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TITLE FIGURE: (page 2)

Large wind tunnel facility GROWIAN at Kalser Wilhelm-Koog, Elbe
Peninsula. Power: 3000 kW above 12 m/sec  Wind speed.

Rotor diameter: 100.4 m

Tower height: 100 m

First operation: Fall 1982, see report on page 1%7.
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PREFACE VI

At thé present time within the energy research program of the
Federal Minister for Researchland Technology, about 50 projects for
obtaining energy-are being supported. Most funds are being expended
on the development, building and testing of large facilities in the
MW range. Long term projects include the introduction of wind energy
to the power network.

The seminar was carried out on March 23-24, 1981. The purpose of
this seminar was to exchange informétion among project leaders in the
area of wind exploitatiéon. In addition, based on this experience,
future possible projects and dlrectives were discussed within the frame-
work of the energy reéearch and technolégy project.

During the semlinar, first .of all, reports were presented about the
status of large wind facility projects. After this, two special prob-
lems were addressed: h

- building of large rotor blades

- control of oscillation in large facilities

Work on the development, building and testing of large wind enérgy
facilities are at present stressing these two tests. According to our
present knowledgé,.which was again confirmed in the seminar, the tech-
nical problems in the design of large rotor blades and the control of”
oscillations in large facilities are certainly solvable.

Testing of these largebfacilities 1s being performed in‘foreignf
countries in addition tb West Germany. The pufpose of this'is to pro—
vide operational safetyy espécially with regard to optimum rotor blades
and,benign'oscillation bebhavior. In addition, initial data is being
selected about the economics of such facilitiess The seminar of March
23-24, 1981 showed clearly that the program on energy research and
technology of the BMFT for mastering Wind energy by largekfacilities
will result in the addition of a small percentage to our energy produc-
tion. ' ' '
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The present reports are derived from ongolng research and devel- VII
opment work and some of the reports will be of a preliminary nature.
The BMFT has agreed that this infofmétion should be published as a
special Jul-Spez report of the nﬁclear research facility Jueliceh,
accessible to the general public. At the same time, we are making a
siuall contribution to the present energy controversy. We should like
to mention that in the meantime an additional seminar on theé exploita;
tion of wind energy was carried out by the energy research' PLE project
office at KFA. The topic of the seminar which was carried out on May
18-19, 1981 was "meﬁeoroldgical assumptions for the use of wind energy"
(will also be published as Jul-Spezyreport no. 132). In addition, the
results of the projects of the BMFT 1s being presented during regular
seminar and status report wind seminars which will take place every
two years.

We would like to thank all participants of tbejseminaf for the
interesting contributions and discussions about tasks duringfbhe exploi-
tation of wind energy. We would like to thank the firm MAN-Neue Techno-
logie, Muenchen, which made a substantial contribution to the first
large wind facility in West Germénj. We thank them for their hospital-
ity. 'We would also like to thank Herr Dr. R. Cuntze, MAN-Neue Techno-
logie. We thank Mrs. M. Abt, energy research project manager for
excellent work in the processing of the manuscripts for the Juel-Spez
report.
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GROWIAN ROTOR BLADE

MANUFACTURING, DEVZILOPMENT, BUILDING AND TESTING

H. M. Thiele




In January 1981, the Growian test rotor blade Wéé finished after
about 1-1/2 years davelopment and construction time. This report dis-
cusses the manufacturing technologies and gives the experience madse
during the building and testing of this component.

BOUNDARY CONDITIONS

~ The folloWing boundary conditions were adapted for the Growian
two-blade rotor, a tower with simple support and the use of laminar
profiles, assuming a design lifetime of 20 years.

specific facilities requirements - load assumptions
~ blade geometry
~1lifetime
— permissible blade tip deformations
-— permissible eigen frequencies

spesific profile requirements good shape maintenance

low surface roughness

close tolerance surface waviness.

specific manufacturing
~requirements

use of tested and cheap manufactur-
ing technologies

extensive quality control

~ maintenance of close manufacturing
tolerances-

bigh requirements for welding seams

maintenance of the same mass

distributlon for the two rotor blades

resistant corrosion protection

' DESIGN CONCEPT

A mixed construction method was selected as the design COnéept,
which has an untwisted steel box spar as the load supporting element.
‘The external blade geometry is fixed by a GFK (glass fiber reinforced

11
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carbon) sandwich design, which is connected to the spar with fittings.
This shell design method comes from glider construction and makes 1t
possible to satisfy the requirements for the small surface roughness
and waviness of the laminar profiles.

rofil ib (il1eq
profile rib (illegible)

Growian rotor blade
(i17egible)

blade cross—éection

MANUFACTURING CONCEPT

Within this project, it is intended to build three rotor blades. /4

Therefore, manufacturing technologies were selected which would require
the minimum amount of special equipment such as molds, pressing machines,
etec.  This heasure, however, requlres special skills by the workers in
order to maintain the close construction tolerances.

With these assumptions, the following manufacturing concept was
developed:
spar - welded construction
k - low tooling'complexity

- peduction of the welding seam
to a minimum ‘
12
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blade skin - GFK (classif’ed with reinforced
carbon) sandwich design

- manual lamination method for the
mold cavitles

- production of the largest possible

shell section
- simple installation

fittings - slimple welding designs

- variable design i1n order to equalize

tolerances between the spar and
the skin

By dividing this into the three component groups, 1t was possible

to have parallel manufacturing of individual components according to
the following manufacturing plan.

spar coverings | [bladelskin

f

Fbmplepe spar

rotor blade
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MANUFACTURING

The spar box was a welded design which represents a reliable
and tested manufacturing technique with appropriate quality control.
The welds have to be done very carefully because the continuous
strength of the basic material is greatly influenced by them. The
welding instruction of the spar was adjusted to the manufacturing
requirements and was divided into several spar segments. By making
the steel sheets in the form of half shells with a length of up to
7.5 m, it 1is possible to greatly reduce the number of welded seams.
In this way, it 1s possible to control the distortions of the compo-

nents which occurred during welding.

spar section

A 40 m long berth was used for assembly where the individual spar
sections were attached and measured. The spar was welded outside of
the berth in order to make accessible the connection points from all
three sides. The construction tolerances and the welding qualities

were, therefore, maintained using this production method.

It was difficult to bend the steel sheets into half shells without
special pressing tools. Deviations can easily occur which are made

more difficult by the difficult bandling of the sheets. The fittings

(-]
-



Assembly jig

for accepting the external skin on the ribs in the end box were also
made as welding construction and then bolted to the spar. The connec-
tion surfaces to the external skin are adjustable so that it is possible
to eq:alize tolerances between the spar and the skin. The fittings are
assembled in the berth. The external skin is measured later on at six

measurement points.

The shelis of the blade external skin are made according to the
proven plastic manufacturing technique. All of the shell components
are laminated in negative molds. The separation plane of the shells are
the profile chords and in the internal region after R 27.5, these are
also at the spar trailing edge. In this way one obtains approximately
equal shell sections which make sure that the hardening time of the
resin system is not exceeded during lamination with the appropriate use

of

of personnel. In addition, the center of the mold has to be accessible
in the depth direction from the edge of the mold which is another bound-

ary condition for the dimensions of the mold.

After an appropriate training time, it was possible to manufacturer
t.he individual shells without many problems. About 10 workers had to
CRICINAL PAGE 15
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lamination of the shells

simultaneously handle the matrix of each half =shell in orde~ to not
exceed the hardening time. After taking the shell parts out of the

molds, examinations showed that the permissible surface roughness and
waviness had to be maintained and was even less than required in the
external blade region. The required accuracy of the shell weights of

2% could not be achieved, there were excesses of up to 5%.
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the blade station R15.7
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rotor blade R50, R10.85

The assembly p:*ocedure of the external skin to the spar has
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Matching difficulties between the skin and the fittings
did not occur. The examined profile sections and blade twist were

within the permissibl: tolerances.

After manufacturing, the rotor blade was transported from Mainz

nich on trucks. During the transport, the blade was supported

-ransported on the Autobahn at a speed of about 40 km/hr. The acceler-

ations during transport were below lg for the blade.

omparison between the calculated mass distribution and the mea-

sured ones showed that there was good agreement in the region between
R10.85 and RYO. At the blade tip the measured mass distribution deviates

from the nomin J values. This results in excessive shell weight anrd
o

tween RU45-R50. This is because it

ation of the blade on the test stand, we measured the bending under
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elgen welght in the flapping direction at thé blade tip. We also
measured the eigen frequencies and eigen modes during test oscilla-
tion measurements. The deformation at the blade tip is 3% larger and
the first flapping eigen frequency is 3.25% lower than calculated.
The first deflectilon eigen frequency agrees well with the calculated
one. ’

STRUCTURAL TEST -GROWIAN ROTOR BLADE

Four static load tests, one test band oscillation test and a dyna-
mic load test at 50 LW were performed with the Growlan rotor blade
prototype. :

A preliminary evaluation of the measured resultsvstWS good agree-
ment betqeen calculated and measured values. Deviations from the
theoretical data occurred at blade station R27.5 which can be attributed
to a deviation already found during the manufacturiig. At the lower
shell K27.5-R15.7 of the profile end box, delaminations. were found dur-
ing the tests which can be attributed to manufacturing errors.

The tests were concluded with a fracture test which was performed
'with up to 170% of the safe load. We did not increase the lead further
because local failure of the structure was established at several points
of the test specimen.

TEST RESULTS

Test'stand oscilllatlion test

The test stand oscillation test was used for determining the elgen
frequencies and eigen modes of the rotor blade. 16 eigen modes were |
determined using the phase resonance method. The rotor blade was
excited to perform oscillations using 2 electrical-dynamic exclters
and the oscillations were measured using 80 -.accelerometers distfibuted
over the blade. Figuré 1 shows the test configuration with the measure-
ment container of the DFVLR-Goettingen. '



ORIGINAT PAGE
BLACK AND WHITE PHOTOGRAFPH

5

test setup for test stand oscillation test

Measurement results

The measured mass distribution of the blade including the force
introduction fittings for load test as well as the DMS (strain gauge)
cabling were considered over the spar in the determination of the

theoretical values.

calculated

Mode measured value value
1st flapping eigen frequency 0.923 0.956
1st deflection eigen frequency 12T 1.27
2nd flapping eigen frequency 2.39 2.64
2nd deflection eigen frequency 3.55 3.64
1st torsion eizen frequency 21.67 26.19

Load tests
The load of the test specimen was done using load equipment with
hydraulic cylinders. The configuration of the cylinders was designed

so that at blade stations R35 and R27.5 the bending moments were

21



test configuration load case 1.3

simulated as closely as possible. The intersection forces deviated

by as much as 10% from the theoretical values at the other blade sta-
tion. During tests, the additional strains due to the loading equip-
ment and the cylinder loads were measured at 500 measurement points.
Strains due to the eigen weight of the blade were measured only in load

case 2.5 by rotating the test specimen by 180°.

The loading of the test specimen is done using two cylinders at
R41 (80 kN) and R13.€ (41 kN).

~N
—

Measurement results:

The measured strains for blade cross section R 27.4 (undisturbed
cross section) have somewhat smaller values than the theoretical ones.
For cross secticn R 27.5, the measured values are higher compared with
theoretical ones by a factor of 1.56. This can be attributed to a

ORIGINAL PAGE
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turning experiment

collapse of the welding seam and excessive edge displacement, which

is not permissible for the two other rotor blades. The strains mea-

sured at trte outer skin are also below the theoretically determined

ones.

The blade deformation .t the tip was
in the flapping direction 1.174 m

in the deflection direction 0.063 m

For determining the bearing friction moments, in the load case

1.3 of “he test configuration, at 100% nominal load the rotor blade

~

was rotated with a hydraulic cylinder by *2.5° at the blade control

7

connection, around the blade longitudinal axis. 100 alternating loads

with a frequency of 0.15 Hz were applied. The measurements at the

ORIGINAL PAGE
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beginning and end of the tests showed a slight reductiori in the fric-
tion moment. The blade displacement moments were

M 26.9 kNm in the initial position and

M 44,92 kNm in the final position

D
D

This data is within the theoretically predicted range.

Load case 2.5

Figure 4 shows the test configuration for load cast 2.5. Tbé
load is applied to the test specimen by three hydraulic cylinders at
stations R39 (133 kN) R24.6 (107 kN) and R15.6 (126 kN).

Measurement results:

The statements for load case 1.3 apply for this case. Here again
the stresses were increased due to structural deviations at R27.5 by
a factor of 1.56.

The blade deformation at the tip was:
in the flapping direction 0.792 m

in the deflection direction 1.929 m

Load case 2.5

After load case 2.5, a dynamic loading test with 50 alternating
loads was performed. As a lower load we selected 207 and as an upper
load we selected 100% of the nominal load of load case 2.5. The mea-

- surement -at the beginning and at the end of the test did not show any

differences 1in the strains and deformations. The delamination points
around the end box along the under side of the outer skin between R27.5-
R15.7, however, increased; otherwlse,no damage was found.

Fracture test

The fracture test was carried out using the test configuration of

‘load case 2.5. When 170% of the case load was reached, the test was

24
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terminated. At this time? at statiohyR27.5, we found local instabili-
ties in the structure, thét‘is, the strains measured in the steel spar
were no longer linear. In addition, there was a local bucklﬁng of the
blade skin at R27.5 along the blade underside. A 150 mm hole in the
skin was the rezson for this; which had to be drilled in ordér to exam-
ine measurement points over the spar at the beginning of the test.
Additional damage in the skin was not found (photograph page 18).

Measurement results:

The stresses in the spar and in the outer skin achleved for 170%
of the safe load are shown in Figures 10-12.

The following was measured at the blade tip
flapping direction 3.235 m

deflection direction 0.888 m peasured

After unloading of the specimen, a residual deformation of about
0.400 m was found at the blade tip.

CONCLUSIONS

A routhevaluation of test result$ shows good agreement with calcu-
lated results. Since the rotor blade will be subjected up to 108 load .
alterations during operation, it was dimensioned for continuous strength.
However, we can Qhereby,explain the 1afge separation between the‘séfe
load and the static fracture load (j~2). 1In addition, tests have
shown that the blade skin made of glass fiber plastic will follow the
spar deformations without tearing and the strain of the skin are by
a factor of 10 smaller than the measured fracture strain bf the laminate.

Y-



STATUS OF THE THREE PROJECTS OF THE VOITH FACILITY

™~
| e
>

|

Hofmann and assoclates

General remarks:

The Voith-Getriebe KG Heldenheim, West Germany, Divisilon for
Aviatilon Technology already in 1976 planned the development, manufac-
turing and testing of a wind energy converter of medium power and slze
for use ag a fuel saver for island operation and network operatlon.

It was primarily planned for regions wilth low infrastruccure 1n the
thlrd world. '

We consider an axlal flow equal pressure turbine with a gondola
rotor in the leeward side. It bad 2 FUW rotor blades with the shell
deslgn which are positioned over a wind flag (no side wheel gondola
deflection device). Also, we consldered a steel tube mast supported
with guy wires.

| The star-shaped reinforced concrete fgundation.was not anchored
to the ground.

As a location for the test, we used the terrain at (Huetter) in
Stoetten in the Swablan Alps, in the Goepplngen districh.

| Professor Ulrich Huetter Stuttgart/Kirchheim (FWE) advised us
“about the aerodynamic design and the baslec concept. '

The firm MBBE Munich was consildered for the development and supply-
ing of the high performance rotor blades after a long search.

The maln data of the WEC is as follows and was malntalhed over the

years: } , , o
rotor blade dlameter B2 rotor rpm 37 1l/min
nominal speed 8.5 m/s rotor performance 316 kW

mast helght 30 m ~ synchroneous generator 350 KVA



1. Goal of ET 4104 A (facility): /20

According to the 52 m diameter size and the assumed DFVLR load
assumption (see Figure 1) and a century gust of 60 m/sec, we consider
the following: |

-~ completely automatic‘facility, including sta?tup and shutdown

- self-saving (faill-safe) machine installation

- a synchronous generator which switches 1n and out of a three-

phase current network automatically (20 KV, 50 Hz)

The following was expected:

- long lifetime

- high availability

- operational safety

- easy asembly (if possible without -excessively large cranes)

- easy mainteﬁance with ‘long intervals

- small weight with high strength

- compefitive price

- national manufacturing components for the third world

- environmentally sound with regard to-appearance and noilse

- movabllity of the entire isntallation (other test field)

~ safe against unauthorized removal

/21

2. Geal of ET 4343A (rotor blade development):

or for
“number

the recommendations of Prof. Huetter included the fbllowing.k
for the Voith facility with a fast running coefficient of

_ tip speed for a wind _ 100.74

= 11.85 (see Figure la)

~ nominal speed - 8.5
c.-optimum = 0.45 according to an extremely high fast running
of A, = 200-Th _ ¢

opt 6.3

(see Figure 2) and very slender rotor blades resulted with an area
loading of ’ ' :
316000/52° x T = 149 W/m®
—n :




- we consider the fact that the masses of the completed gondola
should be made as small as possible 1in order to not exceed the
total elgen frequency of the WEC with an operating frequency

of 37 x 2 = 1.24 Hz
60
- the rotor blade mass was limited to about 1000 kg per blade,

and the slender proflle famlly of the blade cross sectlions were
specified by Prof. Huetter.

These parameters led to an extremely light hollow blade deslgn
with support foam inserts and transverse bolt attachment.

The 1nitlal plan to divide the blade into two lengths and to
flange them together as required had to be given up because of oscill-
ation problems.

/22

3. Goal of the ET A34l A (telemetry):
The behavior of the two slender rotor blades bas to be monitored
especlally when penetrating the wake of the mast and excessively bhigh

blade deflections bave to be controlled by turning off the facility.

The transfer of the measured current of strain gauge strips and
accelerometers cannot be done using slip rings.

4. Solutlon of the problems of ET 4104A (facility):

Reference Hoffman
4.1 Structure

From a number of possibilities (see Figure 3) we finally decided
for the prototype shown in Figure U:

- pendulum hub according to Prof. Huetter (semi—cardan suspension),
steel sheet welded construction with the possibility for self-
controlled blade angle adjustment (in order to equalize shear

28
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flow) and to block it (see Figure 5).

pendulums bearing palr from prestressed double conical roller
bearings (over dimensioned because of the fact that the perilod-
ic rotational motions were only small) using continuous grease
lubricatlons

rotor blade bearings, one prestressed and commercilal crossed
roller bearing each with a measured frictlon value under full
load of about 0.003 with continuous grease lubrication and
double seals against water entry

adjustable control rpds wilth commercial spherical joint head and
continuous grease lubrication

hub covering with trim disks as well as solar shells for mea-
surement transducers mounted on the outer surface (ET 4344aA,
telemetry)

the completed pendulum hub is connected to the rotor hollow shaft
using a Hirth gear (see Figure 6). The shaft is supported at
two places with a throat bearing which 1s developed as a cylin-
der full roller bearing which can be displaced in the axial
direction and a prestressed conleal roller bearing for the oper-
atlonal axis movements which occur during operation. Both bear-
ings have oilled lubrilcation ’

the conleoal wheel set TO/L17 teeth 6r 1 = U4.12 has a reduclng effect

~on the aerodynamic thrust because of its axial thrust, that is,

by & hydrosbatic locklng or damping of tbe’pistonjrod.f This could

the conical roller bearings are unloaded in this way.

the hollow rotor shaft accepts the rotor blade adjustment inside /23 %
(see Mlgure 7). . :

a dlfferentlal system for rotor blade adjustment 1s alSO‘providéd -

be important if blade angle deflectlons occur caused by pulsating j
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aerodynamic forces.

a screw spring also provides blade adjustment in the "flag"
direction which 1s integrated with the adjustment mechanics,
that 1s, the blades then have no 1lift, the WEC facility will
turn off itself in emergenciles. ’

the position information of the control rod or rotor blades
which is iImportant for the controller 1s done with a potentilo-
meter (see Figure §).

the gondola hydraulics (see Figure 9) 1s supplied by a wing
cell pump with O stroke control. The ¢lectrical motor obtains
it current with slip rings (see Figure 9).

the oll supply and removal for the differential system inside
the rotor shaft 1s done with an electrical hydraulic control

slide of our own design (see Flgure 10).

the heatable oll container is lnstalled in the gondola housing.

. All of the hydrauliec lines are, therefore, short. The pump

supply 1s done with a natural slope.

the hydraullc unit 1s attached outside on the houslng and is
easily accessible (see Figure 11).

the 'gondola housing 1s flanged to a rotatable bearing (see Figure
12). The worm gear wheel is connected with a fixed mast, the
gondola housing 1s centered using a conventional crossed roller

bearing using the mast,

A three stage unlimited worm gear supported in the gendola hous-

ing gives a gear reduction ratio of 1 = 5Q = 16.67

After the worm gear shaft there 1s a combined commercial spur
wheel worm gear which bhas 1 = 214.8. The drive motor has 1440
rpm.  For a total iges'= 214.8 x 16.67 = 3.581, in other words,

0y



the gondola would have a theoretical rpm of 0.4 rpm. Between
the worm gear shaft and the spur gear worm gear there is an
electrically controlled lamella coupling which is closed when
powerris avallable. This provides absolute self-control for the
entire gondola operating range.

When there is power failure, erroneous gondola positioens, etec.,
or oblique loads for the unfavorable case of rotor blades in the
flag position, a gondola torque could be created for very high wind
speeds which would rotate the gondola out of the oblique incident
wind position. This is possible because the electromagnetic
coupling would not be switched in in this case.

three electrically‘dontrolled hydraulic pistons are distributed
along the qircumferende‘of the gondola and mast flange for oper-
atingkthe plier breaks. The brakes are turned on when the
facility 1s operated and are only épened during a posltiloning
command or in the event of power failure.

in order to introduce current for the two gondola motors for the
control voltages, receptacles, ete., a slip ring transmission

is required (see Figure 13) which 1is below the gondola rotating
gear and housing, and which be1ongs to the fixed mast.

The measured currents are not run thnough"élip~rings but are
directed directly to the controller, recording devices, efc.,, 
‘with a 20 conducteor flat cable. - This windigg sleeve makes 1t
possible to have #5 gondola rotations before the connector con-
nection would be opened. This means that already after about
three gondola rotations a restoration command will be given and
this would result in a turnirig back under favorable conditions.

two pedestal planes are provided for assembly and maintenance

/24

work in gondola 2 (see Figure 14). A safety conductor goes from

level 5m to the gondola plane.

31




- a Winv'wheel anemometer and a combined wind flag are located

above the gondola housing as well as the required 1ightning
protection.

additional lightning slip rings are provided for prOtecting,the
main bearings between the rotor blades and the rotor shaft,
between the rotor shaft and the gondola housing and between

the gondola housing and the mast.

The mast is connected several times with iron reinforcement of
the concrete foundation and the conventional grounding wires
are used.

The 1ong tube shaft which goes downward (see Figure 15) between
the conical shaft and the spur wheel shaft 1is supported w1th
two V-belt connections and can be displaced in thé-:longitudinal

direction. In the central region (see Figure 15) it is sup-

ported with a pendulum ball bearing with respect to the mast in
order to hold the critical bending rotation rate above the
operating rate of 152.7 rpm.

N
Ul

The spur wheel gear, the normal Voith design i = 9.82, is coup-
led through a jointed‘shaft (see Figure 16) with the 350 KVA
synchronous generator.

2 ringitensioning rings between the generator shaft end and the
coupling flange transmit thefmaximum'torque =-2.5 x'operating
torque at about 300 kW and n = 1500 rpm. 1In this way, possible
short impacts from the WEC transmission are-blocked. o o

A fail—safe plier brake below the spare wheel gear output shaft

(see Figure 16) provides for fixing of the entire shaft assembly
including the rotor and the generator in the event of danger or

during repalrs.

the generator has a tachomachine‘for monitoring rpm; two addi-
tional toothed disks with electrical transducers measure the
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there is a large assembly door at the base of the mast in the /26
cylindrical cover which allows one to remove the generator or

the spur wheel gear or the brake. Three small inspection holes

are also provided. -

in order not to have to separate the electrical force and con-
trol lines 1inside the mast base during tipplng of the mast, a
special clamping box is attached at the foundation flange.

there 1s a ladder with protection provided for climbing the mast
up to the upper gondola aSsémbly platform. \

the total mast including the two rotor blades is 38,800 kg. The

overall cg of the facility is at the height of about -20 m.
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Of POOR QUALHN’

FIGURE 2 (CONTINUED)

KEY: 1--closed after (illegible); 2--tungsten granulate; 3--section;
l--detail; 5--cross-section of blade; 6--Voith axes; 7--profile chord;
8--sandwich region; 9--mode separation plane; 10--Voith axes: axis
system for installation of blade to rotor head; ll--manufactured
according to FV; 12--(illegible); 13--all laminates laminated with
mixture of (illegible); 1l4--glued with mixtures from (illegible);
15--left (illegible)...(others illegible)...
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Status 1977:

ORIGINAL PAGE 1S
OF POOR QUALITY

14 component group combinations were investigated:
(see drawing M 1:100 no. 3.73-201 sheets 1-3)
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FIGURE 3 (continued)

ABBREVIATIONS:

( 6/1
( 6/2
( 872
(12/2
(12/4
(12/5

ORIGINAL PAGE 19
OF PQOR QUALITY

crossed rope operation
jointed shaft

two stage

telescopic tube

reinforced
elliptical/cylindrical tube

Nt N N N NN

(13/12) guy ropes/rods

(15/10)+(15/12) hydraulic cylinder

(18/12) stable mast/subcritical opertion

(18/13) mast frequency below excitation frequency

PATENT APPLICATIONS:

4o

( 1/1 )-( 1/14) blade flange

( 4/6 )=( 4/14) complete card. suspension
( 6/1 ) rope operation

(14/3 )-(14/12) buckled mast

(15/3 )=(15/10) pulling device
(15/12)-(15/13) pulling device
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Fig. 8
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FIGURE 14 (continued)

Key: 1l--device for attaching transducers (for wind direction and
wind speed); 2--platform not shown on this drawing; 2--grid support
only at the indicated points; after this configuration of grid
support rods; 3--view Z; 4--section; 5--view; 6--rail complete;
7--grid complete; 8--grid configuration; 9--design of upper pedestal
with rail...(others illegible)...
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OR'GINAL PAGE 13
OF POOR QUALITY
FIGURE 15 (continued)

Key: 1--detail; 2--detail; 3--detail; 4--detail; 5--upper shaft

connection; 6--middle shaft connection; 7--lower shaft connection;
8--markings in the plane; 9--after installation (illegible)
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Key: 1l--alarm indication:

power out

phase out

frequency

control voltage T4

control voltage T5

excess current

excess temperature

excess RPM

reverse power

emergency shut down

excess current

fracture warning

fracture triggering

L measurement absent

safety monitoring

erroneous current Fl

excess current

computer excess current

DC tower head position motor
excess current control oil pump
excess current heating oil

excess current heating anemometer
excess current power supply

UTW

excess current coupling head position motor
UTW magnetic valve

excess current magnetic ventilation main bearing
excess current brake 220V fuse
excess current brake battery supply
brake block

mechanical disturbance

2--main distribution; 3--input distribution; 4--later; 5--computer;
6--fixing brake; T7--coupling head position motor; 8--immersion body
with thermostat for oil; 9--wind measurement device with heater

power supply; l0--magnetic valve UTW; ll--power supply gondola;
12--control pump for oil; 13--head positioning motor; ll--magnetic
valve main bearing brake; 15--no. 24 measurement; 16--from main distri-
bution; 17--power operation
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THE CONCEPTUAL DESIGN OF THE
HIGH SPEED RATIO WIND ROTOR FOR THE
52 M DIAMETER HORIZONTAL AXIS VOITH WIND ENERGY CONVERTER

W, Weber
Voith Getriebe KG, Federal Republic of Germany

Summary

The Voith wind turbine is a development of a horizontal axis turbine with two bladee
fully constructed in composite materials, It is designed either to supply electric power with
a 265 kW generator to an electric grid or to be an independent electricity scurce for specific
tasks in highly deveioped countries and in remote areas. For this reason the conceptual
philosophy of this wind turbine goes in a slightly different direction to other developments of
wind energy copverters actually designed and in operation, a situation, which may be explained
in the first chapter.



ORIGINAL PAGE 19
OF POOR QUALITY

1. Specific power installation

According to the measurements ui mean wind velocity distribution in Germany in
/1/ as shown in Fig. 1, there is an evident difference between the coastal
region with high mean wind velocity and inland areas with lower wind areas. The
Voith wind turbine is designed specially for inland areas with a mean wind velo-
city of 4-5 w/'sec. This wind distribution profile is not restricted to Germany.
It is essentially also found in other countries. Therefore the Voith wind tur-
bine is usable worldwide meinly in inland areas of most continental countries.

For this region the right specific power installation should be analyzed.

The major distribution to the solution of this problem ancd the resulting concep-

tion of the wind rotor shape we obtained from U. Hitter.

According to his studies and the calculation based on different wind power

measurements on several weather stations in Germany it is possible to describe

the variation of the yearly wind power output from a specific power installation

factor
Pr
B B it
A
with P = rated power
and A = rotor disk area

The results of calculations in /2, demonstrate that a clear dependence exists of
the zero operation time/year on this specific power installation factor ¥ .

Fig. 2 gives a relative feature of this dependence on the mean wind velocity
Vio measured at a heigth of 10 m. "his figure shows that there is a need of

low power installation factor ®, if the wind turbine installation point lies in
low wind regions of & country in order tc get a fairly continuous delivery of
wind energy. The Voith WEC 52/265.8, therefore with a factor of ¥ = 125 W/m2
has about the same operation time/year as the German Project CROWIAN with ¥ =

380 W/m2 on an installation point in the costal area of the North Sea. The ge-

.
&
(o)

|
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neral trend in many wind power deve opments is towards high factors and in-

stallation points with high mean wind velocities.
ORIGINAL PAGE IS
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2. The choice of the speed ratio

The idea of the designed concept is to test a high-speed wind turbine with an
efficient blade performance. According to the extensive studies of U. Hitter for
the Voith wind turbine at the testfield in Stitten - the same place where the
former W 34 were in operation from 1956 till 1964 - the maximum extractable wind
power in Stdtten and on comparable sites in central Germany is possible at a re-
presentative mean wind velocity of Vio = 6,3 m's at 10 m height as seen in

Fig. 3.

For this wind speed the portion of the total energy output reaches a maximum, if
the frequency distribution of the wind velocity after /1/ represented by diffe-
rent mean wind velocites is taken into account. Even though the low wind velo-
cities reach the highest frequency distribution for the two stations selected as
representative for the general - in Fig. 3, they do not get the most position of
the possible energy output/year, the same situation as with the low frequency

distribution of the high wind velocity of V,, . 9 ws and of Vig = 11 mvs.

Based on the wind velocity of V,, - 6,3 m/s and a constant angular velocity
of w= 3,9 l/sec (n = 37 rev/mirn) the Voith wind energy converter has a

designed tip speed ratio of

w- R
Ry s ey 3

V1o

with the rotor tip radius R = 26 m

and reaches the rated puwer at
A sl2 (V1o s
TR Vio = 8.7 ws)

a ratio, which is an upper limit in respect to other wind turbines as mentiocned

in Fig. 4.
62
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The consequence of this layout for the construction of the whole rotor gives
some advantages and on the other hand some problems, which are outlined in the
following context.

3. The effects of the high tip speed ratio
a) The blade shape

Following the classical way of determining the optimum performance of wind tur-
bines as published in /3/ and /4/, the designed speed ratio requires a certain
contour form of the blade. The result for the Voith rotor is a wing blade which
is extremly slender compared to other blade configurations as shown in Fig. 5.

The main geometric parameters are

R2
the aspect ratio of one blade AR =— = 39
tT
the taper ratioT = — =0,27
t
max
and the solidity factor of the rotor § =— = 0,018
A
with Az =  blade area
trax =  maximum chord length
ty = chord length at blade tip

The blade twist has a range of

A8, . 7

in the relevant blade section from 6 m up to 26 m radius.

One designed goal for this rotor is to operate the wind turbine in a 1 p-upper-
critical working range. In order to realize the required stiffness and mass

distribution for these frequency and response calculations, the construction of
the blades is only possible with the use of advanced composite technology - This

[y
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construction technique was solved in close collaboration with the helicopter
division of the German aircraft manufacturers M88, of whom we shall hear more in

this meeting.

™~
-

b) The power coefficient

Going back to the definition of the power ioefficient ORIGINAL PAGE IS
OF POOR QUALITY
P

with ¢= air density and the former definition of v10 and A, the power P can

have under constant conditions of the other terms, different definitions:

In idealized conditions, which means without drag, the power coeficient is in-
dependent of the lift/drag ratio (L/D) of the profiles:

Cotad 4 f (L/D)

In Fig. 6 this idealized power coefficient cpid for the Voith rotor reaches

its best values at a mean wind speed

But, in general there is a strong influence of the profile drag on the power
coefficient as it is published in /5/ and see~ .» Fig. 7.

With the increasing tip speed ratio a increasing L/D ratio is required to get a
good performance of the rotor. The influence of L/D ratio is usually expressed

by an efficiency factor 1 0-

Moo = f (LD)
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For structural reasons with increasing bending and torsional moments and there-
fore necessary growing inertia moments towards the blade root it is not possible
to have a constant L/D ratio over the rotorblade at all radii. Thus, the Voith
rotor blade with the given thickness distribution has a profile variation going
from the thick profile GOE 642 in the inner parts to the thin profile WH 301 in
the outer parts of the blades, as is demonstratec in Fig. 8.

The L/D-ratio distribution is similar to the measured values of the Wortmann
FX-W profile family going from about L/D = 30 in the 6 m section up to L/D = 150
at the blade tip. The calculation of L/D efficiency factor is given in Fig. 9.

For the representative radius of r = 0,75 R the L/D efficiency decrease not very
much in the case of optimum pitch angle with A 8, = 0°, between 8 = A= 18

which indicates a good utilisation of the profiles by the designed tip speed
ratio of lT = 16.

From Fig. 7 it can also be seen that the influence of the number z of blades to

the power coefficient Cp of the rotor decreases with increasing tip speed
ratio and therefore does not tremendously effect the Voith rotor with a desiged
tip speed ratio of lT = 16.

The effect of the number of blades z can be expressed in an analogous matter to
the L/D influence, which means, to calculate an efficiency factor Nz The
factor is consequently a function of the tip speed ratio AT

'lzxf().-r)

Including all effects, the integrated mean power coefficient of the whole rotor

becomes finally

ORIGINAL PAGE IS
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1 S
Coq = S Cp- L/ dr
» 'll R 0 P 'l

/52
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The results are given in Fig. 10. The Voith rotor will have a range of operation
between a cut-in wind velocity of V,, . 4,5 m/'s and a cut-out wind velocity of

vlo = 25 m/s.

The rated power will be reached at V,, . g 7 m/s mean wind velocity. An im-
pression of the rotor loading conditions give the mean 1ift coefficient Cq of

the rotor blades. It can be seen that with decreasing tip speed ratio the 1lift
coefficient ¢, of the blades increases up to the rated prwer At the rated
power and with further increasing wind velocity the mean 1ift coefficient goes
back again, while there is no need to use the whole capable wind energy. The
blade pitch angle should be turned toward the lower angle of attack.

4. The consequences of the high performance blades on the construction and the

aeroelastic behavior

To conclude the presentation of the designed Voith rotor concept in respect of
power optimation it is necessary to give a survey of the consequences on
structural and aeroelastic behavior of the blades. The rotor as presented here,

has in some aspects considerable advantages.

a) The slender blades with low blade area give a considerable mass reduction
compared to bigger blades with low designed tip speed ratio as shown in Fig. 5.
fherefore the alternating in-plane bending moments and forces due to the
gravitational loads, the gyrocopic moments and other mass related
characteristics are reduced.

b) In the loading cases of high wind speed with no rotating blades the blade
root moments are in the same order as the moments at rated speed and have no

greater problems then the moments at rated speed.

c) The high rotation speed of the rotor shaft reduces th: needed gear ratio to
the generator and recuces consequently the ioss of efficiency due to this gear

ratio. JRIGINAL PAGE IS
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d) The torsional natural frequency of these slender blades are high, which has 3
positive effect un the aeroelastic stability behavior.

On the other hand the chosen rotor concept has also realisation difficulties,
which are to be solved.

a) The L/D ratio requires an aerodynamic performance which results in a
necessity for composite materials with surface conditions of the blades compar-
able to the wing configurations of modern plastic competition gliders.

b) The required stiffness and mass distribution for this slender blade is only
possible to realize through the extersive use of carbon fibre composite mate-
rial. Both the components and the handling process are relatively expensive. But
on the other hand ,a mass procuction of rotor blades in this configuration will
bring the cost to a lower level.

The presented development of the Voith rotor will expect some improvements for
wind power utilisation. A final evaluation will give the operation of the wind
turbine and the related study of the cost effectivness of the concept.
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1. Introduction /62

Within our research project ET 4104 A with the title "Development,
building and testing of a wind energy converter WEC 52/265.8", it
very soon became clear that the design of the rotor and its blades
was very important.

New technologies and design<methods for building thé rotor blades.
Rotor blades with a composite fiber design were developed and CFK
(carbon fiber reinforced plastic) with T 300 fibers were used for the
primary structure.

Extensive calculations on strength, stiffness ahd structural damp-
ing gave good results using this method.

However, not all of the required input data were avallable for
the calculations so that estlimates and assumptions had to be made.
Especially coupling influences of the rotor blades on the mést were
difficult to establish for dynamic behavior.

For safety reasons, therefore, experiments were made with single’ .
rotor blades in test band experiments and also rotors were tested under
loads in a complete assembly. In this way, one wishes to verify the
assumed data or to make corrections for the design. '

~
o\

Measurements of rotating rotor blades of WEC's are not very con-
ventlonal because measured signals have. to be transmitted for data
recording to a ground station on three rotating planes, that is, the
rotor blade plane, the rotor shaft plane and the gondola rotating plane.

Analysis shows that the dynamic bebhavior of the wind turbine rotor
could be‘sufficiently covered using 16 measurement points so that the
solution of the measurement task would best be satisfied by using a
16 channel telemetry faciiity.
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2. Measurement task

For the oscillation measurements of the two blade wind turbine
rotor, 16 transducers have to be installed on each rotor blade. 1In
order to record measurement signals for deflection and flapping motions
at the blade tips, one accelerometer transducer each 1is required.
For the other measurement points, strain gauges have to be installed.
Accordingly, 16 analog measurement points are to be measured at about
the same time. Remote control for measurement .point switching from
one rotor blade to the other will allow on-off switching of the telemetry
measurement installation from the power supply.

The measurement point distribution on both rotor blades was esta-
blished after the conclusion of the EDP calculations of rotor blade
optimizations and when plotter results were available for the rotor
blade eigen oscillation modes. A measurement point distribution accord-
ing to Figure 1 was used. /64

Because of the geographilcally exposed location of the wind energy
converter, and the fact that the rotor blade was partially made of CFK
(carbon reinforced plastic) fiber material and, therefore, could conduct
electricity. The telemetry installation has to be protected against
lightning.

In order to provide a high degree of data transmission saféty,‘the
measurement signals have to be amplified in the rotor head, they have
to be digitalized and a pulsed code 1s made for wifeless measurement
value transmission (PCM code). The measurement dataIWhich can be trans-
mitted are to be transmitted to the ground reception station through a
PCM link. There the measurement data are decoded again, first of all,
using a line recorder they are optically recorded. In addition, they
are stored in parallel using an analog tape machine for later evaluation
with the EDP installation.

The measurement task was performed in two tests:
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2.1 Test stand experiment

The calibration of the measurement transducers is an ;mportant
part of the test. For thi$ purpose, both rotor blades are statically
loaded in a test device in the deflection and fiapping direction. The
Ioad is introduced in steps to the rotor blade through a load device

N

and the deflections which occur have to be determined.

The entire telemetry installation in the original version has to
be tested during measurement value calibration.

The research task ET 4343 A for the rotor blade development which
was performed as a subcontract by MBB, also contains model analysis of
the finished rotor blade.

Using the telemetry installation, data régorded in parallel and
stored on tape are then evaluatzsd later on as a test example by the

oscillation analysis devices of the firm MBB.

This evaluation at the same time is used to test the adaption capa-
city of the various devices in order to later on be able to evaluate
the measurement data of MBB recorded during free field tests by Voith.

2.2 Free field tests

The dynamic overall bebhavior of the two blade wind turbine rotor
where the incident flow comes from the leeward direction has to be
determined over the entire operating range.

3. Components of the telemetry measurement“inStallation

The following description will give someiinformation about the
operation and structure of the components of the telemetry measurement

kinstallation shown in Figure 2. As already mentioned, the’rotor blades

are equipped withkstrain gauges and accelerometer transducers for
recording méasurements (see Figure 1).
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Both measurement transducer types are switched in a full bridge LQQ'
circuit and can be:treated electrically in the same way. The measure-
ment transducers are the main current users for the power supply and;
therefore, their internal resistance 1s made small. The measurement
transducers are connected with lightning protection units through
simply twisted and shielded cables installed in the rotor head.

In the case of llghtnlng‘lmpact in the rotor blades, induction
of voltages in the shielded measurement and supply ‘voltage cables can-
not be avoided. ‘The lightning protection unit is, therefore, dimensioned
so that 1nduced veltages of up to 40 ¥V can be removed through combined
self-extinguishing spark gap and diode networks against the mast. -

In order to switch all the measurement points including their
power supplies from rotor blade A to B, a mechanical relay system
protected against vibration is used.

Switching through a remote control radio device, which 1s planned
for turning the circuits on and off of the telemetry measurement
installation, is operated from the ground station. '

The power supply of the measurement transducers, preamplifiers
and telemetry units from the measurement station was selected from
various possibilities. This is located in the‘rbtbr head. However,
because of possible disturbing influences, slip'rings had to be avgidéq}'
The installation of radial and axial inductibly coﬁpled current ffans-
- mitters was investigated. Both would have been possible but the A
latter version was not possible due to the design. Therefore,'we con-
sidered an autonomous current production using 5 sillcon solar generator
panels which are installed ahead of the rotor. Discharge protection

diodes prevent influencing of the solar generators.
A voltage precontroller provides continuous charging of the nickel-

" cadmium buffer battery. For unfavorable weather conditions and a full
battery, an operating time of at least 24 hours is achieved.
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The central part of the telemetry measurement installation con-
talns the current .supply unit, conversion of the battery voltage and
thls supplies the measurement transducers, preamplifiers, PCM encoder
and HF transmitter.

The individual bridge voltages of the measurement transducers are
amplified in the preamplifiers and are switched to a single channel
using the time multiplex method and then directed to the PCM encoder.
Here there is analog to digital conversion, the measured values are
represented as digital words,.parallel to serial conversion takes place
and the code 1is converted. The’produced data stream 1s then frequehcy
modulated and is superimposed in the HF transmitter onto a carrier fre-
quency of a radial link according to the requirements of the German
post office. The reverse data conversion occurs in the reproduction
of electronics within the ground reception station. The measurement éég
data obtained in this way are elther directed to the line recorder for
display or are stored on magnetic tape in parallel. In the EDP facility
the PCM decoder also has an interface for the computer for further pro-
cessing.

4, Partial assembly of the telemetry components

The telemetry cémponents can be seen in both order housing parts
in Figures 3 and 4. The housing parts are arranged diagonally between
the rotor blades. Although the connectors were designed according to
MIL-SPEC because the high requirements against contact certainty and
water tighteners are required. PFigure 5 in the lower part shows the
control console of the WEC wilth the telemetry encoder. '

5. Present state of assembly-

The planning of the rotor blade oscillation measurement was
designed criginally for an early production schedule of the entire
facility. ' o o

This means that partial assembly of the telemetry components was
already complete during the first quarter of 1980. '

7 8 : : ’; | ) | . | R L ‘ R e T s ',;\’Z"»Lu = ’:Mluu»—r-««r i



At the present time the individual parts.iof the rotor head are E
manufactured and are being assembled. /69

In this connection, we now are carrying out the calibration of
the strain gauge measurement points 16 which can be seen in Figure 6 on

a thrust yoké on the rotor shaft. This figure also shows the wiring
work.

6. Planned schedule

Test band experiment 2.1 will be carried out immediately after
completion of the rotor blade. The firm MBB has indicated that this ;
would occur at the beginning of the second quarter of 1981 and MBB ?
according to 2.1 is responsible for the development of the rotor blades. :
The outdoors test will probably be able to start during the third
quarter of 1981.

BN TR DR T T
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FIGURE 6 (continued):

Key
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l-=telemetry configuration; 2-rotor blade A; 3--measurement
point;IU——measurement point; 5--rotor shaft; 6--lightning.
protection; T--housing 2; 8--PCM telemetry transmitter;%_
9--transmission antenna; 10--solar cell panel; ll--solar
cell panel; l2--controller; 1l3--battery; 1lU--on/off relayi
switching system; 15--reception antennaj; 1l6~--remote control;
17--housing 1; 18--1lightning protection; 20--measurement
point 16B; 2l--measurement point 1...15B; 22--rotor blade B
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*
ROTOR BLADE DEVELOPMENT ET 4343 A

N
-3

Reinhard Krautwald

N

SUMMARY

This réport describes the development and manhfacturing activity
- performed during the rotcr blade development ET 4343 A for wind energy
f facility Stoetten :40707b task during the period between May 1, 1979 to
~ February 28, 1981.

| With consideration of the basic data of the overall design such
: as geometry, mass and stiffness distribution, a rotor blade using the
. fiber compound construction method was constructed. We demonstrated
that the planned goals were achieved using static and dynamic tests on
a 10.2 m prototype of the internal blade region. '

In addition, a new kind of molding and working concept 1s.dés=--
cribed which makes it possible to manufacture components of this size
. and this 1s compared with conventional manufacturing technologies with
a small manufacturing complexity.

. The report ends with a discussion about the manufacture of the
half wing shells of the first 26 m long blade. |

¥Sta.tus: February 28, 1981
Messerschmitt-Bolkow-Blohm GMBH -

- Helicopters and Traffic, Munich

. Project director: Ralf-Thilo Schultsz
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|

I. Goals

N
o]
n

With con§ideration of specified design parameters (essentially
blade geometry and blade stiffness), two rotor blades for the wind
energy facility "Stoetten 40707 b"are to be developed using the com-
posite fiber construction method and these are to be manufactured.

ITI. Construction

I1.1 Blade design

Since the blade mass, mass distribution and stiffness distribution

are related directly, it is only possible to achleve an approximation

to the final goal using blade cross section calculations and bar model
calculations and several iterations. After achieving the required
values, the blade data are compared with the requlrements for the
total facility énd are then verified.

With consideration of the‘loads which occurred during operation,
the connection elements (expandihg bolts and transverse bolts) were
dimensioned and the blade connection stiffnesses were tested. .Tﬁer—
mally, the blade connection was designed so that the thermal expansion
coefficient of the connection cross section agress with that of the
steel blade bearing so that there will be no friction between the com-
ponents. ‘ '

I1.2 Construction design.

Based on the high stiffness requirements with the lowest‘possible
blade mass, a "embedded" blade (foam core) was considered as the design
principle because the spar construction‘meﬁhod for large wings has a |
less favorable ratio of stiffness and mass. In addition, for a full
foam blade, the fitting and control problems do not exlst which would
occurkfor spar fittings of,small height,in the eXternal blade region.
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The bending stiffness in the flapping deflection directions is £§3
provided for by unidirectional carbon fiber tissue paths (warp, weft
ratio 9:1) in the blade longitudinal direction. . The torsion stiffness
is provided by glass fiber tissue paths in the *45° direction with
respect to the blade longitudinal axis.

Because of the fact that the blade mold cannot be closed (III.}.2)
in each case a half a wing is bullt up and then both blade halves are
glued together. The torsion connection is provided by gluing on tor-
sion shells to the nose edge and the end edge. The foam core acts as a
local support¢structurer(bulges) for the shells as well as for accept-
ing shear forces. Force introduction into ‘the rotor blade bearing is
done by means of the blade connection already di?cﬁséed during the
DNW program (German Holland Wind Tunnel) using transverse bolts and
expansion screws. Transverse forces are introduced into the bearing :
through a base plate glued to the blade connection using shear fittings;

The lightning protection system consists of a pfofile aluminum
strand (cross section area 50 mm®) which is integrated with the blade
structure. - The tralling edge protection consists of a 1 mm thick and
50 mm wide aluminum foil glued on after manufacture to the trailing edge.
The aluminum foil 1s inside the blade contour. Before the part is 7
manufactured, a strip is inserted into the moldbfor the ¢eresponding
throughput. The 1eading edge ana trailihg edge conductors are connected
at the blade tip by means of an aluminum cap. As an area protection ,

‘a thin aluminum tissue (Alu-mesh) is nasted on alone the outer third
of the blade which 1is then electrically connected withithe main con-
ductors by means of research screws. o

When the design parameters were achleved, the blade was further
detalled after freezlng the design and a setof drawings was made.

The set of drawings include lamination plans which specify the

laminate structure and the %t .:caue deposition to be used as production
room drawings. : : : ,
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II.3 Material

High requirements are placed on the blade for large wind energy
facllities. This iﬁvolves lifetime,‘lightness and stiffness. Becausé
of the high specific stiffness in strength CFI (carbon fiber reinforced
plastic)was adapted as the primary structure with T 300 fibers in the
form of tissue-prepegs.

As a matrix, we selected the M 10-resin system qualified for avia-
tion in France. This resin system has a pot time of 60 days at room
temperature and ré@uires a minimum bardening pressure of only 0.5 bar.
This extremely long pot time allows continuous'maﬁuﬁacturingiof the wing
without intermediate hardening. The materials required for building
the two rotor blades were for the most part -already delivered by
suppliers. Residual deliveries are expected up to April 1981.

N
(@]
=

ITT. Manufacturing means:

III.1 Lamination molds
ITI.1.1 Surface definition

By dividing the surface of the wings into areas, by accepting
small errors the slightly spherically curved surface of a section can
be transformed into a two—dimensional~sdrfage using the tangent condi-
tion (equal inélinations over the same profile points) and can, there=
fore, be developed. The developed surfaces were provided with the bend-
ing lines which depend on the profile contour and this represents the
development drawlngs with two cross section'drawings each per sedtion,

: askthe basis for manufacturing the blade mold shells.
ITI.1.2 Molding shells

The blade mold/consists of two half shells which cannot be closed
- with 5 sections (sections). Each section is manufactured from 8 mm
thick sheet metal which is bent, which 1is then attached to a frame
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made of mero building block elements and.which!ié anchored on the
ground. Because of the thermal expansion which occurred during heat- ]
ing of the shell, the support points between the shell ard the frame

are designed so that thermal uncouﬁling ef both components is provided
for. The sheet’metal shell has so little torsional strength that the
blade turning angle (twist) can be considered when setting up.

According to discussions in ITI.1.1 and ITI.1.2, 11 shell molds
made of 8 mm thick steel sheet were bent as well as 11 mold supports
made of mero components and these were assembled. The 1llth shell mold
was required for geometric reasons as an additional shell in the con-
nection region (circular connection cross section of the blade).

III.1.3 Mold heating

The heating of the mold 1s done using a 1.5 mm thick CFK-GFK (car-
bon reinforced plastic-glass fiber glass reinforced plastic) mat.

After .final acceptance of the assembly of the lamination mold
a thin GFK laminate was laminated down to the mold surface as an install-
ation layer on to whieh carbon fiber tissue paths could be glued and
to which a unit could be connected.

1.y applylng electrical current, the carbon fiber tissue heats up
due to its own resistance.

The heating unit is a transformer-like unit with installed eon—
trol device which makes 1t possible to have heating at constant temper-
ature during the various phases of the hardening cycle and to control it.

. o /85

The described heating technology was developed and qualified by;
extensive tests during which the temperature distribution and its con-
sistency over the test time was measured as a means for,manufacturing
wings.

III.1.4 Blade mode installation

.93



The blade mold as well as the mold installation and heating tech-
nology represent new technologies. Therefore, the first two mold seg-
ments for the internal blade region (radius points R = 0.8 to R = 11 m)
were assembled for manufacturing a 10.2 m long blade segment.

Set.-up description

Assembly of the sbhell mold-frame

The shell molds were screwed tagether witbh the various bearing
heads which could be adjusted in height. The holes were sealed.

Shell mold-shell mode connection

The shell molds were screwed together without any torque using
a metal strip bent according to the profile contour so that the shock
between the shell mold could be sealed with a round silicon sealing
string.

Manufacturing of contour templates

Using the profile cross section drawings already made available
for mold manufacturing, wood templates with the nominal profile contour
were produced for the beginning and end of each shell mold. The pdsi-
tions of the profile threading axls was characterized by‘a_hole in
eacb case. )

Alignment of the molds

First of allg the wood templates at the radius poin§.0.8m, 6ém and
11lm were positionéd for the best -fit. Using the beari:g element o the
ffames.wbicb could be'adjusted in beight, the shell molds were positioned
 so that v ' :
’; ‘a) the bholes (threading axis ~ of the templates lay along one
line (measurement with a theodolite). ‘
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b) reference lines marked on the templates were horizontal
(measured with a level). v

The profile threading axes of both shell molds have to run par-
allel to one another both to the slide and in the elevation direction.

Adjustment of the molds for flatness

Since the shell molds are developed surfaces, that is, non-spher-
ical surfaces, the bending lines have to be straight lines. Thelr
straightness 1s tested using a ruler and may be corrected by adjusting
the bearing.element.

Fixing of the configuration

After again testine the conf‘igpizatidn s the blade molds were fixed and
the displacement elements were sealed.

Displacement of the rails

Driving rails for the alignment port were measured at a defined
side and elevation separation and, therefore, reference to the floor
of the plant. o

IIT.1.5 Quality assurance measures for the blade mold installation

Control measures were used for acceptancé of the shell mold con-
tour and for the blade mold installation. The control requirements
specified the extent of controls, the time of controls and the type of
controls used. ’ o

The corrected configuration state for manufacture of the mold is.
tested continuously by continuous presence of a COntroller“during the
| set-up work and during a final acceptance of the molds according to the
control specifications. '




ITI.2 Surfacing device

A surfacing device was constructed and designed for milling the
blade separation plane. The surfacing device consists of a port made
of mero bullding components which runs along two rails and covers
both blade molds. The milling device is suspended in the port which
essentially consists of a support with two drive units for two pot
disks 1In the form of surfacing tools which runs in the blade chord
direction. The twisting of fthe blade plane requires variable inclina-
tion of the milling device with respect to the horlizontal whieh is
provided for by a guy track to the side of the blade mold.

/87
ITII.3 Cutting and drilling devices

The devices for working the blade connection described in the fol-
ldwing were designed, constructed and used during manufacturing of the
full scale part. Drive for the drilling and cutting tools is done
through a central drive unit through a flexible shaft. )

ITI.3.1 Cubting device

The cutting device essentiaily consists of a gulde ring which goes
around the blade root on which a cutiing device 1s mounted which can
move in the radial and circumferential direction. This means that
manually it is possibleéto cut through the blade connection laminate
which are about 90 mm thick. A diamond saw blade was

used as the cutting'tool.'

The‘positioning of the guide ring over the component 1s provided
for by marks in the mold and its Impressions are again found in the
unmolded part. '

II1.3.2 Drilliug template

‘The drilling template defines the position of the bholes in the blade
longitudinal direction and the position of the passage holes in the
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radial direction. The drilling template 1is designed so that the drill-
ing device can be attached to it. '

IT7.3.3 Drilliing device

The drilling device consists of a frame which can be flanged to
the drilling,témplate with a drilling device and an advance device.
The advance 1s done through a tooth wheel and tooth rod using a manual
wheel. With the drilling device, it is possible to drill both the
pocket holes in the longitudinal blade direction as well as the passage
holes in the radial direction by flipping over the advance unit by 90°.

IV. ©Full scale part manufacture

In order to be able to compare th§ theoretical properties (espe-
cially mass and thickness distribution) with the éctually realized com-
ponent properties under manufacturing conditions, a 10.2 full scale
component of the blade internal region was manufactured with the orig-
inal laminate structure for testing purposes. Relevant parameters,
such as workability of the prepeg, lamination time, heating rates arid
alignment accuracy of the fibers were examined and spezified again.

IV.1 Manufacturing of the laminate shells
Iv.1.1 Laying in work

Before starting the laying in work, a separation agent was intro-
duced into the lamination molds containing the heating unit. The GFK
(glass fiber reinforced plastic) tissue prepegs were inserted with an:
orientation angle of 45° into the mold which were cut fdr:tbe,torsiohrg
skin and this was rolled on with teflon rollers. Without;intéfmediate*>
hardening and starting at the radius point R = llim, the“CFK‘(carboh
fiber reinforced plastic) unidirectional layers were laid in in the
same way but 1n a zero degree direction but spliced in the direction
of the blade connection. The CFK layers prdvidekfor thé‘flapping and
deflection stiffness of the blade.
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Additional CFK layers in the zero degree direction were applied
directly to the blade connection in order to stiffen it and in the 90°
direction for reasons of thermal expansion.

In ofder to thicken the belt laminate in the lnteral blade region
and, therefore, to reduce the hole internal pressure and for better
stress distribution, spliced GFK layers spliced into the CFK strip are
used.

In order to have an even larger hollow area, an internal GFK wedge
laminate 1s applled so that the internal and external belt position is
separated and this makes 1t possible to connect a lamlnate about 90 mm
thick using a transverse bolt. The sequences of the prepeg types to
be used, the numbers of layers and the fiber orientatlion angles are
specified in lamination plans.

IV.1.2 Vacuum structure

After ending the laying in work, the vacuum facility was installed
which was used for large area pressing of the laminate and for sucking
off part of the lamination resin.

The unit itself consists of a foll which covers the entire laminate
and is sealed off everywhere and the air underneath it is evacuated.

Iv.1.3 Hardenihg of the laminate

Hardening of the reaction resih‘issdene:exothermally. The eharac-
teristic of the temperature time variation wes determined'already before;
with sample laminates of the same thickness as the blade éonnection
laminate. ‘

Thermal elements were installed and laminated into the heating
laminates which are connected to the control devices of the heating
unit. This measure assures that at the beginning there will be a uni-
form heating of the laminate and after the exothermal reaction, there
will be no additional energy supply by the heating system: vae entire




beating cycle followed the determined characteristic of the temperature /89
time variation and was continuously monitored.

Iv.z2 Manufacturing of the foam core
IV.2.1 Molding and gluing in of the foam core

After removing the vacuum unit, the foam core was fitted into the
completely bardened laminate shells. This consists of about 80 mm
thick PVC foam plates which are cut according to the internal shéil
contour. From R = 6 m to R = 11 m, these were glued in staggered in
the blade core direction. From R = 0.8 m to R = 6m, they were inserted
in the form of a spar. Gluing of the core to;thejlaminate was dgne
using an expandable cold foamable epoxy gluing system (XB 3054 & +.
hardener XB 3054 B + propellant XB 2972 C) which fills cavities caused
by cutting inaccuracies. In addition, 1 GFK (glass fiber reinforced
plastic) rib was laminated in for the statilc test.

Iv.2.2 Surfacing of the foam core

Milling of the blade separation planes was done using the surfacing
device mentioned under III.2. Tool advance was done manually.

IV.3 Assembly

Thevsurface wing“path shells were placed above one another, posi;
tioned along the blade leading edge and then glued with the cold foaming
adhesive system already described under IiI.Z.l. ‘The third shéli in
the form of a "wedge" required for geometric reasons (see III.1.2) was
matched by hand and was connected with cold hardening CFK wet laminates
with the wing half shells. The torsion complex was also closed using
wet laminates at the wing nose and tralling edge.

IV.4 Cutting of the connection cross section

The cutting device discussed under III.3.1 was positioned on the
wing and the 90 mm thick laminates were separated with a slight excess.
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The separation surface obtained in thls way was surfaced using an
additional device with an accuracy of *0.2 mm to the final tolerance.

/90
IV.5 Drilling

The drilling template and drilling device (see III.3.2 and III.3.3)
were assembled and positioned as a unit at the connection cross-section.
Using a hard mecal tool, there was a stepwlse drilling of the hole for
the force introduction elements up to a drilling diameter of U5 mm.

V. Test and prototype testing

V.1 Sample testing and component test

Before the prototypes were used, all of the new kinds of materials
(for example, foam system XB 3054 )were subjected to technological tests
and the mechanical properties were determined by tenslon, shear and
torsion samples.

: The basic properties of the blade connection method are already
well known from the DNW program (German-Holland Wind Tunnel). We did
not make any component tests.

V.2 Prototype testing

In order to test the extent to which the theoretical component
propertles agree with the ones found after manufacturing, static and
dynamic tests were performed with the 10.2 m full size component. For
this purpose, 1t was screwed horizontally to a 3.3 ton tube-like bearing
block designed for this purpose which itself was mounted en two 8 mm
high and 13 m long double T supports. The support block is designed so
that the original connection elements could be used and, therefore,
the original clamping conditions could be simulated.

V.2.1 Dynamic test

The measurement of the elgen frequencies of the component allows
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one to determine the extent to which the mass and stiffness dlstribu-

tion (especially their coupling) can be maintained with a specifiled
tolerance width.

The measurements were performed with a test band oscillation
multiple positlion measurement installation.

Using electrodynamic exciters, the full scale component was excited
over the range 0 - 200 Hz and all resonance frequencies up to 200 Hz
and oscillation modes up to 100 Hz were identified with accelerometers
and measured.

/91

Since completely rigld clamping of the blade cannot be realized in
practice, the motlons of the clamping points were also measured by their
own measurement transducers (accelerometers) for all of the elgen modes.
The measurements themselves were performed for two positions of the
blade because the clamping for horlizontal blade oscillatlions had a
larger yield.

We had the following results:
1st flapping bending 9.84 Hz calculated 8.6 Hz
1st deflection bending 9.99 Hz  calculated 8.9 Hz
2nd flapping bending 31.8 Hz |
2nd deflectlon bending 36.9 Hz
1st torsidn 45.5 He

Further results are contained in‘MBB/FEIYB/TrlQ.

The,calculated values are taken from a frequency calculation of
the firm Voith Getriebe XKG.

The test results show that the goals of the contracting agency
~were exceeded and the mass and stiffness specifications are within

tolerances.

V.2.2 Static tests
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The theoretically determined bending stiffness safety factors
are to be demonstrated in thé :static test with the full scale compo-
nent.

The clamp comporhent was loaded by a resulting force at the blade
radius points R= 6m and R = 10.8 m so that the flapping and deflection
moments were simulated at the same time. In addltion, a pure deflection
test was carried out. The blade deformations which occurred were mea-
sured using strain gauges and path recorders. A singie force was intro-
duced by means of a wooden sclilssors in such a way that 1ts line of
actlon passed through the thrust center. The load was increased in
steps up to a maximum of 130 kN at the radius point 10.8 m.

From the strains, the stiffnesses in the regilon 2.5 m < R < 6 m
were determined. In the other regions, they could not be accurately
determined because there only small stralns occurred outside due to the
small bending moment and in the root region because of the high bending
stiffnesses.

The determined stiffnesses are above the nominal values. Bending
lines recorded in thils region also show smaller bending compared with
calculations and therefore higher stiffness.

V.2.3 Fracture test

The fracture test 1s intended to determine values for the most cri-
tilcal fallure case considered to be crumpling of the .belt laminate
along the wing side subject to compression. In this failure mode, the
belt separates locally at a critical pressure stress because the sup-
port by the foam is no longer sufficient. In thé.test the component
failed at a load of 130 kN ahead of the rib installed at 6 m in the
region of the area whlch was the least safe for the component according
to theary (only 1s valid from moment loads by individual forces at the
component +ip)

102
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Safety Factors achieved
a) Local pressure stability

| s :
For the strains which occurred at a failure load of ¥ = 130 kN,

we find a safety factor against crumpling for the entire blade of
j = 1.36 for the maximum positive gust. This value, therefore, applies
for the "century gust" load case.

b) Transverse force

The smallest safety factor against transverse force thrust was
found for the test component at the point R = 6.5 m: J = 4.0

¢c) Safety against bending moments for the WEC entire blade

From the point R = 9.7 m up to the root region, for the test com-
ponent a higher bending moment was simulated as occurs during operation.

d) Blade connection

With the test load of 130 kN, the 3.2 time root moment was
demonstrated.

Further results are contained in TN DE 133-1/81
V.3 Concluding remarks

With the test described in Chapter V.2, the elgen frequencies, the
static component strength and stiffness and,  therefore, the achievement

~of the goals has been demonstrated. .

/93

v VI; Concept development

VI.1 Component development and release

According to the prototype qualifications discussed in Chapter:V,
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the drawing sets were reworked and were released for manufacturing
the first -25.2 m wings. Based on knoWlédge from the full scale manu-
facturing (Chapter IV) in the meantime detailed manufacturing and con-
trol specifications haverb@en developed and relezsed.:

ViI.2 Manufacturing concepts development-

VI.2.1 Installation »f foam core

In the manufacturing of the prototype (IV.2.1), it was'foundgthat

1 it takes a lot of time to individually fit in the foam plates. 1In

addition, the filling of the foam plates was not always perfect because
the pressure required for gluing ( ) could only be applied in the
direction of the laminate shells. Base on these problems, the foam
core was glued in as follows in the full scale wings.

Approximately 3 mm thick foam strips were glued in in the blade
longitudinal direction into the laminate shells. 1In.this way, the
foam core has a well defined distance from the laminate shell and only
has to be roughly tailored. Because of the defined gap, one obtains a
perfect gluing of the entire foam core surface and the shell with tbé
cold expanding foam system XB 3054. In addition,  about 10 roughly
tallored foam plates were glued together into a block using screws.

“Gluing of the blocks among themselves is done in a different manner as

during prototype manufacturing, also using XB 3054. Based on these
improvements, possible erroneous gluing can almost be excluded.

VI.2.2 Surfaciﬁg}of foam core

During the surfacing work on the prototype (point IV.2.2), the
surfacing tool (rasp-like pot disk) was found to be insufficient

because'df reduced chip performance due to chip size and the reduced
poSsible advanced rates.

A,tobl was designed for milling work for 6he large wing'énd it
was built. .The tool consists of a flat aluminum plate where chisels
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can be installed in four holes. With this tool, because of its gocd
cutting performance, the milling time of the large wing could be re-
duced to about 1/4 of the milling time of the prototype. The GFK /94
(glass fiber reinforced plastic) rib at R = 6 m which is a disturbing
element for the foam milling (tool wear) is only installed after mill-
ing.

VI.2.3 Cutting concept development

The separation of the connection cross section discussed under
IV.4 led to steps in the connection plane'due to guidance inac¢curacies
and discontinuous separations which had to be removed with a large
amount of effort. A new device was constructed for cutting the large
wing and it was manufactured which allows contlnuous separation of the
approximately 90 mm safe blade connectlon laminates and uses a diamond
blade which rotates in the blade circumferential direction. In this way,
the required reworking can be reduced to a minimum. ‘

VI.2.4 Drilling concept development

During the drilling of the prototype (IV.5), it was necessary to
predrill up to four different steps which required a great deal of time.
Based on extensive research with special firms, a bard metal drilling
tool was found which allows one to make the 30 mm and 40 mm diameter
holes with suction removal of the dust in one step with the prescribed
fitting quality. The drilling device was modified in order to use these
tools.

VII. Large wing manufacture

VII.1 Manufacturihg tool completion

Lamination molds in the same way as discussed in III.1.4 were
installed from R = 11 m to R = 26 m for manufacturing the large wing,
as were the driving tracks for the'surfacing port which was ektended to
about 30 meters. After optical measurements and evaluation of the
individual valdes, the lamination molds were released. After lamination
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of the mold heating units, electrical connection and functional con-
trol by heating, the cooled mclds were again optically measured in
order to detect possible displacements of the mold. Only after 1t was
found that the remalning displacements were within tolerances were the
molds finally released for manufacture.

/95
VII.2 Manufacturing of the laminate shells

Manufacture of' the 26 m long laminate shells was done according to =
the manufacturing of the prototype laminate shells discussed under
IV.1l without any manufacturing changes.

VII.3 Manufacturing of the foam core

Up to the time of this report (February 28, 1981), the gluing in
work and surfacing of the foam cores discussed under VI.2.1 and 2.2
bhas occurred including manufacturing of the trim chambers.

VIII. Source list

Gatter, W. Oscillation measurements in the internal section
of the WEC blade MBB/FE173/STR12
of June 26, 1980

Pfeifer, XK. TN-DE 133-1/81
of January 23, 1981

Krautwald, R. Status report on rotcr blade development ET 4343A o
for wind energy facility "Stoetten U4OT07L" :
status: March 30, 1980 :
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IX. FIGURES OF POOR QUALITY

WIND ENERGY TECHNOLuLGY

mam
AL A

ROTOR BLADE OF A
VOITH-Wind-Energu
Converter (WEC).

TECHNICAL DATA:

Rotor blade
material CFK = carbon fiber plastic
length of the nbject shown 1MTm
length of the rotor blade
ready for operation 26 m
laryest CFK component in the
wor 1d
Manufacturer MBB
Hall 7
Stand 201/301
Converter
rotor type 2 blades
rotor diameter 52 m
rotor rpm 37 rpm
rotor power 316 kW at 8.5 m/s wind
purpose power generation
Manufacturer Voith Getriebe KG
Aviation
Hall 13

Stand 603/703

WEC-Converter

>
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FIGURE 8. SUSPENSION POINT
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FIGURES 18 and 19. ALIGNMENT OF FOAM CORE
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FIGURE 23. ROUGH STATE OF THE BLADE CONNECTION
SURFACE FOR RADIUS POINT 0.8 m BEFORE CUTTING
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FIGURE 33. STATIC TEST AT R= 6m
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Sept. 1981

BUILDING SITE OF THE VOITH
FACILITY AT STOETTEN

(WEST GERMANY)

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

¥ ?*3 YN TR
;Lf AA’,: rv’f

— Py
4 e “n-v-.
SRRy : ! {f
3 u&' \ i
St -éM a
WN 2 9 A e U":“ A
ﬁz - :‘?m

E:si;g;o‘—g’ .T .

topes C )4

§~... '.ru B

?:

{

133



ORIGINAL PAGE
ACK AND WHITE PHOTOGRAPH
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ROTOR HEAD IS LIFTED TO THE TOWER

135



ORIGINAL PAGE
RLACK AND WHITE PHOTOGRAPH

Fervr e

MOTINT T AT o
-'-‘j;.‘;,Ar.x f\*‘ P

THE ROTOR HEAD TO THE TOWER



s —— —— - ——— —

ORIGINAL pa
B VAL PAGE
LACK AND WHITE PHOTOGRA

MOUNTING OF THE ROTOR HEAD TO THE TOWER

137



L

BLACK A

e B %Y

ORIGINAL page
ND WHITE PHOTOGRAPKY

ERECTED HYDRAULIC

A
M

lily

X,



BLACK AND WHITE PHOTOGRAPH

ERECTED.

P

T

TLITY

C
>

THE FA



EXTENSIVE PROJECT CONTROL OF PROJECT ON THE MANUFACTURING
DEVELOPMENT, BUILDING AND TESTING OF THE GROWIAN ROTOR
BLADES ( ET 4223 A)

"Project No. ET 4323 B

R. Lehmhus*

1.  Goal

The goal of the contract is to develop an ordered sequence for
the work performed under the project "Production development, buillding
and testing of the Growilan rotor blade".

2. Work program

Examination of calculations, specification drawings of the rotor
blades:

1. Evaluation and control of testing of design calculation
drawings.

2.  Production supervision of the rotor blades and testing
during manufacturing.
3. Monitoring of the testing program for investigating a test
blade. '

3. Status
Item 1)

The bullding sPecifications, calculation data, construction data
and productlion data for the steel spar of the rotor blade prototype
presented by MAN were examined. An operatlional strength calculation
(MAN) was not yet available. However, discussions were carried out
about the way in which the operating strength demonstration would be
implemented. '

¥ 5
Project no. ET 4323 B
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The data submitted up to the present by the MAN firm were pri-
marily design data. MAN statées that it can only present the filnal
data during the first half year 1981 which will be the subject for
evaluations. f

The préviously submitted strength demonstrations essentially
agree with the results of our own FE investigations. Our calculations,
however, show that in the range R = 35 m (transition from transverse
stiffening unit of the spar to longitudinal stiffening member) one
would expect locally limited and impermissible stress excesses. At
the present time 1t 1s assumed that these can be reduced to en unaccept-
able level by design changes.

Item 2) /133

The production of the prototype steel spar at the Gustavsburg
plant of MAN was examined by supervisors of the German Lloyd firm as
regards material used, individual part manufacturing, assembling includ-
ing welding work and evaluation of the results of the welding seam
inspections, using random samples.

With one exception, the case of the welding weld at Hetebrueg, no
important discrepancies in the steel spar were found as concerns the
execution of the design. - /134

Item 3)

We expect the testing of the prototype blade at IABG Munich not
before tlie second quarter 1981 according to the present plan of MAN,

At the present time, we have reviewed the preliminary planning data for
carrying out tests.

- Problems which occur

_ The development of data which can be used for exémination by the
MAN firm bas involved substantial time delays in the -advance of the
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Blade bearing tip fcr test blade at the MAN-Werk Nuernberg. Mr.
Hetebrueg of Germarischen Lloyd is measuring the upper diameter of
the several meters long bearing and its deviation from circular
shape (2050 +0.5) mm. December 4, 1980

(Photograph: R. Windheim)
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production of the prototype blade. The MAN firm was told that possi-
ble consequences of this may have to be borne by MAN.

- Deadline situation

According to our license, the project running time extends from
November 13, 1979 to April 30, 1981. Since this project represents
a task which accompanies FE work at the MAN firm (ET 4323vA), we can
only perform our part of the project on time if the MAN firm holds to
the schedule. At the end of 1980, it is clear that the MAN firm cannot
maintain the planned schedule for their task. _ - /135

DEVELOPMENT OF A MEASUREMENT TEST
*
PROGRAM FOR GROWIAN

Friedrich Koerber

CONTENT
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Summary
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“Purpose of GROWIAN measurement program
Tasks of the measurement program
Variables of interest
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BT 4364 A
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1.. SUMMARY

Under the title "Development of a measurement and test program
for GROWIAN", at the end of 1979 a contract was awarded to the MAN-
NEUE TECHNOLOGIZ firm to develop a program for test operations for the
GROWIAN wind energy facility in the planning stage.

The present report discusses the measurement program and shows
solutions.

The main topics of the measurement program include the identifica-
tion of the facility behavior, verification of the facility eoﬁcept
including models and the collection of operational experienee with 5
large Wind energy facilities. . Primarily, we are interested 1n the
action of the environment -and the reaction of the facility based on
properties. The data selection and processing required for the work
is suggested.

The purpose of the measurement program 1s to -obtain knowledge with
which technical problems of large wind force facilities and their econ-
omy can be better evaluated.

The ET 4364 A project includes a complete measurement program.
The extent had to be restricted in order to save costs. The basic

~N

ideas of the program however remain unaffected.

For simplicity', we will call the Growian measurement and test
program simply the measurement program in the following.

2. CLASSIFICATION OF MEASUREMENT PROGRAM

Figure 1 shows the situation.
For the first phase of the overall project of the large Growilan

wind energy faclility, there was included the development of "data ready
for production”
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GROWIAN PRODUCTION DATA

:! 'BUILDING AND TESTING
OF THE

: ~ GROWIAN ROTORBLADE

' |  GROWIAN
GROWIAN , i
MEASUREMENT ENGINEERING
PROGRAM ; WORK
L~ L R “L_q ‘
GROWIAN -
CONSTRUCTION -

3 GROWIAN TEST OPERATION  *

FIGURE 1. GROWIAN ACTIVITIES
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At the present time the second phase 1s being implemented with
the realization of the facility. In parallel witbh this, there 1s the
development of a measurement and test program for Growian. In the
next step, the measurement installation bas to be integrated during
construction. The measurement program specifies which measurement
types are to be carried out and where certain measurements are to be
performed at various points of the facility. We discuss the recording,
pfocessing and evaluation of the data.

In the third section we will discuss a multlyear measurement and
test period, the purpose of which is to collect operational experience
with a large wind energy facility. We will examine assumptions and
will expand the state of the art in thé calculation and design of large
facilities.:

3. PREVIOUS MEASUREMENT PROGRAMS AND WIND FORCE FACILITIES

The review of previous work must precede iany new task.

Facilities:with the size of the Growian project are only in their
beginning stages. From the power level point of view, the American
facility MOD-1 with 2 MW is the closest to the Growlan. The first
machine started in the summer of 1979 in Boone NC. At the present time
the first measurement results are being published. For the most part

Vthey Qonfirm»the calculations of the design of the wind mill located
there. Extensive data are available about the MOD-0 facilities (100/ /139

200 kW) in the USA which have been tested since 1975. However, their
power level is less than 10% of that for Growian. Nevertheless, mea-
surement procedures*énd results are a point of reference for the planned
German project.

Extensive measurements exist for the 20 year old Gedser wind mill
(200 kW). A measurement program started with two other new Danish
wind mills (650 kW) and results are already avallable. Also measure-

" ment activity bhas started at the. TVIND wind mill.
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Finally, we should mention experience which was selected during
the 60's on the 100 kW wind generation facility of the Wind Force
Study Association as well as work in Sweden and Holland.

Summarizing, we have to point out that detailed investigation
results are primarily avallable from smaller facilities{and can only
be transferred to a facility of the size of thé :Growian with reserva-
tion. This 1s especially true for determining the wind conditions, the
component loads and the operational bebavior of the wind generation
facility. The staté of the art cannot give any information about the
long time quality of wind energy or the composite operation of wind
generation facilitles for producing electrical power.

4, PURPOSE OF THE GROWIAN MEASUREMENT PROGRAM

It is the purpose of the measurement program to obtain information
which will allow the understanding of the technical problems which
¥hen should lead to better solutions. This is both true for the selected
Growian design as well as for basic boundary conditions of wind energy
exploitation. For example, wind properties or facility tyées. Together
with the operational experience with the prototype facility during
test operation, we wish to obtain information about the economy of the
wind flow from individual facilities and wind generation parks. /140

A number dfysteps will have to be followed in order to obtain these
goals. Migure 2 shows some of them. In the design and constfuction’of
the CGrowian, assumptions and models have to be used. The first goal is
therefore to verify the models. This means that thé operational facil-
ity bas to be identified so that its realistic properties become known.
ThiS“then'has to be compared with the assumptions and corrections have
to be introduced. One would expect that,due to lack of information,
several influences cannot or were not sufficiently modeled. As an
example, we should mention the only'approximately known damping prdperty
of the facility structure or its effect on loads. Also there is the
~ influence of gust increase and decay times. They are important influences
- on the dynamics and would therefore have to be included in a load analysis
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IDENTIFICATION OF GROWIAN PROPERTIES
VERIFICATION OF MODELS

CLARIFICATION OF ACTION OF THE ENVIRONMENT AND
REACTION OF THE FACILITY ‘

TESTING OF THE DESIGN

TESTING OF CONSTRUCTION DESIGNS

COLLECTION OF OPERATIONAL DATA

DEMONSTRATION OF LARGE SCALE USABILITY OF WIND ENERGY
INFORMATION ON ECONOMY ’ E
IMPROVEMENT OF FUTURE MACHINES

OBTAINING ADDITIONAL DATA

FIGURE 2. PURPOSE OF THE MEASUREMENT PROGRAM
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for the installation components.

Therefore, the model has to be refined so that effects not accur-
ately represented in the model can be included. For example, this
includes rotor instabilities or the realistic effect of the tower wind
shadow. This influences the power yield and, therefore, occurs as an
exciting element for oscillations of the overall systems.

The measurement .program is tailored to offer generalization of
models, a trend which 1s developing. Comparison of model calculations
and measurement results is, therefore, supposed to lead to a non-refined
model which then will be used to give rough estimates of future machines.
This model will have to be free of unnecessary ballast and will have a
low amount of input information.

5. PURPOSES OF THE MEASUREMENT PROGRAM

The purpose of the measurement program defines the problems it will
solve. During the Growian test operation, a number of test series will
be performed. The measurement program plans and coordinates multiyear
investigations by defining tasks and procedures. '
/181
Growian was conceived as a standard unit of a wind energy facility.
Its function as a measurement qarrier during test operation means
it is necessary to tailor the design to the requirements of measurement
- technology. This results in design changes which have to be traded off
with the overall design. ' '

The measurement plans for the individual parameters are the most
extensive part of the measurement program: | o

- wind conditions ' '

- facility power output _

- facility kinematics and dynamics

- loads |

- bebavior of electrical system

- operational control

- émission and immission

©1hg



A large number of data are obtained during the measurement pro-
grams. Therefore, it is also necessary to develcop a concept of data
recording, processing, storage and evaluation. Finally, a test and
measurement catalog will be developed with which the test can be per-
formed.

6. PARAMETERS OF INTEREST

The engineers are interested in the following three quantities of
a wind energy facility:
- power - loads - emission

Once these are known, it 1s possible to develop the information
required from the measurement program.
: , /142
Due to the actioﬁ of the environment and system properties, one
then can develop thé parameters of the Growian reaction. Figure 3 shows
this relationship and the arrows indicate the directions.

On thhe 1left column we show the contéct pointsioijrowiaQ and ‘the
environment. For the most~part we understand by this the actiqnfof the
wind and the action of the network to which Growian supplies power.

The wind is most easily described by means of its velocity vector.
Its absolute magnitudé and direction change at a fixed point over time.
In addition, the velocity vector at a fixed time changes'greatly as a
function of position. The wind field changes, therefore, in three
space dimensions and in %kt time dimension. Work previously carried
out under the Growian project agaiﬁ always showed that the wind field
and its time change is a large and uncomfortable unknown which becomes
very important considering the size of the facility. The measurement
program, therefore, stresses this point.

The connection of the wind driven generator to the available medium

voltage electrical network is another important point of contact of the
ficility. During normal operation, there are strict requirements for
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the quality of the energy dellvered: c¢onstant frequency, uniform power,
low higher harmonlc component. Durlng disturbances In the net, & state
1s required from the facllity which will allow resynchronization in an
orderly manner. On the other hand, in the case of frequent net distur-
bances and, therefore, sudden removal of the load, which especlally
scecurs durlng storms, must not be endangered. The network 1s very
luportant because the usabllity of the large wind energy converters
during Jjoint operation depends greatly on the way in whlch it is
connected to the network, especlally during critical network states.

Influences of the environment have to be experlenced and this will
especlally include natural influences.

Let us agaln refer to Flgure 3 and consider the left side of the
page. Thls shows a list of gystem properties of the wlnd generation
facllity. 'The absolute dimenslons of Growlan, the facllity concept and
the component types, the type of operatlonal modes and the overall pro-
pertles of the system Influence the three guantitles: power, loads,
emissilon. Y

7. MEASUREMENT POINTS

According to the previous chapter, in order to determine the para-
meters of interest measurement points are selected over the entire wind
* generatlon facillity. This includes transducers for mechanical, thermal
and electrical measured values. WMlgure 4 glves a summary abeuk the
local correspondence of the measurement points and the observatilon
so0ints. |

The measurement polnts lnclude the following processes or states:

strain force
aceeleration - path
speed temperature

- voltapge “eurvent
frequency ‘ ' pressure
torque Ty rpm

“flow speed ' flow direction
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flow amount - global radiation

humidity acoustic pressure (level)
switching state surface state

FS signal tremors ;

network state operational measured values
optical perception

8. MEASUREMENT PHILOSOFHY

The measurement intervalsﬂduring_the measurement program vary
widely. All of the data which are involved with the global enzrgy
supply and energy gain, lifeﬁime and economy, have to be collected
over long periods of time. The time scale can extend from one day
(only for energy analysis) up to one or several years. These measure-
ments are called long time measurements.

The study of the loads caused by the action of the environment
will involve shorter time periods. The cyelical return of 1Cad,-for
example, due to rotor mot.ion or gusts specifies a measurement duration
of seconds and minutes. The analysis of the ccnversion of the flow
energy of the air into the rotory energy of the rotor and the eleqtrical
energy delivered by the génerator or traﬁsformers will involve this
time scale. The influence of daily rhythms, %uch'as air tempefature
and sound propagation, leads to a measurement;duration on the order df

trarily if one waits for the meteorological boundary conditions and if
the corresponding state of the machines is implemented.  These measure-
ment sequences are, therefore, called measurement campaigns.

A wind generation facility is subJedted to natural forces. Extreme
cases of wind conditions have important influences. They occur sto-
chastically and do not fit in with the previously discussed measurement
processes. Also special operating states of the facllity itself can ’
oceur, even in conjunction with meteorological special cases. These
speclal operzting states are controlled by the cohtrdl‘system'within
the safety monitoring activity. The meaSuremént_brdgram is intended to
give information about the sequence and optimum possibilities of
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controller involvement. In addition to long time measurements and
measurement campaigns, we therefore introduce a third kind of measure-
ment process. This is called event measurement and is continuously
ready because of its task. This process begins when a limiting value
of a number of exceptional measurement signals l1s exceeded. The record-
ing duration of relevant measurement values then .extends from several
seconds up to 60 seconds. By the continuous buffering bof all measured
values, we then also have available the previous history of the event.
This method of event-triggered initiation of measurement recording will
make it possible to record the causes, the event itself and thé :conse-
quences.

Figure 5 shows the correspondence between measurement topies and
measurement modes. A solid dot indicates the emphasis of the activity,
the smaller point shows processing of the topic. Figure 6 gives a
summary of the measurement modes plan. We can read off the following
characteristics: _

long time measurement: measurement during real operation.

measurement campaign: measurement of selected states.

event measurement: measurement or extreme states with

automatic triggering.

9. DATA RECORDING AND PROCESSING SYSTEM

The design of the wind energy facility GROWIAN and the tasks of
the measurement program with the measurement modes require a relatively
close framework for the data acquisition system. TFigure 7 glves a
summary. | '

The data are distributed in space over the wind measurement -tower
1, the windymeasurement mast 2+3 (measurement~grid), the facility
itself and the operating building. In addition, there is a mobile
outer station which is especially used for collecting emissions.

| All of the measured values can be divided into groups.' These

: groups correspond to the local positions of the measurement points.
Most of the data involve the rotor blades, the hub and the rotating
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units of the blade displacement device and the drive train. These

data are collected In a data concentrator 1 and are merged into a data
single stream. A data concentrator 2 1s located in the machine house. /146
There it recelves the incomlng measured values and combines them to an
additional data single stream. The same 1s done by data concentrator

DK 3 in the tower, DK 4 in the operatirg building, DK 5 in the mobille

outer station. In the data statlon the data individual streams are
collected into a collective stream.

The number of measurement points (about 500) and thelr sampling
rate (1-50Hz, in exceptiornal cases 160 Hz) suggests the use of a PCM
facility. This makes 1t also posslible to classify the individual data
stream into a single total data stream. The subsequent distribution
then leads the relevant measured values to the evaluation and recording
units for long time measurements, measurement campalgns, event measure-
ments and other tasks.

By dividing up the dedicated computer, we wilsh to achieve a greater
operational safety and better handling capability. TFor a measurement .
and test project of this extent, 1t makes sense to select a flexible
concept for data recording and processing because the operational
experiences certainly will require modifications. This can be better
satisfied by a building block scheme than with a complex large facility.

10. DATA EVALUATION

In order to describe the data evaluatlon, we again have to dis-
tingulsh by measurement modes.

The long time measured values are continuously evaluated by the
program depending on the position. The status of the statistics must
be callable in a short time. '

 The measurement campalgns are evaluated beforehand in the facility
for orientation. The detalled analysis of the results with all scienti-
fic and technlical alds will be‘dqne by speclalists. The results of
‘event measurements are treated in a similar way unless a valuation at
the locatilon 1s required.
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LONG TIME measurement under grue 4]
operational conditions.
S Time duration: day, month, Year(s)

action: wind power gain

environment (wind, network) network compatibility
’ ' = operational control

load collective H

acceptance

fatigue/ corrosion

reaction:
Lfacility bebhavior

MEASUREMENT measurement at selected states
CAMPAIGN time duration: second, minute, day
€1 ' wind structure

crion: energy conversion
environment (wind, network gy

adio traffic) dynamics

¥ loads
reaction: control
component (facility) emission/acoustics/
bebhavior radio disturbance

measurement of extreme states
EVENT MEASUREMENT | ywith automatic triggering

time duration: seconds, minutes

action:
environment (wind, network,
extreme) wind structure
dynamics
reaction: load
component (facility) bebavio control

FIGURE 6. EXPLANATION OF MEASUREMENT MODES
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BLADE TECHNOLOGY PROGRAM
*
FOR LARGE WIND ENERGY FACILITIES

~.
H
I
\

Dieter Muser

Project goal /156

Within the blade technology program for large wind energy facil-
ity tasks, optimum price rotor blades are to be developed. This means
cost minimization of rotor blade structure as well as an optimization
of the rotor blade aerodynamics. Interactions between the structure
and the aerodynamics are to be considered in more detail than before.

Schedule situation

The project started at the beginning of the task in October 1979
and will run to the end of October 19§2a According to schedule, at ‘the
end of 1980, the optimizaticns of the blade structure and the concept
catalog will be developed. Part .of the material investigations were
done ahead in order to obtaln better inputs for the structural calcula- .
tions.

Program structure

The program was divided into four main tasks
optimization

“concept catalog and concept cqllection

concept design

test program

During'the optimization, statistlical data are collected in order
to obtain evaluatlion data. The aerodynamic optimization is still going
on because no suitable computer models were avallable for displacing
the blade sections and for the use of aerodynamic aids. In the /157

* -
ET 4375 A
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AND STRUCTURE

OPTIMIZATION - POWER STRUCTURE
- STRUCTURE
- COST

CONCEPT CATALOG - STEEL

- LIGHT METAL
- COMPOSITE FIBER

- OTHERS
CONCEPT SELECTION
TEST PROGRAM - MATERIALS
' - MANUFACTURING
- TESTING

OPTIMIZATION OF ROTOR BLADES

PERFORMANCE - AERODYNAMICS
- GEOMETRY
-~ ADJUSTMENT

STRUCTURE - MATERIALS

- CONSTRUCTION
METHOD

COSTS ~ BLADE
- FRACTION BLADE
= POWER<«+STRUCTURE

structural optimization, steel, light metals and cdmposité materiais
‘were considered which were used with various structural concepts.
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CONCEPT CATALOG INITIAL DATA

GROWIAN BLADE DESIGN - GEOMETRY
- PROFILING
- LOAD CASES

GROWIAN - MAX. BENDING 3 m
(LF 2.% NEGATIVE GUST)
- EIGEN FREQUENCY > 0.8 Hz

TECHNOLOGY PROGRAM - BLADE BEGINNING R = 10.85 m
- SEPARATION POINT R = 27.50 m
- SUITABILITY FOR THE SERIES

Cost -determination based on single element costs was incorporated

in the calculation program in order to obtain the influences of various
structures. ,
/158

As initial values for the solution catalog and for predimensioning,

values of Growlan were taken over and our own data was added.

With these data the following were calculated for the various baéic
structural concepts ’ '

- mass

~ bending

- eigen frequencies

- cost

During the preliminaryjconstructionlwork,1variouS‘details were pro-
duced at a sdale of 1:1 in order to find the economical possiﬁiiities,
for example, the spar--end box connection of’the end beam. 'These;
points differ because of the strong profile chapgés,over the blade
length and are only conditionally suitable for rational design.
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The calculation of the blade masses results in clear advantages

for the fiber composite rotor blades.

/160

This mass difference also seems to trickle down to the cost. Even
though the composite fiber materinls are much more expensive both for
procurement and machining, drastic cost reductions can be expected by
using machines in mass production. More exact data can only be obtained
after conclusion of the first component test.

From all of the concept variations, according to the evaluation,
two similar designs evolve for the further work.

The D spar up to 40% of the profile chord will use winding techno-
logy and 1is attached with the end box using hose winding building tech-
niques and can be separated from the spar.

In the case of the box spar, between 5 and 40% of the profile chord

will use prepeg technology for manufacturing with nonremovable and glued

ORIGINAL PAGE IS 163
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spar steel steel alloy CFK CFK
shell GFK steel GFK GFK GFK
spar hexaqen box box 0 box
‘blade masses
CFK = carbon fiber reinforced plastic
GFK = glass fiber reinforced plastic

on sandwich end box.

Both concepts have a sandwich structure in order to stiffen it
against bulges in the spar region. By using protruding profiles, it
becomes possible to reduce manufacturing times and premanufacturing
07 the elements with machines will bring about a uniform high quality.

/161

By using these high value materials and by exact dimensioning,
aaditional mass savings could be achieved. For the D spar we found a
mass reduction of 4800 kg for the preliminary design without connection

elements at the separation points.
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DETAIL CONST RUCT ICNS

D- SPAR

BOX SPAR

SANDWICH SPAR

PUIT RUDATED Pmmmr

WLDING TECHNINUE}

HOSE BOX

bt
b
I3

PREPREG

SANDWICGEY BOX

—t-—-—--—-—- g:— ——————————— I _____ﬂ- .;
0 108Sm 27.5m SOm
MASS [kg] ‘ (4780) (2420 ‘poran (7200}
3180 1620 X 4800

SPAR lkgl (4000) (1900) CFK  (s400)
| ! 2400 100 3500
SHELL lkg] 780 520 ** GFK 1300
AREA : [m?) 63 “t

CHORD (m] | ¢,930 2,605 1300

SHELL CHORD | 2.96 1,59 0.7

CONSTRUCT TON 2 SHELLS: 2 SHELIS WOUND SPAR

~ METHOD SEPARABLE GLUED TOGETHER HOSE BOX

* CFK = fiber reinforced plastic; ** GFK = glass fiber reirifdréed plastic
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Additional work includes detailed structural calculations for
the separation polnts and the laminate structure as well as aerody-
namic calculations of blade‘design. The manufacturing of the compo-'
nents in the form of partial shells wlll start in the second quarter

of 1981. Apparently, the entire project will be carried out within
the framework and scheduling constraints.
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Status of project ET 4342 A, construction and operation of GROWIAN T

| /164
Lecture during the seminar on building, testing and development -of
large wind energy facilities within the framework of projects supported

by BMFT.
MAN Neue Technologie, Munich, March 23-24, 1981. Author: H. Witt.

Contents 1. Introduction
2. Status of project tasks
... status of project
. Change methods

Officlal permits

3
it
5. Location
6
7. Scheduling situation

1. Introduction

Based on the "production data", which were developed during the
first development phase of the GrowianvI,project, at ‘the beginning of
1979 its realization was started. Thié second development phase was
structured in several parallel research and development projects in .
order to reduce risks and because of the schedule. Among these we have
the "construction and operation of Growian I" project.

‘The "Large Wind Energy Construction and Operating Association'
m b H" has taken on this task. The following are participating in
this: The Hamburg Electrical Company AG, the SCHLESWAG AG and the
Rhine Westphalia Electrical Company AG. The company was founded in
January 1980.

2. Status of the project

In January 1980; the firm MAN in Nuermberg was given the contract
~about engineering work on the project based on the production data.
In August'of'l980 it was given the contract for delivery and assembly
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of the system components. This Includes: The rotor hub, the machilne
hubs, the control equipment and the electrical technology.

/165

The firm Maurer Sons, Munich, was given the contract for the
steel tower delivery.

The operating bulldings will be bullt using the space elemeﬁt\egn—
struction method and are being delivered by the filrm Kirschner, Duelmen.
These elements are being manufactured. The HS swltching rooms, the
transformer boxes and the emergency power dlesel unit are now being
awarded to contractors. These use conventlonal construction methods.

At the beginning of April 1981 we expect to let contracts for the
foundation work for the tower and the gulde wire foundations.

At the present time bids are being recelved for conventional
electrical technology and the two 170 meter measurement masts, the

building of which belongs to this project.

3. Status of project

3.1 Rotor hub

- The pendulum frame and traverse construction group bhas been modil-
fled to correspond to the chaln rotor blade bearing concept and
the modified blade adjustment device. Manufacturing bes started.
-~ The design data of the rotor bearing are avallable to the AG

- for examinatlon. The manufacturing can be started shortly. »
"= The design detalled processing of the blade displacement device
with hydraulic emergency shut down’and‘the blade retraction
device 1s almost concluded.

3.2 Machine house

- The calculation and construction of the supporting elements
has been concluded iexcept for the final design of the connection
to the tower head. '
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- The following are in process:
Concept and configuration of the oscillation damper/damping_
system in the front part of the machine house,
concept for auxiliary construction for the assembly equalization
ballast,
concept of the wind direction following device,
installation of the hydraulic lifting device

3.3 Control technology and electrical technical equipment

The concept and clarification of the automatic systems (opera-
tional control) of the measurement installation and the control for the
emergency shut down system as well as the facility bebavior during power
shut down has been started according to the design stage. /166

3.4 Tower construction

The detailed construction of the steel tower component elements
has been started with consideration of thé devices required for the
lifting process and the support.

3.5 Operational buildings

The planning has been concluded. The building work at the con-
struction site have started with the digging of the foundatilon.

4. Change methods

In order to be able to caver design changes, for example, based
on techhical developments or from calculations and to be able to deter-
mine their influences on the design of other components and théeir
effects on schedules and costs, a special change procedure has been
developed. ' '

5. Location
The authorization for bullding the faclility at the Kalser Wilhelm
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Koog was obtained formally 1n 1979 and is now concluded. Considering
the large area for the support cables, approximately a 6 ha area had
to be leased.

With consideration of the present ground conditions, it was found
that a low foundation of the bulldings was the most economical solution.
The tower and its cable support ‘have local concrete driven 1n posts
with driven 1n base plates which are arranged vertically and obliquely.
The ramming depth is about 18 m. The measurement mass foundations
will have profile seal posts. The access road was started in the fall
of 1980. The asphalt cover will be applied in March of this year.

6. Official authorizations

- The permit to build the access road was given on October 21, 1980. /167

The permit for the entire installation was submltted on December
22, 1980 at the authoritiés. First partial authorizations are expected
shortly. In agreement with the district building authority at Heide,
the lowest authority, the German Lloyd firm will be used as an official
authority for testing the safety aspects of components.

7. Schedule situation

- Today it looks as though no difficulties will ocecur with maintain-
ing the schedule which plans for delivery on November 30, 1982. Delays

in the projects for parts of the azimuth bearing can be equalized by

e a2 S b s

measures for accelerating the production schedule.
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Full scale GROWIAN wind facility at the Kaiser Wilhelm-Koog, Elbe Delta. View in
the main wind direction towards the Elbe. The 3 wind measurement masts are to be
built during the measurement and test program (see page 135). Performance of the
facility 3000 kW after 12 m/sec. Wind speed, rotor diameter: 100.4 m, tower height:
100 m. Planned completion, fall of 1982.
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INVESTIGATION OF NEW CONCEPTS /169,

FOR LARGE WIND ENERGY FACILITIES IN THE CLASS
OF UP TO 135 m ROTOR DIAMETER#¥

(ACCORDING TO 5 Mweiectr: AT A WIND SPEED OF 11 m/sec.)

Building and testing of a demonstfation facility on a 1:3 scale

Development of design data for a prototype full scale facility

R. Meggle

1. Purpose

The investigation of_new concepts for large wind energy facilities
in the class of 135 m rotordiameter (according to 5 MW delivered elec-
trical power at a wind speed of about 11 m/sec). Testing and building
of a demonstration facility on a model scale (about 1/3). Development
of design data for a prototype full scale facility.

2. Working program

a) Preliminary concept definition for a two-and a one-blade system.
System design. Investigations of the oscillation and stability
behavior. Determination of loads. Selection of preferred
concepts.

b) System optimizatlon of- full scale facility - deflnltlon of the
demonstration facility and production of design data.

¢) Hardware definition of full scale facility - component manu-
facturing and partidllintegration of the demonstration facility}

d) Hardware development (building and testing of selected test
components) of full_scale facility - assembly and operation
of demonstration facility. Test operation. “

~e) Preparation of design data for the full scale facility - dis—
assembly of the demonstration facility and recultivation.

) : ' -
Project No. ET 4240 A
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3. Status {end 1980)

- Work on the full scale facility: (5 Mwel)
Deslgn studies for rotor blade and head

- Work on the demonstration facility (370 kW,

- Generation of design -data

- Advertisement of the main component groups. Contracts to the
most important contractors

1?

- Beginning of manufacturing for rotor blade, rotor head, gondola,
generator system and measurement and data systems, inclusion of
building interrogation for the Bremerhaven location.

/170

1) GROWIAN II Program summary

- Goal

Invzstigations of new concepts for large wind energy facilities
for the power class > 5 Mwel for the rotor class > 135 M@. Building
and operation of a demonstration facility for a model scale of 1:3.

- Sequence

program beginning 7/178
concept selection | 3/79
design data demonstration facility  12/80
production/assembly of demonstration
facility S - 12/81
sample operation demonstration afterl2/81
facility | |

design data for full scale facility OPEN

- Design goals (for full scale facility)

specific investment costs according to
, vpowér'production |
Design for wind conditions in the North German coast area.
> 20 years lifetime '

v
L
i
k)

i
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completely automatic operation
small operating and maintenance costs

- Location of demonstration facility: Bremerhaven-Weddewarden

171
) SELECTED CONCEPTS
? - Single blade system, free wheeling with horizontal axils
: - Static imbalance equalization by counterweight
- Rotor blade with composite fiber design: Shell design with
support foam ‘
- Pendulum bhub
-~ Blade angle adjustment (redundant) of the entire blade including
counterweight
- Azimuth following by redundant actuator units
- RPM yielding force transmission/generator concept
- Stiff shaft
- Transmission gear
- Slipping cup 1link, rotor brake, jointed shaft
- Synchronous generator
= Direct current intermediate circuit, static frequency rectifier
- Computer control operating control system with separate
; emergency off logic (fail safed)
E - = Soft (over critical) tower concepts: cylindrical steel tower
f with 3 guy ropes
: - External lightning protection and protection for the electrical
? and electronic systems | ‘
: Detailed descriptions can be found in the status report on wind
i energy, VDI Publishing House, Duesseldorf 1980, publishers remarks.
; 175
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KEY TO DIAGRAM ON PRECEDING PAGE

Key: 1--1ist elastic deflection eigen frequency (rotor); 2--1st
elastic flapping eigen frequency (rotor); 3--2nd tower bending;
‘b--alternate; 5--2nd tower bending; 6--1st tower torsion; 7--support
rope; 8--lst tower bending; 9--rpm range,

10--rotor rotating frequency
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KEY TO FIGURE PREVIOUS PAGE:

l--independent power source; 2--switching box space cell; 3--tower;
l--elevator; 5--switching box gondoia; 7--space cells; 8--wind measurement
tower; 9--crane; 1l0--grease lubrication pump; ll--bydraulic brake; :
12--ventilation/heating; 13--battery; ld4--facility; 15--supply;
16--supply; 17--wind measurement installation; 18--azimuth drive;
19--blade angle drive; 20--motor auxiliary drive; 21--0l1l pump gear;
22--disturbance generator Sysbem; 23--power supply operation; 24—~
braking power operation; 25~;network supply station; 26--synchronous
frequency converter; 27;-slip‘ringé;‘28--0perating’control system;
29——measurement and data system; 30--rectifier; 31l--alternating
rectifier; 32--static net switching device; 33--rectifler generator -
control .
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KEY TO DIAGRAM ON PRECEDING PAGE

l--blade/head; 2--62 analog inputs; 3--time code; 4--tape machihe;
5--word selection no. 13 6--16 channels analogs; 7--25 analog 6l

digital inputs; 8--gondola; 9--PCM decoding; 10--word selection no. 2;
l1l--gondola; 12--25 analog inputs; 13-~data concentration; li--computer;
15--console; 16-~color graphic display; 17--25 analog G4 digital inputs;
18--space cell; 19--wind measurement facility; 20--10 analog inputs;
2l--test and monitoring device; 22--disk storage
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PROJECT ET 4406 A OPTIWA

N

OPTIMIZATION OF LARGE WIND ENERGY FACILITIES
John H. Argyris and Kurt A. Braun

Summar

The project was carried out Jocintly by the University of Stuttgart
and the Statics and Dynamics Research Association (m.b.H.) with the
supervision of the Institute for Statlcs and Dynamics of the Aviation
and Space Flight Design Department. The currently running phase I of
the project started on November 11, 1979 and was extended by six months
up to December 31, 1981 within the financial constraints.

During phase I, by developing new computer methods and by build-
ing the rotor hub including the data selection systems, conditions
will be generated for optimization of large horizontal axis wind energy
facilities.

During phase II which will not be discussed in the present report,
varlous rotor concepts will be optimized and compared using the calcul-
ation and test tools developed. Figure 12 gives a sketch of the open
alr facllity from the present day point of view.

Working points

The OPTIWA project can be structured along three lines:

1. Development of‘computer programs for the statlic and dynamics
Investigation of various rotor,concepts.

2. Calculation methods for a new tower concept and design of a
model tower.

3. Design and building of a computer control functional model
with specilal rotor hub for simulation of various design and
control concepts. ‘
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1. Development of computer programs

Here computer programs are developed by the computer engineer
which allow static and dynamlic investigation of varlious rotor concepts
(rigid rotor, pendulum hub, individual flapping and/or deflecting with
and without blade feedback, etc.). Precursors for these programs were
already developed within the research project on "investigation of
rotor stressing and smoothness of operation of large scale and wind
energy conversion system" which was supported by BMFT and the IEA %
(International Energy Agency) (see [1-3]). The programs were tailored
to the requirements of the deslign englneer in order to allow a fast and
simple change of characteristic blade data on the monitor (see Figure 1).
These are based on finite element packages ASKA [4,5]. Since we will
discuss the calculation methods in [6,7], we will not discuss them here.

2. ¢Calculation methods for a new tower concept

Under 2, calculation methods are developed and a model tower is
calculated for a new kind of tower concept (Stuttgart tower) which 1is
based on an idea of Professor Wortmann :[8]. Based on the preliminary
investigations in [9], the kinematics of the tower shown in Figure 2
are investigated and a static design is carried out using the nonlinear
finite element package LARSTRAN [10]. The dynamic investigations, /191
resonance and responses are also carried out using LARSTRAN (see Figure

3).

The following disadvantages and advantages can be discerned com-
pared with conventlonal tower concepts:

Advantages:

- the ground resonance problem 1s made less important with the
rotors under consideratlion because the thrust--dependent eigen
frequency of the lateral oscillation (azimuth oscillation here)
1s far below the rotating rate and the elgen frequency of the
vertical oscillation (pitch oscillation here) can be maintained
far below the rotating rate.
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- The tower orientation relative to the wind is always the same
which allows a static, dynamic and aerodynamic matching of
the tower cross sectional geometry.

- The tower will align itself in the direction of the wind with-
out azimuth drive but may need a yaw damping.

- The rotor free wheeling condition is good and the rotor axis
can probably be placed horizontally (tower inclination about
8.3°).

- The tower-rotor blade distance is larger which 1s favorable
for the tower shadow problem.

Disadvantages:
- The construction complexity 1s probably higher than for a con-
ventional tower.

The mast length of the investigated model tower is 15 m and the
radius of the base hexagon is 6.5 m. The tower was considered as a
space gear with rigid connection rods between spherical jolnts for the
kinematic investigation (see Figure U4). The actual joint at the tower
base allows a rotation of the tower around the z axis (yaw) and pitch
motions of the tower in the plane defined by it and the z axis. This
means that the rotor axis will always be in the direction of the wind.

A ring bearing is located at the tower tip which can rotate around the
mast, to which ropes are attached. However, neilther is important for
the kinematic analysis. For a suitable selection of the rope geometry,
the mast tip can carry out a circular trajectory around the =z axis and
the rope will remain tight. Since the tower should also adjust in the /192
direction of the wind for low wind speed (shear forces), the trajectory
of the mast tip must be as close as possible to a horizontal circle.
With consideration of the required rotor free wheelling condition, the
rope geometry was optimized so that the deviation from the- cilrcular tra-
jectory with a radius of 2.18 m was only *0.1%, which corresponds to a
waviness of the trajectory -of +0.32 mm iIn the vertical direction.  When
installing the tower on terrain which i1s inclined by 15°, by slightly
modifying the rope length, it is possible to maintain the deviation from
the circular trajectory with a radius of 2.18 m to witbin +0.12%, which
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corresponds to a waviness of the trajectory of #0.39 mm in the verti-
cal direction.

When the anchor point was set at 11 em, the trajectory curve was
again smoothed by extending the base rope by 7.5 cm so that the devia-
tion from an average radius of 2.19 m was only *0.55% or *1.77 mm in
the vertical direction.

All of the cases mentioned can be looked upon as uncritical, that
is, the tower tip runs along a circular trajectory which is perfectly
horizontal for practical applications.

However, this is different whén a rope fails. For example, if a
circumferential rope fails, then the tower has a preferred position
provided that no other ropes are torn. The preferred position 1is oppo-
site the position of the fractured rope.

We still have to investigate the dynamic properties of the tower.

3. Computer control functional model

Under 3 a computer control functional model of a horizontal model
axis wind generation facility (first without a tower) is designed and
built which later on will be used in open air tests. The hub will
allow the simulation and tesbing of design concepts, control concepts
and regulation concepts without construction changes because for the
optimization task a large number of parameters have to be variled. This
can be achieved by the fact that the blades can move arbitrarily and
the force control can be achieved as an arbitrary function of measured
deformation and load values. ' - /193

Deflection, flapping and angle of attack are varied independently
using hydraulic cylinders. Measurement transducers for angle position,
blade root moments ana accelerations allow the valuation of the opera-
tional state and, therefore, optimum control with a minicomputer. The
minicomputer integrated in The rotating system provides nominal values
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for the analog hydraulic control system.

The supply of the minicomputer with programs and test parameters
is done from the main computer using an optical transmission system
without disturbances. Operational data of the rotor are transmitted
to the same system to the main computer for processing.

In the laboratory the hub 1is driven by a controllable hydraulic
motor which is also used for power removal as a generator considering

phase II of the project.

The work on the computer control functional model can be divided
into three points.

3.1 Mechanics and hydraulilcs
3.2 Process data processing
3.3 Communication between the stationary and rotating system

3.1 Mechanics and hydraulics

Figure 5 gives the strﬁcbure of the functional model, the indivi-
dual components are shown in Figure 6, and the complete hub 1is given in
Figure 10.

The rotor shaft is susbended with two ballbearings in a frame.
The hydraulic disk brake, the mechanical drive for the gear and. the
flapping arms with the deflection arms are attached to it. The entire
gondola is suspended with four rubber bearings to the test band. The
rotor 1is driven by the hydraulic motor in the present phase I through
the gear. During phase II, it .can be used as a pump with a power up-
take of up to 45 kW. The supply of the hydraulic flapping, the deflec-
tion and angle of attack variation in the rotating system is done with
an axial hydraulic coupling. ‘

3.2 Process data processing

Sl el
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The diagram of the facility including connections to the external
computer are shown in Figure 7. Figure 8 gives the data flow diagram
for the rotor.

Two types of signals have to be distinguished. The measurement
data are only transmitted from the rotating system to the stationary
system. The control information is exchanged between the minicomputer
LSI 11/23 and the main computer PDP 11/70. The transmission system is
a further development of the system given in [11].

The analog measurement signals are partially amplified and gilven
over to the data collection system. There they are diglitalized and are
transmitted bit-parallel through optical transmission systems to an
XB terminal (see [12]). From here, using thé the X-bus system, they
are transmitted to the main computer or an interactive graphic system.
Here they can be stored on a disk or in the main computer, for example,
for contrelling the facility or for data reduction and they can be
graphically represented.

The measurement data can be also transmitted to the minicomputer
LSI 11/23 in digital form and can be used very rapidly using programs
for controlling the hydraulic cylinder.

The minicomputer and the maln computer can communicate through the
optoring system when the facility is rotating and the test engineer can

intervene 1nto programs of the minicomputer through the graphic system.

3.3 Communication between the stationary and rotating system

The supply with hydraulic oll is done through an axial hydraulic
coupling, the power supply occurs through sliprings and rotating trans-
formers. The data transmission is done without contact through so-called
optorings (see Figure 9). This is a set of plexiglass rings for trans-
mission away from the rotating system and into the system. The indivi-
dual values are transmitted using infrared diodes bit-parallel. The
transmission rate is about 30,000 words/seconds.. The measurement data
transmission 1s already operating satisfactorily on the test stand
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because due to the high scanning rate, any errors can easily be detected
with soft ware. However, the required reliability has not yet been /195
achieved for communications between the minicomputer and the main com-

puter and the graphlec system.
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KEY TO FIGURE 1 i1 PRECEDING PAGE:

l-—aerodynamic data, wing geometry; 2--input and change of spar data;
3--calculation of equivalent beam values; U--linear static FE calcula=<
tion of beam models; 5--1loads for design; 6--forces, stresses, dis-
placements; 7--eigen modes and eigen frequencies (at rest, rotating
without aerodynamics); 8--stability data; 9--eigen mcdes and eigen
frequencies with aerodynamic coefficient matrices; 1l0--aerodynamic
matrices; ll--time response to dynamic loads; l12--time dependent forces,
stresses and displacements; l3--aerodynamic and other time dependent
loads
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o optimization of geometry’
o Incorporation in inclined terrains
o setting and the anchor

l

o Jope failure

y
FIGURE 4. KINEMATIC INVESTIGATIONS ON THE STUTTGART TOWER
age ¢
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GRIGINAL PAGE 1S
OF POOR QUALITY

KEY TO FIGURE 8TON PRECEDING PAGE:

l--analog data; 2--digital data; 3--force; U4--hydraulic cylinders;
5--force; 6--acceleration; 7T--amplifier; 8--displacement; 9--data
acquisition system; 10--channels; 1ll--bhydraulic control unit;
12-~clock; 13--channels; l4--memory; 1l5--words; l6--rotating;
17--optorings; 18--optorings; 19--main computer; 20--interactive
graphic systemj; 2l--at rest
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DEVELOPMENT OF A GUST GENERATOR FOR WIND TURBIKES

N

Project No. ET 4372 A
G. A. Walter, F. X. Wortmann
1. Goals
A gust generator is used to produce reproducible gusts in time or
in space with variable frequency, amplitude and spectral distribution

in order to follow the responsive wind turbine models of suitable size.

2. Working program

First of all, experimental investigaﬂpns were performed with a
model tunnel in order to not excessively load the drive blower in spite
of gust excitation. Special attention has to be given to the avoidance
of possible tunnel resonances. The development of production data and
contract awards occurs after the information has been collected. An
investigation program in parallel with the manufacturing process is used
to clarify the bebhavior of wind turbine models under gust loads and
comparisons with theory are made.

3. Status (end 1980):

A model has been bullt with which experiments on the mechanism of
gusc production and the reduction of the unsteady additional loads for
the blower can be performed. The knowledge obtained allowt the devel-
opment of planning and design data for defining the project. After
tenuous and extensive discussions with competing firms, the contract
was let for building the gust tunnel. At the present time the final
documents, position documents foundation documents and detail plans are
being finished for guaranteeing the scheduled beginning of construction
in the spring of 1981.
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In parallel with tnils, computer programs are being developed for
the numerical treatment of gust problems of wind turbines, in order to
make comparisons with the subsequent investigation programs and their
measurement data.

Abstract:

The task definition for the gust generator now being bullt at the
Institute for Aerodynamics and Gas Dynamics of the University of Stutt-
gart, consisting of the gust wind tunnel and the gust grid, includes the
production of reproducible gusts with variable frequency, both 1in space
and time.with variable amplitude and spectral distribution. This is in
order to determine the dynamic behavior of wind turbine models of suit-
able size.

A direct comparison between the measured values and results from
the numerical treatment of gust problems then becomes possible. We |
then bave an important instrument for testing computer programs, theories
and assumptions and we can obtain direct information and functional con-
trol of various control concepts for the model rotor with consideration
of all of the degrees of freedom.

The gust tunnel is designed as open Eiffel type and is determined
by important model law requirements as far as dimensions are concerned.
The gusts are produced by a gust grid attached to the beginning of the
measurement chamber, using actuation wings which can be set at different
settings according to gust type. An external cylinder ring chamber over
the measurement chamber allows one to generate flow around obstacles
with a large streamline extension.

| /211
THE GUST GENERATOR AT THE INSTITUTE FOR AERODYNAMICS AND GAS DYNAMICS
OF THE UNIVERSITY OF STUTTGART ’

1. Introduction

Experience in the past has shown that at the present time it is
not possible anywhere in the world to build large wind turbines which
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are characterized by high operational safety and high lifetime as well
as by simplicity and low investment costs.

If one follows the development of the research of these very
complex machines, then one finds that often one proceeds directly o
tests on full scale designs and this 1s related to the associated
technical and financial risks. The results are not yet convincing
because these machines are subjected not only to the enormous destruc-
tion potential of storms, but also to the continuously changing loads
due to turbulence and gusts of a natural atmospheric wind. This
requires detailed research under control and defined conditions in
sultable wind tunnels.

For this project, it would seem that the use of low speed tunnels
of conventional design would be suitable. Model rotors have very exact
requirements in terms of design size and because of their high drag
under loads they represent a large blockage to the Lunnel.

In addition to the required measurement -cross sectlions, substantial
large changes are to be superimposed on the air stream in order to

simulate typical gusts. At the present time, no such facility is avail- /212

able.

In the following we give a brief description of the gust generator.

2. Task and goals of the gust generator

In order to investigate the complex behavior of individual systems
and the entire system of wind turbine models which allows transfer to
full scale. designs, a gust generator is being built at the Instltute
for Aerodynamics and Gas Dynamics of the Uniwersity of Stuttgart.

The facility consists of a gust tunnel and a gust grid and 1is used
to produce various kinds of reproducible gusts. These can be specified
in terms of a space structure and a time structure with variable fre-
quency, amplitude and spectral distri’ -tion.




Direct comparisons of varilous rotor concepts and thelr operational
strategles and important comparisons between measured values and \
results from numerical analysis of gust problems become posslble.

This represents a high powered instrument for testing computer pro-
grams, theories and assumptlons. In contrast to calculations, it 1s
possible to consider all of the degrees of freedom of the dynamle sys-
tem. Parameter investigations, functlonal controls and testing of
different control concepts of the rotor model can be carried out with
hinimum rilsks.

/213

3. Design of the gust generator

The important data about the design of the gust tunnel, for example,
neasurement chamber diameter, speed and, therefore, power requlrements,
can be specified from the investigatlons of important model requirements.
In order to bave a meaningful transfer of measured results and exper-
lences of the model motor to full scale designs, 1t ls lmportant to
conslder the characteristic coeffleclentss A detalled analysls 1s
found in [1], [2]. An analysis of the speclal case of pure flapping
motlon of rotor blades is glven in [3].

- Reynolds number

The Reynolds number is an lmportant parameter for deseriblng dyna-
mi¢ simllarity of flows. If the same blade tlp speed ls malntalned,
the Re numbeyr referred to the profile chord should not be less than
a*lOB. A 4 m model rotor should achleve values whilch are abcut_3'105.
This seems to be all right as far as the flow behavior ls concerned.

- Mach number

The Mach number at the blade tlp reaches values of about 0.3.
Therefore, lts lmportance is negligible.

- T'roude number




This describes the influence of the gravity on the rotor. If
other similarity laws are not to be violated, then equal Froude numbers
of the model and the full scale version do not have to be mailntained.

- Lock riumber

This parameter establishes the relationship between the moments
applied to the rotor blade by the aerodynamic forces and centrifugal
forces. This number in general can be maintained without great 4iffi-
culty and does not give a minimum lower 1limit to the size of the model
rotor.

S
n
'_J
P —g

|

- Aeroelastic similarity

The aeroelastlc similarity of the full scale version and the "
model rotor requires equal Strouhal and Cauchy numbers. Maintaining
this requirement requires a great deal of complexity, but .should be
possible with model rotors with a diameter of 4 m.

- Free wheeling number

The ratio of blade tip speed and wind speed should be maintained
for a true model gust .excitation. This then leads to the derivation of
relatively low speeds of about 15-20 m/s.

- Gust excitatilon

The controlling quantity here is the dimensionless time T = Q + t.
It should be malntained constantly. However, if the same blade tip
speed of the model rotor and the full scale version is required, then
for a decreasing size model thils means an increase in the rotor rotation
frequency @ and, therefore, a reduction in the gust-specific time ¢t
for example. For the gust grid, however, one very rapidly reaches the
technical limit at the rotational frequency of the actuating fins. This
implies a lower model rotor size.
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4. Technical description of the facility

- Locabtlon

The university area at the Instltute for Aerodynamles and Gas
Dynamies in the area of the laminar wind tunnel already ln existence
has been selected as the place to set up the gust generator. The posi-
tlon is protected agalnst natural wind by builldings and forests.

- Taclillity components

The following malin components characterize the gust generator and
can be seen in PFlgure 1 wlth the most lmportant dimension:

- measurement chamber with installations

- gust grid

- blower unlt

- diffuser

The proJeect ls divided Into twe indlvidual projects in terms of
organlzatlion and executlon. The pgust tunnel consisting of the measure-
ment chamber, blower unlt and dlffuser were let as a contract to a firm.

The constructlon of the gust grid ls belng carried out within the
facllitles of the Institute for Aerodynamlecs and Gas Dynamices.

4.1 Measurement chamber with installations

Alr Is suecked in from the free atmospbere through a nozzle into the
megsurenent chamber. In the measurement chamber the flow has the possi-
billity of flowing around an obstacle with large streamline expansilon,
by evading into the ring space between the slotted measurement chamber
inner wall and the external bousing wall. The permeablllity of this
internal wall can be varied widely by displacing U profiles on tracks.
The cross sectlonal area of the outer cylinder ring space is almost of
the same size as the cross sectlonal area of the internal measurement
chamber space.
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The flow is achieved which 1s as close as possible to reality.
If one compares the relatively reduced power requirement, an average
flow speed of 17 m/s is achieved.

Protectlion grids are planned at the nozzle inlet and at the head
of the lower wheel.

The model rotor i1s supported on a separate foundatlon socket in
order to uncouple the oscillatlions from the measurement chamber.

4.2 Gust grid

The gusts are produced by & gust grid installed at the beghining
of the measurement chamber and according to gust type, it has different
configurations and controlled actuating wings. The flow behavior for
the closed grid for unloaded wind turbines is shown schematically in
Mgure 1. How the flow enters the c¢ylindrical ring space for open grid
wing position and highly loaded model rotors is shown in Figure 2.

The condltions can be easily described wlth a measurement chamber
cross section perpendicular to the channel axis as can be seen in Figure
3. The c¢ross sectional aresa avallable to the flow ls seen and the
cross sectlonal area of the evaslon ring space 1s about the same as
the cross sectlonal area of an internal measurement chamber space. The
area influenced by the gust grid is about 1/4 of the total cross section-
al area.

It is natural to ask the question as to whlch goals of artificlal
gust productlion are to be achleved by a gust mechanism. For present
problems in the case of wind turbines, there are close relationships
between aerodynamics, structural dynamics and control. The exact simu- /217
lation of the wlde spectrum of the natural wind, its gnstiness and the
related stochastic propertles are secondsry for the most part. Instead,
a reproducible and deterministic gust specification with defined energy
density 1s very important, that 1s, wlth defined amplitude, frequency,
structure, spectral density, ete.
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The following grid configurations are suggested for the:realilza-
tion of characteristic gust shape in the gust .tunnel:

- Longitudinal global and local gusts

Radially arranged actuating wings with symmetric circular arc
cross sectlon which are maintalned by a wing structure can cause single
or permanent longitudinal velocity fluctuations by changing the angle
of attack (see Figure U4). The drive of the actuated wing 1s done .
within the wing ring.

- Lateral global and local gusts

Parallel arranged actuated wings with profile cross sectlon which
are also held by a ring wing structure produce single or permanent vel-
ocity fluctuations with one component -perpendicular to the tunnel
axis by changing the angle of attack. Compare Figure 5. The drive
for the actuated wings 1s most simply installed in the middle stiffen-
ing rib.

Both configurations have an increase in the blocking degree of the
gust grid with the possibility of flow in the wing ring. At the pre-
sent time about 50% of the measurement chamber internal cross sectional
area 1s used as the flow ring area in order to maintain the unsteady
load due to pressure fluctuations as small as possible on the lower
runner wheel. Also the required minimum model size must be maintained.
The air mass to be accelerated and delayed for this gust generator
design has to be held to about 25% of the air mass in the gust tunnel. /218

It is apparent .that it 1s very important to have good flow around
the ring wing structure. Therefore, tests with a grid model were made
in a water tunnel in order to clarify questions such as profile select-
ions, profile angle of attack, maximum permissible blockage and flow
separation in the steady case.

In order to simulate the rotatlionally symmetric case for pure
longitudinal global gusts, a NACA 0012 profile with 6 actuated wings
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in the opposite direction were used in the model as the wing ring
structure. The position angle of 0° corresponded to the open position.
A position angle of 90° amounted to practically 100% blockage of the
wing ring internal cross sectlonal area.

The incompressible flow processes are made visible using colored
probes. The achievable Re numbers were in the range 2-10” s-6'10u.

Figures 6-9 give an impressive of the steady case for a ring wing
position of Opp = 0°, referred to the undisturbed flow. For angles of

o > 20°, the flow separated.

St

4.3 Blower unit-

The runner wheel supported on both sides is driven by a hydromotor
without intermediate gear. The hydraulic units and the 315 kW 3-phase
motor are installed underneath the blower unit in the foundation socket.
The blower running wheel has a diameter of 5.6 m and consists of 8
individual running blades made of high quality spherical casting.

They can be adjusted when standing still. It achieves a maximum circum-
ferential speed of about 56 m/s. This means that the noise development

can be looked upon as being minimum.

Both for reasons of costs and because of testing, we decided for
rpm control of the runner wheel using hydraulics. This design has sub-
stantial hydraulic disadvantages. However, in addition to avoiding
nefwork feedback, for example, which oécdrs by operating with 3-phase
current and a rectifier, hydraulic control has the important -advantage
for testing of a higher switching possibility and a faster braking of
the runner wheel. ' )

/219
4.4 Diffusor

Downstream of the blower there is pressure recovery in a diffusor.
For cost reasons, the diffusor length had to be limited to 8.7 m for an
area ratio of inlet/outlet -area of 1:1.75. A rolling door is the shutoff
at the end of the diffusor.
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5. Status of the work

The planning, position plan, foundation plan and detail plans of
the gust tunnel are now ready.

The blower and the facility elements are already being manufac-
tured.

At the present time, contract work on the foundations is being
advertised. We count on the beginning of assembly in September 1981
and start up of the gust tunnel in the spring of 1982.
/220
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Appendix
= Summary about the most important technical data
- Figures
Summary about the most important technical data /222

- Data on the measurement chamber

- internal diameter of the measurement chamber inner space 6300 mm
- cross sectional area of measurement chamber inner space 31.2 m2
- general diameter of measurement chamber housing 8700 mm

- cross sectlonal area of measurement chamber housing about 59.5 m?
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measurement path length
inlet nozzle length

6500 mm
1500 mm

perforation of messurement chamber internal wall about 15~20%
about 4200 mm

external diameter of gust grid
cross sectional area of gust grid
frequency of gust grid up to about

average flow speed for empty measurement chamber

on the blower and the motor
running wheel dlameter

hub diameter

max. amount delivered

max. total pressure p = 1.2 (kg/m3)
total blower efficiency

power at blower shaft

rotation rate of blower

power of 3-phase motor

rpm of 3-phase motor

on diffusor

inlet diameter

net cross sectional area at inlet
output dlameter

cross sectional area at outlet
diffusor length

geometric opening angle

PRSP P,

about
about
about
about

about

about

about

about

13.8 m2
10 Hz
17 m/s

5600 mm
2660 mm
530 m3/s
300 Pa
80%
230 kW
190 rpm
315 kW
1500 rrm

5600 mm
19.0 m
6500 mm
33.2 m
8700 mm
6.4°
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Figure 3. Measurement chamber cross section perpendicular to channel
axis with viewing direction from blower to inlet. The following is
represented in sequence: Model rotor, gust grid ring wing with support
perforated measurement chamber in a wall, external measurement chamber l
wall
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OPERATIONAL BEHAVIOR OF WIND ENERGY FACILITIES
Project No. ET U362 A

W. Leonhard and W. Klelnkauf
1. Goals:
The operational behavior of wind energy facilities (horizontal
axis machines) of various sizes is to be investigated by using suit-
able control methods and suitable mechanical-electrical energy con-

verters.

2. Working program:

Determination of the dynamic behavior (transfer function) of the
components of a wind energy facllity--analysis of various electro-
mechanical energy converters-—--development of control concept and
investigation of the entire facility behavior (network and island
operation)--verification of theoretical knowledge with practical
investigations.

3. Status (end 1980):

The principal control structure of a wind energy facility was
developed. For simple systems with blade adjustments equipped with
asynchronous or synchronous generators and used in a network cr indi-
vidually, we designed control concepts. Using digital simulations,
we obtained information about the dynamlc behavicr. We startéd with
measurement technical work for covering the operational behavior of
small facilittes (10-20 kW).

As a first application, we 1lnvestlgated the use of a slipring
asynchronous generator. The machine works in a.stand.within the three
phase network of constanb frequency. Thé :rotor is applied by a direct
converter so that subsynchronous and oversynchrbnous operation are
possible. A simple variation to this is the oversynchronous current
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circuit where the slip power is delivered to the network through a

direct current intermediate circuit. The static and dynamic processes

were analyzed theoretically usine digital simulation and also with a

22-kW laboratory setup. The control used for field coordinates allows
uncoupled specification of the effective power and the blind power.

A 6-pulse circuit with 3-phase current output is used as direct con-
verter. Control is done with a microcomputer. /234

General remarks

The project is being performed in conjurction with the Kassel
Technical High School, Electrotechnical Division (Energy Technology
office) and the Institute for Control Technclogy of the Braunschweig
Technical University.

- Work division between Gh-Kassel and TU Braunschweig

The simplified structure of a wind energy facility in the figure
shows the interface for the work.

Turbine

|
|

—

‘ | drive movement

mechanic A 1
1

converter \JM. Generator

electr. network,
user

1
control of entire control of electrical
installation i energy conversion

GH - Kassel I._ TU -Braunschweig

JEN— -
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The work division allows relatively great independence, espe-
clally for the practical investigatioi's and the simulation calcula-
tions. However, a great deal of coocperation is required so that common
evaluation and presentation of knowledge 1s assured.

/235
Gh Kassel}
Control and dynamic behavior of wind energy facility I:
Table of contents
1. Introduction
2. Control structure of a wind energy faclllty
2.1 General remarks
2.2 Mechanical control circult components
2.3 Simulation of facillity behavior
3. Comments on the control of small wind energy facillities
4., Practical work
4.1 Measurement investigations of components of wlnd energy
facilities
4,2 Control of wind energy facilities with joint operation
5. Other procedures
/236
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1. Introductilon

According to bthe detailed project descriptions of the contract,
the investigations are concerned with wind energy facllities which
have a horilzontal axls design where the blade adjustment angle can be
changed and which are intended to convert wind energy into electrical
energy. With this restriction, we are assured that the investlgations
will concentrate on facilities now being developed and will, therefore,
have a  high degree of applicatlon.

The several basic considerations about the toplc will now be pre-
sented for explanation.
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Turbine

gear  Generator

wind -

energy
ﬁnergy transmission

etwork, user

energy preparation

w— control --____IStoraze |

Figure 1. Wind energy facility, energy flow and
control.

2. Control structure of a wind energy facility

2.1 General remarks

When a wind energy facility is used for producing electrical
power, the facility function has to be tuned to the user requirements.
Detailed knowledge about the energy flow from wind energy up to elec-
trical supply network for individual users 1s, therefore, very impor-
tant. Figure 1 shows this chain.

The primary energy is specified by the fluctuating speed of the
air flow. Control manipulations must, therefore, assure that excessive
component loads, excessive power and rpm variations are avoided. The /237
adjustment of the wind wheel blades around their longitudinal axis (see
Figure 2) is the most often used possibility of influencing the energy
absorption from the wind.

Control of energy absorption by operating the wind direction fol-
lowing system (turning of the towerhead) can only occur very slowly
because of blade loads (gyroscopic forces) so that in the following
they are not used for power limitations.
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tangential

o ... blade adjustment angle
(a = 0° & flag position)

Fact (Mact
by the actuator (or torque)
MT .- ..

by aerodynamic forces, etc.

) ... force supplied

torsion moment applied

Figure 2. Blade adjustment device

Figure 3 gives a simplified structure of the wind energy facility
from the control point of view.

The entire installation is monitored by the operating control
system. The control paths are characterized in their behavior by the
bold face locks.

This includes the following:

1. Behavior of the blade (or blades) for twisting around the long-
itudinal axis, blade adjustment path, where the actual value
of the adjustment angle ay is the output.

2. Formation of the drive moment MA from both of the main influenc-
ing parameters wind velocity Yy and adjustment angle a.

3. Influence of the moments of inertia of rotating masses (essen-
tially the wind wheel and the generator runner) on the actual

rpm of the generator n, and

i

4. conversion of mechanical energy into electrical energy by the
electrical generator with formation of the electrical resist-
ance moment Mw and the energy transportation to the network

and users.

2.2 Mechanical control circuit members

Numerous additional influencing parameters which influence the
control circuit of the faciliiy have to be considered in a closer anal-
ysis. The behavior of the blade and its influencing by torsional moments
is especially complicated. The following facts have to be considered.
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Figufe 3. Simplified structure of wind energy facility.

- moments due to 1ift forces over the blade

- moments due to bending of the blade and related mass

displacements and 1ift displacements

- moments caused by the pendulum motion of the rotor

- propeller moments

- moments due to blade inertia, which for example, change

with the blade bending (possibly additional consideration
of the acceleration of air mass particles) /239

- moments by aerodynamic damping
- friction moments at the blade bearings

- moments due to spring and damping properties of the blade
adjustment facility, etec.

Depending on the type, these moments depend on changeable varia-
bles such as the rpm of the wind wheel ns blade adjustment angle o as

well as its derivatives, blade position during rotation wBl and wind
speed L

The calculation of the 1ift moments from the wind speed - with
consideration of the adjustment angle a, wind wheel rpm n, and blade
position wBl (for example, influence of tower shadow) requires exact
knowledge about the power characteristic field of the wind turbine.
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KEY TO FIGURE 4 ON PRECEDING PAGE:

l--blade adjustment; 2--drive moment; 3--wind wheel gear generator
(mechanic); U4--network or user (island operation); 5--electrical
generator; 6--operational control nominal value specifications;
7--controller installation; 8--actuator for blade adjustment;
9--blade adjustment; 10--blade angle adjustment; 1ll--drive torque;
12--wind wheél hubj 13--gear coupling; lU--electr.; 15--network or
user
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Among the additional dynamic influences due to mechanical compo-
nents which participate in the energy transfer, we have the torsional
stiffness and the damping bebhavior of the element as well as the iner-
tia of the rotating masses.

Figure 4 gives a detail of Figure 3 and shows the structure of a
wind energy facllity which makes it possible to consider the influences
mentioned. Starting with this structure, we can make simplifications
depending on the investigation goal and the structure of the wind energy
facility.

Exact analysis also requires the actuator for blade adjustment
which is the power part of control. Special investigations at the
present time are continuing for often used units with hydraulic oil
and cog wheel pumps, controcl valves, adjustable pistons, etec.

. —

2.3 Simulation of the facility behavior | - /24

Wind spéed varlations have to be specified for the digital simula-
tion of the facility behavior. The reactions of the coupled facility
components are calculated and printed out for the wind speeds‘with
inclusion of the time dependences. The basis of the facility control
is a control system tailored to the properties of the components and
the purpose of the facility. The important parts of the simulation pro-
gram include:

- specification of the wind speed variation

- control and monitoring system

- facility structure (according to Figure 4) with subprograms

for calculating the drive moment, blade behavior, etec.

In designing the program, we were especlally interested in its
general validity. We wanted to have the possibility. of inputting the
wind speed variations and to store extensive rotor characteristic line
fields (cm, cp = £(A)).
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With the software developed, it is possible to include their 'b
arbitrary wind speed conditions as well as directly measured condi-
tions as excitation functions for the simulation of the facility
bebhavior. Specification of the wind data can be done using a digital
device using a satellite computer or directly from the wind measurement
device through a telephone modem to the computer center (mass storage).
In this way, we have the possibility of comparing the simulation re-
sults later with the actual behévior of the facility.

The most exact method at the present time for determining the
drive moment is by using the characteristic line flelds of the power
coefficient (cp) or the rotation rate coefficient (cm) which is usually
used by the blade designer for quasi-stationary states and requires a
great deal of effort (it is usually represented as a function'of the
free wheeling coefficient A with the blade angle o as a parameter, see
Figure 5). 1In addition to the high accuracy in the representation of
the characteristic line fields, for a dynamic evaluation there has to be
a good and rapid extrapolation in the‘intermediate rangé in order to
avoid long computer calculation times. The evaluation of the stored
characteristic lines was done for the simulation using a two-step method
with interactive transfer from one spline function and was developed
into a linear interpolation program which satisfies the requirements.
In particular, critical and rapidly dropping characteristic field ranges /243
(see Figure 5) can be included for stability investigations. :

At the present time, test runs of the previously designed simulation
program are being made with a control system for island operation of
small wind energy facilities (10 kW range).

3. Principal aspects of the control of small wind energy facilitles

When using wind energy converters for generating electrical energy,
three kinds of operations can be distinguished.

- island operation

- network operation

- island and network operations (selectable).
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energy converters
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The following discussicus refer to small wind energy facilities

(up to 10 kW electrical power output) which are equipped with three-

phase current generators. The use of special generators and current
rectifier units which would allow variable rotor rpm would hardly be

wortbhwhile because of the cost.

3.1 Island operation
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The wind energy facllity 1s not connected to the open publie
electrical supply network. For the mechanical-electrical energy con-
version, a synchronous generator (SG) is suitable. The use of a asyn-
chronous generator would mean that a controlled excitation blind power
would have to be made available in order to achieve a constant voltage.
The comnlexity for a controlled compensation device 1s improportion-
ately high in the normal case. In order to check the output frequency,
the rpm of the wind energy facility has to be controlled (through the
blade adjustment device). If the users require approximately a con-
stant voltage, then when thére :1s insufficient wind speed, in order to
match power and rpm, less important energy users will have to be turned
off througbh a user control system according to a priority method. 1In
order to assure the supply to important users, depending on the user
requirements, devices will have to be used which operate independent of
the wind (Figure 6).

3.2 Network operation

Now the wind energy facility will operate with the public supply
network (see Figure 7) with approximately constant voltage and fre-
quency. Asynchronous generators (ASG) or synchronous generators (SG)
can be used as generators. Since the frequency 1is specified by the
network (i.e., the rpm of the synchronous generator specified and the
rpm of the asynchronous generator can be varied by slip values), then
in order to avoid overload the power uptake of the facility has to be
controlledk(through the blade adjustment device). In order to switch
these facilities equipped with an asychronous or synchronous genera-

| tor to the network, in addition a corresponding swit¢hing and synchro-

nation device is requilred.

In both facility types, .the power control would have to be asso-
ciated with an rpm control system so that during startup, shutdown and
during synchronization network failure, etc., the control of the facil-
ity would be maintained by it.

247

~
n
4=
N

/245



ORIGINAL PAGE 1S

OF POOR QUALITY
sﬁimn:nus PR 2
[a:n:ol___J _J-E; S
6 -—:
rpm -L~olishnd
Jlcontroller | '
.lehnr umﬂ:LﬂTér u-u:cuntgé

Figure 8. Configuration for network and island operation
(selectable) of wind energy converters.

3.3 Network and island operation (selectable)

In the normal case the facility will operate on the network, but
when the network fails, it 1s used also for electrlcal power supply.
This operational condition requires the maintenance of the conditions
given above for network and i1sland operation. The use of a synchro-
nous generator is probably more suitable for satisfying the require-
ments of an individual facllity (see Figure 8).

4, Practical work

4.1 Measurement technical investigations of components of wind

energy faclilities

First of all, individual components of the wind energy converters
such as the rotor blades and the transfer elements (for example, gears)
are most important for the analysis. The examination of the operating
behavior of the entire facllity will be done later on.

When selecting measurement procedures, we are especially intent on
using those which will not require extensive facility modifications.

The adjustable rotor blades represent the only actuator components
in the power train of the wind energy facility. Its dynamic properties
during the adjustment along the longitudinal axis are, therefore, very




important. The investigation of the torsional behavior of the rotating
blades requires a high degree of complexity.

There with other metnods the photogrammetric determination of
the blade behavior can be done with relatively a small amount of effort
without construction changes to the blades. Therefore, we planned to
illuminate marks on the rotor blades stroboscoplcecaily and to then mea-
sure the images of two geometrically separated cameras. The optical
evaluation gives the object coordinates in conjunction with a computer
facllity as well as the deformation of the rotor blades. The determina-
tion of the damping properties of the fins, etc., requires additional
calculations. An estimation of the accuracy and information content of
the measured values 1s only possible aftsr measurements have been
carried out. Since exact analysis has shown that in particular the
image evaluation requires greater costs than expected, we are attempt-
ing to use another measurement method whose information content can be
better estimated. For example, we are considering model anaiysis.

A structural dynamic analysis using accelerometers on the facility
components to be investigated requires a high degree of complexity, but
allows aksimpler evaluation of measurements. The use of a structural
dynamic analyzer also allows the investigation of other facility com-
ponents such as the hub, gears, coupling, generator, machine house,
tower and guy ropes, and foundatians, ete. We can also obtain infor-
mation about the dynamlc behavior of the entire installation. At the
present time we are investigating this possibility as an alternative
for phototometry. |

In addition to the behavior of the rotor blade, it is wery impdrt-
ant to know the time dependence of the drive moment in the gear and
the generator for other investigations. Instantaneous fluctuations
due to wind speed changes, tower shadow influences, etc., are espe-
cially important bhere. In collaboratlion with the DFVLR Stuttgart,
measurements of the modulus facility in Schnittlingen are being per-
formed on the Swabian Alp. For these measurements, the faeility was
equipped with a torque measurement shaft by the DFVLR on the wind wheel
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side. Since this measurement method implies rather high equipment
costs and is not easy to attach to already built and operating facil-
ities, we are investigating a method which can also be used for other
facilities.

?
n
=
\]

Generator ‘Planetary gear chain gear

Figure 9. Measurement of angular difference for applied
torque at the chain gear--modulus facility (10 kW) of the DFVLR.

We are investigating whether a rotation angle difference mea-
surement between the input stage and the output stage on the gears
would allow one to calculate the torques and the transmission ratio.
Static preliminary investigations on the evaluation of dynamic measure-
ments were already made on the installed transmission elements of the
DFVLR modulus facility. As Figure 8 shows, the rotation angle on the
chain gear was measured for static moment application. The same mea-
surements were also carried out on the planetary gear and through both
transmission stages. The measurements allow one to determine the gear
stiffness and can be used for calibration.

Additional investigations of individual components and the exam-

ination of control concepts will probably be performed soon using the
250




Aeroman (10 kW power class) which is an internal MAN facility.

N
N
=
[o o/

4.2 Control of wind energy facilities with joint operation

In addition to control concepts and the investigation of opera-
tional behavior of individual facilities, recently we have dealt with
problems of the control of the wind energy joint facility. Since the
funds for the practical investigation of a Jjoint facility were not
available from the project, using engineering excess funds we have
started to build four controllable sets of machines using our own
funds which are suiltable for simulating joint operation (alternating
current generator coupling). The generator power of the machines is
between 5 to 15 kW.

The individual facilities willl be controlled by a computer (in
the form of fluctuating drive moments to the generator caused by varia-
tions in wind speed). The bebavior of the facility and of the joint
facility can later on be evaluated by a fast measurement collection
system now being built (multiprogrammer for computer coupling, meas-
urement value intermediate storage, control of processes, etc.).

5. Further procedures

The important points of our procedure correspond to the work plan
of the project and 1its steps.

We are especlally interested in the measurement of the blade
behavior and the final specification of the investigation method (photo-
grammetry or modal analysis method). '

In addition to completing the program by including additional
detalls (also the investigation results determined in Braunschweig)
for the facillity simulation, we are also pursuing another path which
will lead to a great deal of program simplification. By comparison
with the results of the extensive program, we are sure that there will
be no important loss of information. Possibly we can use practical
results obtained from the DFVLR and the MAN facility.
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In addition, we have started with the bullding of a model con-
trolled by microprocessors which will represent the properties of
various wind energy facilitles in a lucid way by using specified facill-
1ty data.

/249
Abbreviations used
cp power coefficient of the wind wheel
MA drive moment
MAG drive moment of the generator
MAw drive moment of the wind wheel
MBG acceleration moment of the generator
MBW acceleration moment of the wind wheel
Mel ’MWG electrical resistance moment of the generator
Mst actuator moment on rotor blade
MT torsion moment on the blade
nG, ny rpm of the generator (actual value)
ng nominal rpm
Ny wind wheel rpm
Pi power output of generator (actual value)
PS nominal power value -
Vo wind speed
o, blade adjustment angle (nominal value)
wBl blade position of wind wheel
A free wheeling coefficient.
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1. Introduction

Large wind energy facilities (MW range) where the dynamic in-
fluences on the operating behavior are especially Interesting, in most
cases, are now only in the design stage. This is also true for facil-
ities which are belng developed in West Germany.

In order to be able to examine calculation methods and theoretical

results as early as possible, therefore, we bhave to apply them to exist-

ing facilities in the power range of about 10 kW electrical power output.

In the second report (I), in addition to general.remarks and des-
criptions of the work performed during the project, we also present
measurement results which for the first time allow a comparison with
theoretical results.

2. Operational bebhavior of smallywind’energy facilitles
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2.1 Network operation

2.1.1 Control concept

As discussed in the first report (I) for wind energy facilities
having asynchronous generators‘or synehronous generators, the power
uptake from the wind has to be controlled or limited in order to avoid
overloads. In order to allow startup and sbutdown and switching of
the generator to the network, additional controls are required which
influence the rpm of the facility.

For the most often discussed cases of the use of 3-phase asynchro-
nous generators with short circuilt runners, we developed the control
concept shown in Figure l. We are considering a facility where by
changing the blade adjustment angle, it is possible to vary the power
uptake from the wind.

~
n
U1
(oY)

|

The power controller and rpm.controller are arranged in such a
manner that the rpm controller has a limiting effect on the output of
the power controller, that is, the nominal value of the blade adjust-
ment angle . A reversal of the controller configuration would also
be possible. For normal operation, that is, for network operation, the
nominal rpm value ng is set a few per cent higher than the'corresponding'
value of the network frequency. Except for turnon and shutdown pro-
cesses, the rpm control system will only intervene during disturbances,
for example, network failure when ni > ng. For turning tﬁe System on
or off and for providing network switching conditions, the nominal rpm
value ng can be changed (for example, turning on through a maximum value
transducer and similar concepts).

The variable limitations at the output of the rpm controller (see
figure) allow intervention in the rpm control without delay for Pws >0
and T fractions as well as unencumbered operation of the power controller.

The dynamic behavior of a wind energy facility depends importantly
on the type of operation. The selected configuration makes 1t possible
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to tune the rpm controller to free wheeling condition and the power
controller to network operation.

The two control circuits mentioned have also & control of a blade
adjustment -angle o and the blade adjustment angle rate .7-In order to
improve stability and dynamics. We did not have an additional loop for
controlling the blade angle acceleration .9~ and, therefore, the act-
uating moments applied to the blade because of the fact that the fric-
tional moments sometimes change discontinuously in the blade bearings.

For small facilities, the actual value determination (determina-
tion of the blade adjustment angle oy and the corresponding rate di)
will often be too complex. Using simulations, however, it was possible
to show that when the two internal control loops were dropped (the
power controller then directly affects the blade adjustment device)
there will be stronger loads on thé blades and the adjustment devices,
but stable control bebavior can be achieved nevertheless.

/254

2.1.2 Installation behavior and measurement results

When calculating the facility reaction to various wind conditions,
one has to determine the bebavior of the blade in the longitudinal
direction, its influence caused by the blade adjustment device, various
moments applied to the blade as well as the formation of the drive power
and the drive moment.

There are no extensive theoretical methods for determining the blade
behavior. Numerous individual effects (aerodynamic torsion moments,
moments due to blade bending, propeller moments, etc.) were lncorporated
in the simulation structure. At the present time we were not able to
measure the blade dynamics because certain modifications to the converter
are required. The preparation for carrying out a structural dynamic
analysis was continued as mentioned in the first intermediate report.

We plan to perform such measurements during the summer months at the
DEVLR modulus facility in Schnittlingen. 3
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Figure 2. Electrical power P, of a 10 kW wind energy facility with
asynchronous gener&tor for network operation (constant
blade adjustment angle) V wind speed.

The calculation of the drive moment from the wind speed variation
using the power coefficient/free wheeling coefficient characteristic
fields was improved considering the fact that it could be evaluated
on a digital computer. Figure 2 shows the critical determination of
the output power of a 10 kW facllity compared wlth actual measurement
results (MAN facility AEROMAN). Since the wind speed was almost always
below the nominal value, the power controller 4dld not operate and the
facility operated with a constant blade adjustment angle which was
not completely optimum.

In the determination of the variatlons, we proceeded as follows:
Using fast reacting measurement devices, we measured wind speed and
electrical output power at the wind energy facility. This:was recorded
and stored on tape. The Wind'speed variation was later on specified
through the -input device to a digital computer. Using the simulation
model, we were able to calculate the electrical output power in addi-
tion to other parameters. Complete agreement between measured and /256
simulation results would mean that one had used the wind speed variag-
tion which determines the power uptake for calculating the facility
behavior.

The calculated power variation i1s based on the wind results of one
anemometer shown in Figure 2a. A wind speed variation of this type has
only local applicabili~y and can only be representative of the facility
wind -speed under certain conditions. As would be expected, details
occur even though there is good agreement between the calculation and
the measurement. One can see that the calculated power variation has
a well defined contour and, therefore, confirms the expected trend that
the measurement with an anemometer can only follow the different wind
speeds of a rotor surface under certain conditions. There will be better
agreement between = theory and practlice 1f several anemometers are used
for determining the decisive wind speeds distributed over the rotdr area

(see Chapter 3.3).
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2.2 Island operation

2.2.1 Control concept

Based on the numerous applications, smaller faclillties in the kW
range are especially interesting for island operation. Two applica-
tion regions have to be distinguished.

1. Supply of simple electrical users which have no great
requirements for constant generator frequency and voltage,
for example, heating resistances.

2. Supply of electrical users which require that the frequency
and the voltage of the generator may only vary over a small
fixed range.

The mechanical-electrical energy conversion is suitable for a 3-
pbhase synchronous generator. Starting with the control requirements
discussed In the first preliminary report, we developed the control
scheme shown in Figure 3.

/258

An rpm controller influences the power drawn from the wind by the
variation of the blade adjustment angle in sueh a manner that for suffi-
clently bhigh wind speed, the rpm is maintained approximately constant.
As already mentioned for the control of the facility with an asynchron-
ous generator (Chapter 2.1.1), the two inner control circuits (o and &)
are not needed 1f one disregards the influence of the dynamics during
blade adjustment processes.

For the supply of less demanding users, it makes sense to use a
self-excited synchronous generator whose output voltage is a function
of the rpm so that below the nominal wind speed, there will be an equilé
ibrium between the power offered by the wind and the power generated by
the generator due to the fact that the voltage drops with rpm. The rpm
controller can often be made in the simple form of a centrifugal force
controller.
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If frequency and voltage are only allowed to vary over a small
range, then 1t .-is necessary to better tune the rpm controller to the
behavior ¢ the converter so that a mechanical controller usually does
not satisfy the requirements. In order to prevent a dropping of the
converter rpm over the partial load range, a user control which brings
about turnoff of users of low priority has to provide for maintaining
the delivered power below the maximum power which can be taken from
the wind. A synchronous generator with electronically controlled vol-
tage can be used as a generator.

2.2.2 BPM contrei and measurement results

For calculating the fécility behavior, we proceeded just iike in
Chapter 2.1.2. The simulation calculations showed that when one uses
rapidly operating blade adjustment devices (for example, hydraulic sys-
tems with electrically controllable valves), it 1s possible even for
bighly fluctuating wind speeds to maintain the rpm fluctuations to
less than *+i%. In order to test this information, we performed appro-
priate measurements on the MAN converter AEROMAN (10-kW facility).

They are shown in Figures 4a and 4b. Figure lUa is based on a reistively
slow working blade adjustment device with an electrical motor.
/264U

Highly fluctuating and large wind speeds were present and the con-
verter delivered the nominal load. From the measurement results, we
find that the maximum rpm and frequency fluctuations are +4%.

In the measurements of Figure U4b on the other hand, Wé'used a rapidly
operating electromagnetically controlled hydraulic wvalve. Thé converter
operates at wind speed below the nominal value under the. free wheeling
conditions which is a very difficult operating state for the control
system. As a maximum rpm fluctuation, we find that *1%. This value
was not exceeded even for higher wind speeds which fluctuated even more
and for higher loads. If one conslders that wé did not use any opti-

‘mized controllers and actuators in the facility, then as a result of the

investigations we find that the rpm fluctuations can be maintained small-
er than *1% even for smaller wind energy facilities. Therefore, it is
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possible to satisfy the requirements of demanding electrical users
with regard to voltage and frequency fluctuations.

3. Practical work

In addition to the measurements made, the activity also included
a unit for determining wind data, building of a microprocessor--
controlled operating control system and the building of laboratory
devices for investigating a joint facility.

3.1 Wind measurement

For testing calculations of the facility bebavior, accurate mea-
surements of the instantaneous wind speed are required. Almost no
indications for this were found in the literature. We developed a
shell cross anemcmeter which operates faster than commercial units and
in addition to the wind speed and its average values, can also be used
tn measure the wind acceleration. The measured data can be used for
processing and transferred directly to tape. In order to dgtermine
wind conditions typibal for a wind energy facility, we started with
measurement evaluations where the results were taken from several
measurement points. Figure 5 shows the measured value vy and vV, anemo-
meters which were set up outside on a 10 meter high mast separated by
2 meters, and thelr connection line was perpéndicular to the incoming
wind. In spite of the small distances, there are wind speed fluctua-
tions of more than 2 m/s as can be seen from the differences (vi - v2)
which were determined with the computer. For a larger separation of
the measurement points (for example, for a distribution of the entire
rotor area) correspondingly larger deviations should be expected. 1In
order to obtain wind speed variations which determine the reaction of
the wind converter, the values of several measurement points had to be
processed. A simplified method withoutweighting of the wind speed effect
(P mfv3) would, for example, be forming the geometric average (see Fig-
ure, (v1 + v2)/2).
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Figure 4a. Electrically driven Figure 4b. Electrically con-
blade adjustment nominal load trolled hydraulic valve in the

blade adjustment direction.

Free running
Figure 4. RPM control of a 10 kW wind energy faciiity with synchro-
nous generator for island operation. Excerpt from direct measurement
value recording (multichannel recorder). Vw wind speed, n converter
rpm, f generator frequency.
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The wind speed determination will be very important in the other

measurement investigations of dynamic processes in wind energy facil-
ities.

3.2 Model of a wind energy facillity

Within the development of a facility model for demonstration pur-
poses, we started on an operational system which would have a wide
validity (both in terms of facllity size and operating range). At the
present time, we are working on a microprocessor--controlled unit,
whlch 1in particular satisfies the requlrements of large facilities
operating on a network. In the next step we plan to extend this to
several operating conditions.

3.3 Jeoint operation of facilities

The further continuation of the joint operation system discussed
in the first report (I), financed by university funds, was continued.
Out of the block diagram of the planned overall structure shown in
Figure 6, up to the present three motor generator sets were produced
including the controlling regulation systems. Part of the measurement
determination and measurement processing system are also available and
at the present time are being complemented by interface units.
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1. Comparison of various generator types for a wind power plant

For the selection of a suitable wind power plant generator, the
following decision criteria have to be mentloned:

1. Operation for joint operation or island operation
2. Power range

This first report is restricted to bigh powered facilities (> 100 Ku)
which are to supply a joint network. The operator of the public power
supply company (EVU) will require a supply with the constant effective
power and idle power from a power generator source. Ih this case, it
1s necessary to store the fluctuating wind energy supply in a rotating
mass. This is only possible when the rotor rpm of the generator f2
is not directly related to the network frequency f3 (see Figure 1.1).

wind o fy PN i2 f{ — .
speed o : 7 ”-{ e

gear me trans- blind network
w ch. former (user)
Turbine elect. .
converter
Figure 1.1 Power fraction of a wind energy facility

Synchronous power plants usually used for power production do not
have this rpm flexibilﬁty. Therefore, either a variable gear or a
dynamically high quality blade adjustment device is. required in order
to use this which will compensate for a variable wind energy supply.
For constant power delivery to the network, primarily a synchronous
generator should be considered, if the stator frequency f2 is uncoup-
led from the network frequency f3 to a direct current intermediate
circuit. This concept bhas advantages for parallel operation of
several wind turbines which together supply a direct current collect-
ion bus. By forming the sum, the local power fluctuations are smooth
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network
transformer
gear.

wind -
turbine

overload

protection

Figure 1.2 Wind energy facility with asynchronous generator and
slip power recovery

in addition. However, this configuration does not allow the produc-
tion of capacitive idle power for direct switching of the synchronous
machine and the network. As an alternative to the method above, we

can consider a slip ring runner asynchronous machine which is oper-
ated in an oversynchronous current rectification cascade circuit
(Figure 1.2). For the oversynchronous operation, the rotor slip power
is supplied through a direct current intermediate circuit to the network.
Compared with the synchronous machine with the direct current inter-
mediate circuit, this variation becomes more favorable the smaller the
maximum rpm deflection is,because the rectifier only bas to be designed
for the slip power. The network feedbazks are also smaller because
only the idle power is smooth through the current rectifier. This
facility also requires condensers for producing idle current.

In order to eliminate this disadvantage, it is possible to use a
direct converter in the rotor circuit instead of the direct current
intermediate circuit (Figure 1.3) with which an independent rotory
field is superimposed onto the rotor. In the case of load fluctuations,
it then becomes possible to deviate into oversynchronous and under-
synchronous operations and capacitive 1dle current can be produced.
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These advantages, howaver, must be contrasted with the relatively

great complexity for the direct converter and the more complicated
control.

2. Double supply asynchronous machine as a wind power plant generator

2.1 Principle of the double supply ASM

Compared with the synchronous machine, the double supply ASM
bas the advantage that the flow direction in the rotor can be speci-
fied by means of a rotory field system which 1is imposed from the out-
side. For the synchronous condition, in spite of differeﬁt load
states, the machine is driven at a constant pole wheel angle using a
control system. In addition, there is the possibility to influence
the idle power requirement of the machiné for a constant effective
power delivery by means of rotation of the flow direction. Therefore,
it is possible to have uncoupled effective power control and idle power
control.

If the rotor is supplied with a low frequency rotory current,
then the machine will operate in the oversynchronous or undersynchro-
nous condition depending on the direcﬁion of the rotary field. Also
an energy flow through the rotor in both directions is related to this
(Figure 2.1). VThe rotor power is calculated to be Pp=s + P

mech’

neﬂmn$
R R \r stator
i axis

{
‘mechanical’
power -

1u<ub
Figure 2.1
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This means that in spite of a variable generator rpm, it is
possible to maintain the delivered stator power constant. The runner
flow has to be controlled in terms of frequency and phase by the rpm
and angular position of the rotor so that the rotor and the stator
rotary field are always synchronous. The machine has an operating
behavior similar to an asynchronous machine.

2.2 Theoretical discussion of the double supply asynchronous
machine

We will briefly outline a control method which will lead to a
far reaching uncoupling of the magnetic processes along the longitudi-
nal and transverse axis. The mathematical model of an asynchronous
machine consists of two complex differential equations and two equa-
tions for the mechanical motion. A simplification of the relatlonships
can be achieved if one assumes that the rotor currents controlled
through the current rectifiers are assumed to be superimposed. This
means that the voltage equation of the rotor clrcuit has no influence
on the dynamics of the machine control. After conversion to the same
wnding number in the stator and the rotor, we have the following equa-
tions:

di ey |
dw _ .2 N [ 2
eﬁ'mel+"'m"§thln[?-S lRe]i-mm, (2)
%:; . (3)

For the rotor current assumed to be superimposed, we assumed that

A . : 13

dg = Tpa(t) + 3 dpgpit) = [igl s, (4)
de e
—2 = . 5
dat W2 ( )

In the following we will assume a two phase rotor winding. Using
abbreviation

i
H
H

N e
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equation (1) can be written in the following form:
. d 4 y . 1 je] = .
Ry - ig + 1y ?ﬂ:'[(l +0) g+ ipe UN (6)

The expression 1n the square brackets 1is defined as an extended mag-
netization vector

Jps = (1 + 05) dg + ip = li, ' e . (7)
dy | | (8)
at ~ “ms

~
n
o

and this is used for eliminating the stator current. Using Equation
(2.6), we find that '

L d\ .
S _l1+0 PR [ >
-R—S- dt +—ms-_,R.S....i g Fig e, (9)
L -
2 "h . —Js]
= e————Im i 7, €
Me1 = 3 (1 + o) [4ms.-k . (10

By multiplication with e~dH equation (9) is then transformed into a
moving coordinate system which is defined by the magnetization current
vector i-ms' After 1ntroducing the polar coordinates for i—ms’ i-R
and U-N’ we then find the following equations by splitting the above
into real part and imaginary parts

L
Sd ; % 3/2 . _
Rg dt ligsl + ldpsl = "‘R"'T Uy sin(uyt-u) +

+ |1R| cos(e+E-u), (;1)
L l1+o
S : s 372
—_— ) 1 = e U -
RS ms '..ms' RS 2 an(w t B) +

1 COS(C"{'“ s

m - - -2- - ‘Li“—-—— 1 ll ) - . E
L dgl sin(ese-u) (13)

Figure 2.2 shows the various angular relationéhips. e+ £ -
u = § corresponds to the load angle of the machine. The quantities
Ii_R|cos 8 and li_RI sin 8 incorporate the longitudinal and transverse
components of the rotor current vector referred to the expanded
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P~ rotor axis-

& Stator axis

magnetization current vector i—msf The longitudinal component
controls the magnitude of the magnetization current. The transverse
component controls the angular speed Wos of the magnetization current

vector and the torque.

If these two rotor current components are changed independent
of one another, then we have an independent uncoupled control for the
idle power and the effective power of the stator or for the voltage
and the torque of the machine.

After several transformations and normalization with the nominal

values of the machine, we finally obtain the folliowing equation systémi
di

ms , . _ 1 2 . | i3
Tsgg * ms = (1 +05) ['T_s Ung * 3 Ko ‘Rd] . (13)
1+0 A |

1 du_"ms _.~ " °S 2 K

% et e R AR as
The stator time constant is

S Rs rg °d Wy | (16) i

' wm =3U I' cos g b

In addition, we have 90 So"So % %

El = - .2_ Ko xd l -i -i ;

m, 3 1“+‘§S | cos ¢, ms Rq °* (17)

Here X3 i1s the normalized synchronous reactance
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and Ko is the ratio of the stator short circuit current for nominal
excitation divided by the nominal current.

These relationships are shown in Figure 2.3 in the form of a
block circuit diagram. The normalized input quantities of this mach-
ine model are the two rotor currents, the network voltage and. the
drive torque. The nominal current values which vary sinusoidailly
for oversynchronous and undersynchronous operation have to be made
avallable by the controlling control circuit. The quantities re-
quired for control afe avallable by measurement for a doubly supplied 4212
machine{igs Uss dps w Elor can be easily derived (ipgss 1> sin (e - yy,
cosfe - u)).

A microcomputer can be used for this task.

Figure 2.3 gives an example how the field oriented control by
a moment controller which affects qu would be designed and a voltage
controller which involves i,,.

Rd
The* 1imiting dynamics and the restricted actuator path of the
rectifier require that the rotor voltage induced for s # 0 be switched
in to improve the dynamics of current control which can be looked upwsn
as a perturbation quantity. Figure 2.4 shows this and also we indi-
cate bhow the residual delay of current control can be reduced by a
linear delay unit in the nominal value input.

2.3 Design of the power part of the rotor supply

For supplying the rotor of the double supply asynchronous machine,
we have selected a direct rectifier circuit according to Figure 2.5.
This circult consists of three antiparallel current rectifier bridges
which are connected with a network through a transformer. The current
rectifier bridges are switched in a star. The direct converter can
allow power flow in both directions; depending on the phase sequence
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(over or under synchronous operation). The star point of the rotor
winding is not connected.

The transformer has the task of reducing the network voltage to
the maximum required rotor vdltage for control. It also prevents the
formation of equalization currents between the three current rectifier
bridges.

The three phases of the direct converter are commercial 4 quadrant
current rectifier component groups which consist of a power part, a
monitoring part and a nominal value determination device as well as a
control logic system. The control of the individual current rectifier
bridges in the present design is done with a microcomputer which from
the actual and nominal values of the enter control circuit calculates
three actuator signals which are displaced by 120°. The current rec-
tifier bridges and the transformer are selected with power reserve in
order to provide flexible testing. In this way, we wish to bring
about that even in the most unfavorable operating case, we could exam-
ine how a moment shock of twice the nominal value could be controlled
with a slip of 15%. In order to be able to investigate slip values of
> 15% and not to limit the controller dynamics by actuator limits, a
transformer output voltage was designed for 21 times the rotor direct
current for the synchronous condition (the factor of 21 was taken from
a simulation). In order to determine the requirea limiting values,
an actuator transformer is switched in ahead of the primary winding
with which the maximum voltage can be continuously brought down.

2.4 Realization of a controller concept using microcomputers

2.4.1 Hardware summary

At the institute we have developed a computer card with a micro-
processor intel 8085 according to Figure 2.7 for controlling of the
double supply ASK (Figure 2.7). This design allows simple operation
in monitoring of all control circuits. In order to have a high scann-
ing frequency, in the design of the computer system we have made sure

5
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that time intensive operations will be carried out if possible through
hardware. For example, the multiplications are performed by a fast
8x8 bit bardware multiplier and the phase deductions and phase divi-
sions are realized by simple analog circuits.

The actual value determination of the rotor current and the
stator current is done through Hall generators whose signals are
amplified in order to obtain a larger perturbation voltage seﬁaration.
For the position and rpm determinatiori, an angle decoder was attached
to the motor axis which allows a maximum resolution of 0.1°. Thesa
actual values are prepared according to the requirements of the con-
trol algorithm, filtered and are supplied to the computer through I/0
ports. The interface between the analog part and the digital part is
selected so that the minimum number of quantities have to be directed
through the relatively time consuming AD/DA converter.

In order to allow extensive vaiuation of the dynamic behavior of
the control circuit and its variables, the quantities of interest can
be plotted if required. An analog output has been built for this.

/274

. 2.4.2 Software summary

Shortly a program will bave been finished which has the structure
shown in Figure 2.8. The microprocessor takes over the calculation of
the actual values for the elegtrical moment and the voltage. The cal-
culation of the induced rotor voltage (perturbation voltage) and its
switching as well as the transformation between the individual coordi-

nate systems 1is also done in this way. The PI controller required

for control can be performed by scftware with simple control algorithms.
The entiré programming sequence wiil be determined by the required min-
imum scanning rates of the individual partial control circuit and

great calculation accuracy is required. The nominal rotor voltages .

in the a,b system are the output quantities which are directly given to
the phase splitting device and the following direct converter.
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Figure 3.1 Wind energy facility with oversynchronous
current rectifier cascade

3. Oversynchronous current rectification cascade

As a generator a slip ring runner ASM is used which operates
only in the oversynchronous rpm rang»(—— >1) . The slip power s"ech
is supplied through a direct current 1ntermediate circuit to the net-
work, that is, in the rotor circuit it is possible to have only a
single power direction in contrast to the facility discussed in section
2. The runner rotary field can be influenced in terms of current ampli-
tude (by controlling the intermediate circuit current ig thrcugh the
rectifier). The phase and frequency, however, are determined by the
stator rotary field and the rotor rpm, that is, only the effective power
can be controlled. The machine as well as *the rectifier take idle power
from the network inductively which may be controllable by means of con-
trollable condensers. The current rectifier complexity 1is small (6
diodes, 6 thyristors) and a circuit of the runner circuit to resistances
is possible as overload and over rpm protecticn.

The rpm range is specified so that the rotating masses are capable
for the maximum deviation from the nominal point to give off or take up
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Figure 3.2 Characteristic line field of the over-
synchronous current rectifier cascade

the same kinetic energy. For the normal operating range, the facility
will, therefore, be along characteristic 1 of Figure 3.2. If the
limiting rpm is achieved, then the power delivered to the network has
to be changed (characteristics 2 and 2'). For facilities with a larger
slip, it may be necessary to hold the entire power (Pstator B Protor)
constant. Then it would be necessary to reduce the moment according

to characteristic 3 with increasing rpm. This makes the stability con-
ditions more difficult and this will be tested by means of a digital

simulation program.

4., Present status and further vrocedure

For the double supply asynchronous machine, a computer program
has been developed which considers the unsteady operation of the cuirent
rectifiers and simulates the dynamic behavior of the control generator.
The results will be compared with practical laboratory tests in order
to allow generalization. The computer structure shown in Figure 2.7
with peripherals is now finished and at the present time is being tested.
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The first testing will be done with a small 1.7 kW-ASM and will be
istor rectifier in the rotor,circuitJ This intermediate stage has been
introduced in order to overcome the long delivery times for the direct
converter. Therefore, it becomes possiblé to build upﬁthe operating
program in the following report year and to test it in steps. We plan
to transfer to the larger machine (22 kW) and there will be additional
problems because of the dlirect converter which can be 1solated by pro-
ceeding in this way.

For oversynchronous current rectifier cascades, at the present
time a computer program is being designed whiech will be uséd to invest-
igate the dynamicrbehavior in parallel with the test set up. For the
double supply ASM as well as for the current rectifler cascades, this
same machline will be used,; therefore, we have a direct means of com-
paring both methods.

Instead of the wind turbine, a direct current machine 1s used for
the drive for which a moment variation will be implemented corresponding
to that of the turbine. First test functions (jump, ramps) can be
specified. Later on the torque variations determined by GHK will be
used as nominal values.
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ANALYSIS OF VARIOUS ENERGY CONVERTERS

1. Introduction

In the first report we investigated gerierators and their controls
and compared them. The theory and iaboratory setup of the double
supply rotary field machine were discussed in detail.

In this report.(II), we first discuss the digital simulation
results of the double supply rotary field machine. After thils we dis-
cuss the measurement protocols obtained with the laboratory setup. 1n
addition,:the report has in it extensive description of the theory and
the simulation results for oversynehrénous current rectification cas-
cades.

2. Simulation of a double supply three phase generator

The differentlal equations of the double supply three phase machine
and the block diagram of the entire contrcl concept can be taken from

the first intermediate report. Fgiure 2.1 gives a simplified circuit
diagram.

2.1 Si@pla&ion of the closed control clrcuit

For the best possible representation of the dynamic properties of
the generator, the differential equations of the three phase machine

and of the network are related with the properties of the direct recti-
fier. ' ‘ '

In order to limit the calculations, the foliowing simplifications
are introduced: o % o |

1. The output voltage of the direct rectifier consists of segments
of a sinusoidal function, depending on the control angle a, and the
commutation processes are ignored.

» 2. Tbhe blockage time for zero crossing of the current is not
considered.
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The entire block diagram of the controller concept is shown in
Figure 2.3 of the first intermediate report.

2.2 Simulation of the wind energy supply and the mass inertia
of the generator unit

In order to be able to approximately simulate the operation of a £g§1
real wind power plant, the dynamics of the wind and the mass inertia
of the reai wind energy converter have to be simulated for the labor-
atory machine. This is done by a corresponding control of the direct
current motor which drives the three phase machine and in this way
gives the fluctuating énergy supply of the wind to the generator.
Figure 2.1 shows a simplification of the control of the direct current
machine. The moments of inertia of the real facility can be simulated
by a suitable selection of the integration time constant Tm'

2.3 Design of the controller

All of the controllers (see Figure 2.3 of the 1lst intermediate
report) are determined for the synchronous idle running condition with
the assumption of complete uncoupling. Since the paths are of higher
order, the theoretical design can only give indications by means of
replacement time constants. The final dimensioning is done experi-
mentally during a simulation.

3. Simulation results

Figures 3.1a and 3.1b show the simulation results calculated from
the test facility and normalized for the nominal quantities and the
control circuit was subjected to several disturbances.

3.1 Jump;response of the generator for synchronous conditions

It 1is assumed that the generator is in the synchronous idling con-
dition for t < 0, i.e., the rotor current and the rotor voltages are O.

56 <Y | ,‘




At the time t = 0 the nominal quantities of the generator are intro-
duced as nomlnal quantities instantaneously in the form of a jump to
the voltage controller and the moment controller. At the same time,
the electrical moment of the generator is specified in the same magni-
tude. The rpm of the machine remains approximately constant.

Diagrams a, b in Figure 3.la show the development of the two-phase
rotor currents. The real three<phase rotor currents are shown in dia-
gram ¢. Two of the three-~phase rotor voltages are taken from 4, e.

The electrical moment Moy and voltage AUact = Unom - Uact already bhave
achieved a stationary state after about 100 ms (diagrams f, g). Dia-
gram h shows the sllp s of the machine. The dash and dot line gilves

the slip of the energy converter. The difference between the electrical
moment and the moment ¢f the wind wheel which results during the trans-
lent process of the controller circult is not sufficient to accelerate
the machine noticeably. Thils is not completely achleved with the labor-
atory facility (see dlagram h, curve Slab)’ but the dynamic bebhavior of {
the simulated wind energy converter 1s quite close to the real facility.

/290

3.2 Braking of the generator from the synchronous condition to

minimum rpm

The generator 1s braked with 25 times the nominal moment within
175 ms to its minimum rpm. Diagrams f and g show that these perturba- i
tion quantities are quickly controlled by the controllers and that the
moment and voltage controls are uncoupled. By means of the control
system a slip-frequency sinusoldal rotary current i1s superimposed on
the rotor (c).

3.3 Voltage actual value and nominal value Jjump for asynchronous
operation

gt e S e s S8 S 4

The generator is in the under synchronous condition (s = 15%). For
t > 450 ms the network voltage and the nominal value of the voltage con-
troller are reduced by 10%. Diagram g shows that the stator voltage
has reached the new nomlnal value after about 70 ms. A cumparison

291




ORIGINAL PAGE 13
OF POOR QUALITY

A A
LSS A AVAY

1
2} 21
s E
' R“l R L e S \.‘*.«-‘\-'Y\ ( ﬂr\,‘\[\(\ 7N

TR : H,Ahp\Nx A. I"\

!
9v].
,Nﬁﬁﬁ@mmmhww“mmw%%ﬁ%mﬂi*m“wﬂ W&Mm
d) 1y qwl‘l'l‘bl‘l"l'u"l‘ﬂ"rl‘r ,\'lf b.;.ii‘n_ﬂ“l J JNI ]% ﬂ‘lﬂ‘%' Flw“ ﬂﬁ Irhllﬂlﬂ
' .
Yre
- 200V
*'Wh'h"""""J‘“hgb" u!’[,'il!hf,t,'*l, q ld i\{ 4 “t":lli'lﬂ 'hh"' t‘

A SER LA b et PR *ﬁ"
* i WW‘WW M mﬂ”i e Iq'i‘ "fﬁ‘d %u*‘l}“‘ vhkv 11“‘1"{‘

Figure 3.la: Dynamic behavior of a double supply three-phase
machine (simulation)
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Figure 3.1b: Continuation of Figure 3.la
between the electrical moment and the stator voltage shows that the
two control circuits have the desired uncoupling for this perturbation

case.

4.1 Present status of the test setup
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A detailed description of the microcomputer system and the power
part was given in the first report. In the meantime, the Individual
components have been operated and have been switched together accord-
ing to the structure shown in Figure 2.1. The structure and operation
of the direct converter resulted in some difficulty because of the fact
that the star polnt was not connected.

An assembler program was built for controlling the double supply
three field machine and was tested with a laboratory setup. A scanning
time of 2.5 ms can be achlieved for the two current controllers and a
scanning time of 5 ms can be achieved for the moment and flow controllers.

The first results with this controlled three phase machine were
presented in October at the INTERKAMA 80 fair. Tigure 4.1 shows the
fair stand of the Institute for Control Techniques duringfthe building

phase. The figure shows the 22 kW machine, the controller unit and on /291

the left side there 1s the rectifier console for the direct current
machine. The direct rectifier cannot be seen on the figure. The poster
(see Figure 4.2) in the background gives a summary about the purpose,
theory and control method.

4,2 Measurement results

In the following we will give a brief discussion of measurement

protocols of the test set up. Since the facility is not yet optimum,

these are only intermediate results. - For example, there are still diff-
iculties because of the fact that the star point of the rotor windings

1s not acceptable and because of the switching delays of the partial

bridges of the direct rectifier. In addition, the voltage switching

of the induced rotor voltage was not yet operable. However, we already /294
can see that the results obtained with the digital simulation will be
confirmed in practice. |

Figure 4.3 shows the variation of the normalized two-phase rotor
current of the machine. The controlled direct current machine drives
the three phase generator and transfers it from oversynchronous condi-
tion to the undersynchroncus condition. The phase position of the rotor
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PAGE 18

ORIGINAL QUALTY

GF POOR
KEY TO FIGURE 4.2 ON PRECEDING PAGE:

l--replacement diagram for superimposed rotor current; 2--current
vectors, longlitudinal component of rotor current wideww ewd  flux,
transverse component of rotor current Pe " imt-am s 3 b-=-behavior of

the generator for jump-like moment and voltage changes (simulation);
T--the power delivery of a wind power plant depends greatly on wind
speed. Short time fluctuations can be equalized by using rotating
masses (wind wheel, gearing, rotor) as fly wheels. This implies that
the generator operating on a flxed network can operate with variable
rpm. In this project, the operating behavior of various generators

is investigated for wind power plants. The figures show thé method
adapted for Growian of a double supply 3-phase machine; 6-—ﬁncoup1ed
effective and idle power control of a double supply 3-phase generator;
8--properties of a double supply 3-phase genérator. -Over and under
synchronous operation -Uncoupled effective and idle power control
-capacitive or inductive operation; 9--simulation of wind wheel;
10--controlled 3-phase generator; 1l3--laboratory set up. In the
laboratory the generator is driven by a controlled direct current
machine instead of the wind wheel.. Stored moment variations are used
as controlling varliables of the direct current drive. This means gusts
can be simulated. Supported by BMFT. 14--wind power plant with double
supply 3-phase machine; 15—line; 16--control; 17--actual valste determination;|
18--direct rectifier; 19--gear; 20——wind:whee1; 2l--subsynchronous opera-
tion; 22--over-synchronous operation.
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Figure 4.1 Measurement stand of the double supply 3-phase machine
Interkama 80

currents changes during transition through the synchronous condition.

igure 4.4 shows the variation of the magnitude of the magnetiza-

tion vector imc for constant rpm of the generator referred to the mag-
netization current Iu (for an 1dling machine). At the time t1 the

nominal value is cha J

ged in jump-like fashion for the magnetization
current (flow con . For the maximum voltage of the direct con-
verter selected here, the actual value adjusts to the new nominal value
after about 120 ms. The corresponding variation of the a component of

the two-phase rotor current is shown in Figure 4.4b.

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

5. Further procedure

A o = . ) + o wrd hdnco £ + . 1 ~
As the protocol shows, the switching of the direct converter and

the discrete operation of the microcomputer lead to higher harmonics.
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Figure 4.3 Variations of 2-phase rotor currents for
transfer from over synchronous to under synchronous

operation.
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Figure 4.4a. Magnitude of magnetization vector for a
Jump-1like change in the nominal value.
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Figure 4.4b. a--component of the 2-phase rotor current
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In order to further reduce the influence of the scanning raster of

the microcomputer on the higher harmonics, at the present time we are
building a new controller unit with a much higher performance 16 bit
microcomputer. This means that the phase transformations are also
performed digitally. The scanning times expected for the controlled
circuit are between 1 ms and 1.5 ms. In addition, we will investigate
whether there will be an improved switching and control of the direct

converter with regard to the higher harmonics.

6. Oversynchronous current rectifier cascade

6.1 Method of operation

Figure 6.1 shows the circuit diagram of a current rectifier cas-
cade. The rotor current and, therefore, the rotor power of the slip
ring runner machine which is connected to the network can be controlled
through the control angle of the rectifier on the network side. Other
details about the advantages and disadvantages of this concept are con-
tained in the first report (I).
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Figure 6.1. Wind energy facility with rectifier cascade

The asynchronous generator for the oversynchronous current rec-
tification cascades circuit is simulated with consideration of the
differential equations of the machine and of the current intermediate
circuit. The results obtained will be compared in another part of the
work with measured results of a test set up and they will be interpre-
ted.

6.2 Calculations for stationary operation

The nominal slip of the current rectifier cascade is specified so
that the rotating masses a‘‘e capable for permissitle rpm deviations,
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to take up or give off the same kinetic energy. For the simulation

we set s = 0 and s,, = 0.15. Therefore, we find s = -0.283.

min N max

Later on we will discuss how the minimum slip cannot exceed a limiting

value because of the expected commutation difficulties.
Since we already have simulations of a double supply asynchronous
machine, in order to have a simple comparison, these machines data are

used for the cascade as well for comparing the systems.

7. Simulation of the oversynchronous current rectification cascade

The differential equations of the asynchronous machine have to be
related to those of the direct current intermediate circuit for the
mathematical description of the oversynchronous current rectification
cascade. In the following we will outline the procedure.

7.1 Differentlial equations of the direct current intermediate
circuit

If the voltage of the rectifier is assumed as an imposed voltage,
then depending on the state of the rectifier, we can write down the
following simple differential equations for the direct current inter-
mediate circuit (Figures 7.1 and 7.2).

di pe :

ug = Rg . ig + Lg "Hfgk tup - S , ; (7.1)
For the simulation the method of a direct couﬁiing in conjunction with
a cyclical exchange is used for the fixed pulse rectifier. The poss-
ible 12 states of the rectifier, 6 commutation and 6 noncommutation
phases, are related to the equations of the rotor with the correct |
initial conditions and in the correct sequence. One then obtains a
set of 12 differential equation systems.

7.2 Differential equations of the rotor circuit

The two phase description of the electrical quantities is selected
for describing the asynchronous machine in the a, b system moving with
the rotor. :
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Figure 7.1. Replacement diagram of the current rectifier

cascade for establishing the 12 differential equation systems.
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Figure 7.2. Replacement diagram of the current rectifier

cascade for setting up a differential equation system.
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From Figure 7.1, we can read off the equations of the rotor /298
voltages,
dle
Rp TRa(t) * & = Yp1
dVRZ
RR iRz(t) + -3t o UR2 (7.2)
d¥ps3

If the rotor fluxes are expressed by means of the inductivity of the
machine and the corresponding transformed electrical quantities, then
the rotor voltages can be calculated as follows after a few conversions:

Up1 ' Bpal . [1R1] .
Ra dt Saj | | Usa

Upg| <A |+ B |digy+ € 1+ Rp ligy| + D - (7.3)
Rb dt Sb Ysb

YR3 'R3

- d ol

The elements of the matrices A, B, C and D consist of the inductions
of the macunine and the numerical factors resulting from the transfor-
mations.

7.3 Relatlonship between the differential equations of the
rotor and those of the intermediate circuit

Any state of the direct current bridge can be represented as a
combination of the commutation current i, and the intermediate circuit

k
ig. The following connection relationships can be specified
R1 ;
) 9
R2| %3 |, ’ (7.4)
i
k
" .
| R3,
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0
buR3l

i, ig ]

Ra g

: 1 =_v_ . . (7‘6)

) k|

S, §? and V are switching matrices which depend on the state of the
rectifier. By combining equations (7.1) to (7.6), we finally obtain
12 equation systems of the form

Rg 19 + Lg 3?9 + UuR . 19
=-S AV |
0 'k
(7.7)
R i u
t Sa g Sa
-sTgyv -sTc - Ry -sTo
- T T |di - 7. . '
k 1 i Ue, !
T | Sb k "Sb.

7.4 Stator equation and mechanical motion equation

The differential equations of the stator currents and of the elec-
trical torgue are obtalned if one expresses the rotor currents using
ig and ik in the known equations for the asynchronous machine.

8. Dimensioning of the current controller

A simplified block diagram can be designed of the current recti-
fier cascade for dimensioning the current controller. The following
structure can be given for the closed control circuit:
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Figure 8.1. Simplified block diagram of the current rectifier
cascade.

The A quantities have the following values:

Aig L= ig - IéN
B = uyg - Ugy
Mgy = Mgy + My
N%‘ =My - MN

The factors Te and V are determined using the stimulation models. The

factor -8, considers the fact that for idling the nominal rpm is

w/wo =1 - 84

RS
(U8}
(@)
=

? Using this block diagram the PI controller of the current control
7 circuit can be designed according to the knownr dimensioning speciflca-
tions.

-
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9. Simulation results

The first simulation results are available. The numerical inte- -
gration of the differential equations is done using the Runge-Kutta
method. The rectifier voltage UuR consists of sections of a sine func-
tion, depending on the control angle a. The controller is dimensioned
according to Chapter 8.

9.1 Operation of the cascade at the nominal point

Figures 9.1a and 9.1b show the most important electrical and mech-
anical variables of the cascade at the nominal point. The intermediate
circult current ig and the moment m contaln the upper harmonics of the
6 x rotor frequency as well as the higher harmonics of the 6 x network
frequency. TlLey are produced by the uncontrolled rectifier and the
rectifier in the rotor circult controlled by the network.

These voltage jumps caused by the rectifler also affect the commu-
tation of the rectifier (see Figures 9.l1a, 9.1b). At the time tys
the switching condition of the bridge 1s satisfied but the voltage
time area is not sufficient in order to build up a sufficiently large
commutation current. The current can only be commutated to the new

phase after t2.

9.2 Jump response for a change in the nominal current value igs

We consider simulating a jump in the nominal current value from

1 1]
1.13 IGN to 0.63 IGN' Figures 9.2a and 9.2b give the result. The

actual current value adjusts to the new nominal value with a slight f
undershot. According to the power division ‘

P - s P

Rotor — Stator (9.1)

the stator power becomes smaller.
9.3 Jump response for a change in the supplied mechanical power :

Starting at the nominal point, the generator is accelerated up to
maximum rpm with an assumed torque within 0.1 sec. Figures 9.3a and
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9.3b show that the rotor current anrd, therefore, the moment of the
machine can be maintained constant by control. For uniform power deli-
very into the -network, it 1is necessary to reduce the nominal value of
the electrical moment of the machine according to a function which
depends on rpm.

10. Further procedure

The simulation results discussed above allow a first evaluation
of the oversynchronous current rectifier cascade. 1In the second step,
the mzthematical model will be improved and especially the higher har-
monic spectrum and the operating points lmportant for commutation
wlll be investigated. In parallel with the theoretical results, we
willl build up the test stand and bring about microprocessor control.

Abbreviations used

s slip

[ mechanical rotation angle

w rpm

m mechanical moment

Maq electrical moment

Rg ohmic resistance of the direct current intermediate clrcuit
Lg inductivity

ug intermediate circuit direct voltage
ig intermediate circuit direct current
iR rotor current

iS stator current

Up rotor voltage

Ug stator voltage

WR magnetic rotor flux

P electrical power

ik commutation current

UyR rectifier voltage

RR rotor resistance

RS stator resistance
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mechanical moment of inertia
mechanical time constant

S magnetization current
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CONCENTRATION OF WIND ENERGY IN VORTEX FIELDS AND THEIR 311
EXPLOITATION FOR PRODUCING ENERGY (PHASE I)

Project No. ET 4252 A%

H. Staufenbiel and H. Bry

~N
(A
’_J
n

1. Purpose

Investigation of the physical foundations of wind energy conver-
sion which exploits the concentration of wind energy within vortex
fields. According to measurements with wind tunnel and water tunnel
models accompanied by theoretical analysis, an economical system 1is to
be defined and the design of an outside model facility is planned.

2. Working program

- Development of the physical foundations of suitable vortices:
production, structure and stability for disturbances.

- Estimation of the wave power of various designs for the exploit-
ation of vortex systems as wind energy concentrators.

- Variation of the parameters for the optimization of the aerody-
namics with the purpose of producing high energy vortices.

- Critical analysis of concepts with consideration of* costs of
construction and problems of structural realization.

- Concept selection and definition of wind tunnel models.

- Investigation of selected concepts for wind tunnel testing and
calculation methods.

- Economy considerations compared with conventional wind mills.

The project was introduced to the participants of the Seminar for
information purposes because it 1s not directly related to the
Seminar. In this report, therefore, brief summaries are given of the
Institutes for Aviation and Space Flight and for Flight Construction
as well as two photographs. A more extensive final report will be
published in the middle of 1982 (BMFT FB series). During Phase II,

a 10 kW-WINK prototype will be tested.

R. Windheim
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3. Status (end 1980):

The work on the topic wind energy concentration during the report
year were designed to investigate the properties of various delta sur-
faces with realistic installation conditions of the surfaces.

The natural solution for a delta surface on a tower has substan-
tial aerodynamic and structural disadvantages. Support walls below the
wing which are more favorable from the structural point of view, couid
even increase the vortex intensity for some developments. Regarding §
the use of a concentrator under natural terraln conditions with over ' ;
speeds, such as would be found over cliffs, for example, seems practical
by using a perpendicular half delta surface and seems to be economic.

The power brake was improved in accuracy and the measured power
coefficients show an increase by a factor of 10 in the power delivery
compared to a rotor with unreinforced incident flow. In addition, the
influence of a wind direction change is demonstrated. Up to a slip
angle of 6°, no tracking 1s required. When the azimuth actuator motor
has a tracking speed of 6°/min, then no bursting of the vortices is to
be feared.

The work on the YEN vcrtex tower’demonStrates the functional capa-
bility of the principle. First measurements give a power intensifica-
tion by a factor of 6. Similafqvalueswwere also achieved with delta
surfaces. The power increase with reduced turbine diameter as given
by YEN does not occur and towers with large height--diameter ratios
"block" the outlet.

; /313
The Institute for Aerodynamics and Space Flight (ILR) and the Inst- '
itute for Light Construction of the RWTH AAchen since'i9?8 have been
developing concepts for a wind power generation facility using new

technology sponsored by BMFT and under the direction of the KFA Juelilch.

This 1is a so-called wind energy concentrator (wink).

The small density of the natural wind energy makes it natural to
consider a concentration for techbnlcal and economic reasons. The
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concentration can be done using
direction surfaces on designs.
the energy 1s the production of
guide surfaces.

vortex sheet)
K‘ Wirbelschicht
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If we have a rotor with such
an angular momentum flow, then
each blade element requires
substantially greater twists
than usual as the velocity
triangle shows.
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natural terrain forms and suitable wind
One speclal possiblility of concentrating
vortices at sultable, delta--shaped

A vortex 1s created at the leading
edges of the delta wing.

In the vortex the speeds are substan-
1ally Iincreased compared with the wind
speed U_.

The speeds in the vortex have approx-
imately distribution over the radius.

A substantial throughput increase
results in a high rotdtion energy and
a concentration effect,
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| For the same design power as a convent- /314
“0* ional horizontal turbine '
20° amgznu - the wink requires a much smaller rotor
¢ } - the winkfwill start at smaller wind speeds
, L - the wink can control the vortex intensity
0 0s 10 R

by adjusting the angle of attack and

An optimun distribution therefore equalize wind fluctuations
of the blade adjustment

angle is shown above,
1, Rotor hub; 2. Blade

tip.. : .
Therefore, the wink results in a greater yearly energy yield.

With consideration of the power characteristic line shown below and
the frequency distribution of wind speeds prevailing at the location
List/Sylt, at a 100 m hub height we find the following sum curve of

energy to be gained per year. The reference speed is the measured wind
speed at 12 meter height.
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1--concentrator power plant

(wink); 2--conventional l--year; 2--concentrator power plant;
horizontal turbine; 3--design; 3--conventional horizontal turbine;
f——hub height; 5--power char- f—-gesign; 5--yearly energy gain at
acteristic of a wink , location 1list/sylt
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A WINK COULD LOOK LIKE THIS
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high power version (5-10 MW)
on a stand

/

l--bearing and generator hous

1‘
2--deflecting arm; 3--vortex a
j--vortex generator; 5--tower
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OF POOR QUALITY |
) CALCULATION OF LARGE ROTOR BLADES FROM THE CALCULATION
¢ ENGINEERING{POINT OF VIEW

* * %%
John H. Argyris , Kurt A. Braun , Warner Lang

SUMMARY

Extensive calculations are required for designing rotor blades of
large wind energy facilities. In the present report we will discuss a
part of finite element calculations. We are discussing the c¢cross sec-
tional data for rotor blades which are produced automatically for
specified profile contour, spar geometry, materials and wall thickness
distribution, and are produced for further processing in an FE system.
The input and change of typical parameters can be done interactively
by the engineer on a screen. An iterative matching of the structure
is, therefore, easily possible and can be done rapidly which saves
cost and time for the design of the blades.

~N
)
H
(@]

SCHEMATIC SEQUENCE OF AN FE-CALCULATION

o

Before the finite element calculation, there is an aerodynamic
design of the rotor blades. With consideration of the wind conditions
for a blade of given length, profile type, chord distribution, thickness
distribution and twist are specified. This aerodynémically specified
wind geometry is available to the engineer in order to house the sup-
porting components in a rotor blade, for example, in a box spar. The
geometry of the supporting components and the materials have to ge speci-
fied. The input of this information 1s done interactively on the screen
for varlous wing sections. From these spar data, the equivalent beam
~values are calculated which are required as input for the following FE
calculation. This complex and difficult computation step was performed
'up to the present by the engineer and the beam cross-sections were input
for the varioustﬁ@dé positions 1Into the FE program.

¥ : . |
University of Stuttgart, Institute for Statics and Dynamics of Avia-
tion and Space Flight Designs

¥%¥Statics and Dynamics Research Association mbH, Stuttgart
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Using static FE analysis of the rotor blade idealized as a beam
model, 1t 1s possible to determine forces, stresses and displacements
due to various design loads (for example, eigen weight). The calcula-
tion engineer changes hils spar data until the reaction of the structure
are satisfactory. As a rule, this makes 1t necessary to change the
spar very frequently and determine the equivalent beam values. The
automation of the last step connected with a substantial facilitation
of the input and change process of spar data means a substantial savings
in time and cost.

If the static design of the blade has been included satisfactorily,
then a dynamic investigatlion is also necessary which gives stability
information and time responses of the structure. Here agaln, as a
rule, it will be necessary to change the spar and structural data sev-
eral times until satisfactory results are achieved.

To interpret the FE results, it is necessary for the beam ideali-
zation used to recalculate the generalized beam forces into stresses
in the spar. 1In order to unload the engineer, this is also done auto- /319
matically. Using clear graphical representations prepared by the com-
puter of the stresses and displacements, a fast interpretation of the
results becomes possib;e.

In the following, we will only discuss the input and change of
spar data.

INPUT OF SPAR DATA

. In the idealization of a rotor blade as a beam model using finite
; elements, for every node point and end point of the individual beam
element, one requires the characteristic geometric'data. In the pre-
viously used investigations we use the beam element BECOS and BETACX
of the FE system ASKA / 1 / which are the following:

- transverse area

- moment of inertia
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- reciprocal shear surfaces

(see Table 1 and Figures 2 and 3)

-

St. Venant torsion constant

coordinates of the thrust center

In addition, the mass and inertia variables are determined for

the dynamic analysis:

coordinates of the mass c.g.

- mass of the blade cross section

and the latter two guantities 2re referred to the longitudinal dimen-
sion of the blade (for example, dm / dr).

The cross section of the rotor blade 1s ldealized as a multicell

closed

materials so that a composite wing made of many materials can be treated.

The program for the interactive inpuﬁ of spar data requests the
following data required on the screen, for example

For simplifying the input, the program asks whether certain special
cases prevail, for example

mass inertla around c.qg.

shell. It can have walls, ridges and spars made of different

number of blade cross sections

are the cross sections represented graphbically?
number of thrust steps

number of flanges on the upper and lower spar side
coordinates of the shell corner points
configuration of walls, thrust steps and flanges
material values for individual parts

wall thicknesses for walls and thrust steps

spar coordinates defined by a known profile?
perpendicular thrust steps?

spar walls parallel to x axis?

constant wall thickness in the cross section"
constant E modulus over cross section?

pure flange idealization?
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and if a special case occurs, it jumps over the unnecessary jquestions
to the engineer.

REPRESENTATION OF THE PROFILE AND THE SPAR GEOMETRY

On request, the profile and/or spar contour can be automatically
drawn for the blade sections. The profile geometry can be specified
with

- subprogram (up to the present NACA 00 series) with parameters

- data filed with value pairs (previously FX 77-W-153)
therefore, 1t is very simple to introduce new profiles. In Figure 4,
for example, the FX 77-W-153 profile including the spar selected by the
englineer 1s shown. In this case, only the positions of the perpendicu-
lar thrust steps are glven and determined that the spar corner points lie
along the profile contour. In Figure 5 the spar 1s shown alone. The
NACA 0052 was represented in Figure 6 including the fitting spar.

The graphlcal representation of the spar in the profile contributes
substantially to the clarity of the design and clearly. shoss possible

errors before calculatlons are started.

CALCULATION OF THE BEAM CROSS SECTION DATA

The beam c¢ross section data mentioned above are calculated and made
avallable to the FE program (in our case, ASKA).

REPRESENTATION OF RESULTS

The stresses calgulated from the generalized beam forces gg
the result of the FE calculation, are automatically plotted in a figure
similar to Figure 6 and allow fast evaluation. This part is still being i
worked on. , §

REFERENCES

[1] - , ASKA UM 202, ASKA Part I, Linear Static Analysis, User's Refer-
ence Manual, ISD-Report No. 73, Stuttgart, 1971, Revision ¥, 1979.
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FIGURE 1. Block diagram of the linear rotor blade calculation
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KEY TO FIGURE 1 ON PRECEDING PAGE:

‘1—-aerodynamic specifications wing geometry; 2--input and change of

spar data; 3--calculation of equivalent beam values; 4--linear static

FE calculation of beam model; 5--forces stresses diSplacements;

6--load for design; 7--eigen modes and eigen frequencies (standing still,
rotating without aerodynamics); 8--stability data; 9--eigen modes and
eigen frequencies with aerodynamic coefficient matrices; 10--aerodynamic
matrices; ll--time dependent forces, stresses and displacements; 12--
time response to dynamic loads; 1l3--aerodynamic and other time dependent
loads
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BECOS

|CINAL PAGE 1S
&R POCR QUAL\“

Solid beam of constant cross-section, St.Venant torsion, no shear effects in bending
Number of nodes 2, locoted on centroid of end cross-sections
Degrees of freedom v, v, w, ¢*, ¢Y, ¢z ot each node

FPigure 2. The BECOS element

BETACX

élosed thin-walled tube with linear toper  connected to ;céenttic nodal points,
St.Venant torsion, shec: ¢ffects in bending -

Number of nodes 2

Degrees of freedom u,v,w, ¢x' d’y-’ Qz ot each node

Pigure 3. The BETACX element’:
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WING TECHNOLOGY PROGRAM FOR LARGE
ENERGY FACILITIES

N
(O3]
N
\O

Project ET 4375 A

D. Muser

In the following we discuss several problems which resulted
during the first phase of a wing technology program which obstructed
a fast and exact optimization of large rotor blades. The individual
problems of various importance have various influence on the rotor
blade design.

DEVELOPMENT OF AN OPTIMIZED ROTOR BLADE

The main purpose of the wing technology program is the develop-
ment of low cost rotor blades. The rotor blade can only partly be con-
sidered as an isolated system because there are substantial feédbacks
of the rotor blade on the entire system. Assuming equal total facility
concepts and the same rotor concepts, for example, Growilan, it is possi-
ble to make a simplified analysis for an isoclated rotor blade.

The optimization path of the blade leads through aerodynamics and
structural designs up to the rotor blade design. The energy yield ob-
tained and the structural costs together give the energy cost. If these
reach a minimum, then we have a cost optimized blade.

INFLUENCES ON THE ROTOR BLADE

For the rotor blade, the effects of the profile, geometry and
adjustment philosophy as well as the interaction of the supporting and
covering structure combined with the materlials can be computed separat-
ely. Other influences on the energy yield and blade costs are also
important for the entire installation.
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AERODYNBMICS STRUCTURES

— |

ROrOR BLADE

 ENERGY YIEID BLADE COSTS

' {

ENERGY COST'S

Minimum
[

,OPT IMIZED BLADE

For a limited wing technology program, only a few combinations
can be treated out of the entire matrix of solutions. According to
experience with Growian, it is important to investigate new aspects of /331
the profiles and adjustments in conjunction with the structure. However,
already during a comparison of calculated data.withfthose of other facll-
ities, the influence of the calculation, the location, theitOtal facil-
ity and the number of units will very clearly lead to distortions. At /332
the same time various operating states can only be estimated roughly as
to their effects. The influences of contamination (increase of the
roughness by a factor of 10 for insects) or the erosion effect on loads,
power and lifetime are for the most part unknown.

Also not much information is available about gust distribution
and it is difficult to estimate the expected nonrunning times of the

facility.

POWER_COMPARISON

From the cost estimates, one cannot derive certain information .
about the expected energy costs. At the same time, when comparing

333
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KEY T0 FIGURE BELOW:

l--thicknesses; 2--twist; 3--chord; U--tape ring; S--slenderness;
6--blade; 7--tower height; 8--rotor position; 9--control; 10--wind
following; ll--wind profille; li--frequency; l3--gusts; li--calcula-
tion methods; 15--profile; 16--geometry; l7--adjustment; 18--facility;
19--location; 20--calculation; 2l--aerodynamics; 22--structure;
23--rotor blade; 2U--energy yleld; 25--blade costs; 26--energy costs;
27--optimized blade; 28--supported; 29--covered; 30--materials;
3l--manufacturing; 32--number of pleces; 33- operations; 335-D spar;
34--box spar; 35--shell; 36--individual shells; 37--entire shell;
38--steel; 39--light metal; 40--composite; U4l--mechanical;
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various facility sizes and types, it should be realized that the cal-
culation results are only partly supported by wind distribution, tower
shadowing, wind direction fluctuations and wind gradient and the result-
ing power losses can lead to different results.

/333

Changes in the power yield can amount to the following:
wind distribution + 5 percent -

tower shadowing - 2 to =T "

oblique incident flow -0.5 to -1 "

and wind gradient + 3 "

In the superposition case, differences can occur, depending on
the assumptions. This can affect the energy yleld and the facility cost.

COST DEVELOPMENT

The prediction of cost development is Just as difficult as the
prediction of rotor blade manufacturing costs. If one considers the
optimized cost estimates of hydrocarbon manufacturers with a minimum
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price of 30 DM/kg for the year 1990, then it may be possible to devel-
op a rotor blade whose cost will remain the same up to the year 1990, 5
in spite of increase in resin, glass flber and labor costs. Under these a
assumptions, the development of a hydrocarbon blade would have addi- :
tional advantages.

One condition for this is the development of rational manufactur- 4335%
ing techniques and nondestructive testing methods for composite fiber a
components. The present state of processing speeds of composite fibers g
varies widely. Per work place or machine, there are values between 1
kg/hrs and 200 kg/hrs. GFK (glass fiber plastic) is assumed and a'simple
recalculation to other materials can be done using the density of the
various fibers. The differences and the difficulty of processing are
not important. From this we find that for a suitable blade design, the
winding of rovings with a high single thread number seems to be the most
favorable manufacturing method at the present time. This is confirmed /335
by the American GFK rotor blades of Kaman and Hamilton Standard.
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The conversion of these possible processing times to mass pro-

duction of rotor blades becomes problematical. Comparisons with

numbers

for 1000 rotor blades known from the United States over 10 years could

be made. The resulting 100 blades per year, however, would not necess-

arily have to lead to the lowest price.

For large components with high

investment costs of the production facilities, the manufacturing costs
can again increase with increasing numbers when the facilities are not
At the present state of the optimization work for
large wind rotor blades, therefore, one has to design the number of

completely used.

pleces made according to optimum manufacturing methods.

At the present

time for a light metal blade, we find an optimum piece number of 38

pleces per year.

Similar results (32 GFK blades) are known from
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Hamilton Standard. Price comparisons with other facilities can be per-
formed but are difficult to evaluate.

/336
The cost of light metal and the composite fiber version for mass
production reached the level approximately for the MOD-2 model. This
corresponds to the price of about 0.4 pfennig/kilowatt hour. In order
to achieve these low costs, which are by a factor of U4 less than the

present Growian blade cost, there has to he a substantial manufacturing
and material development. 1

ey

oy
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r

MATERTAL AND MANUFACTURING DEVELOPMENT

|
!

Material development does not mean é determination of simple char-
acteristics but the development of favorable materials for wind energy
applications regarding weatbering and loads. Varlous developments are /337
required for the various materials which increase the manufacturing
speed and réduce the manufacturing costs, and are also intended to Ymprove
the lifetime of the components. Here especially we are interested in
the composite materlal sector, the most recent group of construction)

\
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materials. It is important to use the possibilities of the material
and to reduce overall costs.

The influence of various concepts on the total facility have to
be considered. Also there may be required design changes. For two
load cases with the example of Growian, one considers the bending
moment varlations over the blade length . Then for a lifetime calcula-
tion of a hub, for steel of LF 1.3 (nominal operation), the hub is not
as important as for a composite fiber blade. Using the assumed mass of
16300 kg for a steel blade and 4800 kg for the GFK/CFK blade, LF 1.3
becomes dominating because it is on the same order as 2.5 (negative

gust). It is important for the hub design to consider the change load
conditions.

/338
For the dimensioning of these components with the load cycle num-
bers between 108 and 109, there is not much data available. This is
also true for the type of lifetime calculation.
s,
339 ™
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SUMMARY

Considering the various aspects, we can consider the following

partial areas for additional wind energy research:

- nominal load 1l1list

- nerformance calculation
- material development

- manufacturing development
- testing

With increasing knowledge of these subjects, the further develop-
ment of large rotor blades will become easier and will lead to lower

energy recovery costs faster.
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THE ANALYSIS OF THE OVERALL DYNAMICS OF GROWIAN I

~N
(V)
&
"

*
K. Kehl
SUMMARY
Computer programs for the analysis of the overall dynamic beha-=

vior of Growlan I are presented. Problems and solution possibilities
in dynamics are discussed with some examples.

~N
(W]
=
N

1. Introduction

Large wind power facllities with a horizontal rotor axis can per-
form oscillations when standing still and especially during operation.
Because of operation under load, static loads occur which can be ampli-
fied by excitations caused by ground tremors, network disturbances,
control influences, facility imbalances and wind disturbances. This
affects the dimensioning of the facility, both for the extreme low case
and for the creep strength. Therefore, certain oscillation deflections
and accelerations must not be exceeded.

Large wind power generation facilities bhave to be dimensioned

for operational reasons and cost reasons. In contrast to earlier wind
mills, substantial supporting components have to have an almost rigid
behavior instead of an elastic behavior. Because of the design yields
(for example, tower, rotor blades, drive train, etec.), dynamic insta-
bility problems occui, for example, whirl--flutter, bending/torsion
and flapping/deflection flutter of the rotor blades. There are also
oscillation responses due to system disturbances.

2. Computer programs for the analysis of the overall dynamics

In general, a computer model for determining the overall dynamic
behavior of large wind power generation facillities must contain both

x*
MAN - Neue Technologie
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the structural responses as well as the couplings to the control sys-
tem with the electrical components and also the process control system
which is present in many systems. All of the structural parts are
modeled with an elastic-yielding method and their relevant eigen fre-
quencies are of comparable magnitude. Such a universal model has the
advantage that practically all of the interesting total dynamic problems
can be treated in a design. However, one disadvantage of this is that
the development times of such an extensive program system are very

long and the user costs are very high because of the enormous memory
requirement and the leng calculation times.

In the case of Growlan I, there is a possibility of exploiting
certain design properties in order to solve certain individual prob-
lems. This bhas the consequence that some of the problems mentioned
above are avoideu. Figure 1 shows this. A criterion which justifies
an uncoupling of the control system from the structure are the small
time constants which have very short control delays as a consequence.
This means that the control technology can be considered alone as part
of the operational control and the rotor blade is contained as a simple
control loop. Using the program SIMBR, simulations of the operating
behavior overtime were performed, where the wind is introduced as a
stochastic quantity and the blade adjustment angle, rotation rate and
power are calculated in real time as responses.

Structural dynamic problems of the coupled rotor/tower system
can be simplified i1f the lowest flapping eigen frequency is much larger
than the first tower bending eigen frequency (with the rotor blade as
a point mass) with respect to the deformation in the direction of the
wind. Symmetric rotor deformations are assumed. If in addition the
antimetric rotor loads are uncoupled by a pendulum hub from the tower,
then the rotor can be modeled with a simple tower idealization. On
the other band, the elastic tower can be modeled with a rigid rotor per-
forming pendulum motion (program RMOD 1).

To a good degree of approximation, the rotor modeling can be sim-
plified to the problem of single axis bending when the principle axes
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of inertia of the rotor blades are untwlsted and the external loads
during operation primarily act 1n one of the principal directions of
inertia. A model which contains this 1dealization 1s the program RBM
wlth which one can calculate dynamic rotor blade interface force magni-
tudes and deformatlions due to the various disturbances.

/344

Deslgn reductions in the rotor flapping eigen frequencles have lesg
to the requirement for a refined structural modeling. The rotor 1is
considered to be ylelding like the elastically ylelding tower and the
flapping and deflection bending are considered (program RMOD 2).

A coupling of the structure with the control unit and the electri-
cal network as an additilonal disturbing quantity allows one to simulate
extreme operatlonalsituations, such as network collapse for extremely
unfavorable wind condltions (program SIM).

3. Loads of the rotor due to tower shadow excltatlon 1)

The rotor load model designed for the single axis bending ‘RBM)
on the one hand consilsts of a finlte element part wlth which the elgen
oscilllation variables of the conservatlive system are determined and is :
shown in Flgure 2. Using the subsequent modal analysis, all of the %
elgen oscillation variables of the system damped by aerodynamic forces
can be calculated.

SRR

The Runge-Kutta method 1is used to integrate the equations of motion
and provide the dynamlc responses over time. By direct calculatlon of
the complex frequency changes after corresponding transformation into
the frequency range, the dynamlc response spectra are determined. As
right slze for the motion equatlons (disturbances), one can input con-
stant wind, the lirearlzed boundary layer, symmetric and antisymmetric
Individual gusts, tower wind shadow or wake systems, elgen weight
excltations and centrifugal force excltations due to coning angle and
oblique rotational axis. The model also considers the pendulum motion

l)with the collaboratlon of Prof. E. Glencke - TU Berlin.



of the rotor which has a blade angle feedback‘control. As an example,
Figure 3 shows the variations of the blade tip deflection and the
clamping bending moment due to tower wake disturbances for the stable
state. The figure applies for quasistationary aerodynamic forces for
a symmetric incident flow constant and time over the rotor area. For
the bending moment, we have two main maxima displaced by 180° of about
the same magnitude. The first méximum is the direct résponse of the
rotor blade when passing through the tower wake displaced by about 20°
in phase. The tip is displaced by wm and this is the response of blade
A to the tower shadow excitation of blade B. This means that in spite
of the antimetric disturbance of the rotor from the tower shadow, we
have essentially symmetric 1oads on the rotor blade (that is, 2 Q).

In the case of the blade tip deflection, this is not so clear which can
be explained by the pendulum motion.

Figure U4 shows the influence of time dependent aerodynamic forces.
Here we show an example of a single gust which has a trapezoidal shape
according to the sketch. For the case of quasistationary aerodynamic
forces, there are only unessential deviations compared with Figure 3.
This shows that the disturbance of the tower wake impulse has already
decayed after one revolution and that the rise time of the previous gust
is so large that only uhessential additional dynamic amplifications
oceur. It is interesting to consider the unsteady condition for the
aercdynamic force trial solution (using the Theodorsen and Schwarz func-
tions). This leads to maximum bending moments which are about 3C%
smaller which are displaced by about 15° with respect to'the stationary
case in phase. From this 1t becomes clear that the unsteady aerodynamic
forces have a substantial influence on the dynamic responses because of
the high frequency perturbation components.

If the results of the tower shadow calculation with dynamic res-
ponses from the stationary flow (static), eigen weight and centrifugal

force excitation as well as an 1dealized boundary layer are superimposed,

then for the nominal operating case one finds that the tower shadow is
not so important with respect to maximum loads as shown in Figure 5.
These loads are much more important, however, foi- the operating strength
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design of the facility.

/346

4, Overall dyngmic structural behavior

Calculations were performed with the program RMOD 1 for analyzing
the dynamic stabiiity and response bebavior of the coupled tower/rotor
system. The computer program assumes an elastic tower with a lumped
rotor mass which 1is described by its 5° of freedom.

q; = 1st tower bending in wind direction

qQ, = 1st tower bending perpendicular

a3 = 2nd tower bending in wind direction

qQy = 2nd tower bending tranverse

q5 1st torsion
as well as an elastically rigid and zero mass 2-blade rotor performing
pendulum motions bhaving blade angle feedback control shown in Figure 6.
The elastically rigid machine house can be aligned with the wind. The
rotor rotation axis 1s inclined by an input angle with respect to the
horizontal.

The computer model I shown in Figure 7 was discussed in [1]. Ref-
erence [2] gives detailed results. The modal tower motion equations

and the discrete rotor equation motions are coupled to the entire sys-

tem using a coordinate transformation with the unknown constraint
forces. The stabllity analysis is performed for 2-blade rotors which
perform parameter-forced oscillations using the Floquet theory. The
state matrix is integrated using a Runge-Kutta method of U4th order with
Gill coefficients starting with unit initial conditions over the rotor
circulation; the so-called transition matrix is found. ‘The complex
eigen;values of this matrix are culled characteristic multipliers and
can be used for the stability anaiysis. In the program, as a reference
point, at the same time the eigen value analysis of the state matrix is
performéd~using coefficients which are averaged over 1 revolution. The
elgen value calculation is done using the QR algorithm and the matrix
is first transformed to the Hessenberg form.
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If the system 1s dynamically stable, then response calculations
of the steady state can be performed for various excitations, such as
rotor imbalances, wind gradients, wind direction tracking and oblique
flow.

4,1 Dynamic stability calculation

Figure 8 gives the result of a stability analysis. It can be seen
that the nominal operational point 1s in a stable region. A doubling
of the nominal speed, which is permissible according to Growilan oper-
ation, can cross over the instability boundary for excessive rotation
rates with zero ioads. Operation with power generation is practically
always in the stable region. One eigen oscillation mode has been found
to be a critical degree of freedom which contains primarily tower tor-
sion and to a great extent, the first tower bending mode in a transverse
direction. From the lower half of Table 1, which contains the eigen
vectors normalized to 1, we can see that the other tower degrees of
freedom are only negligible in the 5th eigen vector. This is different
for the calculation with constant coefficients. Here there are substan-
tial couplings with all of the tower degrees of freedom which leads one
to the suspicion that the stability property will also be much different.

Figure 9 shows this assumption. The Lehr damping measure is
plotted over the nondimensional rpm which is referred to the damping
for the nominal operating state. In the representation "without addi-
tional system" (lower curve), one can clearly see the dropoff to the
unstable region for excessively high rpm. As a reference, we show the
input value of the structural damping which here was selectedvat a-value
of 0.2% which 1s low for steel design (corresponding to a logarithmic
decrement of about 0.0125). The calculation with constant coefficients
glves results which are both quantitatively (more than a power of 10)
and qualitatively completely different from the calculation with period-
ic coefficients. For time variant coefficients, the system damping
decreases with rpm; for constant coefficient calculations, it increases
practically linearly.
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The danger of dynamic instabillity led to the requirement of damp- £§5§. -
ing the critical degree of freedom with additional measures. A dynamic
additional system which acts in a transverse directlon consisting of an
osclllating mass and a spring and damping member was designed for the
front machine house shown in Figure 10. With this configuration, on
the one hand the critical torsion degree of freedom in the first tower
transverse bending mode 3s Iimprove in terms of damping properties. On
the other hand, the dynamlc responses in the transverse direction which
lead to large osclilation deflections are reduced. Figure 10 gilves
results from calculations of the optimlzation of the additional system.
From the restrictions above, we made a compromise which, however, is
not represented by any local maximum.

With a selected additlional system, the damping properties of the
critical degree of freedom are substantially improved (Figure 9--upper
curve), so that we are quite certain that the danger of the unstability
has now been removed.

4.2 Dynamlc response talculation

In addition to the deflections in the transverse dilrection which
are defined for the hub point, there are also pendulum deflections of
rotor motion which are substantial dynamic responses of the modeled
total system.

Flgure 11 shows nondimensional maximum transverse deflections of
the hub point plotted agalnst the dimenslonless rotation rate for the :
steady state. Two resonance phenomena can be established. The first 3
peak occurs at about 0.7 n, and 1s the result of an exciltatlon of
twice the rpm bharmonic. Boundary layer influences occur as disturbances

here and the oblique attitude of the rotational axis wilth respect to
~ the horizontal. Oblique flows and wind directlon tracking increase

these values in some cases. The second resonance peak exclted by the /349
first rpm harmonic is the result of rotor imbalances and is about pro- :
portional to the amount of imbalance which here is defined as an ldeal-

ized additional mass at the blade tlp. For excesslve rpm and incildent




flow speeds above the nominal speed, the instabilities occur without
the additional system which lead to ever increasing deflectlons for
linear systems.

Figure 11 shows the deflections with and without the additlonal
system in the machine house. Comparison .of the two curves clearly
shows that with the damped additional system the resonance phenomena
are reduced by almost an order of magnitude.

Figure 12 in the top part shows the maximum and minimum transverse
deflections which are not the same in every operating state. One rea-
son for this is that for the steady case, in general, no harmonic oscil-
lation occurs but instead, there is a superposition of two harmonics
at Q@ and 2 Q which are weighted differently depending on the load state
(small sketches in the top of Figure 12). Especlally for power genera-
tion (which is not shown here), there are substantial differences
between both extreme values in the operating range between 0.85 and
1.3 n,.

In addition to the representation of the transverse deflection of
the hub point, Figure 12 also shows the relative motion of the additional
system. In the resonance region the magnitudes of the damper deflection
are about twice as high as the hub polint deflection, whereas in the
operating state range they are only about half as large. This means
that the additional system during normal operation will practically
stand still with consideration of the friction forces ignored here and
the designed restrictions of the dampers. This has primarily a positive
effect on the creep strength of the additlonal system.

i
.
;
#

/350
The lower figure of Figure 12 shows the phase relationships of the
extreme deflections of both motion quantitles. They are displaced by
90° in the first resonance regior and by 180° in the second region.

In the transition reglons, there are intermediate phase relationéhips,
that 1s, within the operating rpm range.

The maximum pendulum deflectlons of the rotor as a function of the
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incident flow speed and rpm are shown in Figure 13 without considera-
tion of friction forces. One can see that between the turnon speed
(V=6 m/s) and an extreme speed of 30 m/s which can be withstood for

a short time; there are no noticeable differences in the pendulum
deflections. This confirms the assumption that in the case of Growilan
I, the stationary speed which acts in a constant manner only has an
indirect influence on the pendulum motion, The reason for this 1s
because a constant speed distribution does not occur over the rotor
area. The ground boundary layer leads to a height gradient which is
idealized here as a linear speed drop and for the two stationary wind
speeds, they are varied in three steps as a quantity to be superimposed.
From the computer model I we find that the perturbation speed of the
ground boundary layer bas a linear influence on the pendulum deflections.
The variation of the pendulum amplitudes with rpm has a hyperbolic char-
acter which explains that when standing still, there is a neutral equil-
ibrium state. In order to avoid the large pendulum amplitudes which
occur for low rpm, additional pendulum dampers were installed in Growian
I which allow a free pendulum motion over a defined angular range.

/351

5. Summary

The design features (pendulum bub, stiffness relationships, etc.)
allow uncoupling of individual problems from the total dynamic analysis
so that for their treatment, one can use simplified computer models
which, however, do not have a universal character. For calculating the
structural dynamic bebavior of Growian I, two computer models are pre-
sented and results are discussed. As for the rotor blade loads, the
exclitation by tower shadow which occurs as a pérturbation of the incildent
flow conditions for systems operating leeward 'is discussed. The
dynamics of the coupled tower/rotor system is desecribed in terms of
stability and oscillation response for various operational loads. Mea-
sures for increasing the modal damping properties and for reducing the
transverse oscillations of the machine house are discussed.
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KEY TO FIGURE 2 ON PRECEDING PAGE:

l--rotor load model; 2--simplification: single axls bending;
3--untwisted inertial principle axes of rotor blades; 4--finite
elements calculation (beam model); 5--n - nose; 6--2n-degrees of
freedom; 7--eigen frequencies, eigen nodes, generalized masses;
8--conservative system; 9--modal condensation; 10--m - modal degrees
of freedom; ll--eigen value determination vector iteration/QR
algorithm; l2--generalized damping; generalized excitation forces; :
13--modal analysis; li4--integration according to Runge/Kutta; %
15--dynamic response calculation; 1l6--disturbances (right sides);
deterministic--constant wind--boundary layer--symmetric and anti-
symmetric individual gusts--tower shadow eigen weight centrifugal -
forces. Indeterministic:input power spectra; 1l7--outputs in the time
and frequency range--tranverse forces--flapping bending moments--
flapping deformation--tower spectra of dynamic responses for indeter-
minate excitation--over oscillation coefficients
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Figure 4.

due to a symmetric individual gust.
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gust characteristics

Influence of unsteady aerodynamic forces on the flapping
Fendiing moment at the blade clamping point due to the tower wake flow

Wake duration T, = To’20.5
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horizontal axis wind turbine (HEWT)

rotor with finite blades
(rigid)

-

machine bhouse
rotation axis inclined

WIND
B |

pendulum hub

machine house =

turning hub point

‘blade adjustment with
blade angle feedback

tower (yielding)

Figure 6. Model assumptions of the overall dynamics calculation
of large wind tunnel facilities
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Figure 8. Stability map of Growian--without additional camper--

structural damping D = 0.2%
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Optimization of the damper/reducer additional system in the
front machine house
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The first eigen fre

quency of tower bending in a direction
Perpendicular to th

€ wind is excited bv the:

2nd harmonic 1st harmoni-
|
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nondimensional maximum deflection
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Fizure 12. Dynamlc response for 100 kg imbalance in a blade tip
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CONTROL OF OSCILLATIONS OF LARGE FACILITIES

GROWIAN II: Single blade model*
H. STREHLOW and G. SEITZ

Dynamic Design of the WEA-DEMO Facility

- 1 blade rotor
- drive system
- gondola tower

Oscillation excitation for wind energy facilities with horizon- /368

tal rotor axis:

gravity

shear flow 19, 2= |

.-

(1 + 12)Q= ¢ main excitation to
blade (rotating system)

tower shadow

inclination of rotor axis: 19 , 20-
incident oblique flow : 12 , 20- i
2 : rotor rpm frequency
- measures which contribute to the control of oscillation /369

problems of large wind energy facilities with a horizontal rotor axis:

- fast runners with one or two rotor blades of high stiffness

- reduction of dynamic weight loads for stiff deflection blade

- avoidance of aeroelastic rotor stability prcoblems for bending
and torsion stif'f blades

- rotor with flapping joint and/or pendulum hub

- reduction of flapping bending moments

- free rotor rotation for (doubly supplied) asynchronous generator

- reduction of dynamic deflection bending moments

- tower tuning for overcritical rotor operation

*ET 4240 A

368 -




O

- reduction of tower load for the operating rpm range

- traverse problem

- Dynamic features of one and two blade rotors:

- missing rotor symmetry leads to a system with time dependent

(periodic) parameters
- with a central Jjointed rotor bearing, the Influence of the

time bearing parameters on the total system is greatly

reduced

369
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wind =g, \

3

Demonstration facility concept:

--levared l-blade rotor with impact Joint

--free rotor rotation (rotating joint) with double
suppnly asynchronous machine

--soft bending tower with rope support for overcritical
operation




£47TTo8J uUOTjRIjZSUOWIP 3y3 JO

(wagshs FuT3e€304)
Joq0a 2peIa-1

OF POOR QUALITY

ORIGINAL PAGE IS

nEmumhm
wa

1030¥

quauodwlod uteU oTweuly

FuT3€2304)
qghs 9ATJIP
(autol 3oedWT 343
Ul pe3BJ3Ua0U0?)
SSBuU J030d
Jea3d +
BTOPUO3

AEmpmmm p

autyoeu

wﬁocopsoczwm

oxXLi)
.-H@?OP

371




372

t1gen frequency of the system components of the DEMO wind
inrstallation

- rotor blade

- tower
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Specification of the elgen frequencies of the DEMO wind

facility
(collection of results)
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JoiL ANt M

For the specification of the eigen frequencies for the main com-
ponents of the DEMO facility, the following special items should be

noted:

- The eigen values and the eigen modes which apply for the total

WEA system as a rule have multiplie frequencies even without the influence

of aerodynamic force.

380

- These multifrequency "eigen oscillations" which are typical for
these systems with periodical coefficients in general (without aero-
dynamic forces) consist of three oscillation components which depend
on one another:

(w-R) - component
w - component
(w+Q) - component

where Q: rotor rotation rate
system "eigen frequency"

- The WEA system "eigen frequencies" approximately coincide with
the component eigen frequencies (rotor, drive, tower) as lcng as there
is no eritical resonatice case.

The following resonance cases have to be considered: /381
(1) Principal parameter resonance for % (2v=1)Q v=1, 2 ...

(2)

important for stability v =1 + 0,50 Tresonance

Harmonic resonance with vq v=1, 2 ...
(szcond parameter resonance)

important for stability: v 1+ 10 resonance

important for response : v <+ (1-8)2 resonance

In the evaluation of the resonance points, one has to consider /382
that for the selected one-blade rotor concept for the tower dynamics,

D e

[ e, oI



the force transmission from the rotating system to the fixed system 5m¢
is important, whereas for the drive system (drive train), the torque
transmission plays a role.

We have flapping bending wg oscillation components important
for tower (beriding)
deflection bending (wC oscillation components important
for drive (torsion)

(wz+Q) oscillation component important for tower
bending (rolling)

381 !



A\ range lmportant for tower response

AN SN L SOy § e 3rd tower rolling
10 |
preccssceasaecssencccanseaasans - 3rd tower pitching
ORIGINAL PAGE IS .
=Y OF POOR QUALITY | wg + 9
Q /] 2
nom. . 0
8 | |
wg 2nd flapping

~J

6
: 1€ deflection
']
i
1
N 1st flapping
4 "1
2nd tower rolling
2nd tower pitching
3
l‘l
1st tower torsion
2
1
1st tower pitching
rolling
0
- rad/s
Eigen frequencies in the fixed system of the demonstration facility
382 (.J“o” = 4,584 rad/s)
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Loads for operation of the DEMO wind facility
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Basic discussion of the passage problem in the DEMO facility
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Variation of forces over rotor main bearingkfor the'basic case
with 10 m/s wind speed for demonstratlion facility

Fx - vertical force |

F. - horizontal force

Fz - longitudinal force im mast direction
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INVESTIGATIONS ON THE DYNAMIC BEHAVIOR OF WIND ENERGY FACILITIES

*
John H. Argyris
Bertold Kirchgassner

SUMMARY

Selected results of dynamic analysis ére presented for a special
rotor hlade design with flapping Jjoint, deflection joint and a coupling
between angle of attack and the flapping angle. This includes the
stability of the rotor blade for nominal conditions and the displace-
ments and stresses for stationary operation, for a gust conditlon and
in the tower wake. In addition, continulng work in the area of the
dynamics of the total facility are presented.
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INTRODUCTION

The dynamic investigation of wind energy converters includes two
different problemsg on the one hand, self-excited oscillations, dynamic
instabilities and on the other hand, foreign excited oscillations, the
dynamic response of the system to external excitation forces. Dynamic
intabilities, for example, flutter and ground resonance, have to be
avoided at all costs because, due to the rapidly increasing amplitudes,
the support structure is destroyed in a short time if large amplitudes
are not damped by nonlinear effects. Using a stability investigation,
we therefore have to prevent the occurrence of self-excited oscillatlons.

Far and excited oscillations cannot be avoided for wind energy
converters because even in the ideal case of constant incident flow,
there will be at least .cyclical welght forces over the rotor plane for
horizontal axis machines. For vertical axis machines there will be at
least ¢yclical aerodynamic foress. Using a favorable relationship
between;ﬁhe eigen frequencies and the excitation frequencles, resonances
have to be avoided in order to make the deformation amplitude and

University of Stuttgart, Institute for Statics and Dynamlcs of
Aviation and Space Flight Design
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therefore the alternating loads on the structure small.

~N
)
\O
N

ROTOR BLADE DESIGN WITH FLAPPING AND DEFLECTION JOINT

If one conslders rigid body motions in a dynamic system whose
stiffness is only the result of external forces, for exsmple, centri-
fugal forces, then the alternating loads which occur in the structure
can be reduced among other things by allowing the periodic or stochas-
tic excitation forces to produce substantial cscillations. However,
they are allowed only to contain smail elastic components and therefore
only load the structure slightly. |

During the research project entitled "Investigation of rotor
stressing and smoothness of operation of large-scale wind energy con-
version systems", which was supported by IEA with the participation of
BMFT, a rotor blade design with flapping joint and deflection joint [1]
-[47] was investigated in which the stationary and unsteady loads .are to
be absorbed for the most part by the centrifugal stiffness. In gddi-
tion, the rotor blade had a flapping joint on the rotation axis, a
deflection joint at about 10% of the blade length and a coupling
between the blade adjustment angle and the flapping angle for stabiliza-
tion of the cone angle, the so-called blade angle feedback control.
Figure 1 shows the blade model and the FE idealization.

In addition, a mass distribution was selected for the rotor blade
for which the flapping bending moments for the most part vanish for
nominal operation because the resultant of the corresponding centrifugal
force and aerodynamic force components pointsin the direction of the
blade longitudinal axis. For operating points outside of the nominal
state, of course, changed cone angles occur.

When a horizontal axis machine rotates, a cyclical gravity force
applies to the rotor blade and its importance lncreases with increasing
facility size. For the rotor concept considered here, in this way a
deflection oscillation is excited which runs in a counterphase to the
gravity force moment because the lowsst deflection eigen frequency is
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far pelow the excitation frequency. For the most part, this is a rigid
body motion.

DYNAMIC ANALYSIS OF THE BLADE MODEL /398

— s

For the linear investigation of the blade design a number of assump-
tions are made:

-~ rotation axis clamped

- rotation rate constant

- quasistationary, linearized aerodynamics

This resulted in a system of linear differential equations of
motion with constant coefficients which was set up using the FE system
ASKA and was condensed using the eigen modes of the system without
aerodynamic and Coriolis forces [3]. Figure 2 shows these eigen modes
for the blade model with free flapping motion or free deflection motion
and blade angle feedback control. In the condensed system, the stabi-
lity of the system was determined by calculating the complex: eigen
frequencies and the motion of the system by direct integration. The
important data of the blade model is given in Table 1.

A stability analysis of the corresponding rigid body system with
flapping, deflection and blade angle feedback control [4] gave an
instability for the rigid body deflection eigen frequency. In addition,
estimates for the gravity--excited deflection motion led to the predic-
tion of excessively high deflection amplitudes and, therefore, the
principle of free deflection was given up and a deflection joint was
planned with a viscous damping and a spring stiffness. The lowest
deflection eigen frequency also remained under the rotation frequency.

/399
STABILITY OF THE ROTOR BLADE FOR NOMINAL OPERATION

For the blade model modified in this way, the stability for nominal
operation was linvestigated as a function of the blade feedback control
factor and the ratio of angle of attack change and flapping angle change
[3]. Figure 3 shows the frequencies and Figure U4 the damping values as

395

0 i s

gN—



a function of blade feedback control factor. The first deflectlon
elgen frequency is very slightly damped in thils case as well. For a
continulng investigation of these oscillation modes, probably non-
linear aerodynamics would be ndyessary in order to determine the aero-
dynamic damping more accurately. The second elgen frequency belongs

to the lowest flapping eigen mode which for n = 0 essentially repre-
sents a rigid body motion. For increasing end the osclliatlion mode has
Increasing parts of higher flepping elgen modes. At the same time, the
damping of this flapping motion rapidly decreases above n = 4; the
motion remains stable in the investigated range up to n = 7.

DYNAMIC RESPONSE OF THE BLADE MODEL

Also the response of the blade model was lnvestigated for nominal
operation with cyclical gravity force exciltation for which there was a
global gust from 10 to 20 m/s within one second and with a simulated
tower wake with a wind speed reduction of 45% [3]. The results for
nominal operation and tower wake are acceptable within the framework of
the linear theory. The results for gust excitatlon have a more guali-
tative character, first of all, because of the large displacements in
the deflection direction and also because of the nonlinearities of the
aerodynamics which occur for the substantial displacements which are
ignored in the linearised model discussed here.

Figure 5 shows the displacements of the blade model for gust loads.
$ is the deflection angle, ¥ is the flapping angle, ug and uy) are the /400 %

displacements in the flapping directicn at the node 8 in the center of
the blade or at node 14 at the blade Lip. Wg and Wy are the corres-
ponding dilsplacements in the deflection direction. The gust only
starts after one rotation so that up to t = 3.77 s, we only see the
gravity -exclted osclllation of nominal operation. - The response after
the beginning of the gust consists of the gravity-excited oscillation
wilth rotation frequency and the superimposed gust response whose most
important component is a deflection oscillation of high amplitude with
a slightly damped first deflection elgen frequency. Figure 6 shows the
corresponding stresses at various points of the blade. Here the
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gravity-excited oscillation with rotational frequency dominates, .
whereas in the outer ranges of the blade, higher frequency components
also can be found after the gust starts.

Figure 7 shows the displacements of the rotor blade for nominal
operation with the tower wake and Figure 8 shows the corresponding
stresses. There 1s an additional 1load on the outer wing because of the
excited higher eigen modes.

In‘Figures 9 and 10, we finally show the flapping and deflection
angles as a function of blade angle feedback control factor n. There
is bardly any dependence in the deflection direction, but the flapping
angle amplitude is drastically reduced for increase in n.

PROGRAM SYSTEM FOR THE STABILITY ANALYSIS OF THE TOTAL SYSTEM

One of the most complicated problems in the dynamic investigation
of the wind energy converter is the stability analysis of the overall
system. During the project ET 4406 A "OPTIWA", at the present time a
program system is being developed toward this. The displacements of
the partial systems tower and rotor are described by the eigen modes
of the partial systems, the kinetic and potential energies of the entire
system are set up and then the linearized equations of motion are
derived using the Lagrange equation. In the general case, the motion
equations contaln cyclical coefficients and the stability analysis is
done using the Floquet theory. The number of generalized degrees of
freedom»of the entire system is first restricted to about 30.

NONLINEAR INVESTIGATION OF THE "STUTTGART TOWER"

In [1] a new tower design was suggested through which the dynamic
behavior of the entire system can be substantially iwproved so that in
this way a soft and overcritical support of the rotor shaft can be |
brought about. The tower has a joint bearing at the lower end and the
tower head is guided along approximately a circular trajectory using a
corresponding rope support. The frequency of the yaw oscillation of
the tower bhead is, therefore, rroportional to the square root of the
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rotor thrust and for nominal operation is far below the rotational fre-
guency.

Investigations on the kinematics of this tower concept started in
[5] were continued during the project ET 4406 A "OPTIWA". Also there
is a nonlinear static and dynamic analysis using a nonlinear FE pragram
system LARSTRAN.
/402
REFERENCES

[1] F. X. Wortmann: Description of the concept of the oscillating
wind turbine. Report of the Institute for Aerodynamics and Gas
Dynamics, Stuttgart 1977.

[2] J. H. Argyris, K. A. Braun, B. Kirchgassner: Static investigation
of rotor blades under their eigen weight and for stationary opera-
tion.: ISD report no. 243, Stuttgart 1979.

[31 J. H. Argyris, K. A. Braun, B. Kirchgassner: Dynamic analysis
of the rotor blade with free flapping capability, free deflection
capability and blade angle feedback control. ISD report no. 258,
Stuttgart 1979.

(4] J. H. Argyris, B. Kirchgassner: Stability and gravity response
of the flapping deflection motion of a rigid rotor blade with blade
angle feedback control. ISD report no. 244, Stuttgart 1979.

[5] J. H. Argyris, K. A. Braun: Static and dynamic investigation of

various towvers for wind turbines. ISD report no. 261, Stuttgart,
1979.

i
E
g
- ]
3
1
v

i

pEgry—

i
o e T A



R S I

ORIGINAL PAGE 13 |
OF POOR QUAL B

rotation axis

rotation joint axis: ; _ e T i

X ), ‘flapping joint axis:

D
<

+Athout representation of blade angle f'éedback; -

a—D beam element > -

O===0  rod element

s

e e i s

o B R

Figure 1. Rotor blade and finite’ element idealization
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PAGE 18
. ey OR‘G‘N AL ‘ﬂ :
blade length 60,0 m
position of turning joint at v = 6.0 n
position of CG at r =_' . 30,657 m . E
+3 :
blade mast 12,989 kg f
oon*? 2 5
moment of lnertia around turning joint 1 . m kg 5
) fo
momgn’c of 1lnertia arfaund blade longitudinal ':25804’4 m2|<9 f F
axis o ‘ {
maximum wing chord - 6,0 m
rpm 1,667 rad/s .
cone angle for nominal operation 12 °
Table 1. The most important data of blade model f
400
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