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Abstract

Nowadays, the development trend of wind energy has changed from dis-
tributed to large-scale wind farms and from onshore to offshore. The special
environment of offshore wind energy makes the operation of wind turbines
facing more serious challenges than that of onshore wind energy. One of
them is the high generator fault rate. The humidity at sea makes the genera-
tor failure rate much higher. The maintenance costs of the generator are also
high because offshore maintenance usually needs special equipment, such as
service vessels. Offshore maintenance is also limited by weather condition,
such as wind and wave. At the same time, offshore wind turbines generally
have a larger capacity. So the power loss caused by the same downtime is
more massive. The wake effect is also a factor that offshore wind farms have
to consider.

To solve the problems mentioned above, this thesis studies the control and
optimization of offshore wind farms with Doubly-Fed Induction Generator
(DFIG)-based wind turbines under generator faults. The objectives include
three points: protection of the faulty generator, reduction of the power loss
caused by fault, and the optimization of wind farm power. The specific meth-
ods are implemented both at the turbine level and the farm level.

The generator faults studied in this thesis include generator cooling sys-
tem fault and inter-turn short-circuit fault in stator windings. The common
feature of these two types of faults is that they are both heat-related. The
impact of these two heat-related faults is not very serious at the initial stage.
However, ignoring the fault will lead to further deterioration of the fault.
Therefore, this thesis adopts derating strategies to protect the faulty wind
turbine and avoid excessive power loss compared with shut-down.

The contribution of this thesis is to propose reasonable strategies at the
turbine level and the farm level for reducing the impact of generator fault
on the wind turbine and wind farm, thereby improving the fault operation
capability of wind turbines and reducing the Operation & Maintenance costs
of wind farms.

At the turbine level, there are two ways to derate the power of the faulty
wind turbine. One is that the faulty wind turbine reduces the faulty phase



Abstract

current through the proposed inter-turn short-circuit fault ride-through strat-
egy. The other is to down-regulate the faulty wind turbine according to the
power reference from the wind farm controller. The reference of the faulty
wind turbine can not exceed the power limitation calculated by fault model.

At the farm level, particle swarm optimization algorithm is used to op-
timize the power references of all the wind turbines within the wind farm
according to the wind condition, the health condition of the wind turbine
and the power demand from the transmission system operator. Furthermore,
the down-regulation strategy also has a significant impact on the operating
status of the wind turbine and the wind farm. The selection of the specific
strategy is based on the health condition of the wind turbine as well. The ac-
tive power dispatch optimization can reduce the power loss caused by faulty
wind turbines and improve the total power while ensuring the safety of the
faulty wind turbine.
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Resumé

I dag er udviklingen af vindenergi eendret fra distribueret til store vind-
mplleparker og fra land til offshore. Det specielle miljo med offshore vin-
denergi gor driften af vindmeller mere udfordrende end vindenergien pa
land. En af dem er den hoje generatorfejlrate. Fugtigheden til ses gor gen-
eratorens fejlrate meget hojere. Generatorvedligeholdelsesomkostninger er
ogsa heje, fordi offshore-vedligeholdelse normalt kreever specielt udstyr sa-
som serviceskibe. Derudover er offshore vedligeholdelse begreenset af vejr-
forhold, sdsom vind og belger. Samtidig har havvindmeller generelt storre
kapacitet. S& stremtabet fordrsaget af den samme nedetid er mere massivt.
Veakningseffekterne er ogsé en faktor, som havmelleparker skal overveje.

For at tackle ovennaevnte sporgsmal studerer denne afhandling styring og
optimering af havmelleparker med dobbelt-Fed induktionsgenerator (DFIG)
-baserede vindmeller under generatorfejl. Mélene inkluderer tre punkter:
beskyttelse af den defekte generator, reduktion af effekttabet fordrsaget af
fejlen og optimering af vindmelleparkens kraft. De specifikke metoder er
implementeret bade pa molleniveau og pa vindmelleparkniveau.

Generatorfejlene undersegt i denne afhandling inkluderer generators kelesys-
temfejl og kortslutningsfejl ved drejning i statorviklinger. Det feelles traek ved
disse to typer fejl er, at de begge er varme-relaterede. Virkningen af disse to
varmerelaterede fejl er ikke seerlig alvorlig i den indledende fase. Imidlertid
vil ignorering af fejlen fore til yderligere forringelse af fejlen. Derfor ved-
tager denne afhandling nedsaettende strategier for at beskytte den defekte
vindmelle og undga for stort effekttab sammenlignet med nedlukning.

Bidraget fra denne athandling er at foresla nye strategier pa vindmelle-
og vindmelleparkniveau for at reducere virkningen af generatorfejl pa vind-
mollen og vindmelleparken og derved forbedre funktionsfejl i vindmellerne
og reducere driftsomkostningerne og vedligehold af vindmelleparker.

Pa vindmelleniveau er der to mader at reducere effekten pa den defekte
vindmgelle. Den ene er, at den defekte vindmelle reducerer den defekte fases-
trom gennem den foresldede gennemlebsstrategi for kortslutningsfejl. Det
andet er at nedregulere den defekte vindmelle i henhold til kraftreferencen
fra vindmelleparkens controller. Referencekravet til den defekte vindmelle
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Resumé

kan ikke overstige den effektgraense, der er beregnet af fejlmodellen.

Pa vindmelleparkniveau bruges partikel-sveermoptimeringsalgoritme til
at optimere effektreferencer for alle vindmeller i vindmelleparken i henhold
til vindtilstanden, vindmellens sikkerhedstilstand og effektbehovet fra trans-
missionssystemoperateren. Derudover har nedreguleringsstrategien ogsa en
vaesentlig indflydelse pa driftsstatus for vindmellen og vindmelleparken.
Valget af den specifikke strategi er ogsa baseret pd vindmellens sikkerhedstil-
stand. Optimering af aktiv kraftoverfersel kan reducere effekttabet fordrsaget
af defekte vindmseller og forbedre den samlede effekt, mens det sikrer sikker-
heden for den defekte vindmelle.
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1 Introduction

1.1 Background

Wind energy is currently one of the most widely used renewable energy
sources. Fig. 1 shows the global wind energy installation. As of the end of
2019, the cumulative installed capacity of wind power reached 651 GW [33].
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Fig. 1: Global wind power cumulative power capacity (Data: GWEC).

The total installed capacity of wind turbines can meet more than 6% of the
world’s electricity demand [3]. In 2019, the capacity of wind power in Europe
was 205 GW. Wind energy accounted for 15% of the electricity consumed by
EU-28 countries. In Denmark, wind energy accounted for up to 48% of the
electricity demand [57].

Recently, offshore wind farms have attracted more and more attention due
to many advantages such as higher and more stable wind speed than onshore
wind farms [1]. Offshore wind energy provides a significant contribution to
global wind energy installations [2]. However, the harsh environment of off-
shore wind farms leads to many difficulties to the development. First of all,
compared with onshore wind farms, the humidity of offshore wind farms
is much higher. High humidity will increase the failure rate of the compo-



nents of wind turbines, especially generators and converters [11, 52]. The
maintenance of offshore wind turbines requires special types of equipment
and vessels. The Operation & Maintenance (O&M) costs are much higher,
accounting for 20-40% of Cost of Energy (COE) [42]. Furthermore, the main-
tenance of offshore wind farms is also affected by weather condition, such as
wind and wave. The sudden shut-down may lead to more extended down-
time. During the same downtime, the power loss of offshore wind turbines
is greater than that of onshore wind turbines due to the large capacity of
offshore wind turbines. Therefore, the impact of many faults on offshore
wind farms is more significant than that of onshore wind farms. It is essen-
tial to deal with the faults reasonably and effectively during the operation of
offshore wind farms.

As one of the most critical components of the wind turbine, a generator
converts mechanical energy into electrical energy. It can be seen from some
relevant research that the failure rate of generators is very high, and the
downtime caused by generator failure is quite long [49]. Therefore, this thesis
studies the control and optimization of offshore wind farms with the Doubly-
Fed Induction Generator (DFIG) based wind turbines under generator faults.
Among many generator faults, generator cooling system fault and Inter-Turn
Short-Circuit (ITSC) fault in stator winding are studied. Both of these two
faults are heat-related. They have some same features in common:

o At the early stage of the fault, the impact of the fault is not great. But
the long-term operation without considering these faults will lead to
further damage to the generator.

e The direct reason of generator failure caused by the fault is the prema-
ture ageing of winding insulation. As a rule of thumb, the insulation
lifetime is reduced by half for each 10°C; that motor temperature ex-
ceeds its rated insulation temperature [56]. The main heat source of the
stator is the current in the winding. The reduction of the current can
decrease the impact of the fault.

For this sort of fault, the directly shut-down will cause unnecessary power
loss. However, ignoring faults will lead to further damage of the generator.

1.2 Research Objective

The objective of this thesis is to minimize the impact of the fault on the wind
farm power output under the premise of protecting the faulty generator by
turbine level control and farm level optimization. In theory, the combination
of turbine level and farm level can integrate different levels of regulation and
improve the overall controllability of the farm. In practice, these methods
can improve the ability of wind farms to operate safely under faults, provide
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more flexibility to the maintenance strategy, and enhance the competitiveness
of wind power in the field of renewable energy.

1.3 Research Hypothesis

According to the previous description, derating has the potential to protect
the generator under heat-related faults. But derating also has a negative
influence on the wind turbine and the wind farm on power production.

To make the wind farm operate safely and reliably under generator faults,
the analysis of the specific fault is necessary. The reasonable treatments
should be adopted to protect the faulty generator. The methods can be carried
out at the turbine level or at the farm level. Since the power limitation of the
faulty turbine will directly affect the aerodynamic interactions among wind
turbines, the fault treatment must be considered in the wind farm power reg-
ulation. At the same time, the wake effect is also a factor that wind farms can
not ignore. Thus, in relation to protecting the faulty generator and operating
wind farms reliably, the research hypotheses is as follows:

e It is possible to protect the generator through derating under heat-
related generator fault while minimizing the power loss caused by wake
effects and generator protection through down-regulation and active
power dispatch optimization.

1.4 Outline of the Papers

The thesis consists of an extended summary and the published papers. The
extended summary describes the research background, content and the sum-
mary of the papers.

The following are the chronology and the description of the papers.

Paper A This paper mainly introduces the basic ideas when generator faults
occur in the wind farm. Both shut-down and continuing operating the faulty
wind turbine as normal are not appropriate without considering the severity
of the fault. Therefore, this paper divides the generator faults into three lev-
els. Based on the severity of the fault, three different treatments are adopted:
continuing operating the faulty wind turbine as normal for the faults with
low severity; down-regulation for the faults with medium severity; shut-
down for severe faults. An active power reference distribution based on pro-
portional dispatch strategy with consideration of wake effects is proposed
to track the power demand from Transmission System Operator (TSO). The
priority of generator fault protection is higher than power demand tracking.



Paper A

Active Power Dispatch Strategy
of Wind Farms under Generator|
Faults

Paper B

Optimal Power Dispatch
Strategy of an Offshore Wind
Farm under Generator Faults

Paper E Paper C
Wind Turbine Down-regulation Active Power Optimisation for
Strategy for Minimum Wake Wind Farms under Intern-Turn

Deficit Short-Circuit Fault

Paper F

Paper D

Wind Farms Power
Optimization and Fault Ride-
Through under Inter-Turn
Short-Circuit Fault Through

Intern-Turn Short-Circuit Fault
Ride-Through for DFIG Wind
Turbines

Wind Turbine Level ; Wind Farm Level

Fig. 2: Chronology of papers

Paper B The fault studied in this paper is the generator cooling system fault
at the early stage. The simplified thermal model shows that the thermal re-
sistance increases when the fault occurs. As the heat source, the generator
current needs to be reduced to prevent the temperature rise from exceeding
the normal value. So at the turbine level, the faulty wind turbine is down-
regulated. The specific power limitation that the faulty turbine should be
down-regulated to is obtained from the temperature rise curve. The temper-
ature rise curve depends on the changed thermal resistance. At the wind
farm level, Particle Swarm Optimization (PSO) algorithm is used to meet the
power demand from TSO with considering wake effects and power limita-
tion of the faulty wind turbine. The active power references of all the wind
turbines are the optimization variables. The results show that the proposed
method can effectively protect the generator when the generator cooling sys-
tem fault occurs, and reduce the impact of the down-regulation on the power
output of the wind farm.

Paper C This paper studies the ITSC fault in the stator winding of DFIG.
The power limitation corresponding to the different fault level is obtained
based on the ITSC fault model. At the turbine level, the power output of



the faulty wind turbine will be limited to this power limitation to prevent
the faulty phase current from exceeding the rated value. At the farm level,
similar to Paper B, the active power references are optimized by PSO. The
limitation of the faulty wind turbine is regarded as one of the optimization
constraints. The results show that the proposed method can down-regulate
the faulty wind turbine to an appropriate power limitation with a known
fault level. The power optimization of the wind farm can reduce the power
loss caused by the faulty wind turbine.

Paper D This paper studies the ITSC fault in the stator winding of DFIG
as well. Different from Paper C, the ITSC fault ride-through strategy at the
turbine level adopted in Paper D does not require the specific fault level.
The advantage of the ITSC fault-ride through strategy is that it can avoid the
problem caused by the error of the fault level estimation. When the model-
based closed-loop state observer detects an ITSC fault, the strategy decides
whether it should down-regulate the wind turbine according to faulty phase
current. The specific down-regulation method depends on the operation re-
gion. The difference between the faulty phase current and the rated value
with the proportion-integration operation is superimposed to the original
generator torque reference or the pitch angle reference. The results show that
this strategy can effectively down-regulate the faulty wind turbine within the
safe power range without knowing the fault level.

Paper E To reduce the wake effect of the upstream wind turbines and im-
prove the power generation capacity of wind farms, this paper proposes a
Minimum C; (Min-C;) down-regulation strategy. After receiving the power
reference, the values of C; of all the operating points that meet this power ref-
erence are calculated. Then, the operating point with the minimum C; value
is set as the control objective. The generator torque and the pitch angle of the
wind turbine are adjusted to the corresponding reference values. The results
show that Min-C; can reduce the wake effect of the upstream wind turbine
and increase the wind speed of the downstream wind turbine. The wind
farms applying this strategy can improve the power generation capacity to
further reduce the power loss caused by the faulty wind turbine.

Paper F The proposed stator ITSC fault-ride through strategy and Min-C;
strategy are adopted at the turbine level in Paper E. Since Min-C; strategy can
reduce the power limitation under ITSC fault in the stator winding, Min-C;
strategy is used for the healthy wind turbines to improve the power of wind
farms while Maximum-w (Max-w) strategy is applied for the faulty wind
turbines to avoid more power loss. ITSC fault ride-through strategy is used to
protect the faulty wind turbine. Due to the command of the down-regulation



is not through the power reference, the power limitation does not need to be
considered in the process of power optimization of wind farms. The results
show that the switching of the down-regulation strategy can improve the
power output of wind farms and avoid the decrease of the power limitation
of the faulty wind turbine.



2 Wind Farm Model and
Fault Models

A wind farm is also called wind park or wind power plant, which refers to
the power plant that uses wind energy to generate electricity. The number
of wind turbines in a wind farm can range from as few as two or three,
and as many as several thousand. According to the location, wind farms
can be divided into onshore wind farms and offshore wind farms. For grid-
connected wind farms, power needs to be issued according to the power
demand from TSO during operation. The total power output of a wind farm
is composed of the power generated by all the wind turbines. Fig. 3 shows a
typical electrical topology of a wind farm.

AALAL,

Wind Turbine

2990990

Fig. 3: Electrical topology of wind farm.

Transformer

From the perspective of the power output of wind farms, the wind farm
can be regarded as composed of three factors: wind turbines, aerodynamic
interactions among wind turbines and the layout of wind turbines. This
chapter describes these three factors separately and the models of the studied
faults.

2.1 DFIG Wind Turbine

DFIG wind turbine is a variable speed constant frequency wind turbine with
DFIG as the generator, and it is one of the most widely used models. The
structure of a DFIG wind turbine is shown in Fig. 4.

9
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Fig. 4: Structure of DFIG wind turbines.

In the electrical structure, the stator windings of the DFIG wind turbine
are directly connected to the grid, and the rotor windings are indirectly con-
nected to the grid by a back to back converter. In the mechanical structure,
the generator shaft is connected to the main shaft using a gearbox. DFIG
wind turbines have many advantages [40, 43]:

o The active power and reactive power can be controlled separately.

e The capacity of the converter is only about 30% of that of the wind
turbine.

e The wide speed range is conductive to extract the optimal power.

In this thesis, the modified NREL 5 MW wind turbine model in SimWind-
Farm Simulink toolbox [23] is adopted. For the study that does not involve
the dynamic characteristics of the generator and only considers the power of
the wind farm, the static model of the wind turbine is sufficient. Fig. 5 shows
the wind turbine static model, where P; is the power reference of the WT; v is
the wind speed; f is the pitch angle; A is the tip speed ratio; Cp, is the power
coefficient; p is the air density; R is the radius of the rotor of the turbine; P is
the power output.

The inputs of this model are the power reference, P;, and the wind speed,
v. The outputs are the power output, P, and the thrust coefficient, C;. The
controller of the wind turbine sends the reference of pitch angle, B, and the
reference of tip speed ratio, A, to the pitch system and the generator system
according to control strategy. The power coefficient, Cp, and C; depend on j,
A. The surfaces of C,, and C; in Fig. 5 show their relationships. The power
output of the wind turbine is given by

L 23
P = ian v”Cp1, (1)

10
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Fig. 5: Wind turbine static model.

where p is the air density; R is the radius of the turbine rotor; # is the con-
version efficiency. Fig. 6 shows the power curve of this wind turbine model.

o

Power output (MW)
n w -

10 15 20 25
Wind speed (m/s)

Fig. 6: Power curve of the adopted wind turbine model.

For the method of using derating to protect the faulty generator, the im-
pact of the down-regulation strategy on wind turbines and wind farms can-
not be ignored. Fig. 7 shows the surfaces of pitch angle, rotor speed, Cp and
Ct in Max-w strategy.

v and P; are the x-axis and y-axis respectively in these four sub-figures.
It can be seen from the surfaces of pitch angle and rotor speed that the pitch
angle increases and the rotor speed goes up to the rated value when the WT
is derated.

In the derating mode, the power reference of the wind turbine is lower
than the value on the designed power curve. The wind turbine is down-
regulated by its controller according to the down-regulation strategy.

Max-w strategy is the most widely used down-regulation strategy. The
analysis in Paper F shows that the power limitation under Max-w strategy
is higher than that under Min-C; strategy when the stator ITSC fault occurs.
Min-C; strategy proposed in Paper E can minimize the value of C; when the

11
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Fig. 7: Surfaces of pitch angle, rotor speed, Cp, and C; in Max-w down-regulation strategy.

wind turbine is down-regulated and have the potential to improve the power
of wind farms.

2.2 Wake Effect

The wake effect is one of the factors that cannot be ignored in wind farm
research. When the wind turbine extracts energy from the wind, it will gen-
erate a wake to the free wind behind the turbine. The main effects of wake
are the decrease in wind speed and the increase of turbulence. When the
downstream wind turbine is in the wake of the upstream wind turbine, the
wake will cause a decrease in power and an increase in dynamic loads of the
downstream wind turbine [20]. Therefore, no matter from the perspective of
the power or loads, the study of the wake is essential in wind farms.

The control and optimization of wind farms require wake models. In
recent decades, there are many related studies on wake models [22, 45]. The
CFD simulation is accurate, but due to the high computational cost, it is
difficult to use in control. Although the analytical model is less accurate,
its computational cost is quite low. Therefore, analytical models are quite

12



suitable for the optimization of wind farm layout and the control of wind
farm with flat terrain [45]. Since this thesis mainly focuses on the control and
optimization of wind turbines and wind farms under fault conditions, the
widely used Jensen model is adopted. The scheme of Jensen wake model is
shown in Fig. 8.

|
Uamb

—_  — L

Vdown

PHALE

" X "l
Fig. 8: Scheme of Jensen wake model.

Jensen wake model can be expressed by

Udown _ 1-— vV 1-— Ct (2)
Upmp (1 +2aX/D)?’

where v4own is the wind speed of the downstream WT; u,,,, is the ambient
free wind speed; X is the distance between the upstream and the downstream
wind turbines; D is the diameter of the rotor of the turbine; a is the decay
coefficient, which choosing 0.05 for offshore wind farms [27]; C; is the thrust
coefficient of the upstream WT.

The multiple wakes can be calculated by quadratic summation method
and expressed by

(a-2y=ya-2y, ®
u b u
where v; is the wind speed of the j'fh wind turbine; 7 is the number of wakes
that the j wind turbine is in; vjj is the wind speed of the jM wind turbine
under the impact of the wake of the i wind turbine.

13



2.3 Wind Farm Layout

The layout of wind turbines is one of the most important attributes of wind
farms. It can directly affect the power generation capacity of wind farms.
Therefore, wind farm layout is also a factor that must be determined in wind
farm power research. It can be seen from the wake model that the larger the
wind turbine spacing, the smaller the wake effect. However, the excessively
large spacing will result in high investment costs. Typically, the wind turbine
spacing of offshore wind farms is 5 to 15 times the diameter of the rotor of the
wind turbine [48]. To more clearly see the impact of wake and the effect of
the proposed method, the wind direction that makes all wind turbines under
full wake condition is adopted. First, a simulation is made to determine the
reasonable quantity of wind turbines. All wind turbines operate under the
conventional control strategy. The inflow wind speed is 12 m/s. The wind
turbine spacing is 6.5 times the diameter of the rotor. Five wind turbines are
arranged in a straight line. Fig. 9 shows the wind speed distribution of all
wind turbines.

Wind speed (m/s)

Turbine number

Fig. 9: Wind speed distribution of 5 wind turbines.

It can be seen that due to the wake effect, the wind speed of the second
wind turbine is significantly reduced. But this effect will gradually be smaller
in later wind turbines. The wind speed difference between the fourth and the
fifth wind turbines is already very small.

Therefore, this thesis adopts 5 wind turbines in a straight-line arrange-
ment with 6.5 times diameter spacing under full wake condition. The wind
farm layout is shown in Fig. 10.

Wind direction: 270°
e

WT number 1 2 3 4 5

>

Fig. 10: Wind farm layout.
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2.4 Simplified Thermal Model of Stator Winding

The fault of the generator cooling system has a direct impact on the temper-
ature rise of the generator. Excessive temperature will greatly reduce the life
of the winding insulation. When the cooling capacity of the cooling system
drops at the early stage of some faults, shutting down the faulty wind turbine
directly will cause unnecessary power loss. To avoid excessive temperature
under fault conditions, reducing the generator heat is another solution. The
electro-thermal model of the generator is very complicated, so this thesis only
analyses the temperature rise of the stator winding under the cooling system
fault. According to [6,47], the simplified thermal model of the stator winding
is shown in Fig. 11, where P, is the power loss of the stator winding; Ry,
is the thermal resistance; 0,y is the ambient temperature; Cy, is the thermal
capacity; 6 is the temperature of the stator winding.

Ross Rth

D % el

Fig. 11: Simplified thermal model of stator winding.

Through the steady-state analysis of this simplified thermal model, we
can get the expression of 8 as follows

0= Plosthh + Gamb- (4)

Assuming 6,,,,}, is constant, the temperature rise depends on Pjoss and Ry,.
According to the analysis and data mentioned in [47], when the circulation
of the heat dissipation medium in the cooling system slows down, but the
cooling medium does not change, Ry, increases while Cy, remains the same.
Therefore, appropriately reducing P55 by down-regulation of the generator
can ensure that the temperature rise is within a reasonable range.

2.5 DFIG Model with Inter-Turn Short-Circuit

DFIG model under healthy condition The fault type studied in this the-
sis is the ITSC fault of the single-phase stator winding of DFIG. To clearly
show the influence of the fault on the mathematical model, the mathematical
model of DFIG in the a-b-c coordinates under healthy condition is described
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here. The mathematical model of DFIG can be expressed by voltage equation,
magnetic flux equation, torque equation and motion equation [32].
Voltage equation:

. od
ufRz—i—azp, (5)

where the italic bold letters donate the vectors and matrices; u is the voltage
vector; R is the resistance matrix; i is the current vector; ¥ is the magnetic
flux vector. The details are given by

u = [up, up, Uc, ta, Uy, tc]

i = [iA/ Z’]3/ Z’C/ ia/ ib/ iC]T

1P = [wA’ #)B’ l/)C/ ll’ar ll)b, lpc]T
R, 0 0 0

o o o oo

where the subscripts A, B and C denote the phase A, B and C in stator; the
subscripts a, b and ¢ denote the phase a, b and c in rotor; ua, up, uc, ua, Uy,
and u. are the voltages of each phase; i, i, ic, ia, i, and i. are the currents of
each phase; YA, P8, Yc, Ya, Pp and . are the magnetic fluxes of each phase;
Ra, Rp, Rc, Ra, Rp and R are the resistances of each phase.

Magnetic flux equation:

y=1Li )

where L is the inductance matrix composed of all the self and mutual induc-
tances:
Laa Lap Lac Laa Lap Lac
Lga Lps Lpc Lea Lep Lse
- | Lea Lep Lec Lea Lap Lee | ®)
Laa Lap Lac Laa Lap Lac
Loa Lo Lbc Lba Lob Lpc
Leaw Lee L Lea Lep  Lec

The self inductances are as follows:

{ Laa = Lpg = LCC = L + Lees

, 9
Laa:Lbb:Lcc:Lm+Lcer ( )

where Ly, is the mutual inductance of the stator and the rotor; Les and Ler
are the leakage inductances of the stator and the rotor.
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The mutual inductances are as follows:

Lag = Lpc = Lca = Lpa = Lcp = Lac = —3Lm
Lap = Lpe = Lea = Lpa = Lgp = Lac = _%Lm
LAa = LaA = LBb = LbB = LCC = LCC = LmCOSG , (10)

Lap = Lpa = Lpec = Lp = Lca = Lac = Lmcos(0 + %n)
Lac = Lea = Lpa = Lap = Loy = Lyc = Lmcos(8 — 57)

where 6 is the electrical angle between the stator and the rotor.
Torque equation:

Te = — npLm|[(iaia + igip + icic)sind
+ (iadp + ipic + icia)sin(6 + 3 ) (11)

+ (ialc + iia + icip)sin(6 — gn)]
where T, is the electromagnetic torque; 1, is the number of pole pairs.
Motion equation:
] dwr
np dt

=Tpn—T., (12)

where | is the total moment of inertia; wy is the mechanical rotor speed; Ty
is the mechanical torque.

Definition of ITSC fault The stator windings of DFIG are generally com-
posed of three-phase symmetrical distributed windings with a difference of
120°. in space. The windings designed in this way can make the air gap
magnetic field generated by the three-phase symmetrical current meet the
requirements of basic sinusoidal distribution.

To represent the relationship the electrical and magnetic relationships of
DFIG under stator ITSC fault, this thesis regards the shorted turns as a new
phase. This strategy has been adopted in some research works [35, 55]. In this
way, the original three-phase stator winding of DFIG becomes four-phase, as
shown in Fig. 12.

In Fig. 12, A, B, and C represent the three-phase windings of the stator.
Assuming that the ITSC fault occurs in Phase A, the fault divides Phase A
into two parts: un-shorted turns Al and shorted turns A2. Ry is the insulation
break resistance, and i; is the short circuit current. To facilitate the analysis
of the model, the following assumptions are made:

e Magnetic saturation and spatial harmonics are ignored, and the self-
inductance and mutual inductance of each winding are fixed values.

e Each stator phase has the same number of turns.
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(a) (b)

Fig. 12: Stator structure of DFIG with ITSC fault in Phase A.

e The three-phase windings are symmetrical in space, and the magneto-
motive force is sinusoidally distributed along the air gap.

e The insulation break resistance Ry is negligible.

Since it has been assumed that the ITSC fault occurs in Phase A, the fault
can be defined by the fault level p. The fault level y is used to represent the
severity of ITSC fault and expressed as the percentage of the shorted turns in
the original turns:

N¢
= — x 100%, 13
=N X (13)
where N¢is the number of the shorted turns; Ny is the total number of the
original turns in the stator winding; u is a percentage from 0% to 100%.
# = 0% means the winding is healthy.

DFIG model with ITSC fault From Fig. 12 we can see that the ITSC fault
changes the DFIG stator from the original three-phase to four-phase. Because
the shorted turns are regarded as a new phase, the self-inductance, mutual
inductance and other parameters of the faulty phase will change accordingly.
By adding these changes to the DFIG model under healthy condition, we can
get the DFIG model with ITSC fault as follows:
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Voltage equation: The vectors and matrices in Eq. (5) are

[ Ra1
0

o O O oo

u= [uA/ 0, ug,uc, Ua, Uy, uC]T
1= [iA/ iA - if/ iB/ iC/ ia/ ib/ iC]T

(IJ = [TIJAL l)[JAZr lPB/ 1/JC/ 11[Ja/ l,bb/ l)bc] T

0 0 0

Ry 0 0
0 Rg O
0 0 Rc
0 0 0
0 0 0
0 0 0

0
0
0
0

coX

0 0
0 0
0 0
0 0
0 0
R, 0
0 R

n

7

(14)

where the subscripts Al, A2 denote the un-shorted and the shorted phases,
respectively; a1 and 1, are the magnetic fluxes of Phase Al and Phase A2;

Ra1 and Ry, are the resistances of Phase Al and Phase A2:

{

Rar = (1= p)Rp

Rar =

HRA

(15)

Magnetic flux equa The inductance matrix L with ITSC fault in Eq. (7) is

given by

[ Laia1
Laza1
Lpa1

L=| Lcar

LaAl

Lypa1

L Leat

Laia2
Laza2
Lpa2
Leaz
Laa2
Lpa2
Lea2

Lai
Laos

The self inductances are given by

Laic
Laoc

LAla
Laoa

Latw
Lazp

Latar = (1= pt)Lees + (1 = pt)*Lim
La2a2 = #Lees + #2Lm

Lgg = LCC = Lm + Lees

Laa = Lbb = Lcc = Lm + Loer

19

LAlc
LAZc

(16)
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The mutual inductances are given by

Laia2 = Lazar = p(1 — p)Lim

Laig = Lpa1 = Laic = Lcar = —3(1 = p)Lm

Lag = Lpaz = Laoc = Lcan = —%

Lata = Laa1 = (1 — p)Lmcos(6r)
0 +

Latb = Loa1 = (1 — ) Lmcos(6: + 57) . (18)
LAlc = LcAl = (1 — ]/l)LmCOS(G %7’[)
Lara = Laa2 = VLmCOS(Q )
Lz = Lpaz = #Lmcos(6; + 377)
Laze = Lear = pLmcos(6; — 57)
The torque equation is given by
Te = — anm[(iAia + igip + icic)siner

+ (iadp + igic + icia)sin(6; + %7‘[)

+ (iic + inia + iciy)sin(ér — 2] 19)
+ 1p Lin i [iasing + ipsin(6; + %71)

+ isin(f — %n)]

The mechanical motion equation is not affected by the ITSC fault.
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3 Wind Turbine Control
under Generator Faults

Wind turbine control is one of the research focuses in the field of wind power.
However, most of the research is on the control of wind turbines operating
under normal conditions or grid fault conditions. With the development of
offshore wind energy, the harsher environment of offshore wind farms and
the need of reducing Levelized Cost of Energy (LCOE) from the industry
made the research under faults more and more important. Under certain
fault conditions, appropriate wind turbine control can reduce the fault impact
and avoid the unscheduled shut-down. This chapter reviews generator faults
and down-regulation strategies closely related to derating firstly. Then, the
proposed fault treatments are introduced.

3.1 Generator Faults

The generator is one of the most critical components of a wind turbine, and
its function is to convert the energy captured by the turbine into electrical en-
ergy. Therefore, the health condition of the generator is extremely important
for wind turbines. Fig. 13 shows the normalised failure rates and downtimes
for some main components in MW-class wind turbines [49]. It can be seen
that the failure rate of the generator is not the highest, but the downtime of
it is very long.

Generator faults and failures can be divided into electrical and mechani-
cal categories. Common electrical faults include short circuit and open circuit
of the stator winding and rotor winding, insulation damage, electrical imbal-
ance, etc. Mechanical faults include: bearing failure, rotor mass imbalance,
etc. [46]. Not all the impacts of these faults can be reduced by wind turbine
control. As mentioned in Section I, some heat-related faults can be prevented
from further developing by down-regulation to reduce the current heating
at the early stage. The fault types studied in this thesis, generator cooling
system fault and ITSC fault, are all heat-related faults. One of the main im-
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Fig. 13: Normalised failure rates and downtimes for some main components in MW-class wind
turbines.

pacts of these two types of faults is the accelerated aging and damage of the
winding insulation, and this impact on the insulating layer is a slow accumu-
lation process. Therefore, the requirement of the response of the treatment is
not as fast as some other serious electrical faults. The algorithm with a long
calculating time can be used in this kind of application.

The research work in [47] showed the influence of the generator cooling
system fault on the aging of the insulation layer through the electro-thermal
analysis of DFIG. Stator ITSC is one of the most common faults of induction
motors [8]. Typically, the percentage failure of the stator-related accounts for
38% of all the failure types of induction machines (see Fig. 14) [44]. Many
other faults can be regarded as consequences caused by ITSC, such as phase-
phase short-circuit and phase-ground short-circuit [55]. For the fault detec-
tion of the stator ITSC, there are many different ways. The research work [4]
adopted Fast Fourier Transform of the stator instantaneous reactive power to
detect the ITSC faults in stator and rotor windings. In the research work [14],
the authors proposed a method that combined the Extended Park’s Vector
Approach (EPVA), the discrete wavelet transform and statistics to detect sta-
tor ITSC under transient conditions. In research work [51], ITSC fault was
detected by analysing its rotor current and search-coil voltage.

Under the stator ITSC fault condition, the short-circuited part of the stator
winding can be regarded as a new phase. The stator structure of DFIG has
changed as shown in Fig. 12(a) and Fig. 12(b) [35]. Paper C calculates the
power limitation based on this fault model. In the literature [36], the authors
designed a closed-loop state observer to detect the ITSC fault. Paper D adopts
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Fig. 14: Percentage failure by components in induction machines.
this detection method for the ITSC fault ride-through strategy.

3.2 Down-Regulation

Down-regulation is an operation mode of wind turbines. Wind turbines do
not convert the available wind energy into electrical energy as much as pos-
sible. The power reference of the wind turbine is smaller than the value on
the power curve of wind turbines corresponding to the current wind speed.
Since the penetration of wind power in the grid increases rapidly, the grid has
more requirements for wind turbines and wind farms [53]. Down-regulation
mode is necessary to reserve power according to the command from the grid.
In [39], three down-regulation strategies, namely Max-w, Constant-w and
Constant-A were compared and discussed. Max-w strategy can store the ki-
netic energy in the rotating rotor and react quickly when the grid needs more
power. These three strategies were also compared in [38]. Because the static
operating point has the smallest C;, the wind farm which adopts Constant-w
strategy can produce the most power. The research work [28] studied the
effect of different down-regulation strategies for reducing the fatigue loads
of the wind turbine components. The results showed that all these strategies
can reduce the fatigue loads of some of the components. The specific effects
vary according to the different operating conditions.

Based on the analysis of wake effects, it can be seen that the smaller C;
of the upstream wind turbine will lead to the higher wind speed of the
downstream wind turbine. Therefore, Paper E proposes a Min-C; down-
regulation strategy. When wind turbines get the down-regulation command,
the controller will calculate the appropriate operating point. Then through
the torque control and the pitch control, wind turbines will operate at the
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Fig. 16: Min-C; operating points on C, curves.

When the wind turbine is running in the down-regulation mode, the value
of Cp of the wind turbine should be smaller than the value that the wind
turbine can achieve to reduce the power output. As seen in Fig. 15, all the
operating points on the dark blue curve have the same Cp. But the values of
C; at different operating points are different. The purpose of Min-C; down-
regulation strategy is to select the operating point with minimum C; from the
Cp curve under the constraint conditions. The green circle in Fig. 15 shows
the Min-C; operating point when Cj, is 0.4.
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Table 1: Comparison of different down-regulation strategies.

Variables  Max-w Min-C;

P 143 MW  1.43MW
B 3.85° 421°
w; 1267 0.788
Co 03891  0.3884
Ct 05775  0.5074

Vdown 6.72m/s 691 m/s
Piown 0.99 MW  1.08 MW
AP3own 0 9.09 %

According to the Min-C; strategy, the operating curve can be obtained
through marking the minimum C; operating points on the C,, curve of differ-
ent values. The green circles in Fig. 16 are the Min-C; operating points when
Cp is from 0.1 to 0.4. The corresponding C; curves are also displayed.

Paper E compares Max-w strategy and Min-C; strategy when the power of
the upstream wind turbine is down-regulated from 1.79 MW to 1.43 MW. The
simulation results in Paper E are shown in Tab. 1, where P, B, wy, Cp, and C;
are the power output, pitch angle, mechanical rotor speed, power coefficient,
and thrust coefficient of the upstream wind turbine respectively. v4ownand
Piown are the wind speed and the power output of the downstream wind
turbine respectively. APyown is the percentage of the power change.

20 T T |
Ho9
181 1
Hoss
16 1
\

Ho7
Max-wr | |
— | operating point 4
0.65

| 0.6

~—_| Min-ct 1 055
operating point

o

Tip speed ratio

Pitch angle (°)

Fig. 17: Comparison of the operating points in Max-w and Min-C; strategy.
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It can be seen that in the Min-C; strategy, the C; of the upstream wind
turbine is smaller.

The wind speed and the power of the downstream wind turbine are
greater. Fig. 17 shows the operating points of the upstream wind turbine
under different strategies.

The flowchart of Min-C; strategy is shown in Fig. 18, where Peyrve is the
power value corresponding to the current wind speed on the power curve;
Cp_dr is the Cp that needs to be derated; Py is the power of the wind that
inflows to the swept area of the rotor; w; 4, is the rotor speed that needs to
be set in the derating mode; g, is the pitch angle that needs to be set in
the derating mode; T ¢t is the generator torque reference; w; e is the rotor
speed reference.

Min-C; strategy is also used on healthy wind turbines for improving the
wind farm power in Paper E Paper F compares Min-C; strategy with Max-
w strategy in a larger operating range by simulation. The range of power
reference is from 2 MW to 5 MW. The range of wind speed is from 3 m/s
to 14 m/s. The surfaces of Aw and AC; are presented to show the difference
between two strategies in Fig. 19 and Fig. 20.

The definitions of Aw and AC; are shown as follows.
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Fig. 19: Aw between Min-C; strategy and Max-w strategy.

{ Aw = W Min—C; — W_Max—w (20)
ACt - Ct_MinfCt - CLMax—w/
where w pin—c, and w pax—« are the rotor speeds under Min-C; and Max-w
strategies; C; Min—c, and Ci Max—« are the thrust coefficients under Min-C;
and Max-w strategies.

From Fig. 19, it can be seen that the difference of w between two down-
regulation strategies is significant in the area of high wind speed and low
power reference.

-0.2

Pgw) 27 Voing (/5)

Fig. 20: AC; between Min-C; strategy and Max-w strategy.

Fig. 20 shows the difference of C; under different down-regulation strate-
gies. The trend of AC; is different from that of Aw. When the upstream wind
turbines are in the area that AC; is negative, the power of the wind farm is
possible to be improved by adopting Min-C; strategy.
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Table 2: Wind farm power with different strategies

Derating strategy Max-w  Max-w  Min-C;
Dispatch strategy ~ PDS OorbDS  OPDS
P(MW) PMW) P(MW)

WT1 5.00 5.00 5.00

WT2 417 3.72 3.70

WT3 3.11 3.31 3.30

WT4 2.84 3.41 3.40

WT5 2.76 3.40 3.56

Pyr 17.88 18.84 18.96

The simulation was made in Paper F to compare the impacts of these
two down-regulation strategies on wind farms. The wind speed is 12 m/s,
and the power demand of the wind farm is 20 MW. The comparison was
made between different active power dispatch strategies and different down-
regulation strategies, where PDS is the proportional dispatch strategy, OPDS
is the optimal power dispatch strategy, WT1 to WT5 represent five wind
turbines in the wind farm. The layout is shown in Fig. 10. The simulation
results are shown in Tab. 2 and Fig. 21. Here, we can only focus on the last
two columns.

2}
T

T T
[ FDS 1
[ OPDS+max-w
[ OPDS+min-Ct | |

~
T

Power (MW)
N w
T

507

0.6 -

0.5

0.4

Turbine number
Fig. 21: Power output and C; under different strategies.

As shown in Fig. 21, the values of C; in Min-C; are smaller than that
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in Max-w strategy. These differences lead to the increase of the wind farm
power output.

3.3 Fault Treatment

Wind turbines have a higher failure rate comparing with steam/hydro/gas
turbines in the traditional power plant [46]. Therefore, reasonable fault treat-
ment is more important for wind turbines. Paper A classifies the wind tur-
bine generator faults into three levels: minor faults, medium faults and severe
faults. Minor faults may be caused by wind speed fluctuation, grid distur-
bance, temporary wrong sensor reading, etc. The faults in this level can be
cleared by temporary shut-down or restart [46]. For the severe faults, the
faulty turbine must be shut down. What needs to be studied is medium
faults.

Several research works have shown that some impacts of the faults of
generators can be reduced by derating. Literature [16] adopts derating the
squirrel-cage induction motor under rotor broken bars fault. In [29], the
three-phase induction motor under unbalanced voltages is derated to avoid
excessive heating. In [5], the authors estimated machine currents and devel-
oped torque of multiphase machines under open circuit phase(s) based on
the steady-state model and avoid the increase of DC-link voltage by derating.
The common point of these research works is to reduce the fault effects by
derating. This thesis also adopts this idea for the cooling system fault and
stator ITSC fault. The key to derating is to find the right degree, or named
the derating factor, to prevent the faulty generator from further damage.

Paper A takes the wake effect into account and tries to meet the power
demand from TSO on the premise that the power of the faulty wind turbine
does not exceed the power limitation. If the healthy wind turbines can gener-
ate enough power, the faulty wind turbine will be shut down. The flowchart
of the proposed active power dispatch strategy is shown in Fig. 22, where P, ;
is the power reference of the i" wind turbine; P,; is the available power of
the i™ wind turbine; P, 1,; is the available power of the ith healthy wind tur-
bine; P, ¢; is the available power of the ith faulty wind turbine; Py¢; ,iy is the
minimum power reference that should be set on the i faulty wind turbine
for tracking the power demand; Py, ; is the power limitation of the ith faulty
wind turbine.

FL1 represents minor faults; FL2 represents medium faults; FL3 repre-
sents severe faults. The active power dispatch method is proportional power
dispatch strategy. The explanation of this strategy is given in Sec. 4.1. Since
this strategy does not take wake effect into account, the power output of wind
farms needs to be estimated before derating for FL2 for tracking the power
demand as much as possible. If the healthy wind turbines can meet the
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Fig. 22: Flowchart of the active power dispatch strategy in Paper A.

power demand, the faulty turbine can be shut down. If the sum of the total
power from the healthy wind turbines and the power limitation of the faulty
wind turbine is smaller than the power demand, the power limitation will be
set as the power reference to the faulty turbine. That means the wind farm
cannot meet the power demand for protecting the faulty turbine. Otherwise,
the power reference of the faulty turbine can be set as the difference between
the power demand and the total power from the healthy wind turbines.

The fault type mentioned in Paper B is the generator cooling system fault.
The fault model has been described in Sec 2.4. It can be seen that the thermal
resistance Ry, is the main parameter that affects the temperature rise. The
higher the degree of fault, the greater the value of Ry,. The specific values
of the parameters can be estimated from actual measured data. In Paper B,
Ry is assumed to be 0.003 K/W under normal conditions. According to the
power loss of the generator under different power, the temperature rise curve
under different Ry, can be obtained, as shown in Fig. 23.

To ensure that the faulty wind turbine operates safely under the faulty
condition without exceeding the temperature rise under normal condition,
the power output of the generator needs to be limited to the power corre-
sponding to the maximum allowable temperature rise on different curves. In
the simulation in Paper B, the wind speed is 12 m/s and the power demand
of the wind farm is 18 MW. The generator cooling system fault occurs on
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Fig. 23: Temperature rise curves under different thermal resistances.

wind turbine WT2. The impact of the fault is that Ry, increases from 0.003
K/W to 0.006 K/W.

Fig. 24 shows the temperature rise of the faulty wind turbine and the
power output of the wind farm under different fault treatment methods,
where M1 represents that the faulty wind turbine continues to operate ac-
cording to the original strategy; M2 represents that the faulty wind turbine
directly shuts down; M3 represents the derating strategy proposed by Paper
B. It can be seen that although strategy M1 does not affect the power out-
put of the wind farm, the temperature rise exceeds the allowable value. In
practice, when the faulty current exceeds the safe current value, the safety
alarm will be triggered and the wind turbine will be shut-down directly. So
Strategy M1 is only used to analyse the impact of the fault treatment on
wind turbines and the wind farm. Strategy M2 protects the faulty unit, but
it greatly reduces the power output of the wind farm. Strategy M3 not only
protects the faulty wind turbine and also maintains the power output of the
wind farm.

Paper C considers the ITSC fault in the stator winding. The fault treat-
ment strategy is similar to that in Paper B. The difference is the calculation
of the power limitation. First, the fault current should be calculated with re-
spect to power and fault level according to the fault model mentioned in Sec.
2.5. Then, the fault current surface can be obtained as shown in Fig. 25.

Fig. 25. shows that the rated current surface divides the fault current
surface into two parts: the part below the rated current surface indicates that
the fault current will not exceed the rated current within this power and fault
level range; the other part indicates that the fault current will exceed the rated
current. To ensure that the generator can continue to operate safely at a spe-
cific fault level, the power output of the faulty generator should be limited to
the power value corresponding to the intersection of the fault current surface
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Fig. 25: Fault current surface.

and the rated current surface. This intersection is the power limitation curve
as shown in Fig. 26.

For ITSC fault, Paper D adopts another treatment which is ITSC fault ride-
through strategy. After the ITSC fault is detected, Paper D superimposes a PI
control-based correction value on the original torque reference or pitch angle
reference according to the specific operating condition of the wind turbine.
The flowchart in Fig. 27 details this ITSC fault ride-through strategy.

Compared with the treatment strategy in Paper C, ITSC fault ride-through
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Fig. 27: Flowchart of ITSC fault ride-through strategy.

strategy avoids the problem of the inappropriate fault limitation caused by
the inaccurate fault level estimation. The derating command is sent at the
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turbine level, not the wind farm level. The change of the effective current of
the faulty phase is shown in Fig. 28. The ITSC fault occurs in Phase A at t
=30 s. ITSC fault ride-through strategy is activated at t = 35 s to show the
effect of the strategy more clearly. The results show that the effective current
of the faulty phase returns to the rated value in less than 10 seconds. Since
the impact of ITSC fault on the temperature is a large inertia process, this
recovery time is completely acceptable.
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Fig. 28: Effective current of the faulty phase.
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4 Wind Farm Power
Optimization

Different from conventional power plants with controllable motive power, the
wind energy passing through the wind farm is not stable. In addition, a wind
farm consists of multiple wind turbines, and the aerodynamic interaction
directly affects the available power of wind turbines. From the perspective
of the grid, it would be best if a wind farm can operate as a conventional
power plant. Therefore, the wind farm needs to coordinate all wind turbines
to meet the requirements from TSO. When faults occur on wind turbines, the
wind farm should be able to reduce the impacts of faults through reasonable
control so that the overall characteristics of wind farms will not be affected
too much. Since the method of this thesis protects the faulty generator by
derating the faulty wind turbine, the impact of the corresponding treatment
for wind farms is the reduction of the power generation capacity. To reduce
this negative impact due to the protection, the power capacity of wind farms
should be improved. This chapter summarizes the power dispatch method
and active wake control of wind farms.

4.1 Power Dispatch Strategy

The basic function of power dispatch is to allocate reasonable power refer-
ences to all the wind turbines to meet TSO’s requirements for the wind farm.
The simplest power dispatch strategy is to evenly distribute the power de-
mand to each wind turbine [19]. The power references for wind turbines can
be given by

P
Py =~ (1)

where P,; is the power reference of the ith WT; Pyep, is the power demand
from TSO.
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Compared with this simple strategy, the proportional dispatch strategy
proposed in [12] is more reasonable, which distributed the power demand
to all wind turbines according to their available power ratio. Because the
proportional dispatch strategy takes the low available power of the down-
stream wind turbines caused by wake effects. The power references for wind
turbines can be calculated by

P, a,i
T Py e
where P, ; is the available power of the ith WT. However, the proportional
dispatch strategy only realizes the power distribution for wind farms.

In addition, many studies achieved basic function while taking into ac-
count other optimization objectives. In [15], the authors proposed a wind
farm control system with a hierarchical structure with both a central control
level and a local control level to minimize the destructive fluctuation of torque
and generator speed. Three optimal power dispatch models were proposed
in [58] to reduce the blade damage and the generator losses. In [34], the
authors distributed the power demand according to the inverse proportion
of the fatigue of wind turbines to optimize the fatigue distribution of wind
farms. An optimal dispatch strategy was proposed to minimize the internal
wind grid loss and complied with the requests from TSO [12]. In [26], the
authors proposed a priority classification model of wind turbines to decrease
the line losses of the collection system in wind farms. Most of these studies
adopt optimization algorithms to achieve multi-optimization. The key is the
representation of the objectives in the objective function.

In this thesis, the power dispatch strategy proposed in Paper A is based
on the proportional power dispatch strategy, the static model of the wind
farm, and the severity of the fault. In paper B, C and E, the proposed power
dispatch strategy calculates the power references of wind turbines based on
the static model of the wind farm and the PSO algorithm to optimize the total
power of the wind farm and reduce the power loss caused by the protection
of the faulty wind turbine. The optimization methods in Paper B and Paper
C are the same. The objectives include the following items:

Py = (22)

e Protecting the faulty wind turbine.

e Tracking the power demand from TSO.

e Minimizing the power loss caused by wake effects.
e Minimizing the power fluctuation.

As the most important objective, protecting the faulty wind turbine will
be used as the constraint. The other items will be treated as the optimiza-
tion objectives. The active power dispatch schedule can be organized as a
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constrained multi-objective optimization problem. The objective function is
given by

n . —_—
il’l| Zi:l Pl(k) Pdem(k)| 'kl + {1 _ I'[P(k _ 1),P(k>]} . k2
Pdem(k)
iz1 [ Pri(k) — Pi(k)|/ Pyi(k)
n
ot 0 < Pi(k) < Prared, i wind turbine is healthy,
o 0 < Pi(k) < Pymir, " wind turbine is faulty,

m

+ k3 (23)

where, 7 is the number of wind turbines, P, ;(k) is the power reference of the
i wind turbine at time k; P;(k) is the power output of the i wind turbine
at time k; P(k) is the power output vector at time k, Pgen (k) is the power
demand from TSO at time k; Py,teq is the rated power of the wind turbine;
Plimit is the power limitation of the faulty wind turbine.

It can be seen that the power limitation is set as the upper limit of the
power reference of the faulty wind turbine in the constraint. The objective
function includes three items. The first item represents that the total power
of all the wind turbines should track the power demand from TSO.

The second item is the correlation coefficient of P;(k) and P;(k — 1) sub-
tracted by one. It can represent the power fluctuation between two adjacent
moments. If the value of this term is zero, that means no power fluctuation.
The calculation of PSO includes a random process. Therefore, if the power
fluctuation caused by the power reference is not taken into account, the opti-
mization results at the two adjacent moments may be quite different and lead
to an excessive power change of the individual wind turbine. The expression
of the correlation coefficient is given by

cov[P(k—1),P(k)]

Pk =1), PR = Sampik— 1] std[P (0]’ @4
where cov[P(k — 1), P(k)] is the covariance of P;(k) and P;(k —1); std[P(k —
1)] and std[P(k)] are the standard deviations of P;(k) and P;(k — 1).

The third item represents the differences between power reference and the
power output of all the wind turbines. Since the power that wind turbines can
produce cannot exceed the available power, the wind turbine will produce the
same power output when it receives all the power references greater than the
available power. If this feature of wind turbines is not considered in the PSO
optimization process, the optimization may fall into a local optimum. The
structure of the active power dispatch strategy in Paper B and Paper C is
shown in Fig. 29.

The simulation is made to compare the proportional dispatch strategy and
the optimal power dispatch strategy. When the wind speed is 12 m/s and
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Fig. 29: Structure of wind farm power dispatch in Paper B and Paper C.

the power demand is 18 MW. The result is shown in Tab. 3, where PDS is
proportional dispatch strategy; OPDS is optimal power dispatch strategy; P;
is the power reference vector of wind turbines; P is the power output vector
of wind turbines. It can be seen that OPDS can make the wind farm produce
more power because of the consideration of wake effects.

Table 3: Comparison of power generation capacity between PDS and OPDS

PDS OPDS
P(MW) PMW)  P(MW) P(MW)
WTL  5.00 5.00 5.00 5.00
WT2 420 417 417 417
WI3  3.13 3.11 3.01 3.01
WT4  2.86 2.84 3.00 3.00
WT5 278 2.76 2.81 2.81
Pwg  18.00 17.88 18.00 18.00

To verify the effect of the second item in the objective function, another
simulation is made. In this simulation, the power demand changes from 17
MW to 16 MW. The values of k; are set to 0 and 4, respectively. The result is
shown in Tab. 4 and Fig. 30.

It can be seen that although when k, takes different values, the power
output of the wind farm can track the power demand very well, the power
reference varies greatly. When k;, = 4, the change of the power references is
small, which can avoid the excessive power fluctuation of wind turbines.

With respect to the calculation time, the fidelity of the wake model dom-
inates the computational cost of the optimization process. The analytical
model is more suitable for wind farm optimization computing because of its
low computational cost (~ 10—3 CPU hours per simulation) [45]. The itera-
tion number and the population size adopted here are 50 and 60 respectively.
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Table 4: Comparison of power fluctuation in OPDS

ky=0 ko =4
P(MW) P'(MW) P(MW) P/(MW)

Piem 17.00 16.00 17.00 16.00

WT1 5.00 4.82 5.00 5.00

WT2 4.17 4.25 4.17 4.17

WT3 2.81 2.01 2.81 2.51

WT4 2.61 1.51 2.61 2.21

WT5 241 341 241 211

Pwr 17.00 16.00 17.00 16.00

r(P,P’) 0.8161 0.9987

3 3
3 g
s =
8 B 8 =
% [ Change of power reference < é I Change of power reference -
6 2 —g— Power reference ( Pdem =17 MW) 1 &O 2T —g— Power reference ( Pdem =17 MW) 1
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Turbine number Turbine number
a b

Fig. 30: Comparison of power fluctuation (a) Power reference and its change (k, = 0), (b) Power
reference and its change (k; = 4).

The calculation time for five wind turbines case is about 4 seconds with In-
tel i5 2.8GHz CPU. With faster CPU and parallel computing, the calculation
time can be further reduced. The power reference update time of the practical
wind farms varies from seconds to minutes.

Different from Paper B and Paper C, Paper F adopts the ITSC fault ride-
through strategy at the turbine level to protect the faulty generator. Therefore,
the power dispatch method in Paper F does not need to consider the fault
condition. From the case study in Paper F, it can be seen that the estimated
fault level will directly impact the final derating. If the estimated fault level
is higher than the actual fault level, the faulty wind turbine will be over-
reduced. If the estimated fault level is lower than the actual fault level, the
faulty phase current will be greater than the rated current. Without the use
of the power limitation, the inaccurate derating due to the estimation error of
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the fault level can be avoided as well.
The structure of the wind farm power dispatch strategy is shown in Fig.
31.

Farm level

Active power dispatch optimization

‘“Lm» Wake model P,
PSO K—>1 [Wind turbine model
P dom | Wind farm model

Wind farm model

Wind farm

I

Turbine level

Switching of the
derating strategy

Fault detection

ITSC FRT
strategy

Fig. 31: Structure of wind farm power dispatch strategy in Paper F.

4.2 Active Wake Control

The wake effect is an unavoidable problem in wind farm power optimization
and maximization. Due to wake effects, maximizing the power of a single
wind turbine will not maximize the total power of wind farms. Wake effects
can reduce the total power of wind farms by up to 54% [41]. And the rev-
enue losses can reach 20 to 30% [10]. Especially in the case of faulty wind
turbines operating with power limitation, wind farm power control that takes
the operating conditions of the faulty wind turbine into account is even more
important. Unlike wind farm layout optimization and other optimizations
carried out at the design stage, the power of existing wind farms can be im-
proved through wind turbine control and wind farm control. At present,
there are two mainstream concepts for increasing the power of wind farms
by active wake control, one is axial induction-based control, and the other is
yaw-based control.

Axial induction-based control This is a concept proposed quite early [54].
Axial induction factor is related to the power and the thrust coefficient of the
wind turbine rotor and is a measure used to express the momentum deficit
of the air flowing through the wind turbine rotor [30]. When the upstream
wind turbine reduces the axial induction factor by reducing the power and
thrust coefficient, the downstream wind turbine is expected to obtain a higher
wind speed. If the power increase of the downstream wind turbines can be
greater than the power reduction of the upstream wind turbines, then the
overall power of the wind farm can be improved. In [50], the power of the
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upstream wind turbine was reduced by deviating the pitch angle from the
optimal value. In [24], the authors obtained a power increase of 2.85% by
adjusting the tip speed ratio below the rated wind speed. Paper E proposes
a minimum C; strategy to reduce the C; of the upstream wind turbine. Paper
F applies the minimum C; strategy to wind turbines and combines power
dispatch optimization to achieve wind farm power optimization.

Additionally, distributed algorithms are also used to improve wind farm
power. Compared with the greedy algorithm that adjusts the axial induction
factor to the optimal value, the power has been greatly improved under the
steady-state and constant wind conditions through the model-free distributed
learning algorithm [37]. In [21], the authors also adopted a distributed algo-
rithm based on the information of nearby wind turbines and then improved
the power of the wind farm through a gradient-based optimization algorithm.

However, some recent studies have shown that it is difficult to really in-
crease the overall power of wind turbines in CFD simulation and practice by
optimizing the axial induction factor based on engineering models [7, 13].
Because the wind speed on the wake section is not evenly distributed. As
seen in Fig. 32, the part with the highest wind speed is at the edge of the
wake, which is not in the swept area of the rotor of the downstream wind
turbine. In addition, the derated upstream wind turbine also reduces the
turbulence in the wake. This will lead to a reduction in wake expansion and
momentum recovery [30].

Ambient wind speed Downstream wind speed Change of wind speed

—
—>]
=

Upstream wind turbine Downstream wind turbine

Fig. 32: Wake condition in axial induction-based control concept.

Yaw-based control Typically, the rotor of the wind turbine should face the
direction of the inflow wind to extract the maximum energy. The wake condi-
tion in yaw-based control concept is shown in Fig. 31. However, the concept
of the yaw-based control is to steer the direction of the wake through the
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yaw misalignment of the upstream wind turbines, so as to prevent the down-
stream wind turbines from being in the low wind speed area of the wake.
This approach is different from the original design of the wind turbine, but
it has the potential to reduce the wake effect. In recent years, more and
more researchers have adopted this concept to improve the power of wind
farms [20, 25]. The effectiveness of yaw-based control has been verified both
in wind tunnel test [9] and large-eddy simulation [17].
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Fig. 33: Wake condition in yaw-based control concept.

In [18], authors employed the yaw-based wake steering in a commercial
wind farm. This yaw off strategy calculated the optimal yaw deviation value
for wind speed and wind direction in the engineering model and then saved
them in a look-up table. A wake deflection controller was designed to pro-
vide a nacelle vane signal with optimized deviation to the yaw controller.
The inputs of the wake deflection controller are the sensor signals of the wind
turbine, and the output is the modified nacelle vane signal. The test results
showed that for the two adjacent wind turbines, the power of the down-
stream wind turbine in 10° sector increased by 14%, and the total power of
the upstream and downstream wind turbines increased by 4%.

However, it should be noted that the method based on yaw-based control
requires accurate control of yaw, which raises the requirements for wind di-
rection diagnosis. The wrong yaw deviation may result in a decrease in the
total power of wind turbines. It is difficult to get an accurate wind direction
estimation based on the anemometer and vane mounted on the nacelle, and
the use of LIDAR equipment will increase the costs. The methods based on
wake redirection may also respectively lead to an increase of fatigue loads on
the blades and drive chain [31].

In addition to these two mainstream concepts, there are also some novel
concepts such as nacelle tilt and turbine reposition [17]. However, at present,
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wind turbines with adjustable nacelle tilt degree are not available, and there
are only a few floating wind turbines.
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5 Closing Remarks

5.1 Conclusions

This thesis studied the offshore wind farms under generator faults, including
analysis of fault models, control at turbine level and optimization at farm
level. For different levels of the generator faults, Paper A proposed different
treatments on the premise of protecting the faulty wind turbine and mini-
mizing the impact of the fault. For heat-related faults that do not have a
significant impact on the wind turbine at the initial stage of the fault, the
faulty wind turbine was derated instead of operating as normal or shutting
down. This strategy was also adopted in Paper B, C and F.

Paper B analysed the simplified fault model of the generator cooling sys-
tem, and then restricted the power of the faulty wind turbine in the active
power dispatch optimization. Both Paper C and F studied the stator ITSC
fault of DFIG. Through the study of the fault model, the faulty wind turbine
was restricted according to the fault level. Paper F adopted the ITSC fault
ride-through strategy proposed by Paper D to limit the power of the faulty
wind turbine at the turbine level. The advantage is that the estimation of the
fault level is not necessary any more, and there is no need to consider the
fault conditions in the power dispatch optimization. To further reduce the
power loss caused by the faulty wind turbine, Paper E proposed the Min-C;
strategy suitable for healthy wind turbines to reduce the wake effect.

As mentioned in Paper A, simply choosing to shut down or continue to
operate as normal is not appropriate for both the wind farm and the faulty
wind turbine without considering the fault severity. On the premise that the
fault can be accurately diagnosed, corresponding treatments should be im-
plemented for different types of faults. In this way, compared with direct
shutting down, the wind turbine with minor faults can avoid unnecessary
power loss. Compared with continuing to operate as normal, the wind tur-
bine with serious faults can be protected well. The active power dispatch
strategy proposed by Paper A can consider the fault level, power demand
and wake effects to dispatch the power references reasonably. It can avoid
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the neglect of fault and excessive protection, and provide a reasonable solu-
tion for wind farm operation under fault. In this way, for some faults that the
impact of the fault can be estimated, the faulty wind turbine can be protected
with the least power cost.

For specific generator faults, the method proposed by Paper B can obtain
the corresponding power limitation with known fault model parameters, and
protect the faulty wind turbine through active power dispatch under gener-
ator cooling system fault. The simulation results showed that the proposed
strategy can reduce the temperature rise of the generator under fault condi-
tions. The power loss compared with shut-down is much lower.

Similarly, for the stator ITSC fault of DFIG, Paper C used the fault model
to calculate the power limitation with a known fault level. The simulation
results showed that this method can prevent the faulty phase from further
deterioration caused by the excessive winding temperature at the initial stage
of the ITSC fault. For a common fault like ITSC, this method can protect the
generator and prevent the faulty turbine from causing excessive downtime.
In addition to the power limitation of the faulty wind turbine through power
dispatch optimization, the ITSC fault ride-through strategy proposed by Pa-
per D derated the faulty turbine through fault diagnosis and the PI control of
generator torque and pitch angle at the turbine level. The simulation results
showed that the proposed strategy can effectively reduce the faulty phase
current to the rated current value and prevent the insulation aging caused
by excessive fault current. And there is no need to estimate the fault level,
which also avoids the negative effects caused by estimation errors.

To increase the power of the wind farm and reduce the power loss caused
by the faulty wind turbine, the Min-C,,, strategy proposed by Paper E can re-
duce the thrust coefficient of the upstream wind turbine as much as possible
at the turbine level, thereby reducing the wind speed deficit of the down-
stream wind turbines caused by wake effects. The active power dispatch
optimization based on the wake model and PSO algorithm in Paper B, C and
F can improve the power of wind farms at the farm level.

Through the analysis of different down-regulation strategies, Paper F
found that the Min-C; strategy can increase the power of the wind farm,
but for the wind turbines with ITSC fault, Max-w strategy is more suitable
because it derates less power than that in Min-C; strategy. Therefore, the use
of switching power down-regulation strategy of the faulty wind turbine can
better avoid the excessive power loss of the faulty wind turbine and reduce
the impact of the fault on the power of the wind farm.

The overall conclusion was that the use of derating strategy can effec-
tively avoid the deterioration of some heat-related generator faults at the
initial stage, such as generator cooling system faults and stator ITSC fault.
The power limitations of these faults that can make the faulty wind turbine
continue to operate safely can be obtained through the analysis of the fault
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models. Different down-regulation strategies have different effects on faults
and wake effects. The reasonable selection of down-regulation strategies can
reduce the power loss caused by the faulty wind turbine and increase the
power of the wind farm. Active power dispatch optimization considering
wake effects and fault conditions is also one of the means to improve the
wind farm power. The combination of turbine level control and wind farm-
level optimization can greatly improve the operating capability of wind farms
under wind turbine fault conditions, reduce wind farm O&M costs, and im-
prove wind power’s competitiveness in the renewable energy market.

5.2 Future Work

In addition to research in this thesis, there are still many issues worthy of
consideration and study regarding wind farm control under generator faults.
Future work will focus on the followings:

e More fault modes suitable for derating strategies to reduce the impact
of faults need to be studied. The ideas and methods proposed in this
thesis are also applicable to these faults. But the fault model needs
further in-depth research or verification in experiments. In this way, it
can more safely reduce the power loss on the premise of protecting the
faulty wind turbine.

e Since the PSO-based optimization is adopted in this thesis, the engi-
neering models with low accuracy is used. However, some studies have
proposed more wake models with higher accuracy. The use of the high
fidelity model can get a more accurate estimation of the actual situation
of the wake, and thus obtain more accurate results.

e At present, more and more researches have proved that the yaw-based
wind farm power optimization has greater potential. And the develop-
ment of LIDAR technology will further enhance the actual effect of this
method. Therefore, in future research, yaw-based control or a combi-
nation of yaw-based control and axial induction-based control can be
used as options for improving the power of wind farms.

e During the operation of a wind farm, in addition to power output,
fatigue loads are also very worthy of attention. If loads of the key
components of the wind turbine and the load distribution of the wind
farm can be taken into account, it will be more conducive to the healthy
operation of the wind farm. By adding the health level estimation of
wind turbines to the wind farm control and optimization, the O&M
costs can be further reduced, especially for offshore wind farms.
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