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CHAPTER 1: CURRENT STATUS OF WIND ENERGY CONVERSION
SYSTEMS, YAW SYSTEMS AND RESEARCH OBJECTIVES

Chapter 1 provides a historical overview and trends in wind ererdyyaw
control systemsdevelopment. The key issues and challenges in the design a
operation of wind energy conversion systems (WE&H) yaw systerare studied, as
well as development trends. Then, the technical research route and goals of
dissertatiorthesis are formulated through the analyzsults
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1.1.1 Background
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—
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Fr obmmn g a.2,iet can be seen that at pres
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(c) Maximizing the total power pro
in wind far ms, yaw contr ol not only |
optimizes the overall fatigue wionadd .t ul

tried to capture the maxi mum Wi3rodSene
have shown that the average power of
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effect by an average of [132dTahred eu p rtec
the wake effect is an urgent probl em
wake trajewchdryupbi AbBet o reduce the I
downstwienam t up 1t neianmd Usuralrieneyawed t o
position after receiving the yaw 1ins
wake to deviate | at ewi aaldl ys ufrriichne etrhees ed
contrwilndi nfarms was mainly to increa
esigning the optimal yaw angle, and
arm after the wdki23[834]Ject was miti ge

= " O

. 1.2 Research purposes and significe
Wi nd energy has uAaBYuer eawdivihee 5 a@lg &
nexhaustible and clean, and is a (gr e
as a product of natwure, wind energy .
andomness and intermittencsgyToomawi md:
tilization of wind energy, various ¢

pe with the random changesomnffr giéarn air

—

rque awntcrqaandoiot her technol ogi es
fluctuations and frequent ¢B&hges in

Al t hough modern wind turbine contr
manwi nd turbine control strategies or
focus oconprocbhmol ogy, generator contr
technol ogy, et c. Yaw contr ol technol
i mprovement and devel opment, and the
actual operatwond Modébrirnegdgmompsv éyyaw
Becautstee odharacstefri yaw action ,awmd hs ¢
system fricti oxnpaeadnpfi migatcit cdreall oavdlirfat i

ot yheew system occurs a | ot resul ting
action, and it is easy to produce sho
assembly errors, st,aodtaothkerdpfebt s ms

smoot hness of yaWw3[63#3fBd.6]transmissi or
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W resistance torque amnlleatwh e rdhven ga
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ad to the unstable speed of the ya\
vi bration of the yaw system itsel:
use hkei dbedr vi bration of the unit,
mage the yaw system components and
rimapower generation a[nld2]safe operat

I n actual wopnedr aduiriominndtdae a seri es

ch as frequent vyaw, Vvibration over|
stem is not only high, but al so onc¢
ng and the maiwlttnaowiemad tSti mrel@ipneed a t
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mponents of tHa gWAESomsthrrowmiil mr e

can be seen that the failure rate
e downti me caused by yaw failure ai
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Figure 1.4. Failure rate among the components of the wind turbine (%)
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The yaw system i s WaIN t me om& Tseelhde gan
| oad, the wind |l oad from the nacell e
and other | oads are carried by the ya
or error caused by the wind oiada ccoownrda d

WT, reducing power generation ef fWTci e

Therefore, the yaw systemndetombmarcehd
correctly, and the problem of yaw f ali
for a Il ong time, and they have found
1.2 Overall structure of wind turbine

1.2.1 Wind turbine composition

The basic working principle of the

rotate by natur al wi nd, converting
mechani cal energy is transferred to
whi chvestedninto electrical energy, é
I's transformed into stable electrica
regul ation through the converter, anec

t henstmmiassi on of [dl2¢lt ri €Eayldiwrerigry

Mechanical energy
conversion

Electrical energy
conversion

| |
| |
RSO R - OHE
|

Wind |_Turbine (rotor) Gearbox

Generator : Converter/Inverter  Transformer | Grid

Figure 1.5. Energy conversion stage in a wind energy conversion system
1.2Zontrol systems for wind turbines

The control Sy s tiesno npfr ewiemeEds ipteen @il n
turbines running on the grid, the <co
wind conditions, and unit operation o
the safety and reliabiloi neeafs ttlhe opp e
of the wunits according to the changes

operation efficiency and power gener e
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The basic functions of the control
power control , operation status mo n

remote communication with the cenf4.3]

., Basic operation control of -uwi,ndy
connectgroind,, osfhfut do wn, yaw to wind, l
dehumidification, hydraukt;c. pump star

., Wind turbine output power <contro
speed. Through variable speed to ach
bl ade ti popereaetdi orna,t imonstant speed o
variable speed to achieve constant pc

., Wind turbine operating status m
Ssubsystem, power par ameter s, the t el
environmental / wed;aat.her parameter s,

., Wind turbine fault detection anc
detection of faul t s, storage of a s|
speci fied manner ;

. Wind turbine safety protection <c
protection, software safety protecti
et c. ;

., The wind turbine should have a r
upper computer in the central control
contr ol room can monitor the operat.
remote dantsrntwlr,agkag et c.

The wind turbine contains many sub
as pneumatic system, mechani cal SYyst e
response of the electrical system i s

Due & opnéasence of power electronics i

Ssubsystem vary greatly, making the
conventional power generation systems
I n the simulation modeling of wind
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rel evant mechanism, commonly there ar
and downwi nd; active yaw refers to t
drag to complete the unit's action
infonma from the anemometer, the cont
commonly there ama vtewmo akiidn &d i adfi ngge awa
a gctkrairven form of active yaw is wusual

The generator controller mus{ 4[8%Q]p
Therefore, the electrical torque of

Depending on the type of generator

constructed differently. Depending on
di fftersewi tching algorithms, such as D

When the wind turbine iIs operatin
generate[BAdll]Theowmarn contr ol system
contr ol the pitch system, converter,
control strategy of the unit so that

—

p speed .ratio operation

The main control system should be
ystem, converter, and other related

the wind turbine so that the wind tu
peedamdattihoe -wowdr spaeede i s consi sten
O capture the maxi mum wind energy.
Il n vaspeeédhd ewind turbines, power el

power r ggad]Tahe obgirei converter regul at es

—

owing I nweCBhehgmgeaels ilm wind speed
nerator power output cause | arge f|
ntrol -woifdd hceomgweardt er must ensure th

ring |l argentltatbuavobbhagenogepowiede

O O O «

> O ¢© O o

nverter mu s t al so be able to contr

—

e reawaetieechpanged between the wind
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1. FBunction and principle of yaw syste

FoHAWY, the efficient utili zation
aerodynamic design of the blades and
efficient tracking of wind direction
act uaatcchri etvoe accurate and effective wi
that the turbine reaches the maxi mum
wind energy, which iIs an indispensabl
as shbwgwi[e5.3he random and intermitte
the negative effects of -pehlkreaeagulatr

shadow effect, al/l pl ace high demand s

Figure 1.7. Wind turbine yaw system
The yaw contr ol system plays an in
utilizati omutoft teheyawisystem i s affe
conditions of random perturbations
nonlinearity, which makes it difficul

This requirestohdayawbrergteystopmr ati ot
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1.3.1 Wind turbine yaw system control

The yaw system of wind turbines <co
part and t he asawFhaoww® hpacontr ol part
vane (wind direction sensor), yaw cC
i ncludes: yaw bearinpgb5[4%5w drive wuni't

electric motor

gear o
- bedplate
shaft pinion —— [ tower flange
ring gear 9 brake ring
yaw bearing s yaw brake

Figure 1.8. Example of a yaw system
Yaw contimTbeopipmdob a servo system u
that are used to control the wind tur
can automatically unwind the cabl e wt
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| t should be noted that t here ar e

anemometer installed on wind turbines
met eorol ogi cal andgecliifmat easaprealt ywssdagues
It I's only wused to control the worKk

measurement of wind directisnabhdTwen
weat her vane iIs installed on the top
ohy measure the approxi mate angl e be
i ncoming wind to determine from whi ch
det eectactthual direction of the wind.
Thweat heirs vmmonueent ed on a fixed braclk
of the wind turbine and can rofTlhe ey a
controll er 'S respmmesd &@d £i nfgo r s irgencaelisv
commands tac ctomai aagntr ol requi rements.
Since wind turbines always choose
track the wind, sometimes due to the
for wind turbines to track the wind |
thwea nding of the cable, and if the wir
value, i1t will cause damage to the ca
i's usually installed. The unwind sen
engages with the yaw ring through a r
also rotatesstagetheducAi mal by wor m
transmission drives a set of cams, e
diféet signal command. The microproce
to determine whether the cable needs
signals from the micro switches to d
unhookhemdt oo st op unhooking.

Yaw dr i theerpearatr:e two types of yaw

bearings and sl ewing bearings. Slidir
pl astics as shingles, which can work
tile 1 s diwp dteldr u ottt ot islhe,f tr adi al t hru
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types, respectivel vy, used to bear th
force parall el to the direction of

perpendicul ar to the tower direction
mo mmet . Thus, the various forces and n
tower through these three types of s
type of yaw bearing). The sl ewing be
whiaocdan withstand radi al and axi al for
kind of bearing has become a standar
usually available in construction ty]
Moswvti nd turbines currently 1 n use of

The yaw drive consists of a yaw mc

The yaw drive usually uses an open ge
of the tower, mostly in an internal ¢
naedmoaeint ed dri ve. To obtain a symmet
usually used to drive the yaw system
mo t-abrri ven, and the appropriate outoput
reéucer s. Mechani sm) -s tAa gceo nibu rnbaitni easnt aogdf
pl anetary reducer is also used (VESTA

To ensure that when the wind turbi
| oad on the blade and passive devi at.
of them are equipped with yaw brakes
becauskewhepg bearing i1is rolling fric:
yaw brake must be used to prevent t he
direction when stopping yaw. To ensur
a keamotor, and an additional frictioc
1.3.2 Yaw system function

The yaw system is a WIni ybecbhersoan
of the wind turbine electrical controc
wind turbine to track the wind direct

| eading from the natbtelclomewhémanghedwidn
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guarantee the control accuracy in
energy captur e, but al so makes the
force, | evd dbirmg itocn toHe t he wunit and
the tower increases.

A typical wor king principle Fdigal§.rea
Theeanhame transmits the measured
system, and after the signal comp
clockwise or counterclockwise act.i

executes

Weather vane

—>®—> Yaw control system

A

A 4

Yaw drive

Turbine

\ 4

Yaw error

y

A

Yaw encoder [«

Yaw detection system [«

Turbine orientation

Figure 1.9. The yaw system fundamental diagram
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According to the function of the
yaw control process can be divided in
aut omati c[ b,8&faosu pskchogpwigrt @ mong t hem, t he
yaw angle during nor mal operation of
optimization method of yaw angle dur

control processes are sln.ghtly consi c

Timed scan yaw program

Yes
90°side wind?

No

Execute 90°side wind mode —

Execute automatic
uncoupling mode

Automatic
uncoupling?

Execute manual yaw mode —»

Automatic yaw?

Execute automatic yaw mode —»]

No

Figure 1.10. The yaw control flowchart
(1) Automatic yaw

This process yaw controller determ
signal measured by the wind vane, and
i's always changing, It I's random an
generatdioprdace the | oad of the wind
the wind, so that the axi al directior
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consistent. When the wind direction
the tolerance angl e, the system does
beyond the all owable error range, t h
vaneyawdmotor constitute the wind sys
the wind turbine accurate to the win:
magnitude iIs not | arge, so a certain
sthc as 15A.

When the wind directionWTtdhalnlgesct by
Il rection signal t hrough the weather
il rection and the nacelle axis with

perates unti l the angle betwesnwihée

w O Qo o

et error threshold, the yaw system v
When the wind angle variation rang

vane i s not enough at this ti me, and
set yaw control strategy. Therefore,
ancuwmte angl e, but for a wind turbine
situation of yawing at an obtuse angl

Let the yaw error eanhvhpieradamed stalc @ & Wbk
angle Wlilme bal | owabl eNb@remer adbf yyawous
positive when the nacelle I si tturi sed
counterclockwi se.

1) When t hde Girdgblme a s u reeadt \hileyneot, hyea vww o p
i's perfor med.
2) Whelm < 4t lo&&nd e is poditively tu
3) Whemdkd OALBOindicates that the o

and to effectively prevent the callse

read in the yaw direction, and t hNe. c
Whew + o he onacel |l e i sdWhoett diisvedrye atua
conditional uncoupling3bMdmit, the rev

4) Whe-fbdkd<-bt he Ineacies negatidvely adj
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5 Whe-t80dO98A8read the sum of twd ebnha:
+d>-0t he nacel |l e i s dnvwehgeart divse |lye sasd jtuhsatne
uncoupling | imit, the 36del |l e i s posi

Thwewhol e psoskBiwgndl I

Detect wind direction signal 0

Forward yaw 0 o

Backward yaw 360°- 0 —

Forward yaw 0 —>>
-
Backward yaw - 0 —

Forward yaw 360°+ 0 |—

Figure 1.11. The flow chart of automotive yaw system

(2) Manual yaw

Manual yaw is a backup yaw soHwr ito
wind turbine fails and needeumly bhes, m
the manual command i sopuesread iton rod a ltilhzke
process Fsgahdwn in

The manual yaw contr ol process i s
command, the control system is first
yaw operation at this time, the autor
I nwyat hen the yaw iIis | ocked.
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'

Shield automotive yaw system

Stop yaw motor Y
operation
+ Continue yaw operation

Yaw motor reverses and

records direction
|

Stop yaw motor operation

v

Clear manual yaw flag

End

Figure 1.12. The flow chart of manual yaw system

Il f the system is in the yaw sttladte,
manual yaw direction signal i's compar
t wo manual yaw directions are the sanm

yaw directions are not the sgméeeg, st a
opposite direction and record the ya
position against the wind, the systen

the system zeroes the manual wawr maek
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(3) 90A side wind
The 90A side wind is a kind of pro
are very strong winewu,t smiardms pexae e dil

exceeding the specified speed, we USE€E

Start

o

Shield automotive yaw

90°-B<6<90°+p Y
or $-90°<6<-90°-

0<6<<90°-B Forward 90°-0 |—»

90°+B<<O<180° Backward 6-90° |—»

B-90°<60<<0 Backward 90°+0 —

-90°-<<O<<-180° Forward -90°-0 —»

N

End

Figure 1.13. The flow chart of 90%ind direction

When theregreeawbfd measurement,

shortest path, and adte gtrheee ssaindee twinmmed
needs to take the shortest path, and
yaw cammawhenrdetgheee9 i de wind is over
airlock tight, considering that the
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change of wind direction so that the
the extreme environment and reduce t
mi ni mMuhm. procesBi g&r&B hown 1in

For wmda de wind, the all owablTéheemnip
proceowsmssdiodfe wi ndwm $f poosedtdij wiwshten t he an
we a tvhaenrat iwstJ r; not to opér at eommwh;and | u s
| wnmdegati vadmydr whepnpmiWhen t hme angr ed
weatwame wntd] T1mJ, awnplsntegati verl yoymJwhen
wTtJdr, do not opwerrJat . pWhkinhhe positiyv
Wt Jr.

(4) Aut cwmaitmlge un

The uncoupling device 1is an indis
Ssystem. |l f the yaw system rotates 1in
t wisted and strangled. When the autor
of windetpobe turns is set in the sy
reached, the number of twurns is react
the system will stop and wait for mar

When the I imit switch is triggered

cl ockwise or counterclockwise accordi
When the system detects that the o
wi || drive the nacelle to rotate nege

When the system detects t hel,outhpu ts

will drive the nacelle to rotate posi

During the uncoupling process, the
the same ti me, until the yaw angl e of
within a certain range (generallythe@/
yaw motor is stopped and the system i
completion signal is sent to the cent

The signal from the | i mit switch

proximity switch | sFiRSL.Y4€The fl ow I s s
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Detects limit switch signals LS

N N

Y Y
Shield automotive yaw Shield automotive yaw
Negative uncoupling Positive uncoupling
T
Y Y

Detects limit switch signals LS

v

Detects limit switch signals LS

End

Figure 1.14. The flow chart of automotive cast loose

1.3.3 Typical yaw control strategies

At present , Wilsh e nmatihnes twoeralnd adopt |
generation, and the yaw system is 1ind
of the operation of the yaWMVasyYysakemode
| i fe WiIf Tdeensure that the yaw syste
I mprove the power gener &fsi,ona alnadt eafo
analysis has been done in recent yea
app!l ileadWgiep and various effective str
the yaw system against the wind have

research reskhilgdr®re shown in
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PID control

Based on weather vane Fuzzy control

Hybrid control

Based on advanced measuremgnts

Based on statistical model

Yaw control method Wind direction prediction

Based on pysical model

Based on neural network mode

Hill climbing search

Without wind direction senso Wind speed MPPT integratiorn

AN N N

Turbine torque integration

Figure 1.15. Control strategies for wind turbine yaw system
Generally speaking, yaw control me

(1) based on weather vanewi t({(R29utwi widn

sensor.

Among them, the yaw control method
on a single control|[] Ino]ldellz,z ydH®dka laod P |
[ 6Ahd so on. These are all based on t

weat her vanéVTt owlciommh rlods tdlevi ous shor
| ow accuracy and yaw del ay,disroecitti oins
real ti me.

As for the wind direction predict
measunrtemequi pment [s2ylclhalahougbARhe ac
|l i mited by expensive cost and i mmatu
the use of [p6,YEsitcaatli snfobd@hlts aeaft § E5i3d € h
accuracy of wind direction predictior

result iIs |l arge in many cases.
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For the yaw control method thathidlol
cli mbeaaglchori thm i s mphH.d]ilcro mmoerdryy ,uste
reduce the yaw error angle to the gre
affected by, tadared wi mel sipzlesdofdit hectslt e
and accuracy of the yaw,; i n addition.
MPPT controller with the yaw, and the
according to the torqueeoyawhey wt erd
controlled, the acalus@acay Vyasw nddl dy.gh,

With the devel opment of technol ogy

and many hybrid control technologies
VanpHe CIli mp MHCd 6,5]Ka-Hm@&Ihi mbp KHCJ 6,6 u z-R ly[D6,7 ]
etc. These hybrid control technol ogi

di sadvantages to the greatest extent.
Tablle

After analyzing the results of the

conclusions can be drawn. The hybrid
accura¢wp8(xBtA)t he high investment The
hybrid yaw control met hod based on

i nformati eHC, -HRy c lFRI&Z&Z,yWChaoti c Parti cl
-PI' D (BPPPI9]Jthese hybrid control met hc
it I's eadAy tthougbntrhelse hybrid contro
weat her vane error to a certain exten
6A, if the parameters of the control
Hybrindrob methods based on wind dire
i ntegrated mbalimagn aKeRlawm)]L-segabres s
vect or faacrhg Aigdsromt memory neur &IST Metiwc

usually have higher prediction accur a
case of | arge changes in wind speed,
will have a |l arge error (10A~2aA)d.oes:

require windyr dtilre caadfwaMRBdgiesse y aweme h
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I's easy to I mplement, | ow cpeBlutthady:
error is indirectly calcul &néé ude yiven dn
speed sensor accuracy. Il n general , t F
yaw system, which can avoid the shor:
to the greatest extent.

Table 1.1 Performance of hybrid yaw contorl system

Hy br e d s ond Advant a Di sadva| Err ¢
Have a
Measur e _
_ expensi
_ direct i
Li DSRKCADY4 rel at ¢ <BA
I nf or mat
|technol ¢
|l ong di _
I mmat u
Based
we at V-HC Strong r
; : Rely on
van as con
K-HC vane, C
Adapt i V A~ BA
FuzRlyD track t| 2A~6A
(paramet gjrecti-c
aut omat i i
CPS®I D time
robustn
_ ARI MAal m Rely on
Wi nd _
_ Predict | dat a; )
direc _ | <4A
| LSSVIMSTM directjuncert ai
predi _
consid
_ Easy to
Wi t h
_ | ow cost ,
wi nd _ _ Di stur b ’
_ MPPActi vi(negati ve _ < A5
dir e _ _ wi nd s
wind dil
sens
sensor
By comparing these yaw contr ol me

performance of wind direction hprledicdti
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seamethhod i s generally more applicabl
design of new wind turbines or the re
are the easiest-etbecmpbivement and cost
1.CGonclusion of chapter 1

Chapter 1 classifies and summari ze
wind power generation according to t
evolution of wind power generation te
of tlheches® optimize the yaw error arf

The yaw system can not only effect

energy, but also reduce the unbal ance
wor ki ng WTtfoe a fc etrhteai n extent . Howeve
met hods have problems such as | arge

most effective methods taolsmbeamehboes
and the neural network predicting win
cannott lpersfoelcve the problems of the |
alone. Therefore, It i s considered tc¢
contr ol met hod to optimize the existi

I n order to solve the problem of

met hod first uses neur al net work to p
and drives the nacelle to the positio
d rection, so as to avoid the power |
order to solve the problem of | ar ge
designed hybrid yaw conmbeée amentehi dvab dt @
accuwiand direction position in the re
nacell e reaches the predicted positi:
real time with high precision.

The hybrid yaw control met hod desi
of small yaw error, -elakgci mpéeeameant aWh
yaw system of the old wind turbine o

tur bisnerybtrhid yaw contr ol met hod i s t
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CHAPTER 2: WIND ENERGY CONVERSION SYSTEM ANALYSIS AND

MODELING

I n this chapter, the operating pri
yaw system is introduced. The aerody
yaw process are also analyzed in deteé
aewym@a@mi ¢c | oad and power | oss. At t he
model of the wind turbine and the mat
WECS, a simulation model I's built in
turbi newaand utsesctontrol algorithms.

21Basic theory of wind turbine aerody
21. 1 Momentum t peocemsmsin yaw

Direct application of the momentu
problematic (assuming a rotating bl adod
theorem can only be used to deter mine
y aw, s@ame omarnin the induced velocity
direction; however, I n yaw process, t
because the annul ar volume of the bl 2
the bdlkadies dperpendicular to the bl ad
caused by the change in fluid moment
to the influence of the component of
directwake ywahvws to one si de. When t he
i nduwceddoyc iotfy t he bl ade di s[k7.2]s hal f of

I f the wind direction is kept fi xe
and the wind direction, I . e.Fitghgd. ey aw
assumed that the change of momentum i
of change of the mass flow through t

change of the velocity] Erddendi cul ar
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Figure 2.1. Offset wake and induced velocity during wind turbine yaw process

The force of the air acting on the

& MY @wéEin gy <)
Wheme s the air deéhadiesyk jtshhreo usgeho tstisho

ar ea bolfaddtetble,i she air fl ow vethei ygwaan

Jishe axi al i nduction factor.
Therefore, the tbhlraudset coefficient
O v

# b | WE i CE
Erg %Y
CO
Then the generated power i s

0 & &I g"a*vn Wé i L )

The wind energy ut itluirznastnieon coef fi

¥ —— 1 Q& c8

Il n order t fi nd#,t hteh enaaoi imaulon Bvopd w(@E2

i's derived and made to be zero

, t hen
AlNO &
1 - C
p)%\.. .
# —A |
<o o C®
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Fi g@2sshows the variation of power
When the yaw errotuirdsd@xatchaty ifscith
i's no yjawife rACbe a2 B HI.. 5@IBet maxi mum Vv a

wind energy wutilizationBedeaefmfiitgi avihti cc
theoretical maxi mum value that t he v
turbine can reach, but this vWhleune tchaer
error is not equal tar DPdpeéenhathei yaww

momentum theorem can be used to deter
f or t he temnnpirleetwitnlde axi al fl ow 1 nduc
errlonr t hi s case, It S not suil tabl e

el ement at different positions.

0.6 I T T T
~y=0° AAAAAAAAL
L4
--8--9=10° e AAAAAAAA
0.5 f =0 9=20° 2® 000000 Sap,
— =)= =230° /XA 0000 000{) %S
o ~=40° 1A 00-0' %00
“— L| --%--~=50° o Ca
% 0.4 . 7_280 AA 00 X,)@x—x-x-x—x-x-x.x_x_xx <><>
o = X & XXX %
O . P% -
b= AO‘Q x xx"x
() | ,Ao )/( % i
g 03 DA % T
(&) 49 X X
A X A0 X
o ) 3 X ~O°
O AY X ~0°
-— Alo x : , J |
g U2 A{gxx
= Ox o~ ki s
*
) 68;( o M‘"’* * x5 *ay,
01 **‘** 7
W +++++++"‘++++++ M"‘**
6{4- . gy . s
0* Tttty |
0 0.1 0. 2 0. 3 0.4 0.5

Axial induction factor («)
Figure 2.2. Curves of wind energy utilization coefficient with yaw angle and axial
induction factor
ThdAi Ol aw is generally applicable
turbines when they are yawed. The abo
axially inducbtdadgdedluaciitty isn ntohhe appr a
theoryblt edeanxmt compared t{&.5tflhe case
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2. Bl adl @ meéhnetoirgaw r oces s

To anaby zed ectnhébretiom ygawc ewse must fir ¢
bl aedee mentwitthear yby aed.ece et i s the Dbl a
mi cgsewgment s al ong the axsed meartr aadseinenm
A sibnlgkdeee ment i s t Ko ungmts itom adl le caa g tf vok el
t o btlthaedee ment on the force andemoamernftl
bl ade f or ceabeval cdplih®the

For a wind turbine with the number
being R, t he cbhloaeddee mengt beiohgtbe t he
bet ween the blade di sk andy,t haen dz ebroot hl
| ength and the pitch ahdd,léas asHyaoguit§. eian

>4
/
/
// 5 -~
/
/ Ey"
¢

/

—
—
—

o

/
/
[

Figure 2.3. Sweep circle of blade element
At the same ti me, considering the
of MWlhadeet es at a taqopEqti al ragdgefaddo ¥ t
rot at iFoing Qatkei s ustrate all t heblvademeni
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radriwags h respect Lettthbechotdtl|l engt har
bemand the i ncomibng whedssmeefd bRepot a
t hbel aedlee ment and theja@mmhgehtei awlakeel sc
fl ow vmlpogiafy t hp7.68] ade

Qrd + a)

D

Figure 2.4. Blade element velocities
Fr oomm g4, e we can obtain thbl edsemmnl|t

7Y p | mi p | &
The angle between the c donhbaddneeklt hveenr
A O P
OBl —~—— &
- .. . nC =)
AInOmOp'—| &
W
The angle of attack here 1s
1l n 7 CP T
Lcosg+ Dsing
A
P AL
D
b Lsing — Dcosg

Figure 2.5. Blade element forces
Accordi ng t lbdertalgefcto®faindcoént e bl a
airfoil can be obtained by I ooking u
coor di nag es IsoFengdimhe7[87.9 ]

46



The |ift force perpendicular to th
wi ngspanOolne ntghteh bl ade i s
P

I E"cfo&iﬂ P p
The resistance parall el t oWt e dir
P, .
15 Ewum P G

Le# be the nor mab#n dddeéif % c iIQe ot
Le# be the tangenenddi Q0% MED %i ent
The axi al force &ttddkesgy 6momhéeé hei ag

A&gﬁ”(ﬁ)é‘} o

The torque acting on this ring 1Is

A - gl’}”(ﬁ)é‘l‘] P T
't I s probl ematde mecmtapgmleyortyheai r ec
yaw conditions. B e c a ubsl ecaediteb me rati r f $ o wn

processbhbl adiee mteme t heory can only rep
vortex, 1t is incomplete to replace t
not <c¢l ear how | aFrcgoen sotra nitmpfoorrtcaendit s.rntel
| ar ge, bt raelee mehret theory 1 s not appli
applying the thdaaory hwei Ime alsalr ie mreadt re srizea
force is small, then the results shou

The airflow velocity at any point on

and i1 f an inlfadaed ei nuanbxerumed, bt hen t h
consider. The variation of the angle
that dhewethwoonal [ i ft shoul d be corre

Neglecting the effect of <DHeatlde mgn
showhi g@6.Bhe velocity component in th
i n ftihgegur e because It has no[&80Dffect on

The air tfilsowearglma ned by the veloc
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Y 0éil p QOU ...i QEB
moowé il ipQd 'Qer1 i Q¢ ...

O Al . P U
mp | wEip...i Qe i @ ..
Y wé i|r(‘)6§ép O 0 .. QETH QET
where r i's the (radijiwgikoft htetheaiaifrd

coeffiecglieaesntt heKwake tilygi santghe dluancd i

measured in the direction of rotati or

Figure 2.6. Velocity components on leaf elements

The angl ®i 9f attack

1l n 7 P o
The angl e obfl sadtet mekt o€tanhet iBdg( 2b.d0
The | i ft and drag coefficients of t he

and al so depend on the <calculation ¢
According to the above corrected bl ac
the bl ade el ement sweep ring can be ¢
2. Bl adl @ meno me n t( BrE Mh)e oirnawr oces s
According to the assumptions of B
el ement are balanced with the moment L
bl ade e7Te#ENSIi nce the directions of t
angul ar momentum <change of t heriagr f
perpendicul ar and parall el to the ro

decompose the aenocdymamihe dom@dndedl ad

48



—

O these {(WBGAEpPpreati adisus of r) &ahe &ah
force on the entire ring can be cal cut

1,Aho1$om§"a) 6D HET % i QY %o B X

The angle corresponding to t hebluandid

-

otateBhe sunit force applied at this

1& gw G&ﬁ&éi%;i'naJoETr B U

Whewbe 60éi % i Q¢ %a nrde & |h exddfe gar reerAd +—e nc

t hen

1& W, 01177 P w

allye

Considebl atdgept Heos s, t efi ntheceadrr f &
epl aded ubsyi ng the vortex theory then

~ o A e e
1& g” YT AA IrOOAEH Qe | Qm% LT g T

]

The pressure drop due t cEqread(but ngf
pressure drop is included, It 1S nec:¢
vortex theory. Even i f fluctuati ohadi
are ignored, the operation to calcul a
the pressure drop due to the pobpbaebBhBg(g
be assumed that the pressure dar dmedLlce
yamwr oq 82§[33.4 ]

The momehor oé¢ appel i edelteomenrhte iarx itah e

1- LA O né i [ ©QEED .1 L—Hr & p
WhemrKe —,t hen

1- gw HETT BQEDED LT T c& ¢
By applying the momentum theorem

annul ar surface el ement , t he dij svi t hbt
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radius r can be obtained, which ref]l
Therefore, It I s necessary to integr

rate on the entire bl ade el ement swerg

Prvy g Qe | OAT QR [ QGG 11 Qr By, 811 Qr

C C C C

After simplification, we get
LUAAEAHOOAEH Qe | Ql&)% ” TO Qr Cg& O

The rate of change of angul ar mome
area t hbloaggd nddih®ekh e tangential wvelocit

. g,,TY=T| Qe i N QAT O AT OOEA 11911 c&T

|l ntegrating along the ring, we hayv

g”Y=T| QOE N QAT O AT OOEf i1 Qf

g”(b L OETT BQEDED LT Qr
After simplification, we get
. < (V. s o
TJAIrO] QP Al O To‘oéi(eroo.s.o..Q( C& v

The i ntegral \Eaql. 2 §gankEgn 29 (ca.mat bendet
and their solutions can be sol viean|dsy
are both zero. | bl ted ee meanw € gptoastid z iofmo t h
on a given bl adec,ant hbee icnafl Ecguwlsg 2e¢df ef tr lo
angblogd the bl ade el ement I S| aasobé&not
accor ckigndoQt2aLi ft 0 caefdf idcriaggnécoahnf bei &
the airfoil data. After opfathengwebp
be calcul ated by integrating. Thhanndd
sol veedg. 2 2.and the tangeilnaciaanl bien détagl.tvi
( 25). Repeated iterations are perfor me
Cc

onvergence effect I s achieved before
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€)As |l ong as the tanaesntciaallc uilnadtuecdt,i otn
bl ade el emeniO) 2 hadr yhé mormiegn 20§12 cfanr ru
to find the value o|fft hdate wxniaéds i wmidtule
The above i s -mdime btl lard et ed eme nftor st ab
2.120ad and yaw error during yaw proce

Wind turbine axes and wind direct.i
operate in a yaw conditi oWTiinn ynaows tc ocn
| ower than t hWTienf fprceeincg wifnda al i gn

assessment i's a cruci al i ndi cator W h €

Weather vane

Anemometer

Yaw system

\ v

N = \

N\ = \
§ ™ ) Yaw angle *
=N . N\
Wind ; :
% . Wind turbine

Figure 2.7. Wind turbine coordinate system and yaw error angle
When the wind speed is stable, if 1
aligned with the wind, the induced s
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| oad on the wind turbine I s balanced:;
from the wind di8bb]atsi cshhiogd¥. eam angl e

Due to the rotation of the wind turt

azimuth and radi al positions, and th
continuously. At this time, the fopgce
torque and axi al t hrust, but al so pi
turbine iIis fluctuating, and the fl uc:

error, which makes the estimati pB[6&T]

The wind direction iIs constantly c
turbines in wind far ms, and there is
by the bl ade, so the axial directiloal
to the wind direction. I n order to in

wind turbine needs to yaw against t
characteristics of the yaw process,

including yaw angle and wind speed c

gyroscopic force. The yaw | oad will ¢
and the yaw speed fluctuation wil|l C &
t uwinl | pose a threat to the [s&&pil ity

2.2 Bl ade force and moment during wil
(1Bl ade force
Once the airfl ow i(Bg(ux)etd) ef abcltaodre ifs
cal cJyl7B§.2pdThe bl ade normal force perp

bl aodhe t he unit wingspan is
A P,
A.—OO E”ww Q0]
l'ts wvariation is synchronized wit

combined force bplexdpeeadi onl pranhe tae b
the different azimuth angdred talh emgs urh

Similarly, the Dbl ade tangential fo
Ay Pug "
AO ¢ © % X
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The torque on Hdlhaededohadenabaus ke
A P, as
5 E”ooooo cE g
As with the nor mal force, the tote
axi al di rection of each Dblade and sut
vary with the azimuth position, so in

angle needs to|] 9@9[19d291 egr at ed again
2YYaw moment and tilt moment of win

As the airflow is expandalpll aduer ti mey

proéc¢esssnot uniform, and the angle of
| arger than that I [n7[37[AFE3 | lacwesrh owidiB.ci n
Therefore, the |ift bnadcdgremapenr wihmad
wind region, and the differebl adiés ko1
di stributed i n this manner. This rest
the axial Ol smdetthi o eodwitBnbdend e. , t he vy

High angle of attack

e Y4

Low angle of attack |

Figure 2.8. Different angles of attack due to airflow expansion
The yaw moment catrq@2 pfodort ati hnee df of rrcoel
t o btlhagd & k[39.4 ]

©

A "o Ol d G
A8 W wl 4 C& W

allyel

53



bl
Th

S u

vV a
vV a

of

er

me

er
Wi
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me
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It also varies with the azimuth of
ade at each azimut hal position can
e yaw morbd raddueroinn g htethe wpndddsusolbitae
mmi ng the moments of all bl ades 1in
The tilting moment at yaw can be o
ment about the horbkzddedqdl di ameter

A Py e

8 E”w wi WES C®& T
and conseqyw@evn tmowmnetthittlhtei n ga rme the(ateydp i
| uesi3phOEFRr 0Odi fferent operating con

|l ue of h i1 s different. Nor mal | vy, t h

h may be 2 or 3.

.2 Calcul ation of t hecocrornepcetni soant ioodn te

ror
1Wind error

The yaw contr OMTi prooeds amfsmt hethe
asured by the weather vane to the
ne itself has an inherent accuracy
usually i nstald eoddW&tthwhh ec he 1 de aodfs tth
WTwei t h the measured wind direction
ror. Uswually use the following two
ndoer value and the wind error vari
splacement of the wind direct)®m] r e
At prewéntt,haal luse weather vane to
asurement errors. This error is duc
ry small, usually around 1A. Mainl
the nacelwiend whleomwst ht hr ough t he |
asurement, and the rotating bl ade
nd direction of the wind flowing th

asbyetdhe weather vane and the actus
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is a |l arge error. The wind blowing to
and axi al Il nduced velocity, usual ly
wind is commonly wused to determineet
can correct t he wind error by findi
compensation angl e[ 2.6 hTth es hcoaull cdu Ibaet ii onrc
angle is based on the derived axi al
trigonometric equation.
| Sect Rlowe i ntr odluaadwamenhem t heory,

calculate the axi al andbltaadoeme nt umll tt hie
assdtmeati hdesweed | ss@dendrsd, &/tsh@ tbhlea dbel

into 30 parts, the i1 nitial val ue of
i nduction factor 1is 0.
LDA/éEAerOAEH Qe 1 Ql—CQoo,, Ter C® p
~ pd " ~ s Z d) il r r ey ey, T 14 nr L)
1 AIrO] QP Al O Twel(eroo.s.o..Q( Cd C

UsilbBg. 3la2nEqg. 3i22.eratively to know
i nduced fact orl=0c.a4n2 3b3e, Tfheurdd 0H6B:H . t he
angf/leean be calculated for the wind di
t hbel adoet at me n sEhqgo.wn( 2i.n3 3)

jeeAOAé{IAT @ o
Il n this jceeAn(HA{é—A—Tom,.The rel ationshi

compensation angle and the tangenti al
I Fi g@29[e9.6]
By adding the compensation angl e t

we atvhaene, beeéweenot he corrected wind
direction is obviously reduced. So i
weat her vane of the wind turbine, t h e

angle add tmde dnerasaitrieadn wdat a.
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Figure 2.9. Relationship between correction compensation angle and induction

coefficient
The actual operation of the error
hand i s due to the measatrheente shiaddet & oi
airfoil type of th[e9.d]i fference surf ac

2)¥Yawystemerance angle with correct

After the error between the wind d
actual wind direction is solved by
corrected wind direction data can be
Theecof the fOWMyawrooerssek D§ the aut
i's also the yaw contgrhelstp rwd cneds sdirreequi

I n the current common automatic Vye
exi stence of the tolerance angle 1is

direction changes randomly and uncer

magnisunet il ar ge, and there is a cert
the weather vane; on the other hand,
with the direction change, and the ui

the boadation of the yaw system, and

speed fluctuation of the yaw system.

bl ade and tower vibration, which wil/l
wind turbines. Therefore, in order to
yawing of wind turbines, we can redu
angle, and then I mprove the stability
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The tolerance angl e @abolwthkai chr i ent
the weandeerror and the tolerafibe apy
yaw tolerance angle of wind turbine
[ 6[89,8 ] because the LI DAR wind measurem
angle is only set to reduce the yaw &
stability of the tawnmrgdieneo.f Twhien dy atwarbbe
measurement can be set to 9A when th
yaw tol erance angl ewhiisc hr ecdaunc d da sfgreohmg t 1
mo me nt oncaheed| bget he yaw to wind
t ol eranclel ainngelvei tvaibl 'y | ead to frequer
cause yaw |l oad fluctuatsitarhs | aNTdy 9.®ff u &
2.8 Yaw error and wind direction cal c

When the wind direction changes or
wi nd, the wind direction wil/| devi at
which is called the yaw error angl e,

Studies have found that mo st of t
operation, the causes of this phenome
(1) theawiume i affected by many fac
and wind direction(2he wihm@mdgt mgb al énd¢
wind turbine in the upward direction
wind direction discrete, t haiast \carmeea tiin
downwind direction of the wind turbi
accuracy of wind measur ement and ca

direction, awsawdntirngl isny $theemynot get't

in turn | eads to the | ow 3®c cawroaady fafe
damage to the wunit, the yaw contr ol

system to have certain inertia to ens
i .e. to maintain the cungéeptrpageatni

peri od ahemadgdewi nd dAiltethiecr changes
to alilgpgihné heottwume wHMNndnedi recti on i n r
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For horizont al axis wind turbine,
and power gener a&aifTsbouldfroteneythehaea
according to the shortest path duri n.
needs to solve the starting and st eece
correspondence betfweent hteh eawwihréd oafxridgidi
di reg¢tanodn t he fyaw Tamegla&angl e between t

wi nd tawrilsi dd rection is as foll ows ( a
[ 4.8]
1 Whehet angle between the wind dir
turbine axis dsthesgyawhangl&O0iAn @his
_ = — CH T

Wind turbine Wind turbine

Wind direction Wind direction

Oy

Figure 2.10. Yaw angle when the wind direction angle less than 180°

Normally, the wind direction angl e
axis, i-—e. 0At akihrem@ we can get
— — C® v
As shdowmgat@ he red | ine represents
turbine, and the green |ine represent
the wind. At this ti me, the yaw driv

cl ockwi.se to
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2) The angle between the wind dir

greater than 180A, and the yaw error
— 0@t &~ —S & @

Wind turbine Wind turbine

Ow Ow

=S

Wind direction Wind direction

Figure 2.11. Yaw angle when the wind direction angles greater than 180°

As shdowmgittg he red | ine represents
turbine, and the green | ine represen
against the wind. At this ti me, t he

adjusted coumrterclockwise to
23Wi nedner gy conv eosliiebmgqn system
23. Wind source modeling
Wi nd sTplhedwind is a naeaut al phesed
radi atedsumroimhé heun shines on the ec¢
di fference between different parts of
atmospheric convection movement to f ¢
di rection densdcriisb euds ubayl lwi nd speed or
the wind, and wiinbde dtihree cdtiiroenc ttioo nd eosfc
The operation status and power geneé
the wind speed, so the focus is on

affecting the wind speed such as tur|
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wind power technology, wind speed 1is
wind speed, and hub wind speed.

The i nstantaneous wind speed refer
which has a greattiimef lopemrcd i a@m meht o toaw
the[d®i0OfJt i s the main influencing fac
[101)02]

The average wind speed refers to t
in a certain meriThed, aeprages evd nldy s p e e
reflecting the wind resource conditic

The hub wind speed refers to the a

turbine, whichh i sTerexphebseidnds speed

par ameter s nsud mh da-sswptewetdi,ndc ustpeed, r at e

Re#&li me wind speed modeling met hods
characteristics consist of$emaeay:s amgel
speed from the perspective of wind sp
domaindf or mati on; one i s based on ti me
realized by AR, ARMA and other model s
data in the form of probability distr
pr obadiidtirtiybuti on) . However, these mo
actual wind field information, and t&h

and not suitable for dynamic wind spe
speed (modceolmbi nati on of four types of
wi nd, r aannddoimnm d ) I's used, which can re
conditions in nature and is also suit

Il n order to more accurately descri

of wind energy, the spatiotempor al m
combined wind into fgruadwpeandit andb a sind c
OO0 Ufrvo 0o U O C® X

Whenjg sasbhh ¢ wi (md)sts p glesdws nrd/)sp i sr agdi e
wind Empfegedsandom wimXs speed
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(1) Basic wind speed
It al ways exists during the nor mal

refl ects the change of the average wi

rated power delivered by the wind ge
by bhsic wind. The Wei bull di stri but
measurement of the wind farm can be &
L‘)I,'ﬁepTB B Y
Q
Il n the calculati on, It is general/l
change with time, so a constant val ue

(2) Gusvi nd

Il n order to describe the character

ar e usually used for simul ati on. Du
characfTeadystaamecc stability analysis o
analyzing the impact of wind peaarnesy
dynamic characteristics under | arge v
T 0 O
0 'Z"Tp w &cf ~ 0 0O O Y C® w
iy 11 o o Y

WherfYei gust ®©ychbuespg sterti guishe;ampl it
(3 Gradi ent wind
The gradual change ofgrwidwickenndtp etelda t

T 0O O

N

v W +— o0 0 O c8& T
O O
T 0O O

7TEAGA g adient wi od silasgp ! dt{@etet i mme
t hger adwienndt st ar)tos i thoe cthiamegewhen t he gr

(4) Random wind

Usuall vy, a r aO,doims coumpemiemgosed on

to reflect the randpametil uttaasi maol afi
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O 6 2 olp AT1006 -
Whe6e | magni tude of
evenly di st rl bandck dilhlee taweeerna g e

fluctuati;enimansoal varbabl es

Ta

(237) Eq((241),t he

ti me

resul ts

badles hows t he combi

combi ned
serigersadowiemgastaand

Fisg &hzo wn i n

Wi

ned wi

nd

Table 2.1 Parameters of combined wind speeddel

8 p
r&ndosamn ccomprourn

s p €@d
wi t h

di stanc
uni f ez .ml \
n d
speed
ranacgdam wien,d by

| t e ms Par am
Basic wind sp 8
Peak gust (1 3
Gust start t 5
Gust <cycl e 10
Maxi mum gradient 2
Gradi ent wi nd 5
Gradi ent wi nd 35
13 T T T T T
12 —
@
En— |
3
aém— L
2 9l .
<
8 —
7 1 | | | 1
0 10 20 30 40 50 60
Time/s

Figure 2.12. Combined wind speed distribution model

Wind di:Weaodi o a vector gquantity,
time shows a periodic distribution, i
periodic distribution pattern. The in
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and cannot be predicted. However, b
direction at a certain | ocation for &
wind directions can be obtained.

I n wi nd energy utilization, t he

characteristics of wi nd dir ecmoinpgtnhs B 8 S

year or years), the cumul at i vdei rneucntb ec
percentage of the +total number of i
accumul ated in the period is called v

o A K SIAERTIE OA & adiOf AMBAAOOOAT AAG
B 0BT AAIA GROOARETR & ©

Thereaareus met hods to describe th

angle to indicate the wind direction
the east wind corresponds to 90A, t h
correspdafAdAds waod other subdivision of
t has, shoabd2e n

Table 2.2 The 16 azimuth of the wind direction

Azi mut Azi mut
Cardi nal Cardi nal

Degr ece€ Degr e
North ( 0. 00A Sout h ( 180. 0

Nor-Ndir t he

( NNE) 22.50{SouSdiut hwe g 202. 5

Nort heas 45.00 Sout hwe st 225.0

Easlorthe 67. 50 WesStout hwes|l 247.5

( ENE)
East (E 90.00 West (W 270.0
Ea$Sbut hea 112. 5(WesNtort hwe s 292. 5

Sout heas 135. 0¢( Nort hwest 315.0

SouS8dut he Nor-Nchr t hw
( SSE) 157 . 5¢( ( NNW) 337.5
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Wind frequency is usually fixguneasnse
because the graph resembles a rose f|
cumul ative percentage value of wind
(mont hseason, year or years) i nfiagiureea
certain proportion, usually with 16
figiugea circle with 16 rays drawn uni

anglesepthegnt 16 different direction

to the frequency of the wind in this
point of the circle. The distance of
the center of the circle indicates t|

in the direction of the cent eRi gdl & h e

the rose diagrams of the wind directi

Wind Rose
N

Figure 2.13. The 16 azimuth of the wind direction

The following information can be o
(1Prevailing winds: 't means the di
annual wind rose charyearr aonins ebravsaetdi oon
rose i s drawn on a quarterly basis, i
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(2) Wind rotation direction: refer
Il n the monsoon area, the wind direc
outherly and then from southerly to

I t esdbmest gradually transition but di

O o u

oes not exist.

( 3) Mi ni mum wind frequency: refer
corresponding to the axis roughly per
the small est witehee dirreevatiilam.g Wh nd di
rotation nature, the minimum wind fre
direction.

When analyzing the i mpact of obsta
| ayout, I f the obstacle iIis in a | oca
obst abkewondtturbi Mbesanabe tgeodesdcr
and wind direction in meteorology. 1In

wind speed and direction The focus or

For wind direction, wind turbines
t he wind, as |l ong as the yaw rsatydskd e wmi
direction, It can operate normally

dir edtei on nd turbine is affected by t|

of the system, which wil|l cause the
ti me, reducing the wutilizationgeatea
unbal amadednl the wind turbine, which ¢

Figridescribes the effect of <chang
angl e) on the output [AOWBéTrheofwitnide sw
determines the upper | imit of the out
affects the actual wind energy utili
premise that the wind s peeedneceadnsn otto bk
much as possible, so as to iIimprove th
When the yaw angle is 10A, the power
when the yaw angle is 15Ae whel powac
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when the yaw mawdre li®s 2 00Af, tthe wi nd t

Il n the actual operation of the wind
system is generally between 5A and 2
the influence aviegoamoevrerf d otssr sw,i TH & deef
yaw optimization control algorithm tt
factors to i mprove the wind energy ut

x10

Ouput power (W)

Figure 2.14. Influence of wind speed and direction on the wind turbine output powe
23. 2 Wind turbine modeling
Accor dSerrd 2Iptmhe out put power of win

wind speed and wind direction, the o
[1040306]
0 g"'&:ﬁﬁo gwﬂva Ao 8 o

The rel ation between wind turbine

4 c8 1

3|c-z

The power & ofeff fiiscideentter mi ned by emp
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l,]’ 0 O z 6 M uY l:) 6 =hT

r & n{ﬁ)pxz(pﬁcprm LQ Ty
= g v
L'y P P T8t o v S
_ 1 muyrp 1
Ly 1Y
Ly =
Whi ch
CR € m Y
] - : 8
5 ) Ca @
Theref oE®@24)uBq(24$),a si mul ati on model
can be established based on t he MA
compl ettewr o thell I's Fhgabh®in the
D, 1 u(1)"3 )
v_eff(m/s) Fon
—/~|Avoid division by zero
@ x ”@*f‘ 1/ pu->pu
omg_wt R_wt
ops o f(u) f(u) 0
/ Bota lambda_i Fcn1 f —:0\
Avoid division by zero1 ;vuitch T
3 1
Cut_in jAND
25 ‘<=
Cut_out
Figure 2.15. Modeling of wind turbine
Il n the model, the iInput vari abl es
effective wind speed, rotor angul ar
respectively. These four input vari al

power Waf Wsieng the tip speed ratio, b
coefficient can bed dieft eergmiartd o nt h rAd u ¢

power coefficient and the current win
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can be calcul ated, and then the mech:
be noted that Acut -iinnowiardd sfmeidgtd veaunt ab
respectively. When t heWhnordee | s paid ¢ uitss
val ue, otherwise the output is zero.
23. 3 Drivetrain modeling

According toSetche otamell Besc lsaninc al tr
the wind power generation system i s |
| osvpeed transmi ssi oxp esenda fttr, a ngsenairs shi ooxn,
rotor. There are many mesdebhsc¢ch amdt h
concentrated mass method is often u:
strengt hnadtsn gdadafdé&d 9 ]

When ignoring the shaft stiffness
turbine transmissionagshsahdérwmg i #whri tchhe
cal | ednassisn grioed e | , repr esent[eld Adlyl Jit 2h]e

witr

Equivalent inertia ] och

Figure 2.16. Single mass model of WECS

4 Y 0 ng c8 X
Among t leegm, viahent moment of 1 nert.
. , 0
0 5 & y
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The equivalent wind turbine output
y

4 .
v

&8 w

The simul ati on moadses! dofi vehe hai ng
MATLAB/ SI MULI NK envirdenmgdé@a® i s shown

O T

Tgen Gain1 Integrator ema_gen
> o>
Twt omg_wt
k_gear 1/k_gear
Figure 2.17. Modeling of drivetrain
Amongmt ht he 1 nput "" Targenéreandr " anuw

t or que r ehsep eocuttipvuetl y";omg "gam'e drmde "menrnnd
velocity of the generator and wind t
23. Generator modeling
| nduoteinceg (alt ®)ave different dynamic

di fferent coordinate systems, geaioestadiec
di fferent coordinate syst ems can be
environment [ A%3mMdglesde&dr t he pur pos
MATLAB/ SI MULI NK software is used to c
of the gedegc#&mi otnhe synchrxeyrcowsgldy naode
[ 1 Ta 210 8]l t iI's an effective way to c
i ndugehesatbe equation. The gtate ac @l

synchronowgytgoroitaat@egsystem i s
o

Qo

I n the forempuleasiemdsgtihenatoent matr

= e & T

‘00 0 O @ p

¢ represedusddmeavat oage matri x, wh
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O 0O 6 0 O C® C

AanRlarecobdkeficient matrix, respecti

o — ] — — = ¥
1] ” U ” VU ” vu ” v l,l
[ l1 1 0 Y 1 0 YO n
I l NN — Ty N l’l
o U 0) 0] VU
A o " i ” ¥ C® o
: : YO 1 0 Y : 1 M
— = — —11
] ” vu ” v ” v ” |’|
T 0 YO : ] Y 5
u ” 0 ” 0 l‘) ” ” i‘) U’
0 T 0 T
. P T 0 T 0
A , " n ® T
£ 0 O n 0 Tl S
T 0 T 0

Ai #alkage cogedrhdrcatenrt of

~ ® v
L tu G

Y

Considering that the el ectromagnet
o
C
Therefor &,q2h®bsEeqd256),h he dynami cl Gnoidle

using MATLAB/ SI MULI NK si muleaitgiadréd sof t

4 e0d Q0 Q0 ¢® o

—» -Rs/b/Ls*u(1)+w1+u(9)*LmA2/b/Ls/Lr)*u(2)+Rr*Lm/b/Ls/Lr*u(3)+u(9)*"Lm/b/Ls*u(4)+(Lr*u(5)-Lm*u(7))/b/Ls/Lr

disx/dt

+—»  (-w1-u(9)"Lm*2/b/Ls/Lr)*u(1)-Rs/b/Ls*u(2)-u(9)*Lm/b/Ls*u(3)+Rr*Lm/b/Ls/Lr*u(4)+(Lr*u(6)-Lm*u(8))b/Ls/Lr f—

disy/dt

I~ |m\4 CIEN EIRN
‘=<' IE'
o R
x
< &

Rs*Lm/b/Ls/Lr*u(1)-u(9)*Lm/b/Lr*u(2)-Rr/b/Lr*u(3)+(w1-u(9)/b)*u(4)+(-Lm*u(5)+Lr*u(7))/b/Ls/Lr ——

;

dirx/dt
1
us_xy > u(9)*Lm/b/Lr*u(1)+Rs*Lm/b/Ls/Lr*u(2)+(-w1-u(9)/b)*u(3)-Rr/b/Lr*u(4)+(-Lm*u(6)+Lr*u(8))/b/Ls/Lr
diry/dt
N 312 np*Lm*(u(2)u(3)-u(1)"u(4))
Te
omg_gen Gain Fcn2

Figure 2.18. Dynamic model of the induction generator
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Among them, the 1 nput us _xy" 1 s t
stator -pmaddesymwohr-gnoosrdonatengyst e

i $he x and y axis voltage -gloanpeneynhe

=

t atyi g ox di nanhige gseyns't eins; t"he mechani c

0
generx atloeg out put "i s _xy" is the curre
and y axis under t hye csoyonrcchirnmantoeu ssl yys tre
i's the x and y axis current componyen:
coordinate system; the toutquuwet. " Te" | s

The Iingdecesw®moor flux | inkage orie
theaxx s Iin the sy7wyclhoomo malkty sSgtsateimng
direfctl@hpaRO0O]Compared with other vect
contr ol system is quite simple. Ther
strategy, namely the opti mal speed gi
met hod.

The opti mal speed given method, th
at the opti mal val ue, Sso as to ensur
factor at medi un laZ2nld AP VR WIThd Dpe¢ e da |
met hod iIis to take the maxi mum active

generator as the reference power to
wi nd t[UWr2BiRnGeR 7 ]

The opti mal power g tcvheamanodbbrutbrl oetls enolep
controméactive power control and actiwv

The reactive power control channel
with the output reactive power of (.
system, amhda steh er ottwoor i's obtained-atxhis
ref er entcei ncutrhree ns y n ecyh rcooncorudsi nraottea tsi yosnt ¢
the rotor current of t heaxiimnduwontmpom ege
control vol paasei syhbbkr dyrwaruoso rrdd tnaattieo
mat he mattiicoanls eogfu at he r e aschtoiwBea i pTwve r5 ¢
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(7o) V] T Q Q 30
Uy, (VIR . ,

0 U — Q Q 30

L C¢d X

36 71 ,07Q
r . o .
.30 17 ,0Q 7 =—1Q
w ]

Wherée;6 are rot ol iwdhlet pgeoporti onal

rotor currnentsheon mddelylreadg fusttonnendcur r en
Q ,Q arreeferesafe watt mare current .x and

The active power control channel i
with the output active power of the I
theaxyy s referencg coordmmatea $W©eplxans e
synchisom@t ati on i s obtained t harxo usg hc ul
i n tyhecoxor di nate ohhatsem sgfnchhenows r
i nduction generator iIs obtained. -akhes
componeatrofort hcontrodphasktagachnend
coordinate system, so as to achieve

The mat hemati cal equati osbowBgi IBE2abt

17Q —Q Q
U
UFq 2
0]
. . C®
LY L - . v
l,lirQ v l:) 5 5
i V] - 0 0

Whertei s t he pgaipmorddgdnspornemint rol ke
the igaiegraddtulpegormeont rol liarti ve power

vallle iactive power reference value

Through theoretical anal ysi s, a s
MATLAB/ SI MULI NK simul ation software
bui |l t. Tshter udcettuarie elkds g@&h®wn i n the
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Figure 2.19. Modeling of optimal power given control

t hem,

t he

stator-axi sangoltage

coompbasensynchr ¢gythe

coordi nattree siyrspgiesm t he xgt or

t wohase

are th

g en & taonrd

e redferteme es tvatl aresr eacti ve

t he

outsp utth e" urro_txoyr"

l nput-aXxis_gulrenstt

synchrgnaocwordo tntali @omsrypute m" u

X and vy

synchr-pynoaoaascr dioftatee osmypsutte i Qs _r

X and vy

t wohassyenc hr onouys croootradtiinoant ex syst em

23. BDverall Mo d el

Based onmehe¢i @amede si mul ati on model
power generation system, a si mel @tuiid
s hown Fiimg ar ee

The subWiyrsdiesn the wind speed model
speed daMELSf dhet séVvbagst anliTTnoed'eli.s |a
the output mechani Wt htoughethd& whbpu
"v_eff" and the rotatiWihaandppradY bd g a
for theadael meendd t he power factor si
"Drive train" is a dr iWTemetchainncabddelor
the electromagnetic torque signal
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and WMTepeed " omg_wt " Powlehre tsunh ssydttheem c'o
of the opti mal power given met hod. T
calculated by the power rebweencef egneé
using the iIinput generator speed dat a

according to the required reactive poc

"i's _xy" and rotor currentn"geneyatar
"1 G" .stTaheor voltage "us_xy" o fe nteh'"ea tiios
provided by thel powercalubsgsestee” " an
"ur _xy" 1s proviRbevdrby émhhe odubsystem
us_xy P Us_Xxy
Electrical source —Plis_xy us_xy is_xy
—»ir_xy
ur_xyF—»{ur_x ir xyp—
0 —»Qs_ref = Yy
omg_genPs_reff——»Ps_ref »omg_gen Tef—
Power reference value | ~|°M9-9¢" Generator
Power controller
v-eff —»{v_eff(m/s)
: T _wtf—»Twt omg_gen
Wind omg_wt
Wind turbine Tgen omg wif
Drive train
Figure 2.20. Modeling of WECS
Theoretical output power 3gni nourldaetri ot

that the wind power generation si mul :
power curve of the wind turbine, fir
natural working condition i ntleartfiaocne sc
accor gpiam@ mehachd3cT hen, i nput t hienvwi ue
of 3 m/ souto wihred csupeed of 25 m/ s, and
control the speed of the wind turbine
the optimum trptegespeedfi soot hat t |
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maxi mum power capture and does not
theoretical out put power value of th
out put power simulation curve of t he
obtai nedi Risg &2hk wn

Table 2.3 Theoretical output power simulation experiment parameter setting

Variable Value
Blade number 3
Turbine radius 60m
Cutin wind speed 3m/s
Rated wind speed 12.5 m/s
Cut-out wind speed 25 m/s
Maximum power coefficient{ ) 0.44
Rated power 3.6 Mw
Gearbox ratio 1:119
Air density 1.225 kg/m

Comparing the Fsigrd@ b ttihon hree stunletor et
curkFieg2zaf t WE, rtelted t heoretical output
simulation system is basically consi s
reWT When the wind-ismpewidnd esapceheeds afh e3

generation system starts to gaearpersatag

the wind speed gradually Il ncreases,
i ncegagradually. When the wind speed
energy wutilization coefficient basic
energy wutilization coefficient iI's co
coef fiisciiemtprogress. When the wind sp
m/ s Wisharts to maintain the rated po\

operating areas of the two are consi
generation system under di fferent Wi

systenrrceacnt Icyo si mul ate the thworetica
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Figure 2.21. Theoretical output power curve of the simulated system

pawer (kW) b e

500 0.1
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Figure 2.22. Theoretical output power curve of a real wind turbine
14 T T T T T T T T 35
Y R Wind sPeeq 30
Wind direction
~ 12 20
@2 e
Ent 420 §
b o =
8 10 {15 8
) B
9 9r 110 B
g 5 1s %
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6 1 | | | | | | | | -5
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Figure 2.23. Input wind source of WECS simulation model
To test the system response of 't he
wind speed and direction, the foll ov

system input, step signals are used |
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I Fi g2 8T he i1initial val ue of t bbhawngded
m/ s at 2s, which basically reaches t
direction is OA, and it becomes 30A &

1.008 T T T T T T T T

1.006 - 1

) (PU)

1.004 |- =

|

1.002 - &

1 | 1 | | | | | | 1
0 1 2 3 4 5 6 7 8 9 10
Time (s)

(@)

Te (pu)

0 1 2 3 4 5 6 7 8 9 10
Time (s)

(b)

Figure 2.24. (a) Rotor speed of generator (b) Electromagnetic torque of generatot

For the rotor speed and el ectr oma:
WECS simul ation model has contr ol Sy !
after the wind speed and wind directd.i
enstuhe stable operatiohRi o824 he systen

During operation, the electrical p
Figa2z®8Because in this WECS simulaturoa
regul ation is wused, so It can be sece
fluctuat-phasdecuohreet in (a) al so ch
after the systemphassetabilbagedreinghbaol
the process, as shown i n (phas e nwoltthea
(c) shows the change of the active
Ssimulation data is consistent watbut h

of the simul ation model
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Figure 2.25. (a) 3phase current of WECS (bjdhase voltage of WECS (c) Output

power of WECS

24Concl usion2 of chapter
This chapter presentenéemceynbassicon
According to the rtesxta,r cthh &€ oand e oadiygod n
of the wcodyv eésussbtoenne dproageyawal yzed,
generated by the yaw system is optim
t he evnecdgygvesryssstoeem i s model ed i n MATLA
wi rechecgpyVvesgysstoenmwimoldetly pi cal cont rTdle
model can be used for the subsequent

the proposed yaw control strategy unc
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CHAPTER 3: BASIC THEORY AND CONTROL STRATEGY OF WIND
TURBINE YAW SYSTEM

I n this chapter, based oxx the arus
prediction hallgorcsleilambcignogdi t hm f or t he
WEC&Sre designed, and a simulation m
devel oped yaw control algorithm.

3l1Yaw c oanltgroorbiatshend on predicted wind di
31.. The basic principle of prediction

For decades, both domestic and f ol
research of wind power prediction met
power pfé&dBrgenc @emt years, research on
has devel oped rapidly, and many new T
the different model i ng methods, t hey
met hod, statistd,cal ntmoldleil g enmgt med &ron i
model ing method that i1 ncorporates mul

1) Physical model i ng met hod

The physical met hod, mai nly with
(NWP), determines the mdtwearel ¢ gimealp
conducting topography, wake and spat
wind tur bi nes,cadbet amentse omiodroogi c al I nfo

wind direction at the hiubnahleliyg hstolovfe st
of the wind turbine by following th
conservation through the mappi hg28B¢I ¢

This method does not require trai
support-prodcihsiigophh met eor ol ogi cal fore
rel atively accur at et earnnd fnodrries]@sdtdiHagwle &
this method relies on a | arge amount
the cooperation of experts in multipl
parameli®iB6]and the model I s very cor
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whi ch makes the method inapplicabl e I

2) Statistical model i ng met hod

Unl i ke physi cal model s, statistica
patterns from historical dat a, I . e. ,
tempor al I nforma37]JonCoinvenhe odat ast at
usually takes wind power time series
establishes the mapping relationship

values according to tclaei pnoc pags amet ¢
model vRLB8AtiIi on

The statistical met hod i s simple t
establish the mapping between the in
predicted, and then the predicted val
t heaanered data. The method is based o
I mpact factors for featur e engi neer
met eor ol ogi cal data and power data f
met hodsesagieonm ed)B&® Ity anes s ¢ rli4dd K anmentamo o |
[ 141fFandom ti nel 3s7eguEemsometivheadt or [madc2h

and so on.

Statistical met hods are wusually ea
economy and save computing power, hoyv
nostati onary characteristics, only tfF

achi evemaimeresults for wind power pre

time range (48 hours) using these me

[ 143KY4]To further Il mprove the accur a

optimization of the wind power model

unstable over | onger time ranges.
Overall, the statistical met hods ¢

results for wind power prediction by
timend gppeeadent i nformation in the d

poweramdatmet eor ol ogi cal dat a ar-®t a@atait @
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characteristics, and it 1s difficult
power data wit hstnaotniloinnaerayr cahnadr arcarer i s
i mprove the accuracy of wind power p
wind power prediction model

3) Intelligent | earning method

With -dédegt hndevel opment of computer
the continuous I mprovement of machi ne
of artificial intelligence theory, ma
nedr anet[wofrXkpgb]wavel e[tl4ainp8 g s pport Vec

[ 149ftc. have been extended in stati:

The essence of the intelligent | ea
bet ween wind power and related iIinfl
analytic formul a, but to establish a

bet wepeunt iaand out put variables with ar
| abel ed data and use thlelichhip2pged mc
I ntelligent | earning methods have
because they are more adaptabl e and
equations, and a | arge number of re.
| earni ngf tmen hoelguiore a | arge amount
[ 153]and the | ack of theoretical gui d

di fficult to interpretr,eprreosdudlctiibnigl iitny
model s they construct, and the need,t
which affects their applicability.
With the further devel opment of (
application in various fields, resea
met hods in the field of wind power pi
mul tidrgcrpkemaach in statistics, neu

uses Back Propagatioh5NEoamnwadbl INeit ovioa Kk s
(CNNLS55Recurrent NeUurlasle pNrect twmoe kp r( eRAdNING

correlated wind power time series,
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effectively avoid the gradient disape¢g
traditional neur al net works prone +{o0
term wind power output power predicti
manfyeat ur es.

4) Combination met hod

The combination method is to combi
full play to the advantages of each n
so as to i mprove the wind power outopt

Literdthursjed a combined time series

met hod, using wind speed time series
features as input attributes of neura
and train eidti,ctainodn tahcecupr acy i S | mprov

Liter[ai5u&dembi nati on of di fferent |
forecasting models outperformE5OQdmd i B
physical met hods with intelligent Co
NWP and GPR model with significantly
neur al net wo rLiepdljjay itthee ateugeecti ve adyv

and intelligent |l earning models to cc
series models and RBF model s in ter ms
At present, fusing various types o0

carry 4dwtrmsiwomtd power output predict
i dea oeafl goulittihm combination is to sel

al gofiorhmi nd speed and wind power <che

for prediction research. The combine
each single method to be fully wutiliz
ti ma esermet hod, which is one of the

devel dplnpelngt 216 3 ]
31. 2 Design BIfmapm emde crtalvenet wor Kk

An arti fici al neur al net wor k S an

on the knowledge and understanding of
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functi ons. | t iI's a theoretical mat he

which is highly oramlciomgdre xand gdeamlp eor
According to the information fl ow
the neur al net work can be divided in

Feedforward networks have complex no
hi dden d awenbki mear transfer function
network is only determined by the cur
do with the previous outoput of the n
recurrentornkRINFNJLI§ 4reeSt]wr egr essi on netw

feedback neur al network includes the
there is a feedback input, It i s a f e
system is the changtapeocthbsoprotess
state in which the neuron state does

earning process.

The dynamic | earning characteri st
determined by the feedback form of ¢t
net work are relatively dilvaeyere, outngd
neur o-h elsakcl kf, and mutual feedback bet\
neur al net works inclfddeé Holprha re | de [ndeéulf |
and Boltzmann ne8uimabadeswoeke Hopfi el

The neur al net works often used fo
neural network, fuzzy neural networ k,
and so on. Neural networks havel saror
seddapt, data fusion, and other feat

i nformation from a set of historical
be solved by traditional prediction
nonl i nearg rhampgti on, which can sgpjpreaox
arbitrary accuracy.

The vairwiamndoai rection is highly ra

provides dampelagx dmdm. |t I's di fficul
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model by applying traditional statist
it is difficult to meet the desired
expression of complex nonlinear mdppbo
build an accurate mat hemati cal model |,

The BP neur al net work is the most
nonlinear dat a. | t has the advantage
derivation process, high prediction :
st dteiedf or ward network. The random -na
time dynamic system, therefore, using
and static modeling to predict the wi
a etohr et i cal poi nt of View. EIl man neu
net work, can compensate for the short

The EIl man nwar al bet®®Wloman vioiposed c p 8 ¢

problem in 1990, which is a typical

El man neur al net wor kRBFE meurexlt emesti oar
of I nput | ayer, out puelxd e @]/ OWlind dtehne
net wor k, the feedback of the hidden
cont ext l[ayerBaeceauve t he connection
store the output of thélglé¢viously hi

The El man nehbmdsda moset wdbil k t he advan

net wor k, except that the EI man neur al
from the hidden | ayer to the input |
the net wor k, retuasingpeéehetiresuinh DIR:¢
| ayer with a del ay. | t I's a dynamic
feedback, store and utilize the outopu

the m@deolfi static systems and the ma
respond to the dynamic characteristi
net works in terms of c omputf[alt iRBd]gadl ep

show&fltmlae neural network model diagr :
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Input vector Feedback tansig layer Output linear layer

e e N

a'(k = 1) D §
4
S' x R il .
p s 0 =
1 > 2 o i
2x1 1y S*x 1 Ly , 5 x 1
: or
S x 1
1_> bl 1_; bZ _/

St x1 St x1
NG “ & J

Figure 3.1. EIman neural network model diagram

wh e'r e
1o oatman B0 Bp b @
] Q noit Qe Q w
The EIl man neural net whirkdaéwmesr t@fnese a
and purelin neurons in the output | a\)

function with arbitrary accuracy (in
of two neur al net wor k | ay eernst, nruengoaerrd i
the hidden | ayer iIis required to achie
function, the higher the number of ne

't is worth noting that the El-mawgwe
network in that its first network | ay
the previous moment's value and appl
ewmwe an EIl man neural network with the s
out puts at the same moment for the sa

Because the EIl man neur al net wor Kk
mo ment s, It c-dmommhbe ar adnddnoasilpna tpeartet er ns |
to produce both responses to pattern

patteuwtns odudipanien variation relations o
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1) Mat hemati cal mo d e | of El man neur
I n the actual use of this paper, w

feedback neur al nefFfwgBRemodel , as shc

Context layer

Figure 3.2. The structure of the EIman neural network

The connection of the i nput | ayer,
of af ewar d net wor k. The units I n th
transmi ssi on, and the units in the ol

| ayers have two types of excitation
excitation function iIis taken as a Si
designed for remembering the output v
uni t, which can be considstegd dsel ayde
t he hiddenl ilnakyeedr tios tsheel fi nput of the
storage of [h@4AF&NthelstnKkledgfee rmakes it

dat a, and the addition of the intern
network itself to process dynamic inf
mode [ ILlid§]
For the context | ayer, there are.
80 Q ®Q p o
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For the hidden | ayer, there are.

80 MO OIQ w0 o
For the output | ayer, there are.
/| E A8 og

whefEBei s the excitation function an

P
A ) od
The | earning algorithm derivati on

f ol |Doewsi.neer rtore functi on of an EIl man ne

% 206 oo 2 o o o)
C C
The partial derivatiave sofobtthme ncedanrd
to the error gradient principle.
1 O 0O U0 Y E®TQ
R V] o
Le t 0O 0 Y E,
r o P
G o
Where kK = 1, 2el; j = 1, 2¢é, m.

The partial derivati weoofEthe giowna

T O T OT® Q VG THQ %
o T lo “OTe o
T(I)TQ T ” € n Y [ 7~
. - Q W WwQ w 0Q
Tw Tw

”n N s T € T (I)(!b
Q w Q 10Q W o o T

Using the same method to derive t h
wei ght sweW obt ain
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where k = 1, 2em; ] = 1, 2 e, m
TQ)TQ T € n Y,
: Q W Wl w 0Q
Tw Tw
o e R BAY0)
Q w Q wwQ W o 0P C

2) Learning algorithm for weight <co

For recurreeamorrkesuyr aslometi mes a st at
correcting the weights for simplicit"
neur al network is not only related to
before k, mgnawmies | masihi be used when
BP neur al net works, the algorithm of
al gorithm. Il n contrast, i n the study
algorithmdofctharderul p1T7a[fg&Em®érnaladydiu
are two methods for computing recurr e
the other iIis the online mode, where c

Define the error functi cen nfearr att hen

mo me nt k as:
%E g N0 w0 o o

Wher®®Qis the expectddootppat nofdet la
Le©DQbe the error between the expec

-t but put nodke Bt emoment

N0 00 w1 oP 1
The weights of thareeur al net wor k
1 0Q ..

VO p 0VQ - YO Q oP U

T o

whewcean represent t hediwdiammtustouft ili
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For the weights of the output | aye

RHE TE TR TQ
Tx Q T

ME R TQ FOQ
AQ FOQ T

~

Q0 Mi Q i 0 oP ¢

For the whidbhaweof shmilarly we ha

RoE B0E T Q
Tx UQ TR
TE ®WTQ FOQ W71
QO FO 0 Wm0 TR
a0 oi a9 o 0  Q
| U O
=y P X
|l f we Q@ et+— then we have
- T WE TOQ
[ Tx O Q T
MMi Q ®» Q 0 T 0
-ﬁ(
. . o Q p
Q1 Q w Q 0]
Fx
i 0 ®» Q 0 I Q p oP Y

Then we can get
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'y RoE o~ T~ o~ 1 . x
Q0 Qi 0 0 Qg 0

P
rr B B _
I;rr Q Qi Q w Q 0 I Q p

v

Wh e rre : TP hAQ plfittre .
Similarly, tboeniweyght arfeor the

v THE Q0 Qi 0 Q70

I'p Tx

o og Tt
gl Q@ Qi Q » Q p O 1 Qop

L

Wh e ne : mHAQ pigfhttre.

3) EIl man neur al net wor k weight stab
We use Lyapunov stability theory t

neur al [MGtQVHolt]& 2 T he Hod.f3i)dketdt he gl obal
used as the LyapunovEq.GnidrdE qf.r8,),Ww&n ¢th alvy

%E g 0 Q o] p
To ensure the stability of the sys
YOQ p 0O0Q p 0O00Q n ok C
That i s
p D 7 D 7,
c Q Q p QQ o8 o
When the neural network weidpE iwva
A Q A Q

—30 ftt QQ
T o T

Subst EQU3 )i2aE (. 3 ),@8 get

AQp Q7

— 30 o T
0 &y
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Y%E p

P o~ reaQ . rQeQ x
— Q Q ¢ —30 Q Q — 3V Q Q
C T 0 T 0
P TQTQ&’ 0 Q TQTQ&’ &
— — 30 — 30 o& v
q T o ¢ T o
With small charkgé8)dan tthee amvep rghxtisme
5 1 '0Q 1 0Q 127 00 'QQ
A T i 10 ro B¢
Subst EQU3)iI2BE@( 3 ), @& get
3%E
0 Q . 0 Q . [OJNO)
P ! - 30 Q'Q'QT - - 'Q'QT -
S T o T U T 0
p 1Q7Q
G T o
.. 1Q .. 1o 1QQ
- Q0Q - cQ Q - — ;
T 0 T O 0
- NN 1070 -
P QQ ! ; ! — ¢Q Q
S T U T O
.17 1o
— Q Q ;
T U T L
. N0 1Q7Q
P _ QQ T ; ! ;
C T U T o
00 070 raQ 190
C T 0 T 0 o8 X
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Accortdagf@ )RriEq( 3),2 Wwe get

¢B B Q0 Q0 TTQUQ T!TQL!,)Q
mos — o 0§
B B QQ TTQL? TTL’)
le t
B B 0 Q Q0 ,lQTQ
C ,TB a0 o8 W
B B Q0 Q70 TTQUQ 0
Then we get
T S QL oD Tt
Eqg. YX®BEGOE3)B9® the convergence r anc
| earning rate for the EIlI man neur al n €
4) Determination of | earning rate &
neur al net wor ks
Accor dBiog(gB3 )itdde di agonal neur al net v
and j=1, at this time, the range of v
can be obtained as
C
m s T—CXI o p
T v
| f w€ sdtAg— , then we get
m s CC o® C
| #Ew —— A @ the | earning of outpl
hi dden | ayer can be obtained The ranc
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ooms S
1P
m S ; o® O
'y € L
’ q
S T o
This result I s obtained —becaduwms e riatc
optimal value of the | earning rate of
v s S
I’p €
S ‘,C 0D T
I'p € U
’ q
¥ T o
Fi g88shows the process of the EI ma
prediction: i nitialize the networ Kk we
normali zed wind direction dat a, and
gradient meadods Tlrei vsad unt il t he
requirements [blefoB L] predicti on
5  Prediction performance analysi s
The prediction performance anal ysi
opti mize pehé ommdectke, and the mean s
correlation coefficient R, generally
of the neur all 85eMeaevaonr ks quoadred d err or i s
systematic error, it represents the s
values and the predicted values diVvi
the MSE to Odetvhat smal aemonghéhe det e
values of the two variables, i.e., ¢ttt
correlation coefficient ( R) I s a st a
correlatienvbei wbéesthThe correl-ati o
The value of | R|] i1s closer to 1, and
iI's higher. This state iIs described as
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Wher e:
U-the
U-the
w-t he
w-t he

Il nput sampl e dat a;

predicted value;

o v

mean of the predicted val

me an

of the sampl e

Establish Elman neural network

v

Initialize each weight

v

Output sample normalization

»

AA

Take a sample, forward propagation

v

Calculate the input and
output of each layer of neurons

v

Calculate the error
function of each layer

v

Error back propagation, adjust weight

No Exhausted
training sample?

Yes

Calculate the average network error

Accuracy meets
requirements? Yo
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Figure 3.3. The process of the Elman neural network
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3. 3 I mproved automatic yaw based on |
Normally the yaw controll er sends
on the windnadcierlelcef ilp@&es]iairedosi g n a l can

me a nii n gsih®iweg G.4. e

Figure 3.4. Meanings of ASS signal

When ASS=00, it means t huwrti tt hdeaes ir
make yaw action (ASS=00 does not meart
the axial direction of the blade, but

When ASS=01, the nacelle drives th
forward.

When ASS=10, the nacelle drives th
reverses.

When ASS=11, it means that the uni:
in order to avoid the winding of cabl
be opposite to the direction of the
recds the direction of this obtuse ali

Il n the existing automatic yaw cont
average wind direction of the first
and this execution process wil/ have
numbodr yaw actions to a certain exter
probl em, we propose an i mproved auto
predicted wind diOmmavintnidom i wietch i tome afsi
yaw atheoworkfl ow diagramwof st Bi&g Game i
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Continuous wind direction signal
and nacelle position 6,

Y
Wind direction after error

\ correction compensation v

Calculate the mean Wind direction predicted
wind direction by neural networks

Comprehensive wind direction v,

and yaw error y=v, - 6,

i

Read the last obtuse yaw
direction and rotate yaw
motor in this direction

'

Yaw motor reverse Yaw motor rotates forward
* '

Start yaw counter

N
N
Counting time > Time to deflect 360°?
Y Send the yaw

Automatic shutdown, send completion signal

weather vane fault signal l

End

Figure 3.5. Flow chart of the improved autgaw
The specific process of the i mprov
yaw system is as follows: take t helOwi

mioontinuously before a certain ti me
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direction dat a, calculate the averag
during this period, andOmbadiedt onhheéh
wind direction by neur al net wor k; s u
predicted wind direction toO abtTahien nt
average wind direction and the predic
obtain the integrated wind direction,
contr ol according to the iIinteagtat ead e\
I mproved automatic -gawreoneédowi mded:it
tol erance angle is set to 9A, while t
still consistentomathcthawecgostiolg pr
32Power @dmtorolt hnniblas ecd dambc hng
322 The basic hpirlilnccslplanebtigiiogr i t hm

Hi Icll i mbsienag( cHSJ, al so known as hil
[ 132BARBO9) s an artificial I ntelligenc

extreme value point of an unknown f ul

continuously apply a series of rul es

checksi nogutiptut , i .e., using recursive

ensure that the output is gradually a

the output value infinitely close to
1D Fi xetdbpl | cdeaambtibhagr i t hm

The trahdiltli oodaalabt magr i t hms tuesg s o g tiix
searcthaPurP2phnd when the wind speed or
experiment, it will cause the system
t hkae s ampl ighRgndet he wi nd dadgdTehcet idoinr ecchta
command signal rcéeq@uwnlgaet @orT atbd.les lwo wrd | n

I f the power sampling time 1 s Cco0mg
wrong information a®owitl It hbee pobMeai wed
of the system at the operating point
Thdroe e, the period of power sampling

wind directilonn tchonst rsoylstleonop.t he oper a
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4 times | arger than the adjustment pe

Table 3.1 Disturbance discriminant table

~ ~

Judgment ( w0 T Ww T

Ww—Q p T W—Q | w0 1

Ww—Q p T W—Q T | 0w

Ww—Q p T W—Q 1| w-—=Q

For wind power gserkeprldt icelsianabtidney if ti h
many di sadvantages: the fixed yaw pei
wind direction; the torque pulsation
observation and c¢compoautipsaome ro fi nt hteh ewiyt
stepped variation of the wind turbine
perturbatioun posdiees of hé he wind tur bi ne
t o haero.t

2) Vari abl e Bitlelp ¢sednagabtihghogr i t h m

The vari abhiel st sleiamlEidgg ht hm i mpr ov
onetbasis ofhtitlhle d¢slheiaaicthme nah m by usi
value of varihpi1®4pPa®@EPI7dpgetchs fsi hcoad Il dy
i ncreased approprrcatehycwhegesheawi dd
perturbation cBqg( 3)e3 determined by

3 + — o v
| o

+ coefficient to adjust t he win
determined experimentally to obtain s

opti mal operati—hrgspothus mh&i hgr g be
track faster, and when—tbepdextoefhe m

turbine have a smoother power output
The | ower I i mi t of tihe gatw PpEprtapr

overfl ow when calcul ating t he power
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perturbation value wil/ be | imited b

yaw contr ol cycle, there is a wind tu
turbine position to change, so thahe:!
two control cycles that are separatec
power sl ope is always wvalid (the den:

with variable step perturbation cnadn

direction is changing rapidly, so t h.
tracked faster, and a smaller yaw per
i's changing |l ess or constant, so t hat

stable wind direction.

For varitiepblyeaw control , t h-e h aanl ggeo r
commands t hat cause dramatic fluctua
obtain fast yaw control, a relativel.
a | ar gle fcapcnttotrboe position of the wind

make the yaw comntarsosl fsinhaotoetrh,i sa ulsoewd

controlleryaw conmmmamd-ph&Endreheeaocty of
| ittl e | ower than the frequency band
pass filter can beridmpl admdrfteadk nwiet e q
t hi spasosw filter itsr atcok i magk ec otnhbte owi md 1

and smoot h.

3) I ntelHiilglends @ arebti gnogr i t h m

Al t hounhghl It hceleiamlicidimg i t hm can be useq
wind turbine position tWE®S itnhienawien dy
usually changes himimle ddsleitamliciprogvh € h mt h s
the position of &i tékr tshd arbavn gedd gdd o netcit
well when the turbine inertia is very
to the wind directioh98]Boral masge i inst¢

system output power is interleaved wi
rate of change of mechami ¢ &l cs$el anmiedhdn @e
that 1 s not very effective.
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I n order hiol Imad¢sles atmideidnhgo d apWEC8®ab h
di fferent | evel s of wind thuid i ncd & amba
algorithm il19@pP8ThreoposeackFipd B8B.€ s s h

The inhelli geemmbkdogi t hm us ag ia edi rc
met hod t hat combiilnle scsleibBmixinmae gbr @i hénc
driven contr ol t o-mé meanp/pad yc oymapM ectoen t sreo
principle behind thmesmcalpgpadtryi"t pm oicse stst

starts with an empty smart memar,y awmidt

operation, the training mode gradual/l
bw he adhialnlc eddleianabcignog i t h m, continuous
dat a. The algorithm reuses the recor
and t hi-me mesagpprlogd will keep repeating
system characteriThtuisgs aif$ eest el as ged
its performance in tracking wind dire
dt dt
0 £

Mode switch rules

. .. Applicati
v [nitial y [raining v hplcation
Advanced hill-climbing
search and memory rule

updates

v

Intelligent memory

Direct current drive
control

Maximum power error
drive control

la
Ll !

v Hsf,ep
Figure 3.6. Intelligenthill climbing searchalgorithm
32. Pesi dindldif mbeagthborithm

Ai ming at theatpwamd emsa sodr enament er

neur al net work predjch@ailoln cua e amdbki ghogr ie tc
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proposed to control t he yaw pmedharmins

nacell e when t hseo ytahwa te rtrhoer noocrcnuarls di 1
rotor I s always consistent with the c
capturing the maxi mum wind energy 1is

The yaw system of the wind SHSeacti.@aas

The wind measuri ng deveiactehauw® s se adt mhaen @/

can rotate freely with the wind, and
and the anemometer I s used to measur
weatwhaeme are usually installed above

consistent with thd apdeeama, sortelcat ont
di recti eatwenrd haendav t he reference dire
bet ween the wind directi dn amlrean ea.h Bl snt
wind direction sensor sends the wind
angtleel ectri cal signal converter. When
all owabl e error range, the contr ot he
yawystem composed of the transmissio
corrective actidmsactko trhaek evi tnide arcawe lal

Because t heblwidnedbtuebce@eehas a | arg

direction sensor, and due to the di s«
we atvhaeme wi l | swing continuously due
the |ifetefl etcheiamadg!|l si gnal C oenavtehretrer .
the wind turbine is wusually relativel
bet ween the nacelle and the directiuah
direction of the wind. It is easily d

the cost of wind turbines has al ways

Il n order to effectively control t h
application ,dPfl Kaolnmaml|l fi lftugarzy contr
controllers. The yaw controilvedghradm
vaneBecause it I's |l ocated in the do

unf avorabl e factors such as turbul en«
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insufficient, so thatdetahe ovbawdalcgsaid:d
the winwwichamgeédbe r @mddechviiihkeAaecetheans
the windSai ceatiroh al gor i t ham twh &trhoowf in
t hdel rection of. whhmdl | i sslepambcphao gaesdg o s e td h t
the generated power, and according t
corresponding algorithm to control t
maxi mum power value point. wEkit © ear dy @afini
thwei nd dbyecomparing the power output

Thaill cddanmbdmgalsgarnittriomMuced i nto
optimize the yaw control shetéemmeTlod
turbine tr acnkpirnogv e¢ hteh ewiwidn,d ener gy ut
and prolong the serye2¢e&l2ipf3g of t he v

The specific cothtasolt het wamelgydiirect
gi ven Ovadsethe maximum value of the
vari @balse,the detected instanzameoulse [
speed dirwthdon The power chlne Oal
30 is the power change value when3Q he
0 0 pFis the power di fafiesr etntcee eagdaieann 1
constant [veslnnatentfi dn angl 202 R2PE ]y aw

(1) When the wind speed iIis const al
Pbf 0 tAT &, as can FhbgBFe@aen thdBmMO i me
n— 0 tp AT©S, among t haexn,s dies itntee 3ygpxoiwns

iI's the positioning axXipasn bafVet hteh ey acwi rnvoe
wind directfi ogs .3n°S,i ntckee aytaw motor ro
directyg obhheh ¥ontinue to perform faw
3 n n33 33 3,3 33 ,herefore, the yaw

the original direction, and the sampl
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-
0

Figure 3.7. Hill climbing searchalgorithm when wind direction changes

(2) When the wind directi on6 rcehmanign

froom . As <can Foieg BBesdn 0f r o D ),
yaw motor is startdgdtdcouvsmamel ¢ngebcwim:
b 3 3D, i ndicating that the yaw dior
[, thers® BB 3t i3dbl, which means that t
changed, but the wind speed has chang

position.,
7o) A

D%
/] max

2 max

6 6 0 0

Figure 3.8. Hill climbing search algorithmvhen wind speed changes
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Feedback control design: after the
such as the mechanism itself and the
whet her the wind turbine nacell e rea
deteactsihoul d be performed whehRi gy8%Eeheg

detected signal I s transmitted to the
the yaw system is compared according
control area. Any deviations wil/l be

Accept the main
controller signal

<o i

x

Yaw controller

Y

HIll-climbing control algorithm

-
calculates the yaw angle
Yaw motor Compensation
rotation 0 angle processing

Whether the nacelle is
rotated by 0 angle?

Figure 3.9. Yaw system feedback control flow chart
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When apphyyl hgcstehambcihnghbgoyatwhmont r
as generator out put power detecti on.
parameters need to heORFRPbgp8l@adoevd & me

di agram of the source departure for ¢

i ADC1 | MCU
»| Current shunt > Vgltage Amplitude > |
Adjustment Network ADC?2
Generator
output
_ | Resistor divider .| Op amp isolation | Resistor divider
i network il circuit 1 network

Figure 3.10. DC power measurement principle block diagram

Theutpawer of the generator chanara
curnemafter the microprocessor0 $amdpl i

For gelme,, at oer e are many ways to me
easi er methods Ii$htbeempassere bheée s$hn
rel atively | ar gpeh asrer opro wehre ni st hneo tt hbraele
met hod to @Gepewer, tthlre Aresul t s afrcr muwl
i Eq@B3 B

0 g 6 006 6 0°Q06 Q6 o @

whebDeOan® Oare the | iEnCeamnwid Otaa ge st;
phase currents.

Il n a cycl e, the voltage and cequal
intervals according {@08phaqui $th'es hs g
number of voltage and current shoul d
the number of sample® Tbed® TcEdl & 1bteo |
denotndg Btamepl e vabDle,d $d& Tt hGatl ET. When
even number is used to equal iEZg336)bani
be approximated wusingheSdenps®oOnd @ar enet |

vol t DPeQo are phase currents.
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aln
2
2

L & L & od X

where k I s a natur al number .

The main featur:es of this met hod a

1. the calculation results are mor
2. the power can be calcul ated for
3. the amount of comput at i-opadd d@mn ¢

or DSP should be dsenke tperifmmpmawne et lod

Theut paowver of the generator i s not
wi nd, and i1 f the jittering frequédéntl
cl i mbe aaglcdhor i t hm, Pt owi | affect the
so it s necessary to calculate the

cal cul aB@R@3Busing

~

0 o Y

Q~| CA

whebées the aver adgies ptohwe ri rvsatl auret, an e
m i s the number of power sampl es.
322 Bmproved automatic yaw based on pr ¢

When the wind direction changes, t
wind direction and the wind turbine &
or yaw e+rowhiaolgles rel atedthe whedw
ang+e and theogé¢epetapoweri gadt s hown i n

Then the output power of the gener

0 0 i{wé+ 0 tATOH — 0% W

whebObeis the output power of the g
utilizati on.

Fr cEmg. (i3t. 3c999n be seen that the genct
the wind direction changes. The | arge

power is. The generator owtpmut power
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.

»
y =3

-90 0 0 90 0

Figure 3.11. The relationship between generator output power and yaw angle

I n order to achieve the purposehiafl

cli mbeamagch ebdgobetuamed to first find

and t hen

control the yaw action of th

—anglenepaw@he schematihicl Idi eslgiramimihoda & g
showhi g &1 2

p
P
A S et
By s Al g
B feooeeoencess e
Ll
p femmmmee-- <> : :
2 A !
o '
P, . : ! '
Ay :
O :
< "
b :
-90° 0 90° '

Figure 3.12. Schematic diagram of HCC algorithm
The variables involved hiin |t hcd @ gnia

al gomarehmt he current c9c) et pbewrextdep:

power detelOctjonhhegaduéference bet ween
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Yo 0 0O, the maxi mum al |l0ocw@b,l et teag rirv
valQe , the i niftifal) Yalwamegtbhe power

generator at difflesenheypawwmamgheésof a

—

he two power detections.

Let the wind speed be fixed and th
decreases in the case of a change 1in
current detectled OpawércompaeesstOhe m:e
0 swith Ohtho oé&termine dDhedOmagmdt udeal
whed®f 0 s 0 , the yaw motor starts r
direction (a random direction of rot:
here the direction iIs fixed as count e

As siOgnt @ , 0 . e0 , . The yaw contr ol
currently det@ct 8€d aowehi vhl peint t he
by an HBnhY0 emeofg0s 0, then the yaw mot c
in the counterclockwise direction, b
the design requirements and the yaw
direction. |l n tdwer waal, ud hies ded retcit rewdo
o fP O sis judged, and the operation
according to the (§ ud@merdt 0 e,s ululr dhiaWie
yawed btyjangl esYost Ben which indicates t
reached the design requirement, and t
this yaw, OGmaker the next yaw contr ol
When the wind turbine yaws for the

to the direction of wind change, @&P<C(

—

he yaw motor is turned in the wrong

hhe opposite direction.

Il n the act WEICSowemnadt ispeedf i s not f
speed can interfere with the nor mal
speed changes, the HCC method based o
The out put power odhanrmge gseingemriaftioaa ntill
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changes® Wbeg 0, the yaw control proc
yaw motor wil|l rotate in the iniUainagl e
i f &eP<0, It can be determined that tF
wrong and twvhiel |ly arwo tnmeotteori n t he opposit
controller. When the Wandl eur dinkl r ak
can be determined that i1t is the wind
and nonegadved,s then the wind turbine I
and the current detect@d. viHaireefodr @,0w
speed changes, the generator will red
the wind turbine rotates to under t he

Determination of:tcoméebl tpbaramgquer
and reliable operation of the yaw c
reasonable. The Mameamnsm pbawertleer syst
a certain wind speed fluctuation and
starting of the yaw motor to reduce
power changel mulse Vva&l Wetefr mi ned r eas
contr ol ef fe@tmustth eb ep addeatneerteirned r eas

FigBt&hows the schematic diagram o
controlt mooatnorb.e s ee® moheetn:t , b etfhoer ep otwhee
0 0 M O , the yaw motor does not m
not starGQmoméney the average powkr Vva
0 0 and meets the ®Htamnt sclondi t he
mot or wi | | start only when the start
wind turbine axis UWbuertmwse etnh rtohueg ht waon paol
mi croprocessaor gets a new averaged p
calcul ates a&P. On¢Gs Qhiesn ¢ ehtei scfoineddi,t i
stopped and this yaw is finished. OtfF
the compari son 90s ® hceo ntaigmu & su duen g061 ¢

O i s satisfied.
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Averagc power curve

Figure 3.13. Yaw motor start condition

After the yaw motor is turned on,
wi || gradually tend to t e g @tdhedipae
di fference &P will gradually decrease

can be considered that
Yo o o 0 o O o8 T
Ther ef oddkeet,er mi nes how often the ya

parametadrf ects the controld dfsf ecto soefn t

the control system will be more toler
time, a certain powbBri dosasl evctl éd bemale
early maximum power value, the yaw mc
reverse directions after starting, w
actual situation anid expeci @ncd edfc wi

can be selected.

The program flow of the microproc
according tohthEk opskeiammbcigpgra t dfm, and i
di agram i Bi gBbdinhiisn fl owchar't has th
wireframe iIis the part to obtain rel e\
wireframe is the part to determine wl
in the C wirefreama nies wthlred hgar tt hteo ydevt

of f. I n t@dsfltchvwe alcarutmul ated power Vv

power count; m is the ®otdab & ctchuensuel apt

are the power values that have been ¢
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Initialize. let Ps=0,
and k=0

_| Obtain Unc, loc, calculate P=Upclic,
or directly obtain AC power P

v

Ps=Ps+P, and k=k+1

Loii(t) =Puen(t)

v

Pun(t)=Psm, Ps=0,
and k=0

Change direction of Turn off yaw motor.
yaw motor let Poa=Pue(t)

|
|
|
|
|
|
|
|
|
|
Pucw()-Pou(t)>0? |
|
|
|
|
|
|
|
|
|
|
|

Figure 3.14. HCC algorithm program flow chart of yaw controller MCU

3.Bombined yaw control strategy
The bl ock diagram of a WECS wiFti lgual
315The rotational power of the turbi

gearbox to set up t hfer erquteonrc ys p evaad .i a’

produced by the electridalequemaeryat dn
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the use of#atcwo chawlerters by applying
capacitance filter Is inserted betwee
guality of generated power that s i

current har moni cs.

5 E [RIE

|
Gearbox : Grid

Wind turbine

*

Neural network
— prediction
controller

r——-- ____'il‘_-__ T T
" |
Space Vector | Space Vector |
Modulation : Modulation |
|
* ® I
step 'l T T Z :
Hill-climbing MPPT d-axis || |
current : |
controller | |
| .
' |
' |
' |
' |
' |

|
|
|
|
|
|
|
|
|
|
|
|
|
| |
controller | X
| | controller
|
|
|
|
|
|
|
|
|
|
|
|
I |
J

Yaw system

Figure 3.15. Overall control diagram of wind turbine

For the active yaw control system,
neur al net work predi dtiilve cde@amtbalmiga lag
adopted. Il n this way, the yaw motor

direction and position through the ne

the wind direction in real ti men Basl
t hhei | | csleiamnbcihngabhgobet bmed t o make wup
gal of accurate yawedutbhergdw emaxomi zi

The yaw control of wind turbine ad
contrhill landleiammbchhagor di ng toatherwcodd
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SCADA s ysttheemneur al net work is wused t
system is activated to track the wind
direction dat a. Since the prediction
(aboutthi2sA)angl e is difficult to use t
iI's sacgsto usehiplolwesleiambodhogilt {m) t o e
The output power of the generasot heha
power of the generat olmi | IAmcsiepmlicipmgn, t
power controlyavwnprsdaoesssen the wind t
t racakcicnugr acy of the wind turbine and
generator set, and e rwil md gt urhkei rsee.r vi c

Figetés a flow chart of the specif
specific I mplementation process IS as

(1) When the wind turbine iIs comméaic
system and tdneac ¢ | It ed, qohadd i@tdit alnvgr ect i on

(2) After detecti nghatnhde trhaec ewi lged fpidorssi
the A control part .

I f the nadelsl emop o eiqtuiad n t @ tihte iwnidni
there is a yaw error at this time, w|
neur al net work to be executed first.
the SCADA system, and thentushegwt hd
the future wind direction data can b
According to the predicted wind dire
cotroller, the coaxially connected r €
sl ewing bearing between the nacell e :
gear to drive the nacell e to r ot ana«k,e
the nacelle rotate. The nages$ti ewi sdwaéd

| f t heponsadheilblse equal to the wind di
no yaw error at this ti me, or the ya
and enter thel parcsteiamécihmga btgheed i © h mpo we
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e e s T e e e

Detect nacelle position 6,
and wind direction v,

Input recorded wind
direction data

v

Using neural networks to
predict wind direction

v

Start the yaw motor and
rotate the nacelle to the

A 4

predicted position &,.gic:

Start hill-climbing control
algorithm

Obtain Upe, Ipc, calculate

¥ P,ev=Upc*Ipc, or directly obtain AC

pOVVeI' Pnew: Pvldzpm’w.- A])zprzeu"[)old

Turn on yaw motor

Turn off yaw motor,
let P mux:P new

No

Yes

Change direction of
yaw motor

Figure 3.16. Combined yaw control strategy
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(3 When the wind direction predict.
compl et ed, It means that the nacell e
However, since the results predicted
prediceiamweragehwind dihriddt icdeiambrihnaa I
is used to eliminate the error cause
remaining time of the period.

41 f the yaw motor is not turnédl:t
cli mpeagkggorit hm. |l f the differeatctetl
current moment and t Be insa xgrneudt,eoru ttphua
the starti nhgi Iplosasleiammihrodabgbei ebim t he
the next measurement <cycl e; ot her wi s
start hioff|l t &seaanrbcihn gé log areittelcrh t he out p
measurement cycl e.

(5) Whethhe yaw motor has beenhilulr neld
seaalkfpor itthhem.dilfff erence between the o
0 and t he out put power Oati st HeesOpr g\
D 0 s 0, turn off the yaw mbdt o taonc
end the yaw imMthls 6yan@®. OWhem ret u
t he startinkgi Iplosaleiammihrggbgbei ebbim t he
the next measQur ement, cyhalnge itfhe direc
and t hen rearttuirmg tpootlstiHhtdi oxwleiambcihrhga b gd et
the output power of the next measurer

FigBXIrBhows the operation of the pr

When measuring the wind direction, t
mi nut es. Therefore, when designing t
cycle is al so. skttt tthoe 1k0e gmimnuitreg of e a

i's first activated to reach the posi
adjusted acc eracksierdg ptoovetrh ec oHhGS ol al gor
when the toéeramcies (semathéd.

To observe the specific change in
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cycle of the combined yaw control Sy
|l ocally increased (from 20 min to 22
of the control cycle (20 min), the n:
45A) from the previous position (45.

from the position at the end of the p

i's shown by the magenta ellipseVYal 8er
the NN when the nacell e reaches t he
the yaw motor to gradually rotate th
the wind direction is satisfied (the
-------- Measulred wind directi;m I 1
49 - - - - Predicted wind direction ]
Combined yaw control system results J,
Af prapececesoecanes A E |
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Figure 3.17. Demonstration of the proposed combined yaw control strategy
34Concl usion of chapter 3

This chapter i s based on the purp
accuracy, the neur al net worhki |plr ecsleiambc
al gotihahmmeet t helersdaguierde meéntnsaldrye a
period of these two control algorithr

a compound yaw control system that me
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CHAPTER 4: VERIFICATION OF WIND TURBINE YAW CONTROL
STRATEGY

Ai ming at the problem of simulatin
system, two models are proposed: MATL
and simplified physical wi nd turbin
mat hemati cal ebi meratties mdhae efficien

algorithm according to -Bh162 0a.c tTuhad woipre

and wind speed data are more compl i c:
the simplifiebdephusecahemedeb h® co0mj
For the control system, when testing

direction and wind speed data used ar
4 .Vl sual i nterface of wind turbine ya

Il n order to control the wind turbi
of various parameters during the si.
intuitively, a vVvisual i nterface for
MATLAB/ GUd wn Risg &lhe

Figure 4.1. Visual interface of wind turbine yaw control system

117
























































































































