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INTRODUCTION

The aerodynarnic forces on a blade varien

during its rotation in tho case where the rotor

axis is not parallel to the wind direction, even

thourh the wind speed is constant 11)' This

results from changes in both magnitucie and

direction of the resulting local wind speed for

directions

eoordinate

directions

coord inate

Effect of Yaw on Rotor Stability of Horizontal Axts
Wind Turbines

Md. Mahbubul Alam*
Md Ouamrut lstam+

ABSTRACT

ln this paper a method ls presented to study
the effect ol wind shift angle on the stability of
horizontal axis wind turbines. The existing equa"
tions of the Modifiad Strip Theory approach have
been extended to include the yaw angle. The
equations have been deduced tot a downwind
horizontal axis wind turbine but these can be
equally applied 1o a upwind rotor vvith suitable
changes of sign.
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the profile, which altets with the varying

r"*"n, ol the blade with and against the

;i;; directions' The changes ln both wind

.0""0 and direction give rise to changes in blade

performance with azimuth'

Kottapalli ( 3 ) established relationships lor

stabitity of horizontal axis wind turbine blades

and later Andereon ( 2 ) predicted the forces

and moments acting on a horizontal axis wind

turbine when yawed to undisturbed flow' ln

reference ( a) a procedure forthe aerodynamic

design and structural analysis ef fteli2ontal axis

winJ turbines is presentod' The optimum totor

configuration in cietermined using the Momentum

and the Blade Element Theories and the equati-

ons are extened to include various effects'

ANALYSIS

Local Reference Frames

To calculate the aetodynamic forces' on the

rotor, Eeveral coordinte frames are used in the

pr€sent analysis. These frames includo a reference

frame Ss f ixed at the top the tower of the wind

turbine with Zo as the vettical axis and Xo' Yo

axes lying in the hotizontal plane' A second frame

i, tt*"d ]r rn" tip of the nacelle is introduced by

tran.t"tion of the initial frame over a certain

dlstance and a totation of tilting angle at

around the Xo axis' A rotating frame 52 is

introduced by rotation of the reference frame 51

over an azimuth angle Q' Finally' a local refere'

nce frame 53 is attached to a patticular point on

the blade at a distance r from the hub and is

rotated over a coning angle p' These are shown
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Fig. 3. Coordinate System S,

lRotating 51 about
Y1 by angle 0)

in Figures 1 to 4. The relationships between the
referenca frames can be expressed es:

sr=[kT I so

s2: [Ku1 51

S2=[Kp1 Sz

and inverselY

so:sr [*, Jt
sr:sz 

lou Jt
sz:ss [ *u]t

The superscript T indicates the transpase of a

matlix. The transformation matrices are :

tor ritrins,Kr= ft Sornr-X,"-rf ...... (2.1)

fo sin*r cos<rJ
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Fig. 4" Coordinate System fi"
(Rotating 52) about X2

by angle P )

rorazimuth, -,:[!;l: ffi] 
... (22)

F1 0 0 =ror coning' *u:Ll 
fff ;::[J 

Qst

tn ielerence frame So, considering the wind shift,

the winl velocity can be expressed as :

!,=y'o[ "or, 
I e.4)

t;'"" J
where v:90o- v*

and v*=wind shift angle,

Expressed in coordinate system
velocity may be described as :

(2.5)

wind

3

s3 the



dM:dFx83 s3 t", "' .- (2't I )

This can be expresced as :

l-i, ir k3 I
oM", :Ltt- -lrr, f" J"'*(2'12

where 13 is the distance from the blade root along
23 direction

The equation (2'12) reduced to :

[llil: [1 f,.,l -' eis,

Now the equations for totel momonts about d iffe-
rent axesfor a single blade can be writteR-as :

Flapwise momet, t*, : J" 
,, dFy, .-.. {2.14J

Edgawise moment 
"rr:-J 

,, dFxr ""' 12.15)
o

At the tower top, in system so, the moment can
be cxpressed as :

frr" J.. x 'so .-.-.(2.15)

yield ing.

[*i]= [i:.'":.;" I e17,

-rr)

cosB

The forces on the tower top,

F,., :f-'][-,][-u] ;;, (2 e)

on subtitution of trensformatlon matriccs,

{8r"ote+ry, 
tino sinF+Fr, sing cosP 

I
F*" -[Fxrsinarsin0*Frr(cosFcosar-sina"sinF 

I

lcosO)-Fxr(cosnt 
sinB+sin<1cosB cos6) 

I

l.f *r"osntsino*Fy, 
(cosp sin*1icos,(r 

I

[:np "otu)t.F rr(cosar cosp cosg-sinB sin*1]

ln reference trame 53. the expression for mom'

ent for a dilfererltial element can be writien i

Gos, cos0r*sinv sinfu sin*1 -)

I sinv cos.tr coeplcocv sinB ein0l lVu*, | -.inv sinalcosos sinP l*
| -slnu sinp cos*r*cosv sin01 cosB I
L -einvcos0t sln*1cosB J

*""(2'5)

,1

FORCES AND MOMEilTS

The lorces on the blades ars resolved lnto
two components, ono acting in the plane of the
rotor and the other acting normal to the lotor
plane. Considering the non-rotating"frame 51

attached to the hub, the equation of forces
become :

: 
[%][*n]'",

(2.7) maV be expressed as :

cos 0 * tr, uin 0 sinp+F*. sin 0

cosF-rr, sinF

x, sin 0 + Fr. sinP cos0 r- Fr, cos 0 cosP

F
61

Equation

-G
{,:lr;:

L-F

(2.8)

AilALYStS OF STABITITY

When the wind turbine rotor axis is not para-

llel to the direclion ol air flow, that is, When a

wind shift angle or yaw exists, the aerodynarnic

forces and moments on rhe blades wi ll vary

during each revolution although the wind turbine

is situated in a steady air tlow. This is caused

by the changes both in maqnitude and direction
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ol th€ local resulting wind velocity which varies

wlth rho cyclic movement of the blade with and

opposed to ths direction of the wind respectivelv

as shown in Figure 5.

€ = 0o

,(l
/'tgYt :

Fig.S.TheRelativewindVelocitiesatUpperandLowerpositionsoftheBladeinyaw

AhorizontalaxiswindturbineissaidtobeinRESULTANDDlscussloNs
stable state when a disturbance of the equilibrium When tho rotor axis of a wind turbine ls not

must creato torces and moments within the system parallel to the direction of wind flow' the aerody

that tendo to restore ths equilibrium' ln the namic forces and- moments vary Quring a

following paragraph, expression for tower top revolution and have a signifcant effect upon

forcesandyawingmomentarepresented'Forvariousdependantparameters'Thepowerand
a downwind turbine rotor, without any coning thrust ooelficients produced by the wind

or tilting anqle, tower top forces can be axpresscd turbine yaw at various angles are presented

as (Appendix A ) : in Figures 6 and 7' From these Figures it can

be concluded that the rotor can be yawed

; F cos 0 + r- sin Ol for various useful purposes such as to maintain a

tso 
= l-x, X3 | constant power level when wind speed increases

l'n, I tz tat or to unload the rotor for shut-down. Figure

l_Fx, 
sin 0 -l- Fzr cos 0 

J shou.rs the distribution of yawing moment as

And equation ror yawins moment can be wrirten :ll,:tfi ;j-l[ .H,:::' il'li:"r:l'::::Jii
as (Appendix A) : lncreases, the dilference between maximum

and minin,um value s cl yawing mcnl€nt increases

1

og :lE0
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in a perlodlc manner. Bgcausg, for zero or lower as ln this case wind velocity vectors remaln or-
vatues of yawing angle, the axlal foree remains thogonal to the blade plane throughout.
almost ths samo for different angular positions

o 2 L 6 Bffi
TIP SPEED BATTO

Flg. 6. Varlation of power Coefficient with Tip speed Ratio showing the effect of yaw
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Fig 9. variation of yawing Moment at diflerent Azimuth fot a Downind Wind Turbine Rotot

without Coning

For a downwind horizontalaxis wind turbine, gONCIUSIOflS :

rithoutanyconingortiltingangl6,the variation 1. Yaw hasa significant effect on lhepowsr
of yawlng momentfor various aizmuthal position and thrust developed by the rotor. Hence effect
lo ehown in Figure 9. For 0 less than 180o the of yawing angle must be taken into account lor
yawing moment is negative. Thls maens, for e the effective design of a horizontal axis wind

wind turbine rotor without coning or tilting angle turblne.
yawing moment that developed acts as a restor-

ing torque and the turbine tends to stebilize.
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2, For a two bladed horlzonial axis wlnd turbine

operating under unilorm velocity and without
any dlsturbance, thE loads remain steady. How'

ever, the introduction of wind shilt angle causos

tho blade to experience a periodlc orce and a

momgnt.

3. A horizontal axis wind turblne operating un-

der the inlluence of yaw is- dynamically stable it

thc turblne rotor is situated downwlnd with 188'

poct to the direction ol wind.

R EFERE NCES

1. Alam, M, M., "Analysis of Yaw Stab-ility of

Horizontal Azis wind Turbines", M.Sc. Eng-

ineering Thesis, BUET, Dhaka-July 1987'

2. Anderson., M.B., "Horizontal Axis wind tur'
bine in Yaw", Proc. of the First BWEA wind

Enargy Workshop, Cranfield, Aptil, 1979.

3. Kottopalli., S.B.R and Friedmann., P.P., "Aer-
oalastlc Stability and Response of Hori:ontal
Axis wind Turbine Blades", Universty of Cali-
fornia, October, 1978.

4. lslam., M.O., "A Theoretlcal lnvestigation of
ths Design of Horizontal Aixs wind Turbines',
Ph. D. Thesis, Vrije Universlteit, Brussel,
January,1986.

APPENDIX: A

Forces and Moments

ln coordlnats systcm So, the eguation of forces
ar8 :

For a rotor.without coning and tllting one have:

.(T =O and P-O

Substituting <1 and P Yields,

cos 0+ Frrsin 0

y, rin 0+Fr, 
"o,

The moment can expression in this system is,

tilil:[ ] i i:
The yawing moment can be expressed as,

Mro:L t*, "ot 
0-Xo Fy3

-c ftrr"otO+f yr rin0 sinP* Fr, sin0cosF

' t": 
I Frrsin*1 sino+Frr(cosPcos*,

| - sin< , sinBcos0;-Frr(coe<, sinF

| *sinn, cosF coso)

| 
-, *r"orn, sino+Frr(cosFsin<,

l*"otn, sinP cosg;

l.tr, 
,"orn, cosBcos0-sinF sln<.,. )

F-," 
r i;;
L-F l
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