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F, : force in the x-direction.

Fy : force in the y-direction.

F, :force in the z-direction.

£ < aH " ®mOT T g 20

R

: tangential force.

: tip losses factor, line frequency.

: shear modulus.

: area moment of inertia around the x-axis.
: area moment of inertia around the y-axis.

: area moment of inertia around the z-axis.

: lift force,

x,y,z - moment of force around the respective axis.

: time rate of change of air mass.
: power.
: ambient pressure,

: torque.

: total radius.

: local radius.

: thrust force, (momentum).

: local wind velocity.

: wind speed, wind velocity.

: relative wind speed.

: angle of attack.

: blade tip angle of attack.
: blade twist angle.

: efficiency.

: tip speed ratio of the rotor blade.

: circulation of one blade at radius r.

Xii
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xiii

I ., : circulation of rotor with infinite number of blades.
® - flow angle of relative wind speed to the airfoil.

Q : rotor angular speed.

: wake angular speed.

e

p : air density.
¢ : magnitude of stress.

£ : magnitude of strain.
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Abstract

TESTING AND PERFORMANCE OF A LOCALLY MANUFACTURED
GLASSFIBER REINFORCED PLASTIC WIND TURBINE BLADES

by : Isaac Ali Saleh
Supervisor: Dr. Saad Habali

Wind energy has attracted a great deal of attention in recent years in Jordan as one of
the possible alternative energy resources. Almost all of the local research and
development activities in this field were directed to explore ,develop,and optimally
utilize wind energy systems. Given all the previous research work, the time has come
to establish a link between local scientific (acadimic) work and local industries to
produce a usable technology which will increase the local share in an inevitably
emerging wind energy industry in Jordan.
In order for a wnid energy industry to be established in Jordan, a well founded
manufacturing base is required. Jordan has virtually hundreds of different kinds of
industries, but no one is specialized in manufacturing wind system components. Thus,
a problem exists which will be addressed in this thesis to establish a local
manufacturing procedure and capability for Glassfiber Re-inforced Plastic (GRP) wind
_turbine blades and to identify the basic components of this technology which are
required from the local market.
A brief summary of rotorblade aerodynamics is given to define the varios parameters
governing blade design and with the help of a special software, a complete
aerodynamic analysis was performed. A 3-D solid model is then created and a FEM
analysis was performed using a powerful computer which yielded a real simulation to
the actual blade operating under loads. A final blade geometry was verified and a full-
scale model was made.
During the course of this work, one Jordanian company was identified and has
succeeded in adapting to this new technology, and according to the procedure set forth
had produced a high quality 5-meter GRP blade. The blade had also passed
successfully the pre-assigned stress test, and when installed on a functional wind
turbine, performed satisfactorly with a favorable power coefficient of 41.2%.
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Chapter 1

INTRODUCTION

1.1 General

Wind energy technology is fairly new to Jordan. It was first introduced in its modern
form by the Royal Scientific Society (RSS) in 1983, When a multi-blade ten killowatt
wind turbine was installed to pump water from a desert well. Wind energy technology
is also multi-diminsional, it encompases aerodynamics,structural mechanics,machines,
and power electronics. One of the most complex and costly parts of modern wind
turbines is the rotor blade {1]. It was shown by a pre-feasibility study carried out by
the Ministry of Energy and Mineral Resources (MEMR) [2] that rotor blades account
for 30% of the total cost of wind turbines. This was done in the framework of the
establishment of Jordan's first wind farm in Ibrahimya north west of the country and

the attempt to evaluate the share of the local industries in any future developments.

The RSS being a national research and development institution has taken the lead
in transferring wind energy technology starting from premetive windpumps to

sophisticated electrical grid-connected machines. The latest development was the

design and manufacturing of a 15-kW wind turbine where the rotor blades took most
of the efforts which will be the subject of this thesis. The role of the Jordanian

universities in the wind energy field at this time is characterized by the theoretical
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studies and research of conventional and unconventional wind energy systems. For
example, at the university of Jordan, many research topics have been treated such as
the evaluation of wind data, wind farming, augmentation principles (e.g. vortex

augmentation) and the design of new airfoils.

1.2 Scope and Objectives

The bulk of this work will concentrate on the development of the rotor blades. The
philosophy underlying the choise of the blade size was that a small blade will be too
stiff by nature and unable to exibit the behaviour of full size blades used for electricity
generation. On the other hand, a large blade will be over the capabilities of the
technical and financial resources. Hence, the desicion was made to experiment with a
5-meter blade which has the characteristics of large blades and the handeling
conveniece of small blades. One of the objectives was to test the capabilities of local
manufacturers in the execution of such complex designs and to examine their
performance in adapting to this new technology.

The blade material was a major challange in its own right where the choice will
fall on a material that can be easily adapted to mass production such as fiberglass.
This is a composite material which means it has more than one component. Boeing
Engineering and Construction [3] proposed 10 different components to be used in the
construction of MOD-2 wind turbine blades, where the design was based on stiffness,
fatigue, and compression buckling requirements that resulted in a tensile strength less
than 69 N/mm? which means that the above requirements have been accounted for.
The objective of using Glassfiber Re-inforced Plastic (GRP) material can be related to
many attributes; one is the availability of the polyester resin which is locally

produced. This is important to the economics of the overall system,

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



Rotor blade design relies heavily on the aerodynamic theory. The blade is an
aerodynamic body having a special geometry mainly characterized by an airfoil cross
section. [Extensive calculations are necessary in order to determine the blade
parameters such as chord and thickness distributions, twist distibution and taper that
are matched with the selected atrfoil sections. For practical purposes, more than one
airfoil section must be chosen to fit the thickness distribution where closer to the root
a thick section is needed, and thinner sections are applied along the blade to give a
smooth transition from root to tip. Another objective of this research work is to
develop the basic engineering design of GRP blades and also to establish the
procedure for local manufacturing. Ultimately, this work will contribute toward the
initiation of a GRP blade test facility which can lead to establishing a local design
code.

Wind turbine blades must be designed to operate in one of the most unpredicted
environments and still give satisfactory performance for the life time of the system.
Since the blade is subjected to variable loading in three-dimensional form, exact
calculations of the strength characteristics is unattainable. Many computer softwares
have been written to simulate what realy happens during the blade flight and
attempted to predict the loads and their variations. For example, Hartin [4] used a
software package called LOADS that analyzes blade loads for rigid rotors of simple
geometry for the Grumman WS33 wind turbine and concluded that the sensitivity of
the load predictions to the phase of the turbulent wind simulation and the length of the
simulation record point to the need for improving wind simulation techniques.

This note reveals the fact that the blade is subjected to cyclic loadings of different

magnitudes which may cause fatigue failure if not designed properly. It will be shown

in the strength analysis treatment that this fact is accounted for in an elegant simplified

method which guarantees the safety of the design.
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Manufacturing the blade which is one of the prime objectives of this resarch is
“divided into three integrated parts; The model, the mold, and the protbtype. The
model is made from soft white wood to simplify shaping the exact geometry of the
airfoil, taper, and twist. The model will also facilitate verification and modification to
certain parts of the blade especially ensuring streamlining. A mold having the exact
imprint of the model is then produced from fiberglass material. The mold will have
two cavities; upper and lower, to facilitate ease of extracting the molded blade. The
interior surfaces of the mold cavities are carefully treated and highly polished to yield
a fine surface finish on the blade surface.
A method that is simple and practicle is developed for the local manufacturer to apply
which produces a strong and exact geometry blade. The method also includes a proof-
load test procedure, when applied and passed, it will guarantee fatigue strength
capabilities.

Four blades were manufactured. One was proof-load tested and three were
installed on a grid connected wind turbine having rated power of 15kW with pitch
regulation and electohydraulic control. A special measuring system was installed
between the turbine and the grid that measure the power, wind speed, voltage, and
frequency of the generator. These values will be used to evaluate the performance of
the rotor blade after proper accounting for the various efficiencies of the whole
turbine system. The treatment of these data can ultimately produce a power curve for
the turbine which leads to the calculation of the overall performance and finally leads

to the performance of the single rotor blade.

1.3 Literature Review

A comprehensive study of the possibilities for local manufacturing of wind turbine

components was performed in the framework of the MEMR "Wind Energy Project in
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Jordan" in cooperation with the Jordan Electricity Authority (JEA) and two Danish
consulting firms in 1989 [2]. ’

The study of local production identified a significant theoretical potential for
local production where local share can be increased from 15% to 60 or 70% over a
number of years. The study concluded that the development of this potential requires
significant efforts in developing local production with high standard of quality.

In a report to the government of Jordan from UNIDO, Petersen [5] stated that
"viewing Jordan as a market, it must be realized that the market is small and
hardly appealing to foreign companies establishing a joint venture for production of
wind turbines in Jordan unless local finance could be established”. Petersen[5] added
that "although assembling of machines in Jordan would lower the price, the import of
wind turbines would still presuppose that considerable foreign currency would be
available. For these reasons (Petersen added) it is most likely that the best approach
would be to develop wind turbines in Jordan".

Production of wind turbine blades needs no factory equipment except the mold for
the glassfiber blades, and this would apply to any size blades [5]. Blades should be
constructed to withstand the loads resulting from normal operation, gust, or
turbulences during which major altrnating stresses arise,and all materials used must
consequently be capable of withstanding the fatigue resulting from them. A variety of
blade designs were suggested by Park [6] but more advanced blades having optimized

geometry were introduced by Jackson [7].

In general, the design of a wind turbine rotor consists of two steps as given by

Lysen [8]: (1) the choice of basic parameters, such as the number of blades, the

radius of the rotor, the type of airfoil, the tip-speed ratio, and (2) the calculations of

the blade setting angle and the chord length at each position along the blade.
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However, at the core of the problem is the complete aerodynamic and mechanical
design of the blade itself,

One of the most recent developments in blade design is the special purpose thin-
airfoil family inroduced in 1990 by the Solar Energy Research Institute (SERI) at
Golden , Colorado USA. These SERI blades were described by Davidson [9] as "the
blades of the future" and could produce 31% more power than the traditional Danish
made blades. The design and field test results of the new blades are described by
Tangler et. al [10], however, the new design is far noisier then the Danish one.

Petersen [5] argued that the claims of Davidson [9] and Tangler et. al. [10] are
invalid and the increase of performance for the new SERI blades is largely due to
increased rotor area and partly to enhanced aerodynamic behaviour. Tangler et. al.
claimed that the increased rotor area achieved by the longer blades constitutes a part
of the improved efficiency because of the characteristics of the new blades that lower
the blade loads, thereby admitting the larger blades without other changes to the wind

turbine. These characteristics are nevertheless similar to other modemn blades with

NACA 63-nnn profile series.

Most modern blades have profiles of the NACA 63-nnn series. The profiles have
shown excellent properties for wind turbine blades, but some improvements can still
be achieved for profiles at the inner portion of the blades in order to make the profile
sufficiently thick for structural reasons while stiil having high lift coefficient. For this
reason, developments are taking place to design thick airfoils for the inner parts of the
blade. An example of this is the SERI S807 profile. Other examples are the LS(1)-
0421, and NACA 63-621 profiles.

It is interesting to know the big difference of these profiles, however all are suited

for use. The reason for this development is that the profiles NACA 63-2nn to NACA
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63-4nn are well suited for the outboard region of the blades, but having a rather low
lift for the inboard portion. Petersen [5] did not expect more than a few percents
improvement from this development.

The other side of development is dealing with the mechanical characteristics of
wind turbine blades. Blades are often found to have failed under the action of
repeating of fluctuating stresses, and yet the most careful analysis reveals that the
actual maximum stresses were below the yield strength. The most distinguished
characteristic of these failures has been that the stresses were repeated a very large

number of times. Hence the failure is called a fatigue failure.

Most wind turbine blades today are made from GRP, and theories involved with
the concept of fiber reinforcement were established around 1961 and documented by
Holister and Thomas in 1966 [11]. However, the oldest blades were made in the
1970's but actual large scale implementation took place in the early 1980's [5].

136615

Since 1983, a static proof-test for GRP blades was only required and performed
by the prominent Test Station for Windmills, Risoe, in Denmark as a part of the
certification procedure for windmills. In 1984 a new procedure for fatigue testing of
GRP blades was developed as part of the general research and development work, and
since then a number of commercially available GRP baldes have been fatigue tested as
described by Jensen et. al [12]. The fatigue testing is done by forcing the blade to
oscillate with constant amplitude at a natural frequency untill failure ocurrs. Their
results showed that the load used for the static proof-load test is sufficient to cover the
range of this fatigue testing strategy and therefore will be enough to be used as a

design guide.
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Chapter 2
ROTOR DESIGN

2.1 Overview of Rotorblade Aerodynamics (Theory &

Definitions)

The flight of a rotorblade is a complex phenomenon which cannot be modeled
exactly. This complexity arises from the fact that the flow of air around the blade is
three-dimensional with various vortex sheddings resulting from variable rotational
speed. This is also coupled with the variation of wind speed distribution along the
blade caused by the wind shear and the large scale boundary layer on the earth
surface.

This phenomenon however can be approximatly described by imposing several
assumptions. Qne of the simplest descriptions of extracting energy from the wind is
the one-dimensional, incompressible, non-viscouse flow model using the axial
momentum theory developed by Rankine in 1865 and later improved by Froude. The
flow is assumed to be entirely axial with no rotational motion. Then came the German
scientist Betz in 1924 and included rotational wake effects, and more recently Wilson
and Lissaman in 1974 [13] have further analyzed the aerodynamic performance of
wind turbines by using computer programming and numerical techniques.

The momentum theory cannot provide the necessary information on how to design
the rotor blades; however, the momentum theory when combined with the blade

element theory will then yield this kind of information.
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In the following section, a brief overview of both the momentum and blade

element theories will be outlined in order to establish the necessary terminology and

definitions.

2.2 The Axial Momentum Theory

Three principle assumptions are made:
1- The flow is completely axial.
2- The flow is rotationally symmetric.
3- No friction occurs when the air passes the wind turbine rotor.

Using Figure (2.1) with the flow governing equations we obtain:

Continuity UA = UJA]  civerrmiiiiiiciiinietnse s e cssaeaes 2-1)
Momentum(thrust) T = m(V -Up) = pAUV -U) oot cevvernieiieceniniiinnes (2-2)
Bemoulli upwind Po+1/20V2 = p+1/2pU2 L.iiviiiiiiiiiiiiiienii e, (2-3)
Bernoulli downwind pg+1/2pU 2 = p/+1/2pU%......iiiiiiiniiiiiiines (2-4)
thus P-7 =12p(VZ-UD) ittt (2-5)

Upwind Downwind

Fig. 2.1: Axial flow Model.
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Combining equgtion (2-2) and (2-5) with:

T = AAD oo eeeeeeeeee ettt st et a s s b s s nre s (2-6)
yields : U = (V FU /2 oottt (2-7)

The power extracted will then be:
P = 1/2m(VZ-U;2) = 1/2pUA(VZ -U2) coriiiiicincvncnrnrrnrinne e (2-8)

Now denoting a power coefficient Cp = P/(1/2pV3 A) .oociviiiiiininiinnn, (2-9)

and we know that the flow has been interfered with (retarted) at the rotor disc by
slowing down a certain amount (a), then we get:

U = (1-a)V , and with (2-7) Uy = (1-2a)V .

Using U and U in (2-8) we have:

Cp = 4a(1-0)2  1eorreeremeiiiese st (2-10)
which has a maximum when a = 1/3 as shown in Figure(2.2).

16/27}--~Max___

0.40]

Cp
0-20}F
0.00 | ]
0 13 213 1

a
Fig. 2.2 Power Coefficient-Axial Interference Factor Curve.

In order to enhance the results and make them close to reality, the effect of wake

rotation will be included. In describing this effect, the assumption is made that

upstream of the rotor, the flow is entirely axial and that the flow downstream rotates

with an angular velocity o(r), but remains irrotational.
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Expressions for torque and power may be obtained by considering the flow

through an annulus at radius r with area dA = 2xrdr as seen in Figure (2.3).

/)

Fig. 2.3: Rotor Annulus at Radius .

By changing the momentum in the air in the tangential direction, tangential forces

act uppon the rotor as:

dF, = MAV = pUAAGT  1evrureerrireerrirree e esnereeeneee s e s semmnee e e s e @-11)
= 2MPUGTZAT  eriineirireireiiienrrererrrnernaamenanstansnrnrnsaenrarnenanaes (2-12)

The torque generated in the annulus dr is:

(410 B2 o1 010 &+ | SO USRS (2-13)

and since power = torque X rotor angular speed, the power extracted is:

i) SRS 40101 010} -0 | SO PUTPPTOR (2-14)

In integral fgrm, the torque and the rotor power then become:

Q = 2np LUmr3dr ....................................................................... (2-15)

P = 2npQ2 JRU(or-“’dr .................................................................... (2-16)

o

In order to be able to calculate torque and power, one must have the values of the

wake's angular velocities o(r) by introducing the tangential induction factor (a’) [9] :

A= L2 (0F€Y) e e (2-17)

Q and P can then be easily found.
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2.3 Blade Element Theory

The blade element theory is governed by two main assumptions:

1- The forces and moments acting on a blade element are solely due to the lift and
drag characteristics of the profile section of that blade element.

2- There should be no interference between adjacent blade elements because the forces
on each element are calculated with their local wind velocities. The flow at a blade

element dr as shown in Figure (2.4) may be regarded as two dimensional.

——

bl

Fig. 2.4: Three-Bladed Propeller Type Wind Turbine With Annulus Element

Representation,
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A cross section of an element at radius r in Figure(2.4) is shown in Figure(2.5). In
this representation, the angular velocity of the rotor Q is assumed to be half the value
of the final rotational velocity in the wake o [8] which is an approximation to

equation (2-17) by setting a’ = 1.

PLANE OF ROTATION

Fig. 2.5: Velocity and Forces at A Blade Element at Radius r.
Defining dq = 1/2p W2dA = 1/2p W2c dr gives:

CL = dLAQ e e (2-18)
Co = dAD/AQ  ceeeiiiii e (2.19)
Cx = AF)/AQ ceeeiiis e (2-20)
Cy = AFy/Aq ceeee e (2-21)
The following trigonomotric relations may be obtained from Figure(2.5):

= D e e, (2-22)
tan @ = (1-a)/(1+a) * V/Or .ooooiiiiiiiiiiieeeeeeeee e (2-23)
Cy =CLcos @ + Copsin® Lo (2-24)
Cx =CLSIN@-Cpeos D .oiiiiiiiniiiieiiee et (2-25)

With  dA = cdr and ¢ = blade chord length, expressions may now be derived for the
thrust T and torque Q for an element dr at radius r as follows:

AT = B¢ 1/2 pW2CydT oot (2-26)
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AQ = BC 1/2 PW2CLIAT  oviviieeeeiiiteee e e e e e e ee e e e e e e (227

where B is the number of blades.
The thrust and torque equations were also derived using the axial momentum theory,

but with the assumption that no friction occurs. Hence, in order to equate the two

results we must assume Cp = 0, then equating (2-2) and (2-13) to (2-26) and (2-27)

gives:
a/(1-a) = (CBCy)(BRrSinZ @)  .oovivviiiiiiieineiicreeneirerieaeriraneraenaenanns (2-28)
a2’ /(1+2a') = (cBC)/(Bar sin®d cos D)  ooniiiiiiiiiiiiiiieieirirenieenneaanaens (2-29)

From figure(2.5) we can conclude that:

W =V (1S @ erreeeeeee oot eeeeeseeeee s et eeseseseeessesseesaseseeeenenen (2-30)
or
W = Qr(14a )/COS D ottt ettt re e s aaneenens (2-31)

The local solidity ratio of the rotor is defined as:

Lo B )5 0 TP (2-32)
Solving (2-28) and (2-29) for a and a’ gives:

a=1/((4 SIN2 D/TCy) 1) terniiiiiiiiiiii e it (2-33)
a’ = 1/((4 8in @ cos P/OCy)-1)  eririiiiiiiii e e (2-34)

With a finite number of blades (e.g. B=3), the assumption that the flow through
the rotor is rotationally symmetric abviously does not hold, in addition to the two
dimensional flow assumption. The effects due to a finite number of blades results in
performance losses concentrated near the tip of the blade. This phenomenon was first
analyzed by Prandtl [14], which is known as the tip-losses model. The tip losses are

expressed by a circulation-reduction factor defined by:
F =Bl Ty = 2/T arcos(€) oviiiiiiiiiiie ettt enens (2-35)

where T is the actual circulation of one blade at radius r, and I'y, is the circulation of

a rotor with an infinite number of blades as was calculated in the axial momentum

theory, and
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F=B/2 * (R-D/Isin D) .ottt eeaiaaes {2-36)

Prandtl[14] gives as a result, the modified axial and tangential velocity factors:
a = 1/[(4 SINZ DIF/(OCY)  F 1] eeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeerieeseseeen, (2-37)

a’ = 1/[(4 5sin @ cos DIF/(OCy) 1] evririirirnneiiieiniieeieeee e (2-38)

Noting that the Prandtl factor F does not change the relation between the two factors

as previously derived.

2.4 Airfoil Selection

Airfoils chosen for wind turbine applications have focused on the half-century old
NACA 23nnn and NACA 44nn series of airfoils. The NACA 23nnn series were found
(by Tangler [10]) to experience large drop in maximum lift coefficient (Cl_,,) as the
airfoil becomes soiled (dirty). This problem was also found on the NACA 44nn series
however to a lesser extent.

In an effort to solve this blade soiling problem, manufacturers began using the

LS - 1 and NACA 63nnn series of airfoils. Both of these airfoil sections have their
camber farther back which provides some improvement in reducing the airfoil's Cl__,

sensitivity to roughness effects. In addition, the NACA 63nnn provided a lower Cl,,,

which helped control peak power; However, this characteristic is desirable only over
the tip region of the blade, and when used on the inboard region, a degredation in
energy production is expected. The LS - 1 series have the opposite problem; this
airfoil provides a desirable high CI,,, toward the blade root, but contributes to
excessive peak power when used over the outboard portion of the blade. The
excessive peak power must then be controlled with undesirable reduction in blade

solidity or a less efficient blade operating pitch angle. Figure(2.6) shows the two

airfoil profiles.
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LS (1) -0421

NACA 63-621

Fig. 2.6: Profiles Acceptable for Use on the Inboard Region of Wind
Turbine Blades.
The FX - S airfoil family has in its series the characteristics required for the
outboard region and also the tip. They seem to gather the characteristics of both

profiles shown in in Figuer(2.6), see Figure(2.7).

FX66-5-196

Fig. 2.7: Profile Acceptable for Use on the Qutboard Region of

Wind Turbine Blades.

This family has a stable Lift coefficient (C,) at high angles of attack {low wind
speeds) and an optimum (C,) at low angles of attack (high wind speeds). In addition,

their moment coefficient (C,,) is smooth and almost constant over the whole range of
operating angles of attack and therefore will be selected for the outboard region of our

blade. Figure(2.8) shows the profile data depicted from reference [15].
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Test Conditions
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Fig. 2.8 FX 66 Profile Data From Ref. [15].
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The inboard region of the blade must be thicker and having more material to

withstand the higher stresses and also have a smoother geometry transition to the

circular connecting flange at the root. NACA 63-621 shown in Figure(2.9) is selected

for the inboard region which has these characteristics and is very similar to the

FX 66-S-196 profile, in addition, the profile similarities will simplify the transition

from inner to outer board regions.
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Reynolds Number Test Conditions
1.0x10: ~———— Tunnel: 1AG Stutigart #1 NACA 63 — 621
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Fig. 2.9: NACA 63 - 621 Profile Data From Ref. [15].

2.5 Determination of Blade Data

The design and construction of a sophesticated wind turbine blades rquires enormous
amounts of data. Most important are those describing the geometry and structural
characteristics such as length, thickness distribution, chord length distribution, twist,

root connection, etc.. .
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2.5.1 Rated Power

The rated power can be calculated from the equation:
Praed = 12 pyie V2 ica Argior Cp rated
The first step is to identify the output capacity of the proposed wind turbine. This is
an open decision that depends on the desiers of the investor who wants to build the
turbine, where it could range from a few hunred Watts to the order of Megawatts. In
our case, the rated power of the turbine will be taken at 20 kW. The rated power is
only defined for pitch-controlled machines at one value of wind speed and power
coefficient. These two values can be chosen by experience and will directly influence
the size of the wind turbine rotor, (i.e. the diameter). there are some theoretical bases
for chosing the rated wind speed for a given wind turbine [16}, however, experience
has shown that most machines have rated power around 10m/s and for small fast
running machines lower values can be realized. Hence, for this design, a 9.5m/s rated
wind speed will be selected.

The maximum power coefficient attained for an ideal wind turbine is 16/27 , or
59% as was previously shown in Figure(2.2). Also from manufacturers data and test
results [17], most machines of this size operate at C, around 0.4 which will be
chosen for this design.

with the previous parameters selection and a selected air density equal to 1.25

kg/m3, the only remaining unknown is the rotor's area :
Aotor = 20,000/ 0.5 * 1.25 * (9.5)3 * 0.4 = 93.3 m?

and the diameter of the rotor will be:

Dia =y/4A/x = 10.9 m
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2.5.2 Rotor Dimensions

The wind turbine rotor usually consists of two main components; Hub, and Blades as

shown in Figure(2.10). The hub can be rigid in the case of fixed pitch ,or can have

i

5.00

B.45m

/ BLADE, of GRP

BLADE FLANGE,
of STEEL

HUB FLANGE
CIRCULAR CROSS SECTION

BLADE ROOT

Fig. 2.10: Three Blade Rotor Assembly Showing the Hub and Blades.

rotating flanges for variable pitch machines as in our case. The hub and flange
including axle assembly is assigned a radius of 0.45m leaving the rotor blade to be

5.0m long from flange to tip as shown in Figure(2.10).
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2.5.3 Blade Root

The blade root is the heaviest and thickest part of the blade because it carries the blade
structure and it is the junction point between the blade body and the hub as shown in
figure(2.10). The root has to take maximum moments and torques transmitted by
aerodynamic forces through the blade to the rotor shaft and therefore stresses and
strains will be concentrated in the root area. Another complexity is added from the
different types of materials used at the root because the GRP blade must be fitted with
a steel flange in order to be bolted to the hub flange. The geometry of the root is the
most complex and does not follow any known rules of construction because an airfoil
profile section must be continuously and smoothly coallesed to a circular section at the
flange; Fortunately, the stress calculations are made for the critical section of the
blade root which is circular.

LOADING CONDITIONS:

There are no official design rules for wind turbine blades based on specified
loading [12]. The evaluation of the ultimate strength and fatigue characteristics of a
rotor blade is based on a static proof test [18].

The static proof load is derived from the assumption of an extreme thrust load of
300 N/m2 swept area. This load is equally shared among the blades and distributed in
a triangular pattern with zero at the rotor center and maximum at the tip. This means
that each blade of our three bladed rotor with a swept area of 93.3 m?2 should
withstand an extreme load of 9.33 kN. (300 N/m?*93.3m?/3blades =9.33kN/blade)
The blade should withstand this load without sustaining any damage. On fatigue, the
certification criteria [12] states that at a load factor of 0.5 (150 N/mZ2. swept area /
number of blades), the measured strain for GRP must be less than 0.2% (2000
microstrains) in the side of the blade under compression and less than 0.3% (3000

microstrains) in the side of the blade in tension. Therefore, we have two load cases:

Load Case 1 : 300 N/m?
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Load 1 = 300 N/m2 * 93.3 m2/ 3 Blades = 9.33 kN/Blade
Load Case 2 : 150 N/m?2
Load 2 = 0.5 * Load 1 = 4.665 kN/Blade

It is understood that the cross section of the root is circular and must be hollow

from the inside just like the blade itself, therefore the root has an outer diameter d,

and an inside diameter d;.

Using Load Casel with the distribution mentioned above we have the situation

dipicted by Figure(2.11).From the rotor dimensions and load distribution, the moment

9.33 kN

ROTOR
CENTER g === —— —————

500m

Fig. 2.11: Load Case 1 and Associated Moments.

acting on the blade root is the sum of the areas marked A, and A;, where the

concentrated load can have variable values according to the linear curve shown when
moved from point to another along the blade length. Using similar triangles, yields:
9.33/5.45 = y/0.45 =======> y =0.77kN
Then

A, = 0.77kN *0.45/2 = 0.173

A2 = 0.77kN*5.0m = 3.85

A3 = 9.33 - (3.85+0.173) = 5.307 , hence,

M, = (3.85*2.5)+(5.307*2/3%5.0) = 27.3 kN.m

Now, from Hooke's law, the stress within the root section is :
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Croot = Eroot Eroot
where E = 30 GPa is the Modulus of elasticity for GRP, and with a strain limit of
0.3% in tension and allowing only half of this amount (0.15%) which is equivelant to
a safety factor of 2 ,we get:
O = (0.15%/100) * 30x10° N/m? = 4.5x107 N/m2,
Also, from the flexure formula, we have:
Oroot = Moot * Troot! Ligot  =++veerssnsrrnnsrmnasanennrinstiereaiii s tnasaes (2-41)
where, I, = n/64 * (d* -d%)
is the cross sectional moment of inertia,
and d, = root outer diameter

d, = root inner diameter

r., = the distance from the cross section center to the outer most fiber,

which is d /2.

Therefore, Equation (2-41) becomes:

Oy = (32 * Moy * )/ T (@3- 08 v (2-42)
or
4.5%107 = 2.73x105 dy 7 (A = d8) +oveeveereeeereeeeee e revee et es e er e (2-43)

Hence, we need to iterate a few times to get the required root cross section area. Off
course, a blades that is 5 meters long cannot in any way have a one meter-thick root
neither a 5 centimeter thin. A practical starting value would be 10% of the blade
length, however, it should not exceed the hub diameter, therefore, we start with d, =
0.45 m and find d, using a small computer program. A graphical solution to

Equation(2-43) is given in Figure(2.12) which also shows the difference between d,
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Fig. 2.12: Determination of Outside and Inside Root Diameters.

and di (i.e. the thickness of the blade material at the root). Below d, = 0.2m, the
Equation starts to diverge, and therefore, a minimum outside diameter of 0.21m and
a corresponding inside diameter of 0.17m will be selected. this means that the
thickness of the GRP material at the root will be 20mm.

The root will be fitted with a steel flange to connect the blade to the hub. In order
to relief stress concentration from the GRP material, the flange will be designed as a
jacket-like strcture from the inside and outside of the blade material as shown in
Figure(2.13). There are many different alternative solutions to the flange design but
this is outside the scope of this work. The important criteria is avoiding sudden

changes in geometry and keeping the Glass Fibers continuous from root to tip.
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Fig. 2.13 Blade Root Design.

2.5.4 Blade Taper (Flapwise)

Flapwise view of the proposed blade in Figure(2.14) shows the root region and

the working region. The working region is the portion of the blade which has the
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actual airfoil cross section, and the root region is the portion which compensates
geometry between the airfoil profile and the completely circular section at the
connection flange, and therefore has no contribution to power generation. The taper

of the working region also chosen linear to simplify manufacturing.
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Fig. 2.14: Chord Length Distribution Along the Blade in Millimeters.

For a streamlined body with the dimensions already calculated and defined for the
length, root, and tip, the best proportions for the blade according to Figure(2.15)
would be when the chord at the begining of the working region is 0.6m and at the tip
is 0.2m. This blade shape would have 1.5% efficiency losses from the theoretical
optimum as shown by the same figure {19].

The two selected profiles (Figures 2.8 and 2.9) will have to mix with one another
somewhere along the blade length. The mixing must be smooth and therefore will be
in terms of the two profiles which requires either scaling up or scaling down. The
governing parameter for scaling will be the chord of the airfoil section. The chord

E length distribution will be as shown in Figure(2.14).
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Fig. 2.15: Efficiency Losses Related to Ideal Blade Shape Rotor, Ref.[19].

2.5.5 Blade Thickness (Edgwise)

The blade geometry has two different views; Edgewise, and Flapwise as can be seen
in Figure(2.16). The edgwise view defines the blade thickness distribution, and the
flapwise view defines the chord length distribution of the selected airfoil.

The thickest portion of the blade must be the root, and viewing the blade from the
edgwise position, one concludes that the blade must be tapered down from root to tip
for rigidity purposes. The simplest taper (in the working region of the blade) is linear
which makes material distribution and manufacturing processes much simpler.

We know that the material thickness at the root is 20mm at each side, and this must

be tapered down to the blade tip, but physically, the tip must have a finite thickness at
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the point of Sm length in order to have a lower and upper parts of a shell assembly,

also to facilitate manipulation of material at the tip. Therefore, the thickness of the
tip material will be set at 12mm at each side and allowing 1 to 2mm for resin between

them which gives a total thickness at the tip of 25mm.

==
-
EDGE -WISE
5.00m
root working region )j
FLAP-WISE

Fig. 2.16: Viewing Rotor Blade Geometry.

The thickness distribution of the blade is calculated in terms of the chord, in other
words , the total thickness of the blade at any station will be a percentage of the chord
length at that station. The two extreme thicknesses of the blade (210 and 25mm) were
established previously, and the thickness distribution must fall between these two
values and must also be smooth and steady. Figure(2.17) shows the thickness envelop
of this rotor blade design.

Any thickness distribution within this envelop can be selected however under the

constraint that thickness must keep steadily decreasing as we move from root to tip

along the blade. A linear distribution will be chosen which represents an interpolation
between the extreme points, but in order to avoid sudded changes, the distribution

. curve will be extrapolated as shown in Figure(2.18).
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Fig. 2.18 Blade Thickness Distribution.
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~The higher point is at the edge of the steel flange where this flange should have a
curvature (outward) at the end “to avoid stress concentration risers. The lower point
however cannot fall on the blade because the tip will be chamfered to remove sharp

edges for better acrodynamic performance.

2.5.6 Profile Matching

From the airfoil system designation, the two selected profiles (NACA 63-621) and
(FX 66-5-196) have maximum thicknesses of 21 and 19.6% of chord respectively. In
order to match an airfoil profile to any given thickness, the profile thickness is simply
multiplied by a certain percentage that makes it match that thickness. For example,
the thickness of the blade at station 0.8m is 178mm which is 29.7% of the chord.
Where the chord is 600mm. We have chosen to use (NACA 63-621) in this region,
but its thickness is only 21% (i.e 21% of 600mm = 126mm) where it should be
178mm; Therefore, the 21% must be increased by a factor of 1.41 in order to match
the thickness at this station.

In this design, the point of mixing the two profiles was chosen at the begining of
the last third of the blade which should result in a thick blade. At this point, the FX
profile will be inserted but with a small percentage which guaraniees a smooth
transition from NACA . At the next region however, these percentages will be
reversed in favor of FX and depending on the size of the blade, this transition could
be carried on for several stations. The following station then will be purely FX with
either a scale-up or scale-down factor. Table(2.1) lists the blade parameters with the

profile matching sequence.
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Table 2.1: Blade Parameters and Profile Matching.

Station Chord Thickness Thickness Profiles

(m) (mm) (mm) (%)

0.8 600 178 29.7 1.41(NACA 63-621)
12 562 163 29.0 1.38(NACA 63-621)
1.6 524 149 28.4 1.35(NACA 63-621)
2.0 486 134 27.6 1.31(NACA 63-621)
24 448 120 26.8 1.28(NACA 63-621)
2.8 410 105 25.6 1.22(NACA 63-621)
32 371 91 24.5 85(NACA 63-621)+.34(FX 196)
3.6 333 76 22.8 25(NACA 63-621)+.90(FX 196)
40 295 61 20.7 1.06(FX 196)
44 257 47 18.3 0.93(FX 196)
48 219 32 14.6 0.74(FX 196)
50 200 25 12.5 0.64(FX 196)

2.5.7 Blade Twist

The twist of a wind turbine blade is defined in terms of the chord line. Itisa

synonym for the pitch angle, however the twist defines the pitch settings at each

station along the blade according to the local flow conditions. Looking back at the

velocity triangle in Figure(2.5), and also as referance [20] expalains, the pitch angle

(B) is large near the root (where speeds are low), and small at the tip (where spees are

high). This situation suggests a match between the twist and rotational speed, since
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the relative wind speed is the vectorial sum of the rotational speed and the free stream
wind speed.

Here is a decision point, one has either to fix the rotational speed of the rotor and
search for the optimum twist, or fix the twist and find the best rotational speed for the
machine. The first choice is better because it is easier for designing the gear and
generator. This blade was chosen to rotate at 75 rpm and as a first estimate of the

twist we use the equation for twist of zero lift line:

B=(RITC-0) =K (1 -T/R)  eeeeiieiiteetiee ettt eeee e v e veneenavananane (2.44)
where o, is the angle of attack at the tip and k is a constant such as (k>0)}. The zero

lift line is the setting angle of the chord line of the profile when the lift is zero.
Figur(2.8) and (2.9) show that the zero lift line for the FX profile is at oy = -2.0
degrees, and that for the NACA profile is at o, = -4.2 degrees.

Referring to Figure(2.5), the angle of attack at the tip (o)) can be calculated from
the velocity triangle. Knowing that the rotational speed is 75 rpm, this gives a tip
speed of 75 rev./min. * min/60sec. * 2n/rev. * Sm = 39.27 m/s . Also taking a
mean free stream wind speed of 7m/s which is usually taken as a design wind speed
[13], then, from figure(2.5) we get the following:

O = tan"! (7/39.27) = 10.1 degrees.

The pitch angle (B) at the tip is between dand 2 degrees, therefore , taking the
larger values yield:

o, = O - f§ = 8 degrees.

Using the values of oy, = -2 degrees, o, becomes 6 degrees, and with
equqtion(2.44), a wide band of zero lift twist can be produced for a range of k values
as shown in Figure(2.19).

From the design point of vie\:v, only the twist distribution that produces the
required power level at 75 rpm will be selected. This is a question of how much the
rotor should be loaded, where a generator size can be chosen and then one can see

how much the rotor is really loaded.
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Fig. 2.19: Graph of the Zero Lift Line.

The procedure to calculate wind turbine output using airfoil data was first
established by (Wilson & Lissaman,1974) [13], and it reads as follows:
Given the rotor radius (r), number of blaeds (B), chord length (c), lift ( Cfe) ),
drag ( Cy(o)-) pitch angle (B), free stream wind speed (V), and the rotational speed
“); _
A. Guess a and a’ (a = a’ = 0 is acceptable to start).
B. Calculate @ from tan @ = 1-a/ 1-a/ * V/rQ.
C. Calculate a from o = ¢ -f.
D. Calculate C, and C, from graph or table.

E. Calculate C, and C, from equations (2-24),(2-25).
F. Calculate a from a/1-a = Bc C,/ 8nr sin2 .

G. Calculate a’ from a’/1+a’ = Be C,/ 4nr sin2 @,
H. Go back to step B and repeat. ‘

Once the above iteration converges, the sectional flow properties will be known

and the local contributions to torque and axial forces may be integrated to determine
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the overall torque and axial force of the roror. It should be mentioned that airfoil
section variations such as twist and blade taper may be accomodated quite easily. A
FORTRAN computer code named PROP was written for the above procedure in
1974. This program calculates the theoretical performance of a propeller type wind
turbine. It utilized a Simpson's rule method (three-pass technique) for numerical
integration. Later, in 1982, this code was modified by Rockwell International under
the U.S. Department of Energy Rocky Flats \;Jind System Program (SEACC). The
new version was called System Engineering and Analysis (SEA). The new code added
several enhancements to the old one by allowing parameters and configuration
changes and cdlculation of annual energy output.

One of the most well developed computer programs written for this purpose is
AERODYN™ by Tripod Consult Aps of Denmark. In addition to all the capabilities
of the above mentiond software, this aerodynamic program can also calculate a non-
axis-symetric airflow. In the folowing, here is a brief description of the different

situations handeled by the program :

1- Coning (deg.) = Blade-axis deviation from the rotor plane (0 to 6 deg.)
2- Tilt (deg.) = Inclination of rotor axis from the horizontal (0 to10deg)
3- Yaw (deg.) = Difference between wind directin and rotor axis

4- Hub Height (m) = Height of the rotor center

5- Wind Shear (- ) = Wind shear exponent (0.1 to 0.5)

The assumption for calculations are small angles in 1, 2, and 3.

Coning and Tilt are specific for the construction, whereas the wind shear is specific
for site where the wind turbine will be located. The value of the Yaw depends on the
turbine yaw-strategy, the offset of the wi’nd vane, and changes in wind direction. The
program calculates the aerodynamic loads in 18 positions in one revelution, and these

aerodynamic loads are added onto the total load on the hub.

Start position for the blades: ( with 3 blades)
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1} Vertical upward : rotating clockwise.

2) To the right : position = 120 deg. from the top position.
3) To the left : position = 240 deg. from the top position.

Hub loads:

The resulting loads on the blade root (forces and moments) are added together on the
hub in a non-rotating coordinate system. The wind turbine is seen from a position in

front of the turbine, and the wind is in the back.

FX (N) - Horizontal forces in the rotor plane, positive to the right.

FY (N) + Thrust forces perpendicular on the rotor plane,positive in the wind
direction.

FZ (N) : Vertical force in the rotor plane.

MX (N.m) : Tilt moment (Bending moment), around a horizontal axis, positive
to the right.

MY (N.m) : Driving moment on the main shaft.

MZ (N.m) : Yaw moment (Bending moment), around a verical axis , positive

upwards.

The various twist distributions will be judged for their power output at three
different wind speeds namely (4,10, and 16m/s). Table(2.2) shows the input data to
AERODYNT™ for a twist distribution of 48 degrees. The rotor power output is
calculated at 75 rpm and zero pitch angle at the tip as shown in the table and the
results of the calculations are given in Table(2.3) for different twist distibutions at the

indicated wind speeds.
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Table 2.2: Input Data to the AERODYN™ program.

Ahhkhkhkhhthhhhdihkhrhkhkhhhhrhihrhhh INPUT DATA #ddhkkdkkdhhhhhhhhbbhhhrhhhhhhdndd

DATE: 06-20-93
TIME: 14:28:00

PC-PROGREAM: ADYN_S

(C) TRIPOD CONSULT ApS

ROTOR NAME: Glassfiber Re-enforced Plastic Blades
NACA 63-621 ———wceao > FX-S 198

PROFILE t FXEES

BLRDE DATA: RADIUS CORD TWIST THICKNESS
(M) (M) (DEG) (%)
“.eqo .600 18.00 29.70
1,200 .562 14.490 29.00
1.600 .324 11.10 28 .40
2.800 . 4886 8.20 2?2.60
2.4Q0 .446 6.10 26.80
2.800 .410 4,20 25.60
3.200 .371 3.10 24.50
3.600 .333 2.50 22.80
4,000 .295 1.40 20.70
4.400 .257 .70 18.30
4.800 .219 L1t 14.60
5.000 .200 .Qo 12.50

INFLOW CONDITIONS
NUMBER OF BLADES
DIAMETER

ROTOR SPEED

PITCH

WIND SPEED
DENSITY QF AIR

CALC.POINT:

*******i**i********************************i********k**************************

Table 2.3: P(4 m/s), P(10 m/s), and P(16 m/s) for the 4-twist distributions.

¢RPM) (FROM,TO,STEP):
(DEG) (FROM,TO,STEP):
(MsS) (FROM,TO,STEP):

RADIUS CORD
(M} (M)

1.250 .600
1.947 .534
2.609 .470
3.225 412
3.783 .358
4.273 .312
4.68§ .273
5.016 .241
5.236 .218
$5.401 .20S

AXI-SYMMETRIC
3

10.90 M
73.00 75.00
.00 .00
4.00 16.040
1.23 KG/HM#*3
TWEIST THICKNESS
(DEG) (%)
1s8.00 29.70
11.9% 28.55
7.36 27.28
4.79 25.87
2.90 23.93
1.89 21.83
.99 19.29
.45 16.76
.10 14.54
.02 13.01

.00

6.00

36

Twist(deg.)  rpm Pitch(deg.) ~ P(4) (kW) P(10) (kW) P(16) (kW)
22 75 0.0 1.06 20.13 23.38
20 75 0.0 1.00 19.45 21.95
18 75 0.0 1.03 19.50 22.11
16 75 0.0 0.98 19.03 21.22
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The power level is very close for the four twist distributions and for fast running
blades the smallest one (16-degree distribution) will be chosen which fits a generator
output of 15 kW as follows:
The rotor output is 19.03 kW, and with gearbox efficiency of 0.93 and generator
efficiency of 0.85, the overall power output will be;
P = 19.03 * 0.93 * 0.85 = 15.05 kW of electric power which will be the rated
power of a wind turbine equiped with the above blades.

This concludes the detemination of the blade data as described in Table(2.4) and
the geometry of the of the blade is completely defined which will allow the
determination of the blade loads and other aerodynamic characteristics.

Table 2.4: Complete Blade Data

Statton Chord Thickness Thickness Twist Profile
(m) (mm) (mm) (%) (deg.) NACA 63-621 = N21
FXS 66-196 =F196

0.8 600 178 29.7 16.0 1.40(N21)

1.2 562 163 29.0 12.8 1.38(N21)

1.6 524 149 28.4 10.1 1.35(N21)

2.0 486- 134 27.6 7.8 1.31(N21)

2.4 448 120 26.8 5.8 1.28(N21)

2.8 410 105 25.6 4.2 1.22(N21)

3.2 371 91 24.5 2.8 85(N21) +.34(F196)
3.6 333 76 22.8 1.8 25(N21)+.90(F196)
4.0 295 61 20.7 0.9 1.06(F196)

4.4 257 47 18.3 0.4 93(F196)

4.8 219 32 14.6 0.2 .74(F196)

5.0 200 25 12.5 0.0 .64(F196)

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



38

2.6 Aerodynamic Loads

The blade geometry acquired in the previous section forms the main data necessary to
formulate a model in order to calculate the aerodynamic loads and other data such as
the operating parameters. A rotor code called LOADS was developed at Oregon State
University in1989 to analyze blade loads for rigid rotors of simple geometry including
flapwise flexing and unsteady aerodynamics {4]. The rotor is not allowed to yaw and
the rotation is constant with no pitch variations allowed.

For yaw considerations, there is a special code called YawDyn [21]. This program
also considers blade flapwise loads and moticn and their effects on yaw loads, or, in
the case of a free-yaw system the yaw motion. Wind shear, tower shadow and a time-
varying wind vector as well as rotor geometry and airfoil characteristics are input to
the model. A quas;i-steady state strip theory is employed in the aerodynamic analysis
and static stall is considered by using airfoil tables. The model makes no assumptions
of small yaw angles, though it does assume small flap defflections.

There are many other poweful computer programs for blade loads calculations
such as MOSTAB and SEACC, but the most reliable as was mentioned earliear is
AERODYN™ which will be used here to predict the blade loads at all positions and
yaw angles, and wind speeds. The data input to the program will be the blade
geometry as shown in Table(2.4) and will be run for a range of wind speeds and pitch
angles, in addition to twelve different yaw positions. Table(2.5) gives the maximum

values of the six major components (forces and moments).

Where: ‘3;
FX (N/m) : Force per length of the blade , edgwise. C [ HMX z
FY (N/m) : Force per length of the blade , flapwise. — MC

FXs (N) : Shear force ,edgewise.
FX

FYs (N) : Shear force , flapwise.

MX (N.m ) : Bending moment , edgwise.

Fig. 2.20 : Aerodynamic Loads and Moments.

i
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MY (N.m): Bending moment , flapwise.

MC (N.m): Bending moment around local chord.

Table 2.5: Blade Loads and Moments Along the Blade During Normal
Operation at A Maximum Wind Speed of 25m/s and Zero
Pitch Angle.

Radial Forces and Moments

Position FX FY FXs FYs MX MY MC
(m) (N/m)  (N/m) (N) (N) (N.m) (N.m) (N.m)

0.00 0 0 335 1561 1055 5286 0
1.25 140 320 355 1561 612 3334 3374
1.95 115 346 266 1329 397 2326 2359
2.61 97 373 196 1091 245 1523 1542
3.23 &3 394 140 855 142 923 931
3.78 71 401 938 633 76 508 511
4.27 63 400 65 473 36 246 246
4.69 57 351 40 273 15 99 99
5.02 33 374 22 147 4 30 30
5.26 52 359 9 60 1 5 5
5.40 54 344 1 3 0 0 0
5.45 0 0 0 0 0 0 0

The shear force (flapwise) and the bending moment (flapwise) are the dominant
components and therefore will be studied at different settings of pitch angles (from
B= 0to B = 40 degrees). Table (2.6) shows the input data for these conditions to the
AERODYN™ program.
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Table 2.6: Input Data For Blade Loads Calculations at Various Pitch Angles.

Fhkdkdhkhkdhhhhkkkhtrhkhhhhhkhkrtihkhktihd INPUT DATA *dtkkdktdiihkhdhhhhkbriitthitiihink

DATE: 06-30-93 PC-PROGRAM: ADYN_S
TIME: 12:25:13 (C) TRIPOD CONSULT RpS
ROTOR NAME: Glassfiber Re-inforced Plastic Blades
NACA 62-621 -—---e--a > FX-5 196
PROFILE i FXG686S
BLADE DATA: RADIUS CORD TWIST THICKNESS
1) (M) (DEG) (%)
.800 600 16.00 23.70
1.200 .562 12.890 29.00
1.600 .524 10.10 23 .40
2.000 . 486 7.80 27.60
2.400 . 448 5.80 26.80
2.800 410 4,20 25,80
3.200 371 2.80 24.50
3.600 .333 1.80 22.80
4,000 .295 .90 20.70
4.400 .257 .40 18.30
4.800 .219 .20 14.60
S5.000 .200 .00 12.50
INFLOW CONDITIONS : AXI-SYMHMETRIC
NUMBER OF BLADES : 3
DIAMETER : ! 10.90 M
ROTOR SPEED (RPM) (FROM,TO,STEP): ?5.00 75.00 .00
PITCH (DEG) (FROM,TO,STEP): .00 40.00 4.00
WIND SPEED (MsS) (FROM,TO,STEP): 3.00 25.00 1.00
DENSITY OF AIR : 1.23 KG/M**3
CALC .POINT: RADIUS CORD TWIST THICKNESS
(H) (M) (DEG) (%)
1.250 .B00 16.00 29.70
1,947 .534 10.78 28.55
2.609 471 Z7.00 27.28
3.225 .412 4.30 25.67
3.783 .358 2.42 23.83
4,273 .312 1.30 21.63
4,686 L2723 .60 19.28
5.016 .241 .32 16.76
5.256 .218 .19 14.54
5.401 .205 .05 13.01

Fhhhhhhkhhhhhhhrdkrhdhhhhhhhdhhhhhhkkhkhdhdhhhkhbhhrhdhhhrbhhhdhhhhhhthhhhhritrrthhhhhd

As shown in Table(2.6), the maximum operating wind speed is 25m/s and the
pitch angle range is from zero to 40 degrees in increments of 4 degrees. The
rotational speed is fixed at 75 rpm. The maximum values of shear and bending

moments realized at 25m/s for these conditions are given in Tables(2.7) and (2.8).
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Table 2.7; Maximum Shear Forces For Different Pitch Angles

4]

Radial Pitch Angle Settings
Position (B°)

(m) 0 4 8 12 16 20 24 28 32 36 40
0.00 1561 1497 1440 1392 1347 1314 1255 1115 893 619 O
1.25 1561 1497 1440 1392 1347 1314 1255 1115 893 619 O
1.95 1329 1276 1231 1197 1168 1148 1099 971 760 485 170
2.61 1091 10;18 1016 996 978 966 926 809 596 338 153
3.23 855 823 803 793 781 755 746 626 423 209 111
3.78 633 612 601 597 586 589 561 437 273 110 57
4.27 437 423 418 415 407 417 381 276 159 45 0
4.6% 273 266 262 259 256 266 226 155 81 11 -9
5.02 147 143 142 138 141 142 113 74 35 -1 -17
5.26 60 58 58 56 60 55 42 27 12 -2 -21
5.40 8 8 8 8 9 7 6 3 1 0 -21
5.45 0 0 0 0 0 0 0 0 0 0 0

It can be seen from the two tables that the maximum values occur near the blade

root which indicates the necessaty to emphasize the special attention required for this

region. Much higher loads would occur if the wind is blowing at skew angle relative

to the blade which is called yaw effect. Another computer run was made to calculate

the loads resulting from a 30-degree yaw angle which can be considered the maximum

skew encountered during continuous operation. For strength and stress analysis
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purposes, only the force per length disribution (flapwise) will be calculated which
represents the maximum load in the most critical direction. Furthermore, and

according to the German DIN, blade loads shall be calculated at an extreme gust of
42m/s as shown in Table(2.9).

Table 2.8: Maximum Bending Moment For Different Pitch Angles.

Radial | Pitch Angle Settings
Position B2

(my O 4 8 12 16 20 24 28 32 36 40

0.00 5286 5079 4914 4791 4673 4604 4378 3767 2832 1737 807
1.25 3334 3207 3114 3051 2989 2962 2809 2374 1716 964 372
1.95 2326 2240 2182 2148 2111 2102 1987 1645 1138 577 168
2.61 1523 1469 1438 1420 1400 1401 1315 1054 687 304 48
323 923 893 877 869 857 84 799 611 373 136 -4
3.78 508 492 485 481 475 484 433 314 179 48 -I5
427 246 239 236 232 232 237 202 140 74 11 -11
469 99 96 95 93 95 95 77 51 25 1 -5

5.02 30 29 29 28 29 28 22 14 6 -1 -2
5.26 5 5 5 5 5 5 3 2 1 60 o0
5.40 0 0 0 0 0 0 0 0 0 0 0

5.45 0 0 0 0 0 0 0 0 0 0 0

This load distribution is plotted in Figure(2.21) to show the loading configuration
during maximum operating conditions. The area under the curves was also graphically
integrated to identify the total load. The curves obtained here can be compared with
the one presented in Figure(2.11). It is noticed that the total load under the 42m/s

curve represents load case 2 in section 2.5.3.
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Table 2.9: Blade Loads FX(N/m) and FY(N/m) Distributions For

25 and 42m/s Wind Speeds Respectively and 30
Degree Yaw and Zero Pitch Angles.

43

Radial Position
(m)
0.0 1.25 1.95 2.61 323 3.78% 4.27 4.69 5.02 5.26 5.40 5.45
FY (25m/s) 0 395 468 531 578 603 611 598 557 531 513 0
FX (25m/s) 0 200 182 166 152 139 130 121 107 103 109 0
FY (d2m/s) 0 908 996 1047 1062 1043 1003 9048 886 833 791 0
FX (42m/s) 0 414 336 276 227 189 162 142 129 123 124 0
NACA
+
NACA 63-621 <«—— EFX = FX§ 66-196
' 1
100 ! '
]
1000} ' !
THRUST LOAD AT 42m/s = 4517 N
900} ! '
1 t
800} ! |
1 i
700F | I
E | !
= 600}
—r \ B 7-5‘°N
- . 6“-\'5’ o
w500} v 2 |
3 WORD 7
[ o1
.“_\RU }
Lo0} ! ;
! i
3004 ORan "
45 Loy
Ar 42
200+ ! ’saq
DRAG LoD ! ] 023y
AT 25m/s -
100 l 700 N
| i
0 1 H 1) 3 t 1 )
0.0 1.0 2.0 30 4-0 5.0 545 6.0

BLADE LENGTH (m}

Fig. 2.21: Load Distibution Configuration (N/m) For 25 and 42m/s

Wind Speeds.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



44

Chapter 3

STRENGTH & STRESS
ANALYSIS

3.1 General

The bléde geometry obtained in the previous chapter is one of the most complex
shapes encountered in engineering problems. The combination of different airfoil
sections  at different geometric positions with twist and variable thickness and chords,
added to the large physical size of the model, make it extremely difficult to analyze
using conventional techniques. Therefore, Finite Element Methods (FEM) will be the
ultimate choice of solution, however, some compromises must be made when close

accuracy is required from large physical models.

3.2 Geometric Solid Modelling

In order to utilize FEM, a solid model for the blade must be created first to define the
surface boundaries and volume contained within it. The contained volume will

determine the shape and number of elements that could be used in the analysis.
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One of the most powerful solid modelers is the ARIES™ Mechanical Computer
Aided Engineering Design (MCAED) software used by the Renewable Energy
Research Center (RERC) at the Royal Scientific Society. This package is developed
by Aries Technology in Lowell, Massachusetts, USA, especially for mechanical
engineering design and analysis of mechanical elements and therefore will be used
here to analyze the strength chracteristics of our 5-meter blade in this study.
The solid model is created in ARIES™ in three steps:
Step 1: Depending on the designer's judgment and knowledge of the design at hand,
only four section curves (drawn according to the geometry obtained in chapter 2) at

four different locations along the blade will be needed as shown in Figure(3.1).

Y

z/J\X

S0m

0-4
0.0

Fig. 3.1: Minimum Number of Section Curves For the Blade.
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Step 2: A solid skin is then created for the two inner cavities by linking the four
internal curves with straight lines (called pathe curves). These path curves or links
must be pricisely positioned at the selected section curves and must not cross one
another and also be continuous. The optimum number of links will be selected by the
computer if a large number of links was supplied by the user. Once the selection
procedure is finished, the computer is ordered to create a solid skin that covers the
curves exactly in a three-dimensional space. The same procedure is repeated to create

the solid skin for the outer curves as shown in Figures(3.2) and (3.3).

Fig. 3.2: Solid Skin For the Two Inner Cavities of the Blade.
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Fig. 3.3: Solid Skin For the Quter Blade Surface.

Step 3:  In order to create a true solid model that resembles the blade, the two inner
parts will be subtracted from the outer skin which should yield the exact solid

geometry of our blade as can be seen in Figure(3.4).

3.3 Section and Mass Properties

The above geometry is assigned a Glassfiber Reinforced Plastic material with the

following mechanical properties given in Table(3.1):
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Table 3.1: GRP Mechanical Properties

Density = 1.4 x 104 kg/mm3
Tensile Yield Strength = 63 N/mm?
Ultimate Tensile Strength = 129 N/mm?
Modulus of Elasticity = 6000 N/mm?2
Compressive Strength = 170 N/mm?2

Shear Modulus = 2542.4 N/mm?
Possion's Ratio =0.18

Glass Content =50 %

Fig. 3.4: Complete Solid Geometric Model of the Blade
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The second moment of area (I, , Iy) are calculated for the four critical sections

shown in Figure(3.1) and given in Figure(3.5), which shows the sectional area

100 10

Moment of Inertia ly (mm*)x 107
Moment of Inertia Ix (mm* x 107

0 ! 1 i ! 1 L ! i

]
o 500 100C 1SCC 200C 250C 200C 2800 4000 4RDO KO0

Blade Length (mm)

Fig. 3.5 : Second Moment of Inertia I, I, Distribution Along The Blade

moment of inertia distribution from root to tip. The blade mass properties are also

calculated and given in Table(3.2).
Table 3.2: Blade Mass Properties

Weight = 1156.87 N Mass = 11797 kg
Volume = 8.4263x107 mm? Density = 1.4x10-5kg/mm3
Area = 7.4522x10% mm? g = 9.80665 N/kg
Properties With Respect to Origin at .......... {mm)
0, = 0.0 Oy = 0.0 0, = 0.0
Mass Moment of Inertia (kg/mm2)
I, = 2.544x108 i, = 2.560x108 I, = 2.172x108

Center of Gravity (mm)
Coy = 4427 Cpy = 17.59 C_., =-1668
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3.4 Finite Element Modelling

The first phase of the analysis using FEM begins with understanding the structural
behaviour of the part, the characteristics of the material used, and the load and
restraint conditions. The rotor blade is required to transmit torque to the rotor shaft
and in due course will be subjected to the various aerodynamic loads mentioned
previously in Tables (2.7) and (2.8), in addition to centrifugal forces.

From the structural point of view, the blade is a cantilever beem, however, it has
a complex geometry and the loading configuration and distribution depend on this
geometry. The finite element method which will be used in this context is the process
of using software prototypes to numerically and graphically simulate the behaviour of
the blade. Therefore, the application of the finite element method is called the finite
element process.

Finite element modelling consists of three phases, as shown in Figure(3.6) and as

described in ARIES™ software manuals [22].

PHASE 1: MODELING
(Geometry, Environment,
and FEM applications)

f

PHASE 2: ANALYSIS
(FEM application)

f

PHASE 3: RESULTS DISPLAY |
(FE_Results application) i

Fig. 3.6: Phases of Finite Element Modelling.
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Modelling is the pre-processing phase of the finite element process. In this phase,
the geometry is created, the loading and restraining conditions will be defined, and
then, a finite element model that divides the part into elements and nodes is built. The
nodes and elements can be generated by ARIEST™™ manually or automatically.
However, in both cases, the geometry of the part must have reasonable dimensions.
This means that if the part has small edges compared to the bulk of the solid part, the
mesh generator will create excessive density of elements at this edge. In the blade
model of airfoil sections, this problem cannot be avoided becauselthe trailing edge of
the airfoil is much smaller than most of the blade body. Furthermore, when dividing
the blade into sevsral regions, the region containing the small edges required
enormouse amount of elements. Therefore, a compromise must be made where the
attention should be directed and focused on solving for the critical part of the blade
(i.e., the root region). This requires rearranging the loads on the blade but still having
the original loading situation.

The root region is 0.8m long and fixed at the root flange where no translational
or rotational displacements are allowed. The loads on the blade will be shifted to this
section as follows:

Taking the maximum loads on the blade at 42m/s from Table(2.9) and
Figure(2.21) we get:
Maximum thrust load (flapwise) FY = 4.517 kN which is applied at the aecrodynamic
center of the blade 2/3ed the blade length from the root. Then, in order to transfer
this force to the end of the root section (0.8m) from the root (i-e., 2.5333m closer to
the root), we will get this force and a moment M (moment of force about the root),

ie.:

FY = 4.517kN
MX =4517kN *2.5333 m = 11.4431 kN.m
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Also, the maximum darg load edgewise FX = 1.023 kN, and applying the same

principle yields:
FX = 1.023 kN
MY = 2.5916 kN.m
The blade is also subjected to a centrifugal force F, due to rotational motion. This

force is simply:

e T MO e (3-1)
where; m = 117.97 kg (the blade mass).

Q = 100 rpm (rotor overspeed from the design rpm of 75).

Tcm = 1.668 m (blade center of mass measured from the root).
Hence;

EF, = 117.97 kg * (100 rev./min *1 min./60 sec. * 2n/rev.)? *1,668 m = 21.58 kN

At this pc;int, the geometry, the restraint, and the load conditions are all avilable.
The root region geometry will be meshed using a TETRAHEDRON element from the
ARIES™ library which is a solid element because the nodes of this element specify
its geometry completely so as no additional properties of the material are required, see
Figure(3.7). The order of this element is linear with 4 nodes and three degrees of
freedom. The completely meshed root region by the ARIES™ automatic mesh

generator is shown in Figure(3.8), where the loads and restraints are also imposed.

3 - Degrees of Freedom
at the nodes.

Translation

™X,TY, TZ

Fig. 3.7 Tetrahedron Element
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Root . Translational and Rotational
Restraints
\ Fy = Thrust Forces
5 10x0.452 kN F, = Drag Forces
10x0.1023 kN
Y i g m‘
k"
z
: o M, =
F, = Centrifugal ———— ==
Forces Drag Moments
10x2.16 kN

Thrust
M, = Moments
10x1.1443 KN.m

/ 10x0.2592 kN.m

Fig. 3.8: Complete FE Model of the Rotor Blade Root Region by ARIES™.

The modelled region contains 1103 nodes and 3867 elements. The model at this
point is considered complete and ready to be submitted to the built-in module of the
well known FE package ANSYS™ within ARIES™ in order to be analyzed.

This is the second phase of the FE modelling which is the processing phase. The
FE model is submitted internally (within ARIES™ environment) to ANSYSTM,
ANSYS™ first checks the model and identifies the space coordinates of each node

and element and makes sure that the model is coherent and the boundary conditions

and loads are also well defined at the indicated nodes.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



54
The following information is given by ARIES™ after ANSYS™ has finished the

processing phase successfully:

Model name = fe 1
Model type = Linear Static General 3D
Analysis code = ANSYS
Model DOF = TX TY TZ RX RY RZ
Number of:

elements = 3867

nodes = 1103

Pending results for model (if any):

Existing results for model (if any):

Model name = fe 1
model restraints:

Number of:
nodal_translational_restraint = 10
nedal_rotational_restraint = 10

Mcdel name fe 1

Result Case name LINEAR_STATIC_7

Code BNSYS

Type Linear Static General 3D
Start time Sat Dec 25 14:01:39 1993

-Completion time Sat Dec 25 14:10:39 1993

[ | | I T O 1 A I

Restraint case name re 2
geom restraints 0
Load case name lc 2
geom loads 0
model loads:
Number of:
ncdal_force = 30
nodal_moment = 20

The third and final phase is the results display. This is the post processing phase of
the finite element modelling process. The most important information required here
are the displacements and stresses resulted from the applied loads. Figure(3.9) shows
a graphical display of the analysis results where the color contours indicate the range
of stress present in the part, the deformed geometry and a displacement curve gives

the maximum deflection magnitude in the XY plane. The result of the analysis shows

that the maximum principal stress at the root is 9.348 N/mm?2. When this is compared

to the yield strength of the GRP which is 63 N/mm?, it means that we have a factor
of safety equals 6.74. This value is also compared to the root stress Oroot = 45

N/mm? which was found in section 2.5.3 for a factor of safety equals 2.
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The difference of the two results is due to the centrifugal and drag forces added to the
model in the FEM analysis and the additional cross sectional area at the root section
represented by the rectangular spar at the balde center. The strain at the lower-most
fiber which suffers maximum tension is 0.15%, and according to the certification

criteria of [18], this value is below the allowable 0.3 %.

14
o=
-
)
5
4
o

§ BT Sy awd mantor ORIy pory

Fig. 3.9: FE-Results Display After Completing the Finite Element
Analysis Using ANSYS™ Module Witin ARIES™,

The blade deflection curve for the root section is shown in Figure(3.9), however,

a curve fit is made to this portion of the blade in order to predict the overall deflection

curve, and a linear extrapolation is used on the available data and a plot is produced

as shown in Figure(3.10):
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Fig. 3.10: Curve Fit Extrapolation of Blade Deflection During Extreme Operating

Conditions at 42 m/s.

The maximum calculated deflection at the tip is 104.3mm under the given loads which

concludes the analysis by insuring enough margine for safety of the design especially

during extreme operating situations.

3.5 Post Solution Analysis

The above results are assuring, but reassurance is necessary. In order to analyze

the FEM solution, a simple straight forward bending stréngth calculations will

indicate its accuracy. This is accomplished through the use of superposition of the

flexure formula with combined stresses.
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Taking the exact cross section geometry at the root where maximum loads and
- moments usually occur, we get the situation depicted by-Figure(3.11), from which we
will have: | o
I, = /64 (do? -di®) + bh3/12 s (3-2)
= 70,844,030 mm*
Iy = 7/64 (d* - di*) + hb¥/12

= 55,374,030 mm*

and the area A = 18800 mm?

Fy =1.023 kN

My =
2.5916kN.m

‘ F, = 21758 kN

Fig. 3.11: Blade Root Cross Section With Loads and Moments Imposed.

Then, by the superposition technique outlined by Popov [23],we get:
6. = +F/A+M x/I. +M_y/l
z z Yy oy A §

Where the positive signs correspond to tensile stresses, and negative signs correspond

to compressive stresses, and from Figure(3.11) we have :
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6, = 21158/18800+2591600%105/55374030+ 11443000*105/70844030

o, = + 11254 + 4.9142 + 16.9600

The sense of the forces and moments shown in Figure(3.11) determines the sign of the
stresses. Therefore, if the subscript of the stress signifies its location, the outer-most
fiber stresses at points A,B,C, and D are:

®a=(1.125 - 0 - 16.9600) = - 15.835 N/mm?

Cp = (1.1254 - 4.9142 + 0 ) =- 3.789 N/mm>

Sc=(1125%4+ 0 +16.9600) = + 18.085 N/mm>

b = (1.1254 + 4.9142 + 0) =+ 6.040 N/mm?

These stresses are shown in Figure(3.12). The highest is tensile at point C and the
lowest is compressive at point B. The stress vectors represent a complex surface that

passes through the cross section of the blade root at some points between A&D, and

B&C where stress vanishes. The maximum tensile stress is 18.085 N/mm? which is
much below the yield strength of the used GRP material of 63 N/mm2 with a factor of
3.5. The maximum compressive stress is 15.835 N/mm? which is also much below

the compressive strength of the used material of 170 N/mm?2 with a factor of 10.7.

Y A

-15.835 N/mm

-3.789 N/mm?
B

6.040N/mm?

18.085 N/mm?

c

Fig. 3.12: Stress Distribution at the Root Section of the Rotorblade.
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The results obtained by the FEM solution gave the maximum principal stress as
9.3487 N/mm? which certainly falls within the stress distribution shown above and
one explaination why it was different from the results of the forward analysis is that in

the latter one, concentrated load representation was used at the root to represent the

actual distributed aerodynamic loads.

In light of the above, two conclusions are obtained:
1. The FEM analysis are satisfactory and acceptable.

2. The blade material for the given root design can withstand the applied loads with

enough safety margine.
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Chapter 4

MANUFACTURING THE
GRP BLADES

The method of manufacturing the proposed prototype blade will be described in three
stages; namely, manufacturing the model, manufacturing the mold, and manufacturing
the prototype blades. Each stage is independent from the other two but in this
prototype environment, the first stage is the most critical one from the strength
viewpoint. This method is appropriate for blades of this size catagory because the
blade will be relatively light weight and can be easily handeled. For large blades

however (when weight becomes a problem) other methods are used such as winding

on mandrels [3].

4.1 Stage 1: Manufacturing the Model

A full scale exact geometry blade model will be made from wood. This model will

allow the designer to investigate and check the dimensional coherence of the blade
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especially continuity of the twist and smoothness of surfaces. If any irregularities
were found, they could be treated and traced back to the design calculations.

The first step in making the model is to divide the blade length into a number of
intervals keeping in mind that the data available is for the outer 4.2 meters of the
blade as shown in Figure(2.14). There we have 12 stations and the 0.8m root section
will be streamlined and dimensionally -and continuously- fitted from the circular
flange at the root to the first airfoil section 0.8 meters away where the actual airfoil
starts, For the 12 stations mentioned there, the twelve airfoil sections given in
Table(2.4) will be produced from 20mm thick white wood. The perimeter of each
sectin will be reduced by 10mm to allow for the installation of 15x15mm cross section

wood sticks as shown in Figure(4.1).

Fig. 4.1: Airfoil Section Cut From Wood and Reduced to Allow For Skin

Segments Buildup.

These sticks when stacked next to each other and bonded to the twelve airfoil

sections using binding resin for wood and hiden nails, will form the skin of the blade

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



62
which can be later shaped and smoothed and finally sanded to a very fine finish.
Then, wood sealant is applied in order to protect the wooden model from the
atmosphere's moisture. The twist distribution given in Table(2.4) is incorporated in
the blade model by fixing the sections at their respective stations as shown in
Figure(4.2), keeping in mind that the alligning datum is the aerodynamic center of

each section which shall also pass through the center of the root flange.

" Station No.2
Twist 12.8¢

Station No.1 \

Twist 16 \

Aerodynamic Axis

Fig.4.2: Method of Fixing the Airfoil Sections in Their Respective Chord and

Twist Distribution Prior to Installing the Skin 15x15mm Segments.

After all segments are installed and all finishing has been done, the completed full

scale (5 meter) rotor blade wooden model is shown in Figure(4.3).
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Fig. 4.3: Blade Model 5-meter Long Made From Wood.

4.2 Stage 2: Manufacturing the Mold

The mold will be made from GRP and consists of two parts; upper and lower halves
which are then strengthened using lateral rip stiffeners.

The wooden model is prepared first by waxing it with a special separation agent
(non-stick) which builds up a thin filin between the wooden model and the GRP mold
layers. The first layer of the mold cavity is a one millimeter thick gelcoat mixed with
a hardening epoxy to form a tough internal mold surface. After the hardening period
of the gelcoat, successive layers of glassfiber laminates soaked in polyester resin are

layed on the wooden model to take its exact shape as shown in Figure(4.4).
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Fig. 4.4: Fiberglass and Polyester Resin Laminates are Being Layed

on the Wooden Model to Get its Shape.

2t e

Fig. 4.5 The Two Mold Halves After Finishing Are Being

Strengthened by Lateral Rips and Steel Frame.
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After the curing period of the first mold half, it is pulled off the model and
cleaned up from all extra materials especially around the edges as can be seen from
Figure(4.4). The second mold half is also made in a similar fashion and the two
halves are thén assembled on the wooden model and any extra material will be
removed untill complete fitness on the model is achieved for the two halves
combined. The two mold halves are then strengthened using lateral rips made from
wood and covered with GRP in addition to installing a steel frame to insure extra
strength and ease of handeling as shown in Figure(4.5).

It is of great importance to locate the line where the two halves meet to avoid
overlapping which because of the blade twist will result in a complicated surface;
However, the best guide is the chord line which passes through the leading to the

trailing edge of the airfoil section.

4.3 Stage 3: Manufacturing the Prototype Blade

The blade is made of two shell halves and a central axial spar. Each shell is
fabricated in its respective mold half (i.e. upper or lower) by applying .a one
millimeter thick white color gelcoat and an exact number of fiberglass laminates of
different fiber orientations inside the mold cavity and saturating each layer with
polyester resin. This process is continued untill the required blade shell thickness and
thickness distribution along the blade is reached. As was mentioned earlier, the blade
shell will be thicker at the root and thins out linearly towards the tip.

The two blade shells will be joined and glued together at the leading and trailling
edges and therefore some means must be provided to allow enough area for adhesions
as shown in Figure(4.6). The spar is molded and cured in a separate and simple
rectangular mold but carefully tapered down to fill exactly the allocated space and

length.
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Leading Edge Spar Allowance Upper Shell Trailling Edge

Construction Construction

Lower Shell

/

Central Spar

Fig. 4.6: Cross Section of Upper and Lower Shell Construction

and Area For Adhesion Allowance.

The spar will be fitted to the lower shell and the upper shell is then glued to it along
the designated areas. The blade mold can be used as a pressing device to house the
blade parts untill totally cured for a period of 24 hours.

After curing, the blade is taken out of the mold and cleaned from any extra
materials at the edges. The root section will be prepared to be fitted with the steel
flange assembly. This flange will be an integral part of the blade that facilitates
installation on the wind turbine. The design of this flange was proposed earlier in
section 2.5.3 and shown in Figure(2.13).

This should prove the importance of having manufacturing in mind when designing
mechanical elements in the very early satges of the design process. A three-

dimensional view of this steel flange assembly is shown in Figure(4.7) where the
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Fig. 4.7: Steel Flange Configuration For the Blade Root.

central flange will be inserted into the blade but allowing the spar to go inside its bore
and then is completely giued. The outer two halves of this flange are then fitted on the
outside surface of the root and also glued with great care to the fiberglass and pressed

and tack-welded together. The weld will be done in a careful manner in order not to

burn the GRP material. During the process of fitting the flange assembly to the GRP
blade, close attention is also taken to allign the threaded holes which will connect the

blade to the turbine hub. Figure(4.8) shows the completed 5 meter GRP blade which

weighs 120 kg.
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Fig. 4.8: Photograph of the First Prototype GRP Blade.

Four blades were manufactured, dne was taken at random to be proof-load tested
using the load case mentioned in section 2.5.3. This test is part of the manufacturing
process and a condition was set forth to the manufacturing company that the blade
must pass this test successfully otherwise all the blades will be rejected.

For the pu'rpose of this test, the blade was bolted in the flapwise position from the
root flange to one of the vertical structural columns at the factory building and loded
around =~ 2/3 ed. of its length as shown in Figure(4.9). The tip position was
recorded first under the blade's own weight and then with the platform shown which

will carry the load. The load was then applied in increments of 27 kg untill the 640 kg
load was reached making a total of 740 kg with the platform and ropes. The blade

took the load without any signs of strain or damage and from that a load-deflection

curve for this blade was obtained as shown in Figure(4.10).
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Fig. 4.9: Proof-Load testing the Prototype Blade After Manufacturing
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Fig. 4.10: Blade Load-Tip Deflection Curve.
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Chapter 5

PERFORMANCE
TESTING

5.1 Introduction

The performance of a rotor blade is measured by the amount of power it delivers

during rotation compared to the theoretical power available in the wind passing

through the same swept area by the blade. Abviously, the main parameters to be .

measured for this purpose are power and wind speed which will then produce the so-
called Power-Wind speed (P-V) curve. This means that the blade must be installed on
and be an integral part of a working wind turbine or as it is also called Wind Energy
Converter (WEC). Through the ambitious drive of RSS to develop and transfer wind
energy technology, this was accomplished by building (in the course of this study) the
first 15kW wind turbine prototype in 1992. A photograph of this WEC is shown in
Figure(5.1).

A comprehensive list of the (design) technical specifications of RSS WEC is given
in Table(5.1). Some of these specifications will be verified by the performance test
such as cut-in and rated wind speeds, rated power and power coefficient. Other

parameters like voltage, current, and frequency must be measured and analyzed.
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Photograph of the RSS 15 kW Wind Turbine Prototype.

Fig. 5.1:
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The acquisition of the P-V curve will ultimately lead to the production of a power
coefficient (Cp curve- fof this WEC which is usually calculated in terms of the
dimensionless tip speed ratio ( A ) of the blade. The net performance of the wind
turbine blade will be obtained after deducting the efficiencies of the various

mechanical and electrical components in the WEC.

Table 5.1: Technical Specifications of the RSS WEC.

WIND TURBINE TYPE : RSS-1

BLADES |

Blade Length :3m

Material : GRP

Airfoil : NACA 63-621 ---> FXS 66-196
Twist : 16 degrees |
Thickness (Root - Tip) :25-13%

Chord (Root - Tip) : 0.6-0.2m

Maximum Power Coefficient : 04

Pitch Control : Yes

Weight Per Blade i 120 kg

Design : RSS

Manufacturer Under RSS : Abu-Hamdan Synthatic Products
Supervision Industries, Amman-Jordan
ROTOR
Diameter 109 m

Swept Area : 93m2
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Table 5.1: Technical Specifications of the RSS WEC (continued)

Number of Blades
Hub Height
Position
Rated Speed
Design Tip Speed Ratio
Over Speed

Type of Hub
Method of Control
Coning Angle

Tilt Angle

Torque Output
Weight of Hub
Solidity

Yaw Type

Hub and Pitch Control Design

and Manufacturer

TOWER

Type

Material
Thickness

Height

3

15m
Upwind
75 tpm
6.1

: 90 rpm

Rigid
Blade Pitch Regulation

0 degrees

: 0 degrees

2.5 kN.m
100 kg

T %

. Active Mechanical Side Wheel

Drive (ratio 1 : 5000)
RSS

Octogonal- Conical Free-
Standing (2- segments)
St.37 Steel Sheet Metal

6 mm

14 m
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: Technical Specifications of the RSS WEC (continued)

Table 5.1
Weight 3800 kg
Design : RSS
Manufacturer Ashour Industrial and Trading
Co., Amman-Jordan
GEAR UNIT
Type Three-Stage Helical
Rated Power 25 kW
Ratio 1:20
Weight 190 kg
Manufacturer Loher, Germany

PITCH CONTROL

Type

Manufacturer

GENERATOR

Type

Rating
Voltage

Frequency
Cos @

Weight

Manufacturer

Electrohydraulic Speed and
Power Control for Automatic
Operation
M.A.N. - SMA, Germany

Asynchronous, 4-Pole Three
Phase Induction Motor

15 kW

380 VAC

50 Hz

0.86

130 kg

Loher, Germany
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5.2 Testing Strategy

The test methodology was established in a special study done by RSS [24] in 1985
during which time there was no agreed uppon international standards for testing wind
turbines. The most recent reports [25],[26] from the Testing Station For Wind
Turbines at RISO, Denmark, support the methods used by RSS and therefore they
will be applie:d here for testing and evaluating the RSS wind turbine and hence the
rotor blades.

The main objective of the test will be to obtain a set of performance curves for the
WEC which will be indicative of the overall performance of the individual blade. In
this test, a reducéd 10-minute averaged data sets are used in the constrction and
derivation of these curves. The physical parameters measured for this purpose are:

1. Wind Speed (V).
2. Voltage .
3. Frequency (f).
4, Power P).

The independent variable for these measurements is the wind speed; However,
time dependent curves can also be produced in order to see the variation in responce
and the simultaneous effects among these variables. According to the European wind
turbine standard on performance determination [25], the data must be corrected to
standard air dénsity of 1.225kg/m? and averaged for power values below 70% of the

nominal power. Above 70% of the nominal power, no correction is needed.
5.3 Description of the Measuring System

The measuring system used in this test is a data acquisition system utilizing electronic
measuring transducers and a «(BCS 16) computer furnished with a terminal and a

printer. Figure(5.2) shows the measurements taken and the flow of data within the
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compiled in the form of a DC-signal with values range from O to +10 volts for

further processing by the computer, see Tbale(5.2).
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Fig. 5.3: Block Diagram of the Data Acquisition System, adapted from ref.[27].

Table 5.2: Ranges For Measured Values.

Item  Measured Quantity Measured Vlaue (volt DC) Transducing Range

1 Wind Velocity 0-10 0-20m/s

2 Total Active Power 0-10 0-40 kw

3 Frequency 0-10 0-100 Hz
4 Current Phase 1 0-10 0-60 Amp
5 Current Phase 2 0-10 0-60 Amp
6 Current Phase 3 0-10 0-60 Amp
7 Phase Voltage 1 0-10 0 - 300 volts
8 Phase Voltage 2 0-10 0 - 300 volts
9 . Phase Voltage 3 0-10 0 - 300 volts
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The measuring system scans these listed parameters every second for 600 seconds

and then takes the statistical average and records it on a mass storage media as a
single 10-minute averaged data point for each measured parameter. This function is
continued around the clock and at the end of a 24-hour period, the compiled 144 (10-

minute) averaged data points are recorded on a data disc.

5.4 Results of the Measuring Program

The data is treated by eliminating eroneous records which usually result from the
behaviour of the control system of the WEC. For example, when power output
production decreases from the WEC below the acceptable limits set by the control
strategy, the control system shuts the WEC down for a pre-assigned time interval of
15 minutes. 'Durin.g thié time the wind speed might increase and it is off course being
recorded but with zero power from the turbine. This data point will be eliminated and
only wind speed records with power values are kept.

The data is then classified according to wind speed classes up to 20m/s which is
usually a satisfactory range for performance purposes. The treated (original) data is
presented in the appendix. It consists of 10-minute average values of wind speed,
power, line voltage, and line frequency with means and standards of deviation. This
long list is useful for detecting the wide but true variations in all parameters which.
can help in understanding and enhansing the control system. The maximum
cumulative error in the measurements is 3% according to the manufacturer catalog
[27].

From this original data, and with no averaging within each class, a true (virgin)
power curve is constructed as shown in Figure(5.4). The reason that no curve fitting
was done is that as mentioned above, one can see the greate deviation in the data
which can be traced back to the control system. However, the trend is clear and a
single line curve cannot be a true represtative of the WEC's behaviour and ultimately

the blade's , especially at low wind speeds.
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Fig. 5.4: P -V Curve of RSS WEC.

This note came from long experience and observations of many WECs under test
where power production can have too many different values for the same wind speed
class at the unregulated part of the power curve below rated power. Over rated wind
speed ( which is the regulated part of the power curve), the power values are seen to
be closer within the same wind speed class because the control simply uses the blade
pitch angle to lower the lift force in order to keep the power level from exceeding a

pre-set value which is usually the rated value of the installed generator. And with the

availability of high wind speeds at this part of the curve, power values tend to remain .

almost constant. The cut-in and rated wind speeds can be seen at 5 and 10m/s

respectively. The rated power is seen to have exceeded the installed generator capacity
to a little over 16 kW. This is due to the nature of asynchronous motors where they
tend to produce 10% more power when used as generators as is the case here which is

why these machines are favored by most comercial wind turbine builders.
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The line voltage and frequency behaviour as a function of wind speed are also
shown in Figures(5.5) and (5.6) respectively. It is clear that below rated wind speed,
voltage and frequency can have any value including the nominal values of 220 volts
and 50 Hz. However, it should be reiterated that these are 10-minute average values
from 600 scans, where some scans could be taken during normal operation, and the
rest taken during shutdown because of below cut-in wind speed as was explained
earlier. This situation will result in a data point having values below the nominal for
above cut-in wind speed class. Nevertheless, nominal voltage and frequency can be

seen to start from cut-in which is also a condition for grid connection machines.
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Fig. 5.5: Line Voltage vs Wind Speed For RSS WEC.
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Fig. 5.6 : Line Frequency vs Wind Speed For RSS WEC.

The efficiency of a wind turbine is usually characterized by its power coefficient

(Cp). But pitch regulated wind turbines have variable C, and therefore their efficiency

is best represented by a Cp versus tip speed ratio (A) curve, where A is a

dimentionless parameter given by:

A = QR/V
Here the rotor radius R and the angular speed Q are constant but the wind speed V

is variable according to the wind speed class which will facilitate the abscissa for the

curve. The Cp values are calculated according to Equation(2-9) from the measured

values and the results are shown in Figure(5.7).
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From the above figure, the WEC reached a maximum C, 0f 33% at A = 5, again,
the data points are more coherent at high wind speeds (low tip-speed ratios) and more
spread apart at low wind speeds (high tip-speed ratios) but the theotetical shape of the

curve is evident. The performance of the rotor alone can be obtained by eliminating
the efficiencies of the following components from the WEC:

Drive Train assembly :Mpr, = 0.95
Generator g = 0.86
Power Line and Electronics : =~ = 0.98

Therefore, the isolated rotor performance which is the performance of the blades will
be:
Cp (Blade) = Cy/Mp 1 * Mg * Mg ceeeeeeeirii et (5-2)

= (0.33/(0.95 * 0.86 * 0.98) = 0.412
This value is compared with the Bitz limit of 0.59 and is therefore considered
acceptable. The performance data is presented on a time scale as shown by
Figure(5.8) which tells the history of power production and the time lag of the
control. In this figure, a continuous string of data for 24 hours is plotted without
classification where the variation in all parameters are seen to follow the variations of
the wind speed where also the effect of the control can be noticed.
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Chapter 6

CONCLUSIONS AND
RECOMMENDATIONS

The results of the measurements have produced the necessary data for the evaluation
of the rotor blade performance. The single most important peice of information is the
power curve. Being installed on a pitch regulated wind turbine, the performance of
this design of GRP blades can only be seen in the part of the curve up to rated power
(i.e. 15kW at 10m/s). Beyond this point, the performance of the blade is

overshadowed by the control system which litterally dumps all excess power (over the

rated) thereby showing up as a decrease in efficiency as indicated by the Cp-A curve.

The power production characteristics of the blade are best seen in the part of the
power - wind speed (P-V) curve from cut-in to rated wind speed where the theoretical
cubic behaviour is abvious. From this part of the curve where no pitch regulation
occurs, the fol!owing characteristics can be seen:

1. The rotor blade can produce a wide range of power outputs within the same wind

speed class which is largely due to the production history. After cut-in, the rotor
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will be "trying" to produce power while following an increasing wind speed . This
will always produce power less than expected for that given wind speed class.
However, after a while in operation during high winds, the rotor will- if the wind
starts to calm down- be producing more power than expected for that wind speed
class. This explains the large scatter of data from cut-in to rated values.

2. The scattering of power production is referred to a variety of reasons:

- Rotor inertia, where during start-up before cut-in, the rotor requires higher torque
to start turning and production but much less torque is needed to produce the same
"unit" power after it had run up to full speed.

- Yaw error, where sometimes the rotor is not facing the wind stream as it should
becuase the wind tracking device cannot instantaineously follow the wind direction
changes. This situation will alter the wind vector configuration at the blade from the
design settings leading to a big drop in power output.

- Wind shear, where the effect of this phenomenon is more clear with large rotors
but still has a markable influence on small turbines whether this shear is vertical or
horizontal.

The performance of the rotor blade (Cp,ax = 0.412) is considered extraordanary
being the first prototype designed and manufactured in Jordan. This leads to conclude
that the design procedure is valid and all the assumptions put forth are justified . This
also leads to conclude that the manufacturing method is acceptable despite the fact that
this was a on;e—time undertaking by the manufacturing company. The extreme proof-
load test had proven the ability of the blade to sustain severe conditions during
operation, and moreover no vibrations from imbalance or fabricating errors were
detected throughout the testing program of the WEC.

The analysis of the blade model through the use of FEM was only possible on
large computers with very advanced softwares. Using ARIES™, it was easy to
develop the balde's solid model. The calculated section and mass properties were

quite accurate when compared with the actual physical prototype.
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The resulting stresses were within the strength limits of the Glassfiber Reinforced
Plastic for the designed geometry.

In light of these findings, the following recommendations are due:
1. In order to fully understand the mechanical behaviour of rotor blades, the test
should be carried further by conducting a thorough fatigue test program which is
usually characterized by being costly and time consumming.
2. Since the biade root exibited durability and resileance during testing and operation,
it is recommended that the design of the blade root be more theoretically investigated
using the theory of elasticity with inisotropic materials and composites in three
dimensions.
3. Itis recommended that some local basic research be done on locally manufactured
GRP materials (for all applications whether industrial or domestic) to aid future
designers and encourage them to use this extraordanary composite in many daily uses.
4. The cost of this 5-meter blade as a prototype is JD 1250 (JD = Jordanian Dinar
= $1.42) ,and according to the manufacturer, this cost will be reduced by 30% to
40% for mass production (i.e. 100 blades or more). The cost of the mass produced
7.5-meter Aeroman blade made in Germany by M.A.N. company is DM 10000 (DM
= German Mark = $ 0.6) which is equivelant to JD 4200. Although the the German
blade is longer , the difference in weigtht is small and similar blades can be made in
Jordan wusing this technique with only a fourth of the cost. Therefore, it is

recommended that this blade design and manufacturing procedure be considered for

future improvements.

5. The real transfer of this technology resides in developing a local industry concerned
with wind energy in all its aspects. Therefore, any future development should be
directed toward producing blades of 10 meters in length and above, or WECs of over

100kW capacities in order to be cost effective and more meaningful to investors.
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Appendix

ORIGINAL DATA OF THE RSS WEC TEST



ROYAL SCIENTIFIC SOCIETY 92
RENEWABLE ENERGY RESEARCH CENTER

RIMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 4 - 5
ummmstmunnu;untauutmncuun!u;00nuu:tinuuunnmuuummtu

EVENT ND. 10 MINUTES AUER. U-L1 vOLT. POVER FREQ.
WIND SPEED (M/S) vaLY Ku HZ

R I I L R IR L R 0 184 04000044

! 4,97 95,14 22 21.47

2 4.39 47.86 .0 10.%6

3 4.66 84,69 14 18.92

4 4.91 94.87 33 21.36

5 4,72 40,32 .08 8.90

6 4.99 157.80 .44 3.2
S I L I L I I I S 1010 000024044
HEAN 4.74 86.78 20 19.41
STANDARD DEVIATION .26 42,09 6 9.47
CONFIDENCE LINIY 202 4~ 932
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ROVAL SCIENTIFIC SOCIETY

REVEWABLE EHERGY RESEARCH CEUTER

TYPE OF CONUERTER : RSS TYPE-]

ORIGINAL DATA

WIND SPEED €LASS

5 -6

AN TEST SITE

93

!i!tl"‘ii!!’0'#'li(!!i‘i%t!!t%l!#iii!0}‘!!"!!!&!1*!!!!!ili!‘il!lliG!iltti*!!lﬁ!t*#‘!!'ﬂi!!i

EVENT #B,

11 MINUTES AVER,
WIND SPEED (M-S

i!lil'|!i{'til'!llfl!‘iifQi&ii!ii!0!Ci!liiit§i!t'il!iilli!ti!!*f!!!i}i‘llt!!i!“!!!

1

—
(=T = I = = I NI - RN L T N Y

[P,
R R ]

—
A

—_
> oM

d

\HMWW\A\#\HWMMMMMMMMMMH—M
\JO\\ﬂ.b-ur\)r—-cama:\Jm\n.D-.uM-—-\:\-om\

o
[e+]

39

lli’!*ti!1it!tti!!!l!iﬁllt!%i!lt!ii*!il!ll!!ii!tiii!!!li!’&it!i%ii}!il!!ii‘%i!l!!

5.72
5.7
5.8%
5.50
5.31
5.12
5.69
5.63
573
.86
£
3.9
5.08
5.7%
594
5.30
5.4
5.53
573
M
.94
77
.92
.39
83
.84
.94
72
.80
92
.29
55
.42
.56
5.54
5.44
5.96
5.93
5,43

\nmm\nmmmmmmmwmmn

U-L1 voLT. POWER FREQ.
UoLY Kb HZ
HHEE
215.51 2.47 48.59
216.80 0 48.77
217.24 1.47 49,45
217.16 .99 49.20
215.01 .85 48.5]
4. 03 45 2.84
131.88 1.51 29,94
12,45 AR 4,32
214,47 L7 42,12
174,79 R 3905
1211 18 22.02
215,14 o5 «3.5¢
4>, 74 .24 14, 6%
217,40 Lz 4%.11
214,19 toe? 43,06
214,99 A2 47,20
217,48 5l 43.83
216,93 ~3 48.4610
2160 4 48,27
216.36 LI 48.97
215,69 1,16 43,63
143.46 .76 32.65
217.39 93 49.29
71.58 16 16.0%
216.01 1.2% 49.10
217.77 1.68 49.58
76.72 .58 17.39
217.10 1.14 49.13
215,25 1.15 48.91
216,66 2.29 49.21
88.65 17 19.78
43.26 .28 9.76
117,48 .57 26.41
147,42 1.39 33.40
$3.78 .42 14.%92
70.62 .38 16.11
206.07 1.53 46.%5
163.11 2,40 37.01
64.105 .50 14,35
S
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RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 5 - ¢
HETHR I I T R S S RS R R R0 A 0404980088080

EVENT HO. 10 MIMUTES AVER. U-L1 voLT. POVER FREQ.
WIND SPEED (M/S) uoLY Ku HZ

P HII I E  E EE E SE  L IS R I L R I 000834

40 5.48 146.72 .42 J2.81

4] 5.69 78.12 .99 17.84

42 599 - 216.83 2.15 49.25

43 5.63 215,60 1.3 48.79

44 5.39 217.%4 .78 48.95

4 5.43 216,10 1.11 48.67

46 5.38 216,57 .84 48.80

47 5.07 201.14 09 44,60

48 5.87 147.92 1,55 33.%

49 5.87 39.62 .20 8.68

50 %.70 216.22 .86 48.53

%1 .29 170.3% 09 38.31
IR HAII I R O I I S A 548848
HEAN 5.63 164,98 93 ».2n
STANDARD DEVIATION 26 66.56 .64 15.04
CONFIDENCE LIHIT 527 - 95
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AMMAN TEST SITE
TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS ¢ - 7
I IR RO I R R B I 4 1 44

EVENT MO, 10 MINUTES AVER. U-L1 VOLT. POWER FREQ,
WIND SPEED (M/S) VoL Ky HZ
i!i!ili!ii!!!i'iliii!!!!ilOiiil!iiiiil!lt!ti!!!i!t‘f‘!t!i#ittt!!iQii!l!*!!i!l!!i!iii!i*!ii!!l
1 6.31 123.78 1.56 28.00
2 6.01 216,16 3.55 49.24
3 6.65 218.74 3.56 50,44
4 6.94 218.49 4.36 50,14
5 6.59 218.45 5 ¥4 49.09
6 .18 218.24 2.40 20.19
7 6.50 43,81 20 9.87
g 6.69 205.13 ¢.1d a6, 12
§ 6.30 216,11 1,65 49,31
t0 4.25 129.27 .79 29.13
li $.83 £8.%9 B9 13.31
12 .78 nz.m- 9.3 43.31
13 4.4} 218.42 7.07 49.59
L4 6.42 217.48 2.50 49,34
15 6.44 216.77 2.16 49,35
14 6.38 216.30 .3 48.77
17 6,02 216.9% 1,41 49.22
18 6.32 218.5%6 2.28 49.89
19 6.37 217,21 2,15 49.33
il 6.18 212,95 1.7 49.67
21 6.18 217.8¢6 1. 83 49.37
22 6.82 216.13 3.6 49.05
23 . 6.5 . 218.86 2. 70 50.05
24 .64 218.48 2.62 49,97
25 6.54 217,460 2.50 49,35
26 6.94 218,89 3w 50.20
27 6.97 218.3% 3.60 49.80
2 6.99 217.51 3.51 49.26
29 6.15 216.19 1.83 43.91
b1 6.19 217.18 1.93 49.10
)| 6.23 217.34 1.66 45.19
32 6.88 116.69 1.04 26,48
33 6.5 138.33 .80 31.20
34 6.78 216.04 2.26 49,21
35 6.73 216.92 2.94 49.109
36 6.20 137.98 .87 30.9¢
37 6.9% 144.78 .72 32,63
38 .49 217.01 3.07 49.72
¥ 6.71 218.89 3.4% 50.04

i“ﬁilii!!!llllii!iiii!!i!ii#i!!l!!!!iti%iO!Qi!ﬁiQG§i%i!!!i#ill!ti&l’iii!!t!iGii!iii!lit!lili
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ROYAL SCIENTIFIC SOCIETY 96
RENEWABLE ENERGY RESEARCH CENTER
AMHAN TEST SITE

TYPE OF COMVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 6 - 7
bbb L L Y Y Y I T il TTrTrrvrurrrren

EVENT MO, 10 MINUTES AVER. U-L1 vaLT, POWER FREQ.
WIND SPEED (M/S) VoL Kil HZ
lilii!!!ii‘!!!!%ill!'iili!!!itlliii!!!iil*%fi!!i!!*#i!i!'il|i!i!!‘li!i!l!liiil!iii“l!!!fil’l
40 6.18 218.39 2.13 49.54
41 6.7% 182.61 4,40 41.3%
42 6.94 216.48 3.99 49.27
43 6.89 219.00 4,40 : 50.11
44 .48 217.21 3.48 49,47
45 6.88 217.71 3.63 49.38
46 6.91 216.83 4,18 49.35
47 6.60 217.01 3.90 49,16
48 6.685 217.6% 3.94 49,46
49 ' 6.60 2172.01 3.61 49,30
%0 .43 212.77 3.05 49.58
51 6.16 217.33 2.%4 4%.41
72 6.76 218.71 4.02 49.97
53 6.71 218.57 4,88 49,04
54 6.08 218.36 2.83 49.41
55 6.07 217.36 1.73 49,39
56 6.49 187,13 2.10 42,74
57 6.32 199.23 LR 43,21
58 6.99% 189.30 1.49 43.01
59 6.15 216.16 1.51 48.87
50 6.48 162.14 1.62 36.90
61 6.11 42,44 16 9.56
62 6.21 23.61 .07 5.26
63 6.%8 96.63 2.50 22.14
64 6.84 212,24 3.92 49.45
65 6.70 122.82 1.7¢ 27.9%
66 6.04 218.33 1.79 49.60
67 6.86 218.21 7.63 49,64
63 6.59 218.04 4.67 49.40
69 6.13 216.45 2.19 49.15
0 6.42 217.80 2.60 49.44
71 6.37 61.14 15 13.57
72 6.44 36.89 .08 8.1%
73 6.92 152.49 2.51 34.84
74 6.42 103.17 .99 23.26
75 6.23 142.99 1.12 32.51
76 .32 216.48 2.09 48.92
77 6.99 216.13 4.73 49,02
78 6.90 216.48 4.34 49.58

!i!l!!!!!!ill'l!iilﬂiif&%!!!lii#ﬁiili!&!!ii!!i!!!ii*i!tli"!ii!&i't!!if!t'ii!tti!!lil!!!!!!l!
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ROYAL SCIENTIFIC SOCIETY 97
RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
CRIGINAL DATA

WIND SPEED CLASS 6 - 7
abddhd A e L T T I I T L L T TTTTTIrrrrsumsvrn

EVENT N0, 10 MINUTES AVER. U-L1 voLT. POLER FREQ.
WIND SPEED (H/S) VoLt Ky Wz
‘\“l!!!ii"il!!!!!ii!!‘!.lii!’iti!“!'l“!i’!lilllilill!Nl"ill"i!ilit""i!!l’l“'ili*l!‘i
79 6.56 218.53 4.05 50.00
80 6.71 217.07 411 49,43
81 6.92 217.16 4.89 49.24
82 6.95 215,78 5.50 49,03
83 6.91 218,15 4.93 50.00
84 6.48 218,18 4.09 49.60
g5 6.41 217.62 3.49 49.41
8 6.13 218.3 3.30 £.79
87 6.97 218.04 §.29 49.28
88 6.38 218,18 3.63 £9.45
89 6.78 217.16 4.68 9.2
90 §.72 218.27 4.40 49.87
9] §.44 217.19 3.20 49,28
92 6.80 217,04 1.99 49,54
93 4.58 144,63 1.26 12.63
94 6.55 218.48 3.07 49,86
95 §.67 216.33 3.15 49.22
9 6.04 214.15 2.21 48,15
97 6.69 66.01 56 15.05
98 6.94 216,42 3.98 48.86
99 6.68 215.48 4.38 48.86
G*“!H‘!l!lii!!lt!!!i!!!!\Hl!ii!H‘i!H!!i!ili!ii!H!“‘iiitil“ﬂ“t!!il.iii!iili"‘!"!"i!‘tl
MEAN 6.55 192.86 2.85 43.82
STANDARD' DEVIATION .29 50,19 1,51 11. 46
CONF IDENCE LINIT 2.848 +/- 973
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ROYAL SCIENTIFIC SOCIETY 98
RENEWABLE ENERGY RESEARCH CENTER
AHMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 7 - 8
bbb Ty T LY YT Y P T Y T T YTV T Y IITITIT I I TIT I TTTTPPN

EVENT NO. 10 HINUTES AVER. U-L1 VOLT, POWER FREG.
WIND SPEED (M) voLT Ki HZ
ii*i!!i!!ll!llil!!i!‘iii!ili!!!!1!iiliiiitii!!i!i!iliiltli!illili!iii’l‘!i‘liili'l!l‘i!i!!Gi&

1 7.47 218.74 11.49 50.34
2 7.48 164.43 10.21 37.49
3 7.63 178.89 5.23 40,69
4 7.99 217.%7 2.92 49,49
5 7.51 218,39 7.68 49.54
6 7.41 218.12 6.95 49.57
7 7.08 46.28 .85 10.66
8 7.98 218.09 2.10 49.93
9 7.68 20.56 .45 4,77
13 . 2.83 . 195,89 4.85 44.50
I} 2.2 217.21 4,88 49.39
12 7.10 217.60 4.83 49.74
13 .56 205,01 5.9% 46,89
14 7.84 217.80 9.89 45 .43
15 7.06 109.32 .87 24,70
16 7.89 218,45 7.0t 43.50
17 7.24 218.36 5.00 49,82
18 7.0% 11%.41 2.01 27.08
19 2.93 218.27 6.10 49.92
20 7.3 217.77 4.07 49,73
21 7.31 219.71 3.20 50,62
22 2.79 218.27 6.58 49,45
23 7.68 219.30 6.01 50.12
24 2.73 218.89 4,64 50,29
25 7.48 218.5¢ 4,92 50.01
2% 7.62 218.09 4,29 49,94
27 7.35 218,42 4.19 49.93
28 2.4 217.0% 2.50 49.20
29 2.18 218.89 5.26 50.15
30 7.69 217.39 6.47 49,10
A 7.01 217.60 3.06 49.45
1 7.41 218,24 5.47 49.91
33 .10 27.21 4.99 43.71
34 7.04 215.49 3.87 48.86
3% 2.7 216.39 7.%6 49.29
36 7.51 216.42 6.72 49.08
37 2.97 215.43 8.31 48.51
b 7.08 217.89 4.96 49.95
39 7.41 219.03 5.45 50.20

!i%%’i*ﬁi&t&ill!i!iil!t*il!!i!!iil!i’i!ii0!lllii'!l‘§!!ii§li|!¥l!l§§&l§§i!!ll!ll%i%‘i!!i!!t!i
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ROYAL SCIENTIFIC SOCIETY 99
RENEWABLE EMERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 7 - 8
;uu:munuuuunuuunuuunnuuuuunnuuuuuuuunumuuanuunnu

EVENT HO. 10 MINUTES AVER, U-LT LT, POWER FREQ.
WIND SPEED (M/S) VoLT Kid HZ
!i!i!lil!!!!lii!l’iili‘!!*i!iiiliiiii!!iii!ii*!‘!0llliil!’i!iitl!!%!iI!!!i!i&i!'!t!!i!’it!il&
40 7.93 218.42 7.67 492.79
41 7.19 119.41 1.60 27.20
41 7.03 217.80 3.3 %0.04
43 7.69 217.71 7.26 49.47
44 72.7% 217.48 6.17 47.53
45 7.56 218.42 5.70 49.84
44 2.72 33.87 J7 7.69
47 .46 218.18 6.77 49.53
4B 7.70 217.80 7.10 49.38
49 7.08 217,04 4.99 49.27
50 7.84 218,15 7.71 49.95
51 7.02 217.07 5.18 49,20
52 7.30 217.86 4.83 49,47
53 7.08 216,72 4.65 48.99
54 7.1 216.86 2.93 4%.38
55 7.03 87.21 73 19.72
56 2.0 52.32 99 12.04
57 7.68 218.12 7.69 43.3%
58 7.35 217.33 6.09 49.29
59 7.45 217.18 6.63 49.25
60 2.3 718.27 5.23 49.91
61 7.48 217.48 6.18 43.89
62 7.97 208.59 6.45 47.66
63 2.22 186.92 2.92 42.61
64 7.48 217.83 4.61 50.00
65 7.57 165.75 4.40 37.%7
66 7.721 140.12 3.34 R
67 7.01 162.87 2.%7 .07
64 7.94 218,04 6.40 §9.74
69 .79 218.45 5.91 4%.78
20 7.89 ' 218.01 6.98 49.61
/1 7.98 2172.74 2.07 49.%0
72 8.00 217,48 B.59 49.51
73 7.4] 217,92 6.03 49,25
74 7.07 216.72 5.0% 49.54
75 7.08 217.14 5.28 49.58
76 7.18 27,16 5.28 49.58
77 2.2} 218.65 4.76 50.102
78 7.08 217.80 4,24 $0.02

G!!Qilii‘!l’!t!i!!!ilil!iili'!!i!!i!itlil!il!!!!!i!itli&i!!itliii!‘!!!Giii!l!!i!i&!iil*!!!lit
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ROYAL SCIENTIFIC SOCIETY 100
RENEWABLE ENERGY RESEARCH CENTER
AHMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 7 - g
iI!li!!!!t!!iiitlti*!!!lllll!ilit!!!lii!!!!ittl!iii!!lllt!t!’l!i&il!!iil!!i!l!i&!‘!iiilll!t!!

EVENT NO, 10 MINUTES AVER, U-L1 voLT, POWER FRE.
WIND SPEED (M/S) VoLT KW HZ
{iiiItl!tit!tltiitii!!!t!li!ii!%llitt!tt‘lttt!!!tlllat!tl!!i&ttt!&ll{illtllttiiltiii!!t!i!!ll
79 7.14 217,18 .30 49.22
80 2.7 216.69 7.99 49.04
8l 7.46 216.92 6.94 49.09
82 7.58 218.33 7.43 49,23
83 7.48 216.46 7.22 48.98
84 7.03 217.48 5.69 49.36
85 .12 217.92 4.75 49.75
84 2.7% 217.89 8.17 49.17
872 7.69 216.95 7.50 48.35
88 7.50 49,47 .55 11,16
89 7.7t 218.33 7.26 49,56
70 7.90 218,05 7.38 49,56
91 7.65 218.27 6.14 49.46
92 7.99 218.18 6.95 49.37
93 7.4% 218.30 6.15 47.61
94 7.04 217.30 4.41 49.42
95 7.61 216.36 6.63 48.48
96 7.48 215.98 6.97 48.10
97 7.48 215.28 6.94 48.14
98 2.2 215.81 2.15 48,14
99 7.37 215,51 .78 48.45
100 7.04 216.8¢ 5.08 49,12
101 7.67 217.74 7.04 4%.108
Ot!i!ii!il!!tlttll!tilit!t!ti!ﬁll&itlfiﬁ!!i!t!i!i!!i!!!l!i!!!l!t!!i{ti!!t!ii!!t&!li!l!!tl!iii
MEAN 7.47 201.909 5.52 45.72
STAKDARD DEVIATION .30 44.26 2.14 10.05
CONFIDENCE LIMIT 5.516 +/- 943
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ROYAL SCIENTIFIC SOCIETY 101
RENEWABLE EMERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED €LASS 8 -9
I‘l&til!iitl&lt!!!l!l&!ti!l!i!ll!ltlitt!!!!iii#**t!!iiiltl*itliit!tl%.!i!i!!&i!!iit!!i'i!!!%t

EVENT NO. 10 HINUTES AVER, U-L1 voLT, POWER FREQ,
WIND SPEED (M/S) voLT KU HZ
&&l!l!it!!i!!l!!!.li*iiiiilli!!!!I!ii!!itlttlﬂtii!ltiit!il*llll!i!l!lttil!t'!l!!!ll!!illli!ll

1 8.36 32.67 .50 7.46
2 .08 213.89 8.01 49.80
3 8.15 217.86 6.58 49,72
4 8.0% 188,48 2.49 43.20
5 8.37 217,95 11.37 49.58
§ 8.37 218.09 7.9% 50.10
7 8.75 212.9% 10.33 49.49
B 8.38 217.57 7.24 49.86
9 8.12 218.74 6.32 50,28
10 8.34 219.3% 8.61 49.96
11 8.13 217,42 7.724 49.34
12 .89 218.86 8.40 49.93
13 g.41 218.30 7.48 48.74
14 8,65 217.86 7.85 49.49
15 8.12 218.45 7.73 49,68
16 8.44 217.95 8.09 49.42
17 8.81 216.36 2.7 49.37
i8 8.91 218.21 10.41 49.18
19 8.%0 216.92 8.47 48.93
20 8.52 217.45 8.39 49.16
21 8.78 219,00 7.66 50.08
22 8.26 21B.45 6.%4 49.71
23 8.78 217.80 8.26 49,73
24 B.93 218.18 10.24 4%.70
25 8.32 216.72 7,35 49,08
26 B.46 218.50 8.18 49.75
27 8.11 218.27 §.01 49,62
28 8.14 217,01 9.04 48.74
29 g.32 217.51 9.03 , 49,04
30 8.04 218.33 8.722 49.23
3 8.92 218.77 H.14 49,44
32 8.14 217.24 9.18 45.01
33 8.27 218,01 8.77 49.34
34 8.26 217.51 10.04 49.15
35 8.09 217.48 8.52 49.31
36 8.91 219.33 9.14 49,99
7 8.14 218.09 7.49 49.69
38 8.89 218.74 8.81 49,89
39 8.10 218.18 7.49 49.62

Oiiilliiil‘Q!lllii!il’l"ll!i%!!l&!till!!!i&l!!i!*i!i“lil!G!iilll!ill!&ti!i&!il!!lltllit!!ll
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ROYAL SCIENTIFIC SGCIETY 102

RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
CRIGINAL DATA

WIND SPEED CLASS 8 - 9
MBI H IO IR I N I R SR L L S TR0 000

EVENT NO. 10 HINUTES AVER. U-L1 VOLT. POUER FREQ.
WIND SPEED (M/S) voLY Ky HZ
!‘llil.*lii!ti!l!!lii&illil!ii!iliQ!i!!l'!l!illt!l*ll!!!!!!!ili!!l‘i‘i‘llilii!iililtlllili!ii
40 8.33 218.06 8.74 49.48
41 8.30 218.%6 2.97 49.63
42 8.20 106.45 2.97 24,13
43 8.92 203.37 5.98 46.68
44 .89 217.9% .94 49.56
45 .67 217.60 9.43 49.41
46 8.3% 22.16 8.18 49.3%
47 B.90 216.69 18.26 43.01
48 8.8% 218.36 11.87 4%.18
49 8.60 218,12 9.80 49,39
50 8.20 216.83 7.78 ' 48.97
51 g.54 216.95 9.13 48.89
52 B8.%4 216.69 10.72 43.75
53 8.91 214.89 11.36 48.41
954 B.42 712,99 10.01 49.30
55 8.45 217.86 9.49 49.11
56 8.86 217.83 12.00 48.91
57 - 870 _ 219.5¢ 10.74 49,80
58 8.48 218,68 11.24 49.50
59 2.81 219.09 9.36 49,74
40 8.43 124.05 4.47 28,09
61 8.29 219.27 7.%4 49.93
62 8.11 36.80 40 8.24
63 §.21 79.59 .88 17.99
64 8.48 197.18 4.70 45,32
6% 8.03 218.18 5.0% %0.24
66 8.37 218,48 6.34 %0.108
67 8.34 212.39 7.96 49,64
6B 8.37 217.92 8.79 49.74
£9 8.18 218.33 6.44 50.06
70 8.5 218.45 5.78 49.96
71 8.06 217.45 7.468 49,52
72 8.24 218.74 8.02 49,87
73 8.64 218.15 10.55% 49,48
74 8.53 - 216.99 14.18 49.04
7% 8.66 218.0 8.29 49.67
76 8.14 217,60 9.11 49,14
77 8.43 218.15 .15 49.20
78 8.62 217.42 10.94 49.17

i!!*!!tli!!llt!l%#iii!!!!t!!!!ii&!i!!iiilit'l!l’{C%i!'!!tl%!i’!#itli!iii!!!03‘1!{!!!!!*!’!#1%
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ROYAL SCIENTIFIC SOCIETY 103
RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER ¢ RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 8 - 9
PHHH I R M L R LR R S TR ML R M SR R R 040

EVENT KO, 10 HINUTES AVER. U-L1 YOLT, POUWER FREQ.
" WIND SPEED (M/S) voLT Ku HZ
uuuunanunuuuuunuuuunuunnnuuintuunnnuuuuunuunuunn
79 8.54 218,59 10.72 $9.20
81 8.64 217.92 11.47 49.28
81 .55 218.56 8.86 49.86
82 8.94 219.62 9.41 50,02
83 8.70 218.94 B.77 49,73
84 g.%5 45,34 94 19.21
8% 8.10 30.82 .45 7.03
86 8.75 218.21 9.7 49.56
87 8.81 219,03 8.19 50,03
88 B.63 218.80 7.97 49.81
89 8.35 219.08 8.19 49.84
90 8,44 218,62 9,07 49,78
91 8.39 219.00 8.92 49.81
92 8,47 217.80 9.15 49,36
93 8.24 219.00 8. 09 49.89
94 8.80 218.89 8.62 45.90
95 8.97 219.47 9.62 49.99
9 8.90 217.80 9.31 49,45
97 8.77 216.77 12.28 48.39
98 8.52 217.86 9,92 49,13
99 8.19 215.87 9.25 48,06
iiu“n!"lﬂluunl“ﬂiﬂ“!HH!tNHHHNHHH!Hltﬂ!l!!!ll"ﬂﬂ!t"“““!"H!“t
HEAN 8.47 206,60 8.24 46.91
STANDARD DEVIATION .29 40,55 2.48 9.22
CONFIDENCE LINIT 8.238 «/- 956
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ROYAL SCIENTIFIC SOCIETY 104
RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS ¢ -10
M I T T I I LI 09 840305609

EVENT MO, 10 MINUTES AVER, U-L1 vaiT, POWER FREQ.
WIND SPEED (M/S) voLT Ku HZ
!ii!ill'!!il!’!i!iii‘iiii!l!‘i!!!li!!!%!ii'%!iIiliiittilt‘*iiliilli!!!i!lOlliii!'tiitl!!tt!l!

1 9.1% 219.21 12.79 49.57
2 9.14 218.1% 10.09 49.45
3 9.92 218.62 12.94 49.21
4 %.28 217.21 11.94 48.86
§ 9.64 218.12 12.40 49.27
6 9.89 217.80 16. 42 49.3%
? 9.03 218.18 .93 49.%8
8 9.25 218.94 9.34 49.95
9 .50 218.91 9.77 49.74
10 9.40 218.39 19.12 49.48
11 $.72 218.15 11.23 49.51
12 9.43 219.24 12,95 49.63
13 9.32 218.56 12.64 49.29
14 9.7¢ 218.89 12.73 49.42
15 .69 219.89 13.29 49.93
14 9.69 219.85% 13.29 49.93
17 9.29 217.81 12.45 48.91
18 9.27 218.65 11.682 49,35
19 9.37 218.65 13,32 49.35
20 9.17 218.06 13.17 49.00
21 9.%7 219,33 14.65 49,35
22 .86 219.56 14.83 49.59
23 .30 218.1% 14,19 49.100
24 9.92 218.71 13.37 49.45
25 9.81 219.68 11.66 49.86
26 7.61 21%,09 12.24 49.42
27 9.58 218.77 10.63 49.73
8 9.18 218.06 11.6% 49.37
29 9.02 218.53 9.34 49.79
30 9.33 218.7) 11.78 49.45
b3 9.95 218.21 16,39 49.76
32 9.46 218.59 11.22 49.65
33 9.21 218.34 9.91 49.80
34 9.39 218.5%% 11.39 49.56
35 9.51 218.3¢ 11,77 49,26
36 9.2 217.98 10.34 49,52
37 9.38 219.18 9.92 49,87
38 .11 217.98 12.37 49.04
39 9.00 216.98 11.76 48.61

Qitillittliiﬁlliil'll!iit!!!!!ii’!i!l|li{iil!!ili|il‘!!l!i!i!i!&!}1‘!!‘!!!’GQin!!!iiititl!!i
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ROYAL SCIENTIFIC SOCIETY 105
RENEWABLE ENERGY RESEARCH CENTER
AHMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

UIND SPEED CLASS 9 -10
b T S T T T Y T I L i rTIrrrrrrTY

EVENT NO. 10 MINUTES AUER. U-L1 VLT, POUER FREQ.
WIND SPEED (M/S) uoLT Ku HZ
HEHEH R I O R R S U R R R L R MBI Y
40 9.63 219.38 10.67 49.86
41 9.34 218.50 11.86 49,42
42 9.20 218.48 10.50 49.54
43 .00 218.83 9.89 49.86
44 9.7% 218.65 13.94 43,31
45 9.69 219,79 13,48 49.80
46 - 9.63 . 218,68 14.66 43.29
47 9.82 218.04 13.19 49,30
43 9.80 218.42 14.23 49.42
49 9.81 218,34 11.31 49,46
50 9.94 219.27 11.50 43,721
51 9.39 219.63 10.8% 49.60
52 9.2% 218.8% 11.91 49.46
53 9.09 219.39 6.72 50,39
54 9.48 219.30 11.10 49.74
55 2.3 218.%6 11.27 49.%37
56 9.38 218.56 11.59 49.51
57 9.19 219.21 9.98 49,89
58 9.16 218.93 9.37 49.91
59 9.01 218.30 8.38 49.43
60 9.93 218,86 13.37 49.%
61 9.34 218.42 10.2% 49.64
62 2.41 219.27 12.25 49.71
63 9.49 218.74 11.90 49.49
44 9.25 218.21 1135 49.39
65 9.44 218.21 12.65 49.23
66 9.18 ) 218.50 11.59 49.38
il“"i!i!!t!“'lH‘!‘!9&%!!!!!!%0*!!#!!"!!t!l!ii'i!i%!0“‘%!%!“HO’!!"Nﬂ!ili!!ﬂ‘i!i!!l!!l
HEAN $.43 218.6% 11.65 49.51
STANDARD DEVIATION .25 .58 1.61 30
CONFIDENCE LIMIT 11.647 +/- 954
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ROYAL SCIENTIFIC SOCIETY 106
RENEWABLE ENERGY RESEARCH CENTER
AHMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
GRIGINAL DATA

WIND SPEED CLASS 10 -11
FHMAIMHIOSO I R S R M L L RS R0 04

EVENT NO. 10 MINUTES AVER. U-L1 voLT. POWER FRER.
WIND SPEED (M/S) VOLT Ku HZ
IR R L R R E LR LR R R R AT R R R R I S C O B 5 60 0004

1 10.73 218,59 13.3% 49.45
2 10.38 219.30 13.04 49.74
) 10.22 218.83 12,59 49.34
4 10.25 219.44 14,61 49,48
5 10.63 219.91 15.71 49.64
b 10.83 220.41 15.92 49.99
7 10.15 219.91 15.41 49,68
8 10.483 220.00 15.29 49.79
9 10,79 220.44 15.92 49.99
10 10.70 220.38 15.74 49.72
1 10.50 219.71 14.73 49,66
12 10.33 219.77 1%.17 49.69
13 10.47 220.12 15.16 49,74
14 10.08 218.89 14.94 49.43
15 10.60 220.40 15.49 49.7%
16 10.92 219.62 15.14 49,66
17 10.49 220.09 14.98 49.83
18 10,55 219.85 14.49 49.01
19 10.93 220.09 15.20 49.83
20 19.50 219.6% 14,49 49.61
1 _ 10.45 219.33 14.0% 49,47
72 10.54 220.12 14.99 49.7%
23 10,02 219.15 8,45 -~ 50.08
24 10.39 219.%6 10.45 50.13
25 10.43 218.65 11.20 42.81
26 10.25 218.45 12.61 49.52
'y 10.%9 220.15 16.05 49,89
28 10.09 218.53 14.11 49,35
29 10.46 719.56 15.56 49.68
30 10.61 220.00 15.82 43.89
3 10.21 219.12 14.90 49,53
n 10.34 219.94 15,59 49.61
33 10.14 219,33 13.74 49.48
34 10.29 219.069 12.18 49.67
35 10.22 218.94 13,69 49,30
36 10,86 220.12 13.66 49.87
» 10.12 219,21 12,61 49,66
3B 10.41 219.77 14.98 49.62
39 10.79 220.50 15.43 49.82

FHANIHMU IR R B R E L ORI T R I R RS E L R AR E I R RS A H S LR RN 838
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ROYAL SCIENTIFIC SOCIETY 107
RENEWABLE ENERGY RESEARCH CENTER

RMHAN TEST SITE
TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 10 -11
P I L T T I R L IS S LN E IR0 054

EVENT KO. 10 HINUTES AUER, U-L1 VELT. POWER FREQ.
WIND SPEED (M/S) VOLY Ku Hz
!lﬂ‘li\“i“!""ii"!ll!!!!iiit!iilt!!!!!‘i!i*ii’*ll‘!lli!i!!H'iiii!i!iil\“i"!!il&i%!ii!!!‘&
40 10.94 219.94 15.68 49,61
41 10.43 220.35 15.94 49.89
42 10.39 220,08 15.47 49.57
43 10.34 220,12 16.05 49.98
44 10.78 219.89 15.63 4%.97
45 16.11 220.890 15.82 50.02
46 10.49 220.23 19.74 49.88
47 10.89 219.79 15.14 49,81
48 10.79 220.10 15.92 50.01
49 19.91 220.34 15.78 $0.01
&0 10.72 220.42 15.95 49.99
51 10.99 220.11 15.23 49,068
52 10.67 220.45 15.93 50.21
53 10.77 220,22 16.03 50.04
G4 10.82 220.30 16.00 50.00
5% 10.7% 220.14 15.01 49,99
%6 10.86 220.18 16.03 50.23
57 10.11 220.32 16.89 45.90
58 10.89 220.46 16.06 50.4]
59 10.5% 220.3% 16.03 50.33
60 10.87 220.22 16.90 50.32
61 10.59 220.11 16.03 50,12
62 10.71 220.19 16.02 50.80
63 10.55 219.22 14,96 49.68
64 10.22 218,99 14.35 49.39
65 10,76 219.88 15.18 50.10
64 10,49 220.21 15.39 50.0%
67 10,44 220,01 14.22 $0.22
68 10.98 219.33 1%.66 50.31
69 10.59 218,99 14.96 50.21
70 10.48 219.78 15.20 50.11
21 10,75 219,48 15.48 50.35
72 10.74 220.22 15.17 50.05
B I I I A R ORI R R LS S SR EEEREE 500008900000 500
HEAN 10.5% 21%.7% 14.90 49.84
STANDARD DEVIATION .24 54 1,42 22

CONFIDENCE LINIT 14.899 +/- 963
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- RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 11 -12
HEHBH IR L I I T R L S S I BRS04 844

EVENT NO. 10 MINUTES AVER, U-L1 VOLT. POUER FREG.
WIND SPEED (M/S) VoLT Ky HZ
‘!!i‘titti!i‘!!iiii!i!l!i!!iiii!iii!!!lt!iltl%i!!iiil*li!i!tit!iil.!ii‘l!il!i!'!iil!!i!lllii!
1 11.93 220,35 15.94 50.01
2 11.03 220,06 15.23 49.93
3 11.07 219.88 14.59 49.85
4 11.49 220.1% 14.8% 43,93
% 11.46 220.03 15.49 49.87
6 11.82 219,47 14,00 49.86
7 11.00 220.15 15.66 49.75
8 11.19 220,47 15.86 49.94
9 11.17 220.26 15.85 49.89
10 11.5% 220.44 15.97 5t.01
11 11.49 220,41 15.92 4%.99
12 11.%% 220.38 15.81 49.95
13 11.02 219.91 14,89 49.77
14 11.0% 220,21 15.70 49.80
15 11.64 220.18 15.28 49.93
16 11.49 219.94 14.62 49.71
17 11.09 219.59 13.17 49,86
18 11.43 220.06 14,92 49.79
19 11.62 220,32 15.48 43,79
20 11.90 219.82 16.00 49.82
3! 11.17 219,38 15.48 49,64
22 11.55 220.47 15.48 49.94
23 11.82 220.38 15.89 49.74
24 11.51 219.85 15.50 49.49
25 11.41 220.35 15.44 49,99
26 11.04 220.12 15.80 49.60
7 11.74 220.18 15.67 49,83
28 11.88 220.47 16.06 49.97
29 11.28 220,47 16.00 49.87
30 11.74 220.59 16.04 49.94
3l 11.02 220.26 15.71 49.85
32 11.36 220,41 16.902 49.91
33 11.38 219.79 15.81 49.56
34 11.58 220,30 15.64 50.03
35 11.48 220.41 15.94 49.9%
36 11.39 218.97 15.72 49.49
37 11.46 218.98 : 15,07 45,89
38 11,33 220.18 14.85 49.19
3 11.%8 220.3 13.88 49,77

iliii!!!iiii!!!!!!iii’%i*ilill!!!i!i!i!!!i!itii!iliii!f’ll!!i!!!i%til&&fi!!*iiilil!!!!0!!‘!‘!
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RENEWABLE ENERGY RESEARCH CENTER
AHMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 11 -12

HEHH I M HAFHEE R R L B R 444 HHEH IO R0 E IR 1 S 18003 ‘

EVENT NO. 10 HINUTES AUVER, U-L1 voLT. POUER FREQ.
WIND SPEED (M/S) VOLY Ky HZ

0!!0*&!‘!*#!!'!!iti!tii#!lt!!ii!!!ttttttt!tt!l!!!!ttii!iittt!!#tittt!il!!!l!ttt!l!l!lii!ltli%

40 11.23 218,77 14.13 48.59

41 11.46 20.11 14.722 49.89

42 11.78 220.33 14,49 50.01

43 1.7 219.79 14.30 50.70

44 1171 219.99 14,21 49.88

45 11.5% 220.11 14.42 50.03
itltit!!!!!!Q!itii!!i&ft%itﬁtiit!ﬂ!iti!&&t!%!!!!i&li|!§iitiiiliti!&&!li%tt!si!t!t!il!it!&.l!%
HEAN 11.45 220,07 15.27 49.94
STANDARD DEVIATION 27 41 71 .28
CONFIDENCE LIMIT 15.267 +7- 949
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RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
CRIGINAL DATA

WINO SPEED CLRSS 12 -13
unnunuttuuunnuunnnnumtunuau:ntttunnnutuunnuuuuutulun

EVENT NO. 10 MINUTES AVER. U-L1 WoLT, POVER FREQ.
WIND SPEED (H/5) voLT KU HZ
titll&tt!ii!tliti!!!it!lll!tit&itt!t!!tiit!i!iltittiil1!&&&!!!!!1!!!!!!!!!"’!i!lt!i"ti!tl!t

1 12.46 106.30 6.% 24.21
2 12.04 220.29 15.62 50.02
3 12.98 220.50 15.85 50,04
4 12.22 220.26 15.49 50,02
5 12.04 220,41 15.95 50,01
6 12.61 20.3 15.49 49.88
7 12.03 220,32 14,98 50,00
8 12.00 220,53 15.92 49.90
9 12,96 220,38 15.93 49.73
10 12.70 220.20 14,99 59.01
11 12,34 220.13 15.41 50.21
12 12.98 220.34 15.56 49.89
13 12,31 220.41 15.92 50.10
14 12.81 220.11 15.48 $0.21
15 12.48 220.19 14.87 50.00
16 12.44 220,07 15.45 50.14
17 12.79 220.00 15.82 59.21
18 12.49 220.22 15,92 50,21
19 12.15 220,35 16,92 49.98
20 12.78 220,18 15.92 50.01
21 12.34 220.26 15.49 50.04
22 12.20 220.35 16.01 50.22
23 12.13 220.29 15,92 50,30
24 12.17 220.32 16.00 49.99
25 12.45 220.11 15.99 49,89
26 12.89 220,23 16.90 50.22
2? 12.66 220,17 15.99 50,04
28 12,39 220.10 16.01 50,22
29 12.87 220,45 16.02 50,32
30 12,97 220.13 16.06 50,42
31 12,48 220.11 15,24 59,31
1 12.35 220.22 15.31 §9.77
33 12,59 220,18 15.07 50.32
34 12.68 219.49 15.14 56,21
35 12,69 220.29 15.17 50.22
36 12,59 220.01 . 15.57 49.94
37 12.68 219.49 15.15 50.09
38 12,47 " 219.98 15.81 50.10
3% 12.68 220.32 15.5¢4 49,88

i!‘!i!!il!'t#tl!!!!til%!!l!!!liI!!#iili!l!!llt!!i!ilﬁ'!!!tili!‘!!!ii!iﬁi!l!!iiilf!li!i!lii!ii
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RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 12 -13
R I I O I I L I LT I L0499 9 04900404

EVENT ND, 10 MINUTES AUER. U-LT VLT, POVER FREQ.
WIND SPEED (M/S) VOLT Kl HZ

PR I S M LRI M L L S 0000009800880 0 00045

40 12.82 220.11 15.19 50.33

41 12.29 220.04 15.57 49.89

42 12.58 219.29 14.87 49.89

43 ) 12.55 220.22 15.17 50.11
PRI O I IR A ISR L 0001084408
MEAN 12.52 217.54 15.39 . 49,48
STANDARD DEVIATION .28 12.37 i.47 3.95
CONF IDENCE LINIT 15,392 +/- 932
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RENEWABLE ENERGY RESEARCH CENTER

AMMAN TEST SITE
TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 13 -14
tuununuuutunuunuuaunuuuuuauuauncuuunnnunuusuuuuuun

EVENT NO. 10 MINUTES AUER. U-L1 VoLt POUER FREQ.
WIND SPEED (H/S) VOLT K HZ
!iﬂilil'it'“tilti!!iii‘il‘iiiil!liillii!“‘!ﬂ‘il!“l!t!i!!i!l“ T I 004 408848
1 13.84 220.38 15.91 50.12
? 13,79 220.41 15.76 50.07
3 13.34 220.38 15.98 50.06
4 13.04 220.41 15.95 4%.99
5 13,22 220.38 15,94 50. 02
6 13.17 220.44 1%.9% 49.96
7 13.63 220.50 15.94 49.94
8 13.97 220.41 15.98 50,01
9 13,42 220.47 15.94 49,9%
10 13.99 220.47 15.95 49,94
n 13.87 220.%0 18,95 49.%4
12 13.38 220.47 15.92 49,91
13 13.54 220.44 16.11 49,95
14 13.720 220.47 16.04 49.90
15 13.19 220.26 15.9% 49,77
16 13.14 220.41 16.03 49.85
17 13.29 220.44 16.00 49.80
18 13.85 220.44 15,06 43,92
19 13.47 220.50 15,93 49.88
20 13.38 228.51 16.03 50.05
21 13.09 220.03 16,06 49,97
22 13.66 220.11 16.04 50.060
23 13.87 220,45 16.00 50.20
24 13.49 220.45 16.01 50.14
25 13.89 220,16 16.03 50.19
26 13.33 220.39 16.62 49.94
7 13.71 220.39 16.00 50.00
28 13.50 220.47 16.06 50.22
29 13.81 220.51 15,5 48.90
30 13.44 220,12 15.06 49.99
i 13,469 220.11 19.16 50.11
32 13.79 219.59 15.07 48.89
3 13.18 218.59 14.64 48,69
34 12.38 220.32 15.41 49,87
35 13.59 220,43 15.41 50.11
38 13.45 220.51 14,97 50.33
37 13.44 220,45 14.79 50.11
8 13.19 220.21 14.78 48.99
LA R T ITTIITY] i*ii’i&i&i!ii“‘i!iiti!!ltt“lt&llil‘{!!il!!!l&!i!lii!i!ltli!ltil%!lli
MEAN 13.53 220,32 15.74 49.89
STANDARD DEVIATION .27 34 .44 J?7

CONFIDENCE LIMIT 19.739  +/- 977
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RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 14 -15 4 3 661 5

ilil!lt!i'i!!tll!!.i!iii!|!§!!!tii!lliit!'!'#ittf'!!!*!t‘i!i!liii{It!ilil!!!t!l!!!l!!li!!i&’t

EVENT NC. 10 HINUTES AVER. U-L1 vOLT. POUER FRER.
WIND SPEED (M/S) VOLT Ku HZ
!!illil!l!ii!!ii!ti!i!t!!ii!!'i(iii!iii!!!!“tiil!ili*ltili!!!i!!!liiiiilf!iliii!!lifliiii!!f
1 14.720 220.48 16.00 50.00
2 14.59 220.30 16.04 50,22
3 14.81 220.41 16.08 50.11
4 14,67 220.23 16.17 50.21
5 14.89 220.41 146.08 50.32
6 14,83 220.00 16.01 50.11
7 14.85 220.35 15.99 50.05
8 14,81 220,36 16.03 50.08
9 14.58 220.36 15.98 50.32
10 14.%3 220,22 16.00 50.12
11 14. 46 220.32 16.04 50.08
12 14.20 220,41 15,85 50,97
13 14.15% 220.47 15.8% $0.0%
14 14.39 220.44 15.94 43.97
15 14.79 220.47 15.98 50.02
14 - 14,54 220.41 15.97 49,98
17 14.3% 220.47 15,94 42.94
18 14.12 220.50 16.04 49,90
19 14.24 220.47 16.06 49,08
20 14.76 220.44 16.06 49,89
b3 14.80 220.44 16.03 49.86
22 14.95 220.41 16.03 49.87
23 14,87 220.47 16.04 49.87
24 14.51 220.53 15.95 49,94
25 14,74 220.53 16.01 43.93
26 14.5¢ 220.%4 15.41 50.15
27 14.48 220.15 15.17 49.88
28 14.49 219.88 15.14 50.22
29 14.58 220,11 15.57 49.82
30 14,49 220,34 15.84 49.87
il 14.69 220.18 14.980 48.87
32 14.62 220,45 15.05 49.97
33 14.39 220.33 15.78 50.44
34 14.58 220.10 14.87 49.88
39 14.55% 220.38 14.87 49,83
t!llt!i!il!!%iiil!!!!‘!i!ii!!l&lit!!ittiiilll!l!!lll!ilii!lil!itil!il!!’it‘!’li!liflillli!‘!&
MEAN 14,62 220.35 15.81 49.99
STANDARD DEVIATION .20 A6 40 .25

CONFIDENCE LIMIT 15,803 +/- 977
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RENEWABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 15 -16
B O I R T L RS0 080489044

EVENT NO. 10 HINUTES AVER, U-L1 VOLT, POUER FREQ.
WIND SPEED (M/S) VoLT KU HZ
M T T T YT T T T I T L L T Trrmrrrrrn
1 13.50 220.40 15.56 %0.01
2 15,08 220.30 15.99 50.01
3 15.89 220.27 15.97 49.99
4 15.10 220,49 16,00 50.12
5 15.69 220.89 16.08 50.12
6 15.16 220.23 15.57 0.01
7 15.79 220.38 15.92 50.21
8 15.52 220.04 1%.97 50.00
9 15.17 220.51 16.04 50.02
10 15.15 220.48 15.92 49.98
1 15.78 220.34 15.92 49.68
12 15.91 220.52 15.95 50,03
13 15,05 220,38 15.99 50,07
14 15.33 220.44 16.02 49.86
15 15.09 220.41 16.04 49.87
14 15.91 220.38 16.04 49.88
17 15.37 220.47 16.02 49,84
18 15,93 220.47 16.06 49.90
19 15.62 220.5%9 15.97 49,86
20 15.83 220.59 15.98 49.87
21 15.66 220.29 15.61 90,33
22 15,29 220,23 15.17 50.32
23 15.84 220.19 15,19 50,22
24 15.66 220.04 0.00 50.32
25 15.49 220,15 14.59 50.4%
26 15.67 219.7% 14.90 48.94
27 15.61 220.36 15.74 50,23
28 15.62 220.43 14.80 49.78
29 15.69 220.41 15.41 49.92
30 15.29 220.33 15.44 49.22
B I I I I A LS T LI I R 005608080444
HEAN 15.51 220.36 19.20 49.98
STANDARD DEVIATION .28 20 2.90 30

CONFIDENCE LIMIT 15,202 +/- 802
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RENEWABLE ENERGY RESEARCH CENTER

AMHAN TEST SITE
TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 16 -17
uulttuuu|nuuuuuuaun:uuunn*uutuunuanusnnnuutnnuuuuuna

EVENT NO. 10 MINUTES AVER. U-L1 UOLT, PCWER FREQ.
WIND SPEED (M/5) oLt Ku HZ
!-!ili"!ii!’l!!I!I!i!‘ﬁ!i“lii!i!t!lillliiilli!l!!i!‘iiifll!!l’"t!l!!l!"i!!t“lt!!!i!!‘i!lf
i 16,77 220.34 15.9% 50.02
2 16.24 220.21 15.00 50.12
3 16,16 220.5¢ 16.10 50.23
4 16.76 220.49 15,95 50.13
5 16.78 220.37 15.%4 50.0%
6 16.56 220,45 15,90 49.09
7 16.77 228,60 16.00 50.09
8 16.65 220,12 16.01 49.98
9 16.39 220.51 16.03 50.11
10 16.39 220.48 16.18 50,32
11 16.88 220,44 16.09 50.29
12 16.66 220.48 15,94 50.04
13 16.79 220.41 16.16 50,39
14 16.09 220,44 16.04 49.89
15 146.80 220.47 16.81 49.84
16 16.40 220,53 15.99 49,90
17 16.55 220,56 15.97 49.86
18 16.96 220.53 15.96 49.84
19 16.40 220,50 16.08 49.92
20 16.98 220,53 16.02 49.94
21 16,55 20.22 15.53 50.03
22 16,77 220.54 15.65 50,59
23 16.94 220.40 15.53 50.33
24 16.49 220.44 1%.45 49,99
25 16,52 220.43 15.67 50.01
26 16.41 220.44 15.16 50.34
27 16,81 220.04 15.55 50.22
28 ' 14.78 220,44 15.14 48,94
29 16.49 220.00 15.20 90.22
30 16.43 220.%8 15.44 50.29
tili!asiit!%itttti;!tttt!!stiﬁtilittaotataaitlttitetttt!!ittittclataittitiiittil!!!atatttatnt
HEAN 16.61 220.42 15.82 50.03
STANDARD DEVIATION 23 .15 .30 33
CONFIDENCE LIMIT 15.819  +/- .979
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RENEWABLE ENERGY RESFARCH CENTER

AHMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
CRIGINAL DATA

WIND SPEED CLASS 17 -18
M I R I L I M R R R B 6588485840

EVENT WO, - 10 MINUTES AVER. U-L1 voLT, POWER FREQ.
WIND SPEED (H/S) uoLT Ki HZ
Hﬂﬂ“Nﬂﬂl“N”!l"ﬂﬂ“i"ﬂ!ﬂ""ﬂ“!ﬂH!N!“ﬂ!ﬂ“!"ﬂ“”“““"ﬂ““ﬂﬂl
1 17.21 220,39 16.01 50.33
2 17.39 220.21 16.09 50.20
H 17.89 220.49 16.00 50.01
4 17.%7 220.722 16.09 . 50.29
) 17,88 220.33 16.17 50.31
6 17.91 220.28 16.10 50.09
? 17.48 220.42 16.11 50.13
8 17.04 0.2 16.080 50.00
9 17.39 220,24 16.1% 50,27
10 17.14 220.25 16.09 50.21
11 17.77 220.33 16.19 50.19
12 ' 17.88 220.49 16.03 50.21
13 17.3% 220,28 16.08 50.11
14 17.89 220.46 16.14 50.02
15 17.13 220.00 16.09 50.01
16 17.50 220.56 15.97 49,87
17 17.96 220.%6 15.93 49.78
18 17.55 220.59 15.94 49.85
19 17.56 220,56 15.93 49.80
20 17.49 220.37 15.90 50.04
21 17.68 220.99 15.45 50.03
22 172.91 220.44 15.57 50.66
23 17.88 220.41 15.65% 50.09
24 17.81 220.22 i5.81 49.88
29 17,43 220.31 15,81 50.33
26 17.33 220.11 15,34 50.12
27 12.77 220.51 15.62 50.09
29 17.82 220.32 15.90 50,22
29 17.75 220.30 15.83 50.28
!.Hlﬂ“liillli"“!!.‘til'llNil!ililﬂ“i!!!i“‘ilHMli&i{“Hi’ii!"Q“Hit‘!!ill‘.‘!"‘l
MEAN 17.62 220,36 15.94 50.12
STANDARD DEVIATION .27 15 L2 19
CONFIDENCE LIMIT 15,940 +/- 985
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RENEMABLE ENERGY RESEARCH CENTER
AMMAN TEST SITE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 18 -19 :
HE I L T I L I L R S 1000 044 04

EVENT ND. 10 KINUTES AVER. U-L1 VOLT, POVER FREQ.
WIND SPEED (M/S) voLT Ki HZ
M L L L Y T T TS IV rrarvprey
1 18.66 220.59 15.97 49.87
2 18.70 220,56 15.94 49,84
3 18.76 220,55 19.93 49.80
4 18.91 220,49 16.01 50.61
5 18.49 220.29 16.03 49.91
6 18.59 220,22 15.94 50.01
7 18.77 220.33 15.93 50.00
8 18.72 220.42 16,01 50.21
9 18.68 220,30 16.08 50.63
10 - 18.90 220,29 16.03 50.11°
1 18.92 220.21 15.99 49.98
12 18.59 220.49 16.06 50.02
13 19.51 220.14 16.03 50.23
14 18.37 220.18 15.94 49.87
15 18.46 220.5% 15.97 49.87
14 18.70 220,56 15.96 49.84
17 18.7¢ 220.56 15.93 49.80
18 18,59 220.27 15.92 50.20
1% 19.89 . 220.22 15.65 50.22
20 18.11 220,33 15.56 50.10
21 18.36 220,31 15.%5 43.99
22 18.22 220.48 15.17 49.86
23 18,29 220.48 15.19 50.05
24 18.49 220,49 15.61 %0.41
25 18.91 220.44 15.16 50.32
26 18,35 220,09 15.24 49,78
27 18.39 220.22 15.7% 50.21
28 18.46 220.01 15.93 50,22
haddddd bl L L T T Y VY YT T T Y YY 1T TYTPOPPRVROrrrrrrrrm
HEAN 18,61 220.36 15.81 50.03
STANDARD DEVIATION 23 16 29 A7
CONFIDENCE LINIT 15.811 +/- 979
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TYPE OF CONVERTER : RSS TYPE-1

ORIGINAL DATA

WIND SPEED CLASS 19 -20
*litlli!!l!!iillititlli}ii'iiilt%!li**iiliG!**li!tii‘i!i!%ittt{liiitt!!!t!tlltitit!!it!!!it!l

EVENT N0,

1

A N R - N I N PR Y

14
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
2
27
28
25
30
3
12
13
14
35
Jé
37
38
39

10 MINUTES AUER.
WIND SPEED (H/S)

19.
19.
19,
19.
19,
19.
19.
19.
19,
19,
19.
19.
19,
19.
19,
19,
19.
20,
20,
20.
20,
20,
206.
20
20,
20,
20,
21
20,
21,
20
20
20,
1%
1%,
19,
1%.
19.
19.

20
19
49
A
10
79
21
B9
47
8!
n
24
01
2
36
52
79
00
00
00
i
00
00

00

09
0
10

.00

0o
19

Nk

Nk

ah

A2

04
81
87
59
35

ROYAL SCIENTIFIC SOCIETY

RENEWABLE ENERGY RESEARCH CENTER

AHMAN TEST SITE

118

U-L1 vaLr., POUER FREQ.
VaLT - Ky HZ
li!!!!%l'lltii!&!l!i*ti&l!ilfi!iiiilii!illtllﬁt!lillllllOtlftt!lli‘!tl!!!C!!!ti‘lttll!!!!ltll
220.21 16.01 50.02
220,09 16.08 50.21
220,39 16.07 50.22
220,33 16.08 59.09
220.38 16.17 50.11
229.16 15.96 49.99
220.37 16.10 50.41
220.21 16.08 50.33
220,32 16.03 50,04
220.11 15.93 49.99
220,49 16.09 50.42
220.41 16.01 50.33
220.48 16.11 50.00
220.34 16.04 50,05
220.32 16.11 50.22
220.10 16.08 50.34
220.31 16.03 50.02
220.20 16.02 50,12
220.04 16,08 50,22
220.39 16.08 49.99
219.89 15.89 49,99
220.01 16.01 50,102
220.33 16.08 50,21
220.43 16.03 50.30
226.49 15,08 50.41
720,22 16.16 50.42
220,48 16.499 50.51
220.23 i4.19 50,45
2290, 4n 16.07 50,32
20,24 16,82 47,73
1IN 15,99 49,99
20,60 16.91 50.03
220, 48 .00 50.03
229.99 15.9% 49.83
220.53 15,97 49,84
220,53 15.93 49.78
220.37 1%.90 50,00
220,44 15.53 50,22
220.32 15,45 49.88
!#!!O!tlillti!!lt!!!lt!!!!!it!!'iiil‘i!!i#ii!!!!iii!itil!!i!i#!#!f!t!}#l'lI%iti!li&lit’!l!‘i!
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REMEWABLE EMERGY RESEARCH CENTER
AMMAN TEST SI1TE

TYPE OF CONVERTER : RSS TYPE-1
ORIGINAL DATA

WIND SPEED CLASS 19 -20
P S I L S RS ORI LR 0040030598044

EVENT N, 10 KINUTES AUER. U-L1 vOoLT. POUER FREQ.
WIND SPEED (M/S) VoLY Ku HZ

Mbbidd L YTy YT T YT T YT  TT YT YT TTTIRTTITPTruOrr e

41 19.59% 220.71 15.81 50.33

41 19,22 220,43 15.53 49.78

42 19,23 220.11 15.57 49.87

43 19.41 220.49 15.82 45.78

44 19.77 220.%9 15.92 49.98

45 19.44 220.38 15.81 50.22

46 19.24 220,98 15.99 42.39

47 19,18 220.61 15.84 49.39

48 19.49 220.32 15.48 50.31

49 19.89 228.11 15.50 50.11
B O I R I R LI A L 0P O TR R E44
MEAN 19,62 220.33 15.95 50.07
STANDARD DEVIATION 35 .18 .19 .30
CONFIDENCE LIMIT 15.951 +- 992
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