT dq

frame can be fed into WT side SS moddiis equally applies to th&T side,whereWT
current after the inverse angle shift can be fed to PCC side SS madk. need to note
the voltages and currents are all measured frmmetworkand thus, bfore fed into the
control loop from plant, they needdpplythe angle shift agdescribedn (5.12) and(5.13).

Figure 5.11 shows the SS model of the entire offshore windmfasystem

corresponding to the TD mod&hownin Figure5.1.

qO’pcch @ —» MMCam | ooy —»
f* peoq /mmedq | inductance | o PCC | e
m Frcegr:{[(raglcy . MmC - & P1dg | capacitance pocdg
> Opec Control | ®pccdq | transformer | 0 2qq Ce
Cp/pccdq I—mmc+ Lty Rt
Migq "
Phta [ gy op¢ o
> . : - Cable
P, P WTfilter | Gwadg | WT filter | 0tidg Pwtctd
 — . > . > & o
Dwtrdg WT Phscidq | inductance | capacitance >
—  Cluster Do Lt Puectdg) ¢, ) PVutcaq 1 ransformer
Putida | control wtldg Lwtcr+Rater
e > PCC to WT toec > WT to PCC
dw— angle shift > e G angleshift = gy
OPpcedg—» (5.24) QPwicldg—> (5.25)

Figure5.11 SS model of the offshore windrm system.
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5.2.4. Offshore wind farm small-signal model validation

To validate the effectiveness and accuracy ofddnelopedffshore wind farm SS
model andnvestigate the interactions between the WTs output power and AC voltage on
PCC buspower and voltage disturbance argaducedatthe SS and TD offshore wind

farm system models, and their simulation results are compared.

a) Power disturbance

In this seabn, a small power disturbance is inducadWT side At t=2.5 s, the
reference output power of VSQNT) increases by 1%, and as showrrigure5.12 (a)
and (b), the ioreased power leads to oscillations at both @Ris andg-axis voltages.
The results show a good match between the SS model and the TD model. The power
perturbationalso lead tothe frequency oscillation on PCC bus. As illustrate&igure
5.12(c), frequency swing occurs &t2.5 s but quickly recovers tts rated value.

At the WT side, the 1% increase of wind power results in the increlsaed output
current ofVSC; as shown irFigure5.13 (a). The changing on trekaxis current affects
the PCC voltage and thus leads to smyalkis current oscillation, as shownkigure5.13
(b). The output power of VSGs demonstrated iRigure5.13 (c), an 1% increase in its

valuecan be seen aftér2.5 s.

From Figure 5.12 and Figure 5.13, the accuracy of the smaignal nodel can be
confirmedduring power disturbance on the offshore wind farm system. The waveforms

from the SS model are in good agreement witls¢lobtained from the TD model.
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Figure5.12 Comparisons of PCC voltage and frequency from TD and SS model during
the power disturbance.

(a) PCC bugl-axis voltage comparison on TD model and SS modeR (@€} busy-axis
voltagecomparison oD model and SS modédlc) frequency of PCC bus comparison
on TD model and SS model
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Figure5.13VSC; current and power responses comparisons during the power
disturbance.

(a) VSC; d-axis current comparison on TD model and SS md@delVSG g-axis current
comparison on TD model and SS model, (c) power comparison on TD model and SS

modelat VSG.

b) Voltage disturbance

To further validate the smadiignal model, 1% voltage disturbance is applied at the
PCC bus. The referenckaxis voltage on the PCC busich is controlled by the MMC
is increased by 1% &t2.5 sandFigure5.14 (a) shows the measured P@@xis voltage
fromtheTD model and SS model. As seerFigure5.14 (b) and (c), both the PC&axis
voltage and the frequeneye also affected by the voltage disturbance. Good agreements

between the waveforms of the 88&dTD model are observed.
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Figure5.14 PCC voltage and frequency responses comparisons during voltage
oscillation.

() PCC bud-axisvoltagecomparison oD model and SS model, (PCC bugg-axis
voltagecomparison oD model and SS modec) frequency of PCC bus comparison
ontheTD modeland SS model

The increase of voltage on PCC bus etadthe WT side output current reduction
due tofixed wind power output, as shown Figure5.15 (a) and (c).Small oscillatiors
appeaonWT g-axis currentaused by the PCC bus voltage disturbasleewn inFigure
5.15(b). Again,the waveforms matclell between théwo modek.
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Figure5.15VSC; current and power responses comparisons during the voltage
disturbance

(a) d-axis current comparison on TD model and SS model at:V@®Eg-axis current
comparison on TD model and SS moaleV/SG, (c) power comparison on TD model and
SS model at VSC

5.3. Stability analys with smaltsignal model of offshore wind

farm

In this sectionthe Bode plotsfrom the developed smadlignal offshore system
model are used tanalysesystemfrequency response of the offshore wind farm with the
proposed frequency control. By applying the pole/zero map (p/z map), the impacts of
different parameters of frequency control and voltage control on system stability are
analyse.
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5.3.1. Stability analysis of PLL based frequency loop

With the linearized SS model, the performance of PLL based frequency control loop
is analysedby considering the transfer functions across the frequency refefértoe
measured frequendy The correspondinBode plot is shown ifrigure5.16. As can be

seen, thestability ofthe system withfrequency controtan be ensured

From: frequency referencef * To: frequency f

Magnitude (dB)
A
o

Phase (deg)
©
o

Frequency (Hz)

Figure5.16 Bodeplot of the frequency control loop

To study the impact of the frequency loop paramiéi€¢as shown irFigure4.8 and
Table5.1) on system stability, the p/z map is published withKhmcreasing from 0.05
pu to 15 pu (witH=50 Hz andpcq=350 kV set as rated valg)ewhile the other parameters
are set as listed ihable5.1 andTable5.2. After theKsincreases from 0.186 pu to 0.2 pu

all the poles are located at the left half plane, and this stipulates that the system is stable.
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Figure5.17 The p/z map of PCC voltage with varialile

(a) The pz map of system frequency whé&n increases from 0.05pu to 30 pu, (hg
zoomedin p/z map wheis increases from 0.186 pu to 0.2 pu.

By changing thérequencyloop parametels from 0.186 pu to 0.2 pu, the frequency
and voltage orthe PCC bus from the timdomain model are illustrated Figure5.18.
Before 0.6 sKf=0.186 pyandas shown irFigure5.18 (a), (b) and (c), the frequenay
axis PCC voltage ang-axis PCC voltage are all divergeddicatingthatthe system is
unstalte. After 0.6 stheKr changes to 0.2 pand thePCC voltageand frequency begin
to convergeThe timedomain simulationasults are in good agreement with the p/z map

analysis which derived from the developed srsajhal model.
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Figure5.18 Simulation waveforms of PCC frequency and voltage with varigble
(a) Frequency on PCC bus, (baxis voltage on PCC bus, (@jaxis voltage on PCC bus.

5.3.2. Stability analysisof PCC voltage

To further study the system stability with proposed control, pole/zero majssate
to investigate thevanation of theparameters in voltage control loop systenstability.

a) Stability analysis of nature frequenfat voltage control loop

To studythe impactof the natural frequencl in MMC voltage control loop as
described inTable 5.1 on system stabilitypoles and zeros of the SS model transfer
function withf, increasng from 1 Hz to 700 Hz are plotted, while tKeis set at0.5 pu
and damping value, of voltage controis 1.2.Figure5.19 (a) and (b) demonstrate the p/z

map of d-axis voltage reference to measur@@xis voltage andj-axis reference to
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measuredj-axis voltage respectiely. Whenf, increases from 15Z to 20Hz, all the
poles inFigure5.19 move to the left half plane, and this p/z map stipulates that system is

stable whery is greaterthan 15 Hz.
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Figure5.19 The p/z map of PCC voltage with varialfle
(a) The p/z map dd-axis PCC voltag, (b)the p/z map of-axis PCC voltage.

Figure5.20 shows the simulation results of the PCC frequency and voltage from the
time-domain model wittdifferentvoltage contol parametefy. As seen, the offshore AC

system is unstable before 0.6 s wheae 15Hz but becomes stable aftieincreases to 20
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Hz. This shows good agreement with the p/z map analysis using the developed offshore

wind farm SS model.
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Figure5.20 Simulation waveforms of PCC frequency and voltage whartrease from
15 Hz to 20 Hz.

(a) Frequency on PCC bus, (baxis voltage on PCC bus, (@jaxis voltage on PCC bus.

To further investigate thstability, the nature frequendy variedfrom 17 Hz to 18
Hz in the voltage control loojs carried out The p/z map of PCC voltage is shown in

Figure5.21 and theime-domainsimulation waveforms are illustratedfingure5.22.
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Figure5.21 Zoomedin p/z map of PCC voltage whénincreases from 15 to 20.
(a) The p/z map dd-axis PCC voltage, (b) the p/z mapgpaxis PCC voltage.

FromFigure5.21, it shows that the systebecomestable wherl is increasedrom
17 Hz to18 Hz As demonstrated iRigure5.22 (a), (b) and (c), before0.6 sfvis 17 Hz
andthe frequency and voltage diverged with large oscillations. Af@&6 s fy increases
to 18 Hzandthe frequency and voltage began to cogeesiowly Again, the results from
the SS model and those from the TD model match well.
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Figure5.22 Simulation waveforms of PCC frequency and voltage whartrease from
17 Hz to 18 Hz.

(a) Frequency on PCC bus, (baxis voltage on PCC bus, (@jaxis voltage on PCC bus.

b)  Stability analysis of voltage control damping vague

With the frequency conti parametels, control frequencyfy and currentcontrol
parameters keep at constant as defindale5.1, Figure5.23 shows the movements of
the poles and zeros when the voltage control damping galoereass from 0.1 to 10
whereadrigure5.24 shows the zoomeith poles and zero positions when théncreases
from 0.7 to 1. As can be seBnFigure5.24 (a) and (b), whes, increases from 0.8 to 0.9,

all the poles move to the left half plane, stipulates that the system is stable.
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Figure5.23 The p/z map of PCC voltage with varialsle

(a) The p/z map dd-axis PCC voltage, (b) the p/z mapogpaxis PCC voltage.
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Figure5.24 The zoomedn p/z map of voltage oRCC buswith variableg,.
(a) The p/z map dd-axis PCC voltage, (b) the p/z mapgpaxis PCC voltage.

Simulation results from the tirrdomain model with the variabgg valuesareshown
in Figure5.25. The system is unstable whens 0.8 before 0.6 s and after thencreases
to 0.9, the system becomes staldlgain the time-domainsimulation results are in the

good agreement with the pizap analysis ifrigure5.23 andFigure5.24.
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Figure5.25 Simulation results on PCC frequency and voltage witf0.8 and 0.9.
(a) Frequency on PCC bus, (baxis voltage on PCC bus, (@axis voltage on PCC bus.

c) Stability analysisvith conventional controlvithout frequencyoop

For comparisonsystem stability with conventional control without frequency loop

Is studiedwith variation of the damping ratigs of the voltage control loogJnder the
same offshore wind farm conditions witte saméd, of voltage control and current control
parameters, the range of voltage control dampatig 6/s is testedand the p/z mapare
shown inFigure5.26. And Figure 5.27 shows the zoomenh poles and zero positions
when theg;s increases from 2.6 to 3.2As illustrated inFigure 5.27 (a) and (b) for the
respectival-axis andy-axis voltage responses, only umtiis increasedo 3, all the poles
move to the left half plan@ndthe systenbecomestable. Compadto the dampingatio
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with the proposeérequency controlg, O0.9canensuresystem sthaility ), system with the
fixed frequency control presents a higher requirementhendampingratio (system
becoming stablenly until s O3). Requiring alarger damping valuindicates that the
system is more difficult to be stable. Therefdres proposed controhas better system

stability a than the conventional control method.
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Figure5.26 P/z map when voltage control paramedgiincreases from 0.4 to 5.
(&) The p/z map df-axis PCC voltage (b) The p/z mapgeéxis PCC voltage.
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Figure5.27 The zoomedn p/z map of voltage on PCC bus with variatle
(a) The p/z map dd-axis PCC voltage, (b) the p/z mapogpaxis PCC voltage.

5.3.3. Wind power interaction with PCC voltage

The offshore network formed by the offshore MMC is typically weak. Consequently,
wind powervariation can tect the stability of the offshore wind farm systesspecially
on the PCC voltage. To study the interactions between the wind power and PCC voltage
the transfer functions are obtained from the developed SS model as illustri&igdren
5.11. The SS model of conventional control with fixed frequency is also estuidir

comparison.
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Figure5.28 Bode plots comparison from power to PCC voltage response in two systems

(a) Response from VSC output power Ritaxis PCC voltage, (lmesponse from VSC
output power P tg-axis PCC voltage.

Figure5.28 shows the PC@-axis andg-axis voltage responses to the inject power
from VSG respectively. Due to the frequency control liesgesxis, PCCd-axis voltage
with proposed control has a similaesponse with the system applying conventional
controlas shown irFigure5.28 (a), and this characteristic also reflecinits relationship
with the power change. Theaim difference lies on thg-axis and the proposed control

improves the PCQ@-axis voltage response as illustratedFigure 5.28 (b). With the
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proposed frequency contrghower injected to MMC has a smaller impact Wacq
compared to the traditional control systemthe low to medium frequency range.
Therefore the system with frequency control is less affected by the injected wind power

variation.

5.4. Summary

Thischapter develops smadignal models of the complete offshore system including
the MMC model andhe WT system model. To validate the develop®8 model,
frequency responses from the separate MMC and WT SS models are compared to the
corresponding TD models. The complete offshore wind farm SS model is then validated
using the same approach by using the TD modveforms form SS model and TD
model wth smallpower and voltage disturbarsckirthervalidated thexccuracy of the SS
model

With the smallsignal state space model, system stability is analysed in frequency
domain.The impac$ of variouscontrol parameters on the system stability are studi
using Bode plot and p/z ma@ompared to the conventional controystem wth the
proposed controdllows a wider parameter range. The interactions between the PCC
voltage and offshore wind power aksoinvestigatedSimulation results show that the
voltage on PCC bus is less influenced by the wind power variation while utilizing the
enhanced frequency and voltage continan theconventional fixed frequency method.
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Chapter6
Fault analyss of MMC-HVDC system

connectingoffshore wind farm

6.1. Introduction

With the increasing penetration of wind power and developnwgntargescale
offshore wind farrs, it is important to ensure wind fasgan remain connectetliring
large transientse.g., onshore and offshore AC faults the events of AC faults at the
offshoreAC systemof HVDC (MMC) connecedoffshore wind farms, there are a number

of challenges that need to be addressed:

1 ensuring the currents of the MMC and WT converters are limited within safe

ranges,

1 adequate fault currents are provided to enable fault deteamd proper

operation of protection devices;
1 fast system recovery after fault clearance.

In the events obnshore AC grid fault, onshore voltage dip during the fault period
can result in significant reduction attive power that can be transmitted thgbuthe
onshore MMC converter, leadingitabalance power transmission between onshore and
offshore sits. This potentially cafead toexcessiveDC voltage at the HVDC linkand

the disconnection of the entioéfshoresystem[49].

In this chaptersystem control and operati@f the HVDC system andVTs are
investigatedand different types gfrotectionrelay settingsare studiedor offshore wind

farm system applicatianT o enableoffshoreAC fault protection, a fault current injection
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controlfor offshore MMCand WTsis proposeduch thafaults at different parts of the
offshore AC network, e.gWT cluster cablesstring cablesetc. can be adequately
protected To enable the safe operation and satisfactorythdeugh duringhe onshore

AC faults, an dfshore MMC voltage reduction control strategy based on HVDC system
overvoltage is proposetb rapidly balane the generated antransmitted power. The
proposed design and control aadidated by MATLABSIMULINK simulatiors.

6.2. Control andoperation during offshore A€Gults

In the event of an offshore AC fault, the offshore voltage drops and the fault surrent
from the MMC andN'T convertes can potentiallyincreaseapidly if immediate control
actions are not takeo limit the fault currents and avoid damagé¢he offshore MMC
station,thethreephase currents are measuagdlif the currents are out of the predefined
range, the offshore voltage is reduced accordingly in order to decrease the MMC output
currentg121].

To supply adequate fault currents édfishore AC protection purposehile avoidng
excessiveault currentfor protection relaysa fault current providingontrolis developed
in MMC station. Considering theovercurrent protection at WT sidiuring abnormal
conditions the control strategy with a fault current supply at WT sdetroduced and

applied at WTs to helwith the fault recovery

6.2.1. Fault current providing control
a) Fault current supply of offshore MMC station

After an offshore AC faulbccursatthewind farmnetwork MMC 1 initially tries to
restore the AC voltage bincreasing the reversed current (from receiving current to
generatingurrent) However, when the offshore AC voltage is significantly reduced, e.g.
around to zero, no active powaanbegenerated and transmitted, in Figure6.1 is thus

limited at around zer@.e., no current reversaljo provide sufficient fault current for the
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protection relays connected to thigshore AC systentheg-axis current reference tie

offshore MMC station’1q is modifiedaccordingy as shown irFigure6.1 (a).

V*pcc d > I'1d | v
: > ——»
\fpccq Voltage i1 Current cd
V. _| control iy control
peed looj q loop |
Vpccq — p x4 “x p V*Cq
F'ig o] 1 aof .
R its (p.U)
+ s W 1.2 ‘
v peed _ \
Vpced Fault current [0] = Qg 0.3
injection control ' 3 -
0 1 t; (S)
@ (b)

Figure6.1 Fault current injection control of offshore MMC station.
(a) Fault current injection control, (b) Fault current injection curve.

As shown, lhe difference betweeghe measured PCC voltage magnituglesandits
references pecd (V pecd -Vpeed is calculaedand compared to the pset threshold, e.g. 0.4
pu. During normal operation; pccd- Vpcedis less than the threshold aing, is set by they-
axis voltage control loop. However, during an offshore AC faglq is significantly
reduced and the-axis voltage error will be over the threshold. Thus, an additional
componentqiq is added to the reference to injegaxis fault currento the offshore
network. Thefault current profile is illustrated ifigure 6.1 (b) and as seerthe fault
currentits provided by the offshore MM@ this examplés gradually ramped up from 0.3
pu with the rate of 0.pu/s up to a maximum current of 1.2 pis the fault curreniss
supplied by MMG flows to the offshore system,i# negative ta: (i1is positive when the
current flows fromWF toMMC) as:

— .k -k .
= hge Fig g

=03 40.9 & (pu’

Ifs

(6.1)

where thet; is thetime after fault occursAs will be shown in the following sections,

consideringher e | a y -6wrent chanaeteristiprofile, offshorecircuit can operatéy
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overcurrent protection while potentiakcessive fault current of thercuit breakerss

avoided.

b)  Fault current supply of WTs

When the fault occurat the offshae side AC voltageon the PCC busrops to
around zerandMMC stationstarts to increasgaxis current tgrovidefault current At
WT sides, in order to output the generated power, the currentsWiTthmitially increase
rapidly because of the volt@ drop but are quickliimited to their maximum values
Meanwhile thePLLs at WT side are unlikely to be able tivack the phase angle and the
offshore networkfrequencyif the AC voltage is reduced to around zero (e.g. during a
severe Phase fault).To stay connected and contribute to system recovery, &vd@s
controlled such that theg-axis (reactive)currens are usedo assist relay tripping and
the frequency othe WT converterqi.e., frequency output from the WT PL).are set to

fixed value duing the fault conditioa

On the other hand, if an AC fault occurs at a WT string, the currents generated by the
other healthy WTs as well as the MMC directly feed to the fault point, and lead to
excessive fault current flowing through the faulty WT rgjri The fault current could
potentially reach tens of times of their rated capacities and might overstretch the capability
of the protection equipment/relay at the faulty WTs string.

To reduce the capacity and size of relays at WT strings and contridoutes t
overcurrent protection of offshore wind farm systems, a similar method of fault current
supplyas foroffshore MMC converter is implemented\MTs sideas shown irFigure
6.2. The currentrateais from the power control loop of WTgw andvit are the respective
rated and measured WT voltagésis andi’wyq are thed- andg-axis current references
which feed to the WT current control loop. As shownRigure 6.2, d-axis current
reference’ww is equal to themominalvalue andy-axis current referendéuyg is zero (or at
any other values as required) while the WT working at normal modenWhefault
occurs, and thdetected voltage drop is more thae pre-set thresholde.g 04 pu), the

currentiwg generated by WTs followthe new reference and quickly dedp zero. Fault
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current is presented iag Which increases from 0 to the upper current limit (e.g 1.2 pu)

as:

S (62)

The increasing ratkg is set as 4 pu/s in this thesis which means after 0.3 s the fault
current supplied by the WT reaches to the maximum value of 1.Qme the fault is
clear,iwg backs to O whiléwg recovers to the initial value. With this proposed fault current
supply the fault current injected to the fault point only increases gradually after fault

occurrence and thus, the capacity of WT stpngfectionrelays can be reduced.

Power | iy = -
control rated o wid rated _/[V- Iwtd—>
loop | g =01 " Ve
Viad <Pl 'wd | Current | V@
A s
. I wt
lwa = <0.6pu ;
wtd Ve . p VV&q
T g ™
'wig =% e eq 2py M

Figure6.2 Fault current supply by WTs

With the fault current providing controls implemented at offshore MMC and WTs,
andproper settingf the different relay parametersffshore AC fault can be accurately
located, and the corresponding circuit breadegr beopened to isolate the fauklthough
MMC and WT converters have limited fault current capability, during an offshore fault,
substantial overcurremtanstill be pesent as all the converters will feed fault current to

the faultpoint as will beanalysedn more details in the following sectians

6.2.2. Wind farm relay design

Overcurrent relaying protection is the most economical and simplest way to protect
the facilitiesand transmission lines. The speed nfavercurrent protectiorelay e.g.
inverse definite minimum time relay (IDMT)s dependent on theagnitude of the
overcurrentBy applying IDMT relay, the operating time will be shorter with a higher

overcurrent magjitude and the selective protection is easy to be implemented.
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a) IDMT relay

For IDMT relay, itsoperating time is inversely proportional to the fault current above
the inverse time pickip current value and becomes constant when the fault current is over
the definite time pickup current threshold. The tir@airrentcharacteristic is shown in
Figure6.3, and usually, the definite time pick up value is set #imes to inverse time

pick up value.

t 3 Inverse time (TD)

Definite - Tiume

.....................

tms

1, nl. I
Inversetime Definite time
Pick-up value  Pick-up value

Figure6.3 Mixed curves IDMTcharacteristi¢122].

For inversetime characteristic area ddMT relay, the operation time is inversely
proportional to the fault current and the operation time can be expressed by the fault

current as:

k3 TMS
: (6.3)

tCB

IF a
—F )1
(CTR3 Pg

whereUandk are the curve setlated parameters which are decided by the different types
of time-current characteristi¢g is the measured phase curre@TRis transformer ratio
of the relayPSis the relay rated operating curreamdtime multiple settingTM§ is an

adjustable time multiplielWith the increas of TMS the tripping time becomes longer
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with thesame phase current. TR8is usually set at00% or 125% of detect phase current

ir. When 100% is chosen &Svalue(equals to 1), the rated current valuetlod relay
follows the test phase current rated value in per unit. With normal inverse curve
parameterd=0.14 anck=0.02, and®Sis chosen 1100%6.3) can besimplified as:

_ 0148 TMS
< MPS®-1 (6.4)
where heMPS multiples of plug settingequals tor/(CTRxPS. By selecting the proper
TMSandMPS thedifferentprotectionrequrementsof systemcan be actualizely relays

with variablesettings

b) Offshore wind farm relay setting

In this study, IDMT relays are applied at the offshorewind farm system for
overcurrenfprotection. Theyareinstalledat the end othe WTs clusters anterminal of
WTs stringsas shown inFigure 6.4 (a). As shown inFigure 6.4 (a), the considered
offshore wind farm contains two WT clusters ardt@WT cluster consists of five WT
strings withthe same capacity. & hWT string is made upf ten 10 MW fully rated
converter WTsDifferent TMS characteristis lead tovarious tripping timeto meet the

requiremenfor differentfault current leved.

Systemprotectionsundertwo different AC fault positios areinvestigated with this
modelas shown irFigure6.4 (a). AC fault i occurs on WT cluster and Bccurs on WT

string.

The parameters of ¢hoffshore systemare given in Table 6.1. As previously
described, tsing CBs(circuit breaker) arplacedat every end of WT strirgwhereasVT

cluster CBsareinstalledat every terminal of WElustes as illustrated ifrigure6.4 (a).
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Figure6.4 Offshore wind farm structurevith defined current and relays.
(a) System structur¢b) System with defined current and relays
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Table6.1 Offshore wind farm system parameters and relay setting

AC voltage on PCC 429 kV
MMC power rating 1000 MW
MMC transformer ratio 429/200
WT power rating 10 MW
WT side WT string power rating 100 MW
WT cluster power rating 500 MW
WT clustertransformer ratio 200kV/33kV
WT string CB Inverse part setting MPS2 pu 0.04TMS
(IDMT relay)
Definite part setting MPS3 pu 0.04s
WT cluster CB Inverse part setting MPS2 pu 0.04TMS
(IDMT relay)
Definite part setting MPS3 pu 0.25s

As shown inFigure 6.4 (b), once the fault Foccursat WT cluster, fault curreist
from theotherhealthy WT clusterw and offshore MMC statiois bothflow to thefault
point through CB. When CB detects the currerdn thecluster is over 2 puhe time
current characteristiof the IDMT relay comes into the inversdime part setting as
indicated inTable6.1. If the fault current which floathrough the CBreacheshedefinite
time areaof 3 pu CB; entes the definite time part and trip after 0.2%acording to the
general operation time settjsintroduced in[122]). CBs on WT string experiencel.2
pu (output current limit of WTspf their own ratedalueat this timeandthus, they will
nottrip. After the faultis cleared by CB the offshorevoltage recoves, the healthyVvVT
strings back to normal operatioifhe cluster relaf’B; can be described as

o MPS <2
} 0.128 0.04
o Tl 2 (MPS 3. (6.5)
s MPS®2- 1
70.25 MPS?2 3
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For fault F> occuring ata WT stringconnected to CB as illustratedn Figure6.4,
the currerd of other healthy WT stringss well MMG all flow into the fault point through
CB»1 andthereforethe fault current isikely to befar larger than 3 pu. In order to protect
the faulty WT string, CBson WT stringaredesignedo trip as soon as possible. Therefore,
the definite operating time of string dBset at 0.04 s which means once the detected
current is above 3 pMyT stringCB will take 0.04 s to disconnect the faull\&tring(the
fastest operation time of overcurreetayis about4 milliseconds$. The relay set on WT

strings can be described as

ga MPS <2
t0.14 0.04
o=y 2 (MPS 3. 6.6
CB ’:\ MPS).OZ_ 1 ( )
10.04 MPS2 3

The characteristics of these tkimds of relays with different settingseillustrated
in Table6.1. The characteristic curs®f operation timeovercurrentor these relays are

demonstrated ifrigure 6.5, wherethe arrens areexpressedisingactual phase current

values.

o }

) WT cluster CB

E gt - .

= 10 " ¢ W string CB

5 | —

®

o}

o

(@)

10-2 I S S AN SN S NN SN N S NN TN S A T AN SN TN A N - A O O I O A O

4000 5000 6000 7000 8000 9000

Current (A)

Figure6.5 System relay characteristics
(Note: WT cluster is 20RV and WTstring is 33 kV)

The timecurrent curve indicates the relationship between the operation time of a

relay and the fault current flamg through it. However, the total tripping time of a relay
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includes the safety margirdurationts which is defined by the ped of a fault has been
detected buthasot | ed to the relayds I mmediate aci

time is given as:
ttrip :ts {CB- (6-7)

6.2.3. Overcurrent detection of offshore AC faults

To furtheranalysethe fault conditions and operation characteristics of reldgs,
system structure with defined current and relasdisplayed irFigure6.4 (b) is described
in more details. As showin Figure6.4 (b),i; (i =1, 2, antdecyrrerdonl, é5)

the WT strings,icgjj arethe currerd flow throughthe relativelyWT string CBs.

a) Fault on WT cluster

Consideringhatthe fault occurs oa WT cluster, kin Figure6.4, the fault currents

flowing through the CBcomefrom MMC; and WTs connected alusters 2, as:

ICBl =1 +Wt(2' (68)

With the increamg fault current as defined i(6.1) and(6.2), the current flowing

fs

through CB gradually increasesThe breakers on the healthy cable .GBperience
maximumovercurrenpf 1.2 pu and thus the relay remaagtosedduring the cluster fault

F1. Fault current through GR:an be express as:

5

icsz = i'wtcz :é'i 2j" (6-9)
j=1
As the fault current flows through GBs not a constant during tleduster fault F,
asits andiwte in (6.8) are not constant. Thus, formi&5) cannot be used in this condition
to calculate the tripping time diie cluster relayTo modeltherelaytripping timemore
accuracy with dynamic fault curreiitjs assumed that the integration of fault curriesat

during faulty timets determineselay tripping timewhich isdescribed as:

!

DQ " icedt (6.10)

&5

111



whereicg: dependent on the timiethe fault current flows through GRBsis the time when
fault current reaches to the piok value of CB (2 pu in the previosi setting) andkip IS
the time when the relay is trippinGonsideringheinverse parsetting of relaysgi can
set at 0.8 (when the fault current is 2 pu, CB trips after 0.Bhs)s therampedup fault

currentleads to ahorter relayripping time.

The current flows through GBluringthefault F1 is the sum of fault curressupplied
by MMC; and the healthy WT cluster. According to the fault current profiles of MMC
and WTs as previously described, las tapacity of MMGis twice ofthe WT cluster the
fault current supplied by MMECshould bedoubledwith the WT clusterreference in per
unit terms. Thus, thiacreasingate of fault current from MMG becomesl.8 pu/s and
the starting current i8.6 pufor CB:. Current flows from th@ther WT cluster increase
with the rateof 4 pu/s from (pu. According tq6.1) and(6.2), thevariation of fault current
flowing through CB can be expressed as:

ICBl =1 fs +Wt(2

=2 303 8.9153) 4+ (611

The timets when the fault current hit the CB pithp value 2 pu can be calculated
with (6.11), and then the fault current st&itb be integrded on the timeto calculatethe
tripping time of CB1. The constant integratiamQ (integration of fault current which is

dependent on the tiqean be calculated as:

DO =ﬁ2 0.3 019t ) 4t (6.12)

Therefore, the tripping time according(®12) can be calculated as:

0.8= (0.8 +2.8 Ji¥ ey
t, © 0.52 |

trip

(6.13)

Consequently, the tripping tinteip, of CBy is 0.52s while the fault currenflows
through CB is 2.74 pu This means the relay tsfpeforeit goes intothe definite time
characteristic areaf its time-currentcurve. The status dhe relaysat the offshore wind

farm and the curresflow through different CB areshown inTable6.2.
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Table6.2 Relay tripping time withthe WT cluster fault

max CB ts tCB ttrip CB
current status
WT CB1 2.74 pu 0.24s 0.28s 0.52s Open
cluster
relay CB:2 1.2 pu 0.52's ) ) Closed
WT string CBij 1.2 pu 0.52s b b Closed
relay
CB2j 1.2 pu 0.52s b b Closed

As described iMable6.2, once the fault occuiet WT clusterl, CBy on WT cluster
1 trips after 0.52s andthevoltage orthe PCCis quickly controlled back toherated value
by MMC:. TheCBs connected to othbedthy WT clusteswill not trip because the fault
current has not reached the pigh value 2 pu duringhe fault event The current flows
throughthe AC cablat MMC; side everhas not reached 1 fneforethe faultis cleaed
Thus, ly appropriatelysettirg the relag parameters, the protection of cluster cable fault
can beimplemented using theeliable and straightforwaravercurrent protection
approachlf faster relay tripping is required, the fault currents from MMC and WTs can

bemodified accordingly.

b) Fault on WT string ¥

If afault occurs on the WT stririge. F2 asshown inFigure6.4, all fault curreng will
flow into the fault point athe faultyWT string. The currestthroughWT clusterl CB:
andWT cluster2 CB, and the current througW T string CB31 can be expressed as

5
iCBl = i cl :é'i 1j
" o (6.14)
icsz =i fs 'i'wta
. P 5 ..
lcg21 = A |2j tce, A 2j It (6-15)
j=2 i 2
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Considering theapacity of MMG is 10 timesof that of theN/T string fault current
Its supplied by MMGQ stars to increase from 3 pu withrateof 9 pu/sin WT string per
unit termsand the other healthy WTtotal 9 stringspegn to generate fault current from
0 with a rate of equivalent36 pu/s (4 pu/srespectively. According to the falt current
suppled as shown ir§6.1), once the fault occurs at WT string, £Bletect 3 pu phase
currentfrom MMC 1 stationimmediatelyand the relayime-currentcurve comes into the
definite time characteristic directly. GBrips after 0.04saccordingo the relay setting in
Table 6.1. When the faulf WT string is disconnectedy CBy1, the currens flowing
throughthe CBs connected to th&VT cluster relag andotherhealthy WT string have
not reacted their pickup valus. The maximum currestat the fault clear and tripping

time oftherelays areshown inTable6.3.

Table6.3 Relay tripping time withthe WT string fault

max CB ts tCB ttrip CB
current status
WT CB1 0.16 pu 0.04 s b b Closed
cluster
relay CB2 0.83 pu 0.04's o) ) Closed
CBl1j 0.16 pu 0.04s b b Closed
WT string
relay CB21 4.8 pu 0s 0.04 s 0.04 s Open
CB2j 0.16 pu 0.04s b b Closed
(i)l

From Table 6.3, relays on WT string with the smallest capa@@s are the most
sensitiveequipment. Once the fault occurscauld potentially experience excessively
large fault current from other healthy ot thewind farmand offshore MMC converter
The fault current profiles of the MMC and WT converters proposed in this study where
the fault currents increase gradually avoid such a problem whilst also ensoimagt

protection actions
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6.2.4. SM capacitance requirements

Compared to normal operatiohgtfault current providing capability of the offshore
MMC stationmight require relatively larger SM capacitance, which will be described in

this subsection.

The arm voltage&amof the MMC station is given §407]

v (wc)=\/2N3 et (616

arm
CSM

whereN is the SM number per arm@sm is the SM capacitancegEam is the arm energy
variation; Vqc is the DC voltage. With third harmonic injectiam the arm voltages
commonly usedqEarm is expressed g$6.17) [123]:

1m Vol o _
DEarm(m) :E/m Varmlarmd(”k) =Z-_W@OS/ C'Ofé tw )'/Q

VAP Vol .
| -coqut) g+ sgl2w J sinj g (6.17)
] %}e%sin(zm +/) %sir‘( 4w 3 —isin /4;—:%@1 co- 3t) l@:

third harmonic influence

whereiam is the arm currentym and Im are the phase voltage and current amplitudes
respectivelyVamis the amplitude athethird harmonic voltagdycis the DC current; and

{d is the phase angle difference between the voltage and current on the MMC AC side.

From (6.16) and (6.17), the arm voltage is illustrated iRigure 6.6. With the
equivalentcapacitor discharging time constant set at 30 ms (30 kJ/MY2Y), the arm
voltage is well regulated in the range of £10%. After a solid offshore AC fatHOdt s,
the offshore voltage drops to zero and the MMC station starts to prgaxis reactive
current to enable fault detection. The arm voltage variation then increakdsl times
that of normal operation. Thus, to provide the fault current, relatively large SM
capacitance is required, which can be designed accordinf.16) and (6.17).
Alternatively, the maximum fault current might haveblimited to be less than 1.2 pu.
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Figure6.6 Arm voltage of MMC, where the offshore station providesxes current to
enable fault detection after an offshore AC fault=at1 s.

6.3. Control andoperation during onshore AC Faults
Apart from offshore fauy MMC-HVDC connected offshore wind farsysems

should also be able to riderough faults at the onshore networksthis sectionto ride
through onshore AC faults, a DC voltadependent AC voltage controller is introduced
to the offshore MMC station to actively reduce the offshore AC voltagaleviate

potentialDC overvoltage of the HVDC system.

After a solid onshore thrgghase fault, the onshore grid voltage drops and thus the
active power that can be transmitted by the onshore MMC station is significantly reduced.
Meanwhile, the WTs stiliry to transmit power to the HVD{ink and the resultant power
surplus leads to the increase of the HVDC link voltage. To alleviate the DC overvoltage,
the offshore MMC station needs to reduce power absorption from the offshore network

immediately and thepower generation from the WTs also needs to be rapidly reduced.

To achievethis, the offshore grid voltage is reduced immediatayythe offshore
MMC after detecting DC overvoltage using an HVDC voltdgpendent offshore AC
voltage controller which imtroduced tactivelyregulate the offshore voltage, as shown
in Figure 6.7. The DC voltageVyc at the HVDC linkand offshore AC voltage pccq are
controlled at the rated valMacrates@ndVacratearespectively duringormaloperation. Once
V4c is over the lower threshoM after an onshore fault, the offshore voltagg.q starts

to reduce according to the solid curves definedigure 6.7 and (6.18) as
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The offshore AC voltage pccais decreased to zero when the DC voltage reaches the
upper tmesholdVin. Due to thereducedoffshore AC voltage, the powgenerated by
WTsis reducedandso doeshe poweinjectto the HVDCIink. This ensures power flasv

in and out of the HVDC link is rebalanced and excessive DC overvdhages avoided.
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Figure 6.7 Characteristics of the HVDC voltage dependent offshore AC voltage

After onshordault clearance (typically several temdlisecond3, the onshore MMC
station resumes DC voltage control capability and the HWBIKC overvoltage starts to
reduce. When the DC voltage reaches the lower threshplthe offshore voltage pecd

is gradual restoreamccording tahe dashed curve Figure6.7 and(6.19) as

?O’ \/thl < VdC
1 v
Voced = I Lﬂm\/ (Vdc _Vthl) ' Vdcrated Vdc Wh. (6.19
| Vdcrated = Vithl
I Vacrated’ Vdc ¢ Vdcrated

If during an onshore AC fault (e.g. remote fault or high impedance fault), relatively
high AC voltageis retainedat theonshoreconverter terminal. In such a situation, the
onshore MMC can still transmit part of wind power and consequently, the voltage at

offshore network will remain at a certain level with reduced wind power generation.
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During the period with reduced offshore AC voltage, WTs operate in current

limitation mode and the system can be recovered quickly after the onshoodsfananhce

6.4. Simulationresults

By simplifying the offshore wind farnmsystem and aggredgag) WTs as describe in
Chapter4, the complete offshore grid shown kigure 6.4 is simplified asthe model
displayed inFigure6.8. Theparameters of MM@HVDC connected offshore wind farm

modelare listedn Table6.4.
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Figure6.8 Offshore wind farm connected with MMBVDC model

The proposed\C fault control strategs aretesed usingthe modelin Figure6.8 in

Matlab/Simulink. In this model, the same five WT strings connected to cllstier
aggregated as a largamped WT model represented by a singC rated atc00 MW

and connected to theltector bus through a 10 km cable. In order to simulate the fault

occuring on WT string, WT strings connected to clusteare divided into two parts:
VSC; rated at100 MW which is employed to represent a single WT string amd
aggregated VSELrated at400 MW representinghe other four stringsWT cluster?2
includes VSG and VSG and isconnected to the collector bus througtother10 km

cablein the same wagws clustefl.
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Table6.4 Parameters of the MMEIVDC system

MMC -HVDC system

AC grid voltage 429 kV
HVDC voltage 800 kV
Rated power 1000 MW
Voltage ratio 429kV/200kV
trar':"s'f\g?mer MVA rating 1000 MVA
Reactance 0.2 pu
Resistance 0.004452 pu
MMC side AC capacitance 0.01 pu
PCC voltage 200kVv
Lumped wind turbine models
DC voltage of WT converter 65kV
VSCy 500 MW
WT power rating VSG, 100 MW
VSGCs 400 MW
Voltage ratio 200kV/33kV
traﬁg‘gtrfnrer MVA rating 500 MVA
Reactance 0.1 pu
Resistance 0.004 pu
WT side capacitor 0.15 pu
WT side inductor 0.2 pu

R, L, and C of cluster Cable (10 km)

15m/ km, 0.3

mH/ k
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With the parameters listed Trable6.4, smulationsstudies during offshore AC fault
at cluster and string cables are carried out whereas for onshore AC faults, three different
voltage drop conditionare considered.

6.4.1. Offshore AC faults on WT cluster cable

Figure6.9 shows the simulation results wharsymmetrical offshore AC fault ks
applied at Cable &s shown inFigure 6.8 at t=1.1 s As shown inFigure 6.9 (a), the
offshore AC voltage rapidly drops to around zero. As the voltage on PCC cannot follow
the referencehe AC voltage controller iMMC1 tends to reducthe active power intake
from the offshore wind farm and thus dsaxis current is rapidly reduced as shown in
Figure6.9 (e). This leads to theaturatiorof the voltage loo@nd the lowed-axis current
is limited to zero set by the controller (to ensure no power reversal in this degign). T
offshore MMG then provides fault currents by increasiitg g-axis current which is
gradually ramped from0.3 pu wth the rate of-0.9 pu/s(negative values represent
capacitive reactive powewhich can be used for fault detection, as showhigure6.9
(b) and (f). Because of the large fault current inggtto cluster 1, CBtrips at around
1.62saccording to the presented overcurrent fault detettisgsolate the faultAfter the
fault isolation, the AC voltage of the offshore network gradually restores tattdevalue
by MMC: as shown inFigure 6.9 (a). The offshore frequency &so restorel to the
reference value after the fault isolatidgfigure 6.9 (d). The generated and transmitted
power recover to half of the previous rated value as only one healthy cluster is connected,

as shown irFigure6.9 (c).
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Figure6.9 Simulation waveforms of offshore MMG@uring WT cluster fault

(a) PCC thregphase voltage, (b) MMChreephase current, (c) MMQreal and reactive
power, (d)offshore grid frequency, (e) MMQ-axis current, (f) MMG g-axis current.
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