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Abstract In this using paper a method is presented for the acrodynamic and structural analysis of a
horizontal axis wind turbine using simplified methods. In the fust part of the program the optimum rotor
configuration for twist and chord is determined using the momentum and blade element theories for arotor
without coning or tilting and assuming zero drag average wind velocity. Then coning angle and inass
distribution are determined from an iterative procedure considering the effect of drag. The equations have
further been extended to include the ifluence of tilting angles and several wind conditions, such as wind
gradient, tower shadow and wind shifts. Numierical results obtamed with the present method agree well

experimental and other numerical data.
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INTRODUCTION

This paper present a method for calculating the overall
design, performance and the dynamic response of a hori-
zontal axis wind turbine. Blade design and performance
are calculated based on a combination of momentum
theory and blade clement theory. The influence of wind
shear, tower shadow and wind shift on the cyclic
acrodymamic loads and on the wind turbine performance
has been extensively investigated. In order to balance
acrodynamic and centrifugal forces, coning angle and
mass distribution are determined by an iterative proce-
dure. Stresses inthe blade due to the acrodynamic, gravity
and centrifugal forees are also caleulated and compared
with fimiting allowable stresses of the blade maierials.
The bending natural {requencies of the rotating blade are
estimated using Lagrange cquations and these frequencics

are compared to the exciting frequencies 1o determine the
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resonance regions. In the present analysis, the perfor-
mance of three types of blade shapes have been consid-
ered: optimum-chord optimum-wwist, linear-chord lincar-

twist and lincar-chord zero-twist.
VELOCITY COMPONENTS AT THE BLADE

For calculating the forces and moments on a blade, the
velocity components of the air flow relative to any pointon
the blade and also the induced velocity components have
1o be known. Scveral reference frames are considered 10
mclude the eftect of wind shift, th. azimuth and coning,
This has been discussed in Appendix A, In the fixed
reference frame S the wind velocity can be expressed as
12]
Cosy

Vig= Ve Siny (1)
0
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where y=90°-v*

and  y*= Yaw angle.

Expressed in the local coordinate S, attached to a point on
the blade, the wind velocity components can be described
as [2]

Voy=[Kal" [Kol" [Krl" Vg b)
The above equation can be written as

Cosy
Vaa=[Kpl' [Kel" (K] | Siny [Voe ©)
0

This leads to the following expression:

CosyCosby
+ SinySin6y Sinotr
Y SinyCoscrr CosP + CosySin Sinby
- Siny Sincer CosB, Sinf3

=<
[

Ve 4

Sinry Sin Coscer + Cosy Sing, Cosp
-SinyCos8 Sino Cosp

The rotational motion of the blade will add velocity com-
ponents Qr Cosp in the total velocity vector. Introducing

the induced velocity in S, co-ordinate system as [2]

aQrCosf
Ve, =| Voc aCosp Cos ctr Sin'y (5)
VocaSinf Cosor Siny

The components of local velocity W can be expressed in

the local reference system as [2]

W = Voc, Cosy CosB, + Vo, Siny SinB, Sinoc
- QrCosf (1+a) (6)

W, = Vo, Siny Cosar Cosf (1-a) + Sinf} Sin6, Cosy
- Siny Sinf Sinct, Cos8, N

The local angle of attack o is defined as
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W
a=0-f,=tan’ —2L-B, (8)
p W B

X
the velocity components acting on a blade element rotating
at aradius r are shown in Figure 1. By cquating the torque
and thrust from momentum theory and blade clement

theory the expressions for interference factors a and a' are

obtained.
2 .
a(t-aF) = Lo W C0sQCL 0
8 Cosp Cos? arr Sin%y Vae, F
Y e
a(l-aF) = Lo W SingCr (10)
Cosoer Sy Cos’B Ve, F

The drag terms have been omitted in Equations 9 and 10),
on the basis that the retarded air due to drag is confined to
thin helical sheets in the wake and have little effects on the

induced flows [1].

FORCES AND MOMENTS

The major forces which dictate the performance of a
horizontal axis wind turbine are the aerodynamic, gravity,
centrifugal and gyroscopic forces which act on the rotor
and the tower. In the present analysis, gyroscopic force has
been neglected because of its smaller value in comparison
to other forces for rigid tower.

All the forces in the local S, co-ordinate system can be

dL

dD

Figure 1. Velocity diagram for a rotor blade element
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expressed as [2]

Frs
Fs, =R, (11)
F.s

Considering the non-rotating system S, attached to the

hub, the equation of forces becomes

F, =[Ke] [Ke] [Fs.] (12)

The following equation yields from Equation (12)

Fy Cos0 +Fy, Sin @ Sinf + F,., Sin6 Cosf
Fs, = F,, Cosp - F,, Sin (13)

-Fx3 Sin 0 + Fy, Sin 3 CosB + E, ; Cos6 Cos[3

At the tower top forces can be written as [2]

lL_:Soz[KT][KG] [K ﬁ][FSB] (14)

Equation 14 can be expressed as

Fy, Cos8+Fy, Sin®SinB + F,; SinB Cosp

E Fxs Sinoy Snd + Fy 3 (Cos P Cosoyr - Sinoir Sinf Cos)
-Fy (Cosoer SinB+ Sin our Cosf Cost)

Fyy CostrSin 8 + Fy 5 (Cos B Sinor + Cosoir SinP Cos6)
+ Fy3 (Cosoyr CosP Cos8 - Sinf} Sinorr)

(15)

At the blade supporting point the expression for moment

for a differential element can be written as [2]
dMs, =dFs x T, (16)
This equation can be expressed as
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B 1 ks
3 = de3 dFy3 dF23 ( 17)
0 0 3

dMs

where 13 is the distance from the blade root along Z,
dircction.

Equation 17 can be reduced as

dM;, 13 dF;
dMy; | =] 13 dFs, (18)
dMg; 0

The equation for total moments in different directions for

one blade can be written as follows:

R

Flapwise moment, My, = J r3dFy, (19)

0

R

Edgewise moment, My, = j r3dFy, (20)

0

At the tower top coresponding to inertial system S | the

moment can be expressed as [2]
Ms, =Fs, x T, 21)
The following equation yields from Equation 21

My‘) = E Xo FYo E

(22)
Mol | X Yo Zo

where X, Y and Z are the moment arms in the re-
spective coordinate system. Equation (22) can be ex-

pressed as

‘ M, Z.Fy, — Y,F,
My, |=| XoF,, — ZoFx (23)
Mzo | Y"’ FXO - XO F)’o
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DETERMINATION OF CONING ANGLE AND
MASS DISTRIBUTION

Mass distribution is calculated by balancing the centrifu-
gal force with the acrodynamic lift force considering a
certain coning angle. According to Figure 2, for a small
differential ¢lement, the relation between elementary lift
dL and differential mass dm can be obtained by the

following cquation [2]

AL = () Cosp Sinp A (24)
dr dr
It is assumed that the blade characteristics, number of

blades and airfoil sections are known beforehand,
BLADE NATURAL FREQUENCIES

The natural frequencies of the blade are determined con-
sidering the method of assumed modes and usin gLagrange's
equation. The blades are assumed to be rotating at a
constantangular frequency €2, Itis also considered thar the
vibratory blade docs not dissipate energy. i.¢. itsmaximum
potential encrgy equals maximum kinetic energy.
Considering the Iagging planc the equation of natural

frequency is give by (21

Y [Bi- A+ Ay Ci=0 (25)
=
where A = ratio of the blade natural frequency to the shaft
rotational frequency for the jth mode shape.
For the flapping plane the equation of natural fre-
quency 1s given by
n N
Y (Bij- ki +A,) Ci=0 (26)
=t
Inthe presentanalysis, the following four functions [2]
are assumed o calculate the mode shape and the natural

frequencies of the blade:
Y, (x)=x*- 4% + 6x? (27)
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Figure 2. Lift and centrifugal forces on a blade clement
Y, () =3x° - 10x% + 10x? (2%)
Y, (x) = 2x° - 6x* + 5x4 (29)
Y, (X)=x"-25x" + 1.607143 x* (30)

The accuracy of the mode shapes and frequencies

improves with the number of functions chosen.
RESULTS AND DISCUSSION

The results are presented for a two-bladed 47 m wind
turbine with a tip speed ratio 8, constant rpm and variable
pitch. Throughout theoretical studics NAC4 4418 airfoil
and Prandtl's tip loss correction were used. The results arc
calculated for wind power law exponent of 1/6 and for the
present analysis the hub height is considered as reference
height.

Figures 3 and 4 show the variations of pitching moment
and yawing moment for two blade. At zcro coning angle
wind shear produces a periodic wind load with a frequency
of twice per revolution. The increase of coning angle
reduces the effective radius of the blade which ultimately
reduces the pitching moment and yawing moment. Figure
5 and 6 show the variations of power and thrust with

azimuth at different tilt angles. When the tilt angle is zero
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Figure 3. Vanation of pitching moment during one revolution at
different coning angles
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Figure 4. Variation of yawing moment during one revolution at
different coning angles

the variation will be only due to wind shear. When the
blade becomes in a vertical position the resultant wind
velocity and the angle of attack will increase. Due to the
variation in angle of attack normal and tangential forces
will also change with azimuth. As the tilt angel increases
the maximum amplitude will be phase shifted as the blade
will be in a favourable angle of attack at the shifted
position.

The aerodynamic forces on a blade will vary during a
revolution in the case where the rotor axis is not parallel to
the wind direction even though wind speed is constant.
This results from changes in both magnitude and direction
of the resulting local wind speed for the profile, which
alters with the varying moment of the blade with and
against the wind direction. The power and thrust cocffi-

cients produced by the wind turbine at various yaw angles
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Figure 5. Variation of power coefficient with angular pusition
at different tilt angles
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Figure 6. Vanation of thrust coefficient with angular position at
different tilt angles

are presented in Figures 7 and 8. It can be concluded that
the rotor can be yawed into and out of the wind cither o
maintain power level as wind varies or to unload the rotor
for shutdown. The changes in both wind speed and direc-
tion give rise to change in blade performance with azi-
muth. In Figur 9, the percentage decrease of power duc to
wind shear and tower shadow is presented. For a widce
range of tip speed ratio the power deficit remains almost
constant. However, power deficitonly duc to wind shear is
very small. About 7% decrease of power may take place
due to wind shear and tower shadow.

The cantilever blade frequency from 0 to 50 rpm is
presented in Figure 10 of MOD-0(3] wind turbine. The two
blades of MOD-0 configuration are designed to produce
133 kW of shaft power, the reuslting clectric power being

100kW. The calculated values of blade frequencies are for
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the fully-coupled flapping and lead-lag bendings. But in
the present analysis, flapping and lead-lag bendings are
considered separately for simplicity. There are some dif-
ference of results for higher modes. The accuracy of the
results depends on the number of functions chosen for
assumed modes. The measured values are for non-rotating
conditionsonly. However, the results of the present method
are in good agreement with the given results.

For the three blade configurations considered, it has
been observed that a linear-chord linear-twist blade is
comparable (o the optimum designed blade, whilst offer-
ing a considerable reduction in manufacturing time and

COSL.

CONCLUSIONS

For the design of a horizontal axis wind turbine the
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Figure 7. Effect of yaw angles on power coefficient
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Figure 8. Effect of yaw angles on thrust coefficient
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combined influence of coning, tilting, yawing and dif-
ferent wind condition's such as, wind shift, wind shear
and tower shadow should be considered. Successful
large, reliable, low-main-tenance wind turbines must
be designed with full consideration for minimizing dy-
namic response to aerodynamic, inertial and gravita-

tional forces.
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Figure 9. Percentage decrease of power due to tower shadow
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NOMENCLATURE

a axial interference factor

a tangential interference factor

E modulus of elasticity

F tip loss factor

Fx force acting along x-direction in S, co-ordinate
system

Fu force acting along x-direction in S, co-ordinate
system

Fy, force acting along y-direction in S co-ordinate
system

F; force acting along y-direction in S, co-ordinate
system

F, force acting along z-direction in S, co-ordinate
system

Fs force acting along z-direction in S, co-ordinate
system

1),k units vectors along x-y-, and z-directions
respectively

K, transformation matrix for azimuth

K, transformation matrix for coning

K, transformation matrix for tilting

L lift force

T local blade radius

R rotor radius

S, fixed reference co-ordinate system

N co-ordinate system considering tilt angle

S, co-ordinate system considering blade azimuth

S, co-ordinate system considering blade coning

' undisturbed wind velocity

w relative wind velocity

X, distance along x-axis in S, reference system

Y, distance along y-axis in S reference system

Z, distance along z-axis in S  reference system

o tilt angle

0 azimuth angle

B coning angle

B, twist angle

p air density

A tip speed ratio

c solidity

Q angular velocity of rotor
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¢ angle of relative wind velocity
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APPENDIX A
Local Reference Frames

To calculate the aerodynamic forces acting on the rotor sev-
eral coordinate systems are introduced in the present analy-
sis. These frames include a reference frame S fixed at the
top of the tower of the wind turbine with Z being the verti-
cal axis and (X, Y ) forming the horizontal plane. A second
non-rotating frame §, fixed at the tip of the nacelle is intro-
duced by translation of the initial frame over a certain dis-
tance and a rotation of tilting angle &, around the X axis. A
rotating frame S, is introduced by rotation of the reference
frame S, over an azimuth angle 8,. Finally, a local reference
frame S, is attached to a particular point of the blade at a
distance r from the hub and is rotated over a coning angle f.
the relationships between the reference frames can be ex-

pressed as
$,=[K1S, , S,=[KJS, , S,=[K]S,

The transformation matrices are

1 0 0
for tilting angle, [K. ] = 0 Cosoar -Sinor
0 Smor Cosar
Cos 0« 0 Sin 9
for azimuth angle, [K ] = 0 1 0
-Sin B¢ 0 Cos 0k
1 0 0
for coning angle, [K;1= ¢ Cosp -Sinf
0 SinB  Cosp
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