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1 INTRODUCTION 

Within the frame of the aircraft certification, the Ground Vibration Tests (GVTs) play an important 
role in order to validate or to update the structural dynamic numerical model of the airplanes 
which are necessary to insure the aeroelastic stability facing the flutter risks. 
The GVTs consist in performing the identification of the structure modal parameters according to 
the different vibration modes, i.e. eigen frequencies, mode shapes and modal masses. 
Additionnally the damping factors are also estimated.The objectives of the GARTEUR Action 
Group SM-AG 19 were to have comparative tests on a same testbed performed by different 
european laboratories in order to evaluate the efficiency of different test methods as weil as 
parameter identification methods. 
A similar round robin had been realised in the late 70's, beginning of the 80's by a previous 
european group [1],12] showing rather large discrepancies in the measurement results by 
themselves as weil as in the modal identification results. 
A part of the experience accumulated in this occasion was used in order to avoid the major 
difficulties of the exercise such as to insure a correct reliability of the test structure along the whole 
exercise time. 
The main features to be evaluated through this activity were, as described in Annex 1 (Proposai for 
the formation of a GARTEUR Action Group on Ground Vibration Test Techniques) : 
- the effect of different test methods (number and location of exciters, nature of excitation signais, 
measuring instrumentation), 
- the effect of using different parameter identification methods (phase resonance or different phase 
separation methods). 

2 TEST ARTICLE 

The test article was designed and manufactured by Onera after having been approved by the 
whole AG 19 group. It was a rather simple structure which was for a few points dynamically 
representative of an airplane structure. It was composed of severa1 beams simulating a fuselage 
with wings and teil. Wing tip drums allowed to adjust bending and torsion frequencies similarly to 
airplane ones, with some very close modal frequencies. 
The overall dimensions were relatively small, within 2 meters by 2 meters, in order to be easily 
moved around the test facilities of ail the participants. Special attention had been paid to the 
connection between the removable parts in order to get the best repeatability of the structural 
characteristics. 
The documentation note for the testbed is given in Annex 2, section 5 of which showing detailed 
geometrical characteristics. 

3 TEST SET UP VALIDATION 

After the final adjustments done at Onera,the whole test set up was validated by means of a first 
Ground Vibration -Test performed by SOPEMEA. SOPEMEA had to provide ail the participants with 
a reference set of data consisting in a 2x2 matrix of transfer functions between vertical excitations 
and responses at the two wing tips. 
The test procedure as weil as the transfer function results and the modal results from these 
validation tests are given in Annex 3. 
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A special test was also asked to ail the participants. This test consisted in verifying the eigen 

frequency and the damping ratio of the rotation mode of the fuselage 50-ca lied hereafter the 
reference mode. As a matter of fact, those modal parameters were the most influenced by the 
connection conditions between the wings and the fuselage, 50 that a good correlation on them 
gives a warranty of a good test article assembly. 

4 TEST RESULTS AND COMPARISONS 

4.1 Test results 

The tests were successfully performed by ail the participants according to an actual time schedule 
(from april 1995 to june 1996), very close to the planned one (from april 1995 to march 1996). 
After the first test performed by SOPEMEA in april, 1995, the following ones took place. 

The NLR tests conducted in cooperation with Fokker Aircraft B.v. were realised in may, 1995. The 
results given in Annex 4 showed a very good agreement between SOPEMEA measurements, some 
previous Onera measurements and the NLR ones, as far as the reference transfer functions (2 by 2 
matrix at the wing tip drums) and the reference mode were concerned. 

The DLR tests were performed in june, 1995. Both phase resonance and phase separation 
methods were applied at the DLR vibration test facility. The test conditions and the main test results 
as weil as comparisons with the other participants are given in Annex 15. 

The tests at Imperial College were carried out in august, 1995. The results, given in Annex 5 (full 
contribution), show significant differences with those of the previous participants, due to 
differences in the test set up (shakers configuration, drum tip mass, suspension). 

Then tests were performed successively by DRA and Manchester University in the DRA facilities at 
Farnborough in october, 1995, using the same suspension conditions. The results, given in Annex 
6 for DRA (without appendices) and 7 for Manchester University were in a reasonable agreement 
with those obtained by SOPEMEA. 

The results of the tests performed by Onera in november 1995 are the subject of Annex 8, by 
Aerospatiale in january1996 of Annex 9, by 5MB in february of Annex 10, by CNAM in march 
1996 of Annex 11 and by Intespace in june 1996 of Annex 12. 

4.2 Comparisons 

c) xererence mode trequency and oornpmq 

Participant Sopemea NLR DLR Imp. Colleg. DRA Manch Un. 

Frequency 16.08 16.14 16.10 16.21 16.45 16.40 

Damping % 1.36 1.54 1.30 2.66 1.14 1.28 

Participant Onera Aerosp. 5MB CNAM Intespace 

Frequency 16.25 16.00 16.33 16.16 16.30 

Dompinq % 1.18 1.34 1.38 1.42 1.15 

The scattering on the resonance frequency is within +-1.4 %.while the damping was measured 
between 1.14% and 1.54% except for one participant. This low scattering reveals that the fuselage 
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rotation mode, choosen as a reference mode, which is representative of the test bed assembly, 
seems quite independent of the suspension conditions. 

b) Reference transfer functions 

The reference transfer functions at the wing tips compare fairly weil as shown on figure 6 of Annex 
13, except for participants B (NLR), D (Imperial College) and J (CNAM) due to unappropriate 
drum tip masses, and H (Aerospatiale) due to some measurement difficulty. 

c) Modal parameters 

The comparisons between the modal parameters, as far as the modal frequencies, the modal 
damping ratios, the mode shapes were concerned are given for the three critically close modes on 
figure 11, Annex 13. The modal frequencies values are very close for the first two modes, 
particularly if participants B, D, J and K (Intespace) are excepted. The scattering is higher for the 
third mode frequency and reaches +- 20 % for the damping ratios. The mode shape shown as 
Modal Assurance Criterium (MAC) compare very weil except for participant B. 

Generally speaking, the scattering on the modal frequencies is in the range +- 2% while values 
close to +- 20% are observed for the damping ratios of 011 the idenfified modes, as shown on 
figure la, Annex 13. The largest variations in the modal frequency parameter seem to be due to 
differences in the suspension system, some of the participants having connected directly the 
bungees suspension provided with the testbed to a rigid frame while most of the other ones used 
an additionnai pendulum system with different lengths. 

The modeshapes compare very weil in most of the cases, as demonstrated by the very good values 
of the Modal Assurance Criterium given figure 12, Annex 13, by reference to participant C (DLR). 

The table 3 of Annex 13 gives the variation, in %, of the modal masses as weil as of the damping 
coefficients for the participants A (Sopemea), E (Manchester University), F (DRA) and G (Onera), 
by reference again to participant C. In most of the cases, the modal mass variations are much 
lower than the damping coefficient variations. 

Some other comparisons concerning the modeshapes and the generalised masses values are 
shown in Annexes 14 and 15. 

d) Comparison between the 2 Onera tests 

A last test were performed by Onera after the completion of the tests by ail the participants in 
order to check the reliability of the structural characteristics of the testbed. The comparison of the 
results of this test and the previous Onera test, given on figure 6, shows a very good consistancy in 
the dynamic behaviour of the testbed, as far as the wing tip transfer function were concerned. 

5 CONCLUSIONS 

The present exercise showed the results which can be obtained using up-to-date vibration test
 
methods on a "similar to airplane" but relatively simple structure.
 
The frequency response measurement results show a must better consistency between the
 
participants than the ones obtained in the previous similar exercise, beginning of the 80's.
 

9 



The repeatability of the tests, although the necessity to disassemble and reassemble the testbed at 
each step of the round robin, was checked and satisfactorily demonstrated. 

Although the methods as weil as the test conditions (shakers location and number, measurement 
pick-ups, suspension frame ...) were different, the modal frequencies identification results compare 
reasonably weil as far as the correct mass configuration was respected. Nevertheless some 
suspension effect (suspension modes) due to the pendulum length seems to alter some of the 
modes. 
Larger discrepancies, as far as generalised masses and especially damping ratio are concerned, 
remain. 
The phase resonance methods and phase separation methods used both by several of the 
participants and for different excitation configurations led to very similar modal identification. 

The structure under test was representative of a real aircraft structure, having airplane type mode 
shapes, very coupled low frequency modes and relatively high damping coefficients. However this 
structure was simplet than an airplane and didn't present the same level of non-linearity. Higher 
discrepancies would be expected between the different kind of methods (phase separation and 
phoe resonance methods) as weil as between different excitation configurations in case of reolistic 
non-Iinearities. 
For those reasons, it appears that, in the case of actual aircraft Ground Vibration Tests, great 
attention must always be paid to the test conditions. The use of the phase resonance method 
remains necessary in order to identify, at least, difficult modes, as far as non-linearity and/or very 
close coupling are present. Phase separation methods may be used in the context of a faster GVT 
process to identify more isolated or linear modes. 
For the case of distributed non-linearities, phase separation methods are still in development, 
some of them using stochastic approach. Such methods will have to be tested on complex 
structures in the near future. They should be efficient particularly in the case of slightly non-linear, 
strongly coupled modes. 
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Annex 1 

PROPOSAL FOR THE FORMATION OF A GARTEUR
 

ACTION GROUP ON GROUND VIBRATION
 

TEST TECHNIQUES
 



GARTEUR - SM-EG 20 

PROPOSAL FOR THE FORMATION
 
OF A GARTEUR ACTION GROUP ON
 

GROUND VIBRATION TEST TECHNIQUES
 

1 INTRODUCTION 

Within the frame ofcertification procedure, aircraft manufacturers have to prove for each new 
airplane, or each significant structural modification of an airplane, the aeroelastic stability in an 
extended flight domain. For that purpose, different possible mixtures ofnumerical and experimental 
methods are used: structural dynamics calculation by means of fmite element methods, Ground 
Vibration Test (GVT), unsteady aerodynamics computation and measurement in windtunnel, flutter 
calculation, flight vibration test. The gathering of results issued from these different methods allows 
to compLy with regulations. 

GVTs play a key role in the certification process by allowing flutter predictions based on the 
experimental modal basis and/or allowing a verification and update ofanalytical structural models. 
Since, facing the flutter risk, the highest level of security and reliability has to be achieved, the 
quality of GVT results is very important. 

The phase resonance method is generally used to perform GVTs. Phase separation techniques have 
proved to be convenient for identification ofsmaller structures, and the manufacturers and institutes 
performing aircraft GVTs are trying to use them on large aircraft coupled or not with the phase 
resonance methods. The proposed GARTEUR activity, issued from the work of the SM-EG20 
exploratory group, deals with the identification methods by themselves as well as their 
implementation during the Ground Vibration Tests. 

2 OBJECTIVES 

Within the proposed GARTEUR Action Group, it is expected to make comparative tests on a 
common testbed by means of different GVT methods. 

The main objectives ofthese comparative tests are: 
- to evaluate the efficiency and the reliability of different test methods: i.e. to evaluate the effect 

of using different excitation signals (broadband or sinusoidal), different excitation points (phase 
resonance or phase separation), 

- to evaluate the efficiency and the reliability ofdifferent phase separation methods: i.e. to 
compare the modal parameters issued from different identification methods (time or frequency 
domain) applied to a same set ofmeasured data, 

- to evaluate and analyse the discrepancies between the modal parameters estimated by means of 
different test set-ups and analysis methods. 
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A critical review of the different test and analysis methods, more than the selection of the "best" 
method, is to be performed. The aim will be to define the application field of each one, and evaluate 
both the accuracy of results and the easiness of irnplernentation. 

3 STATEMENT OF ACTIVITIES 

The activities described below in more details are proposed for this future Action Group. 

Design and construction of a cornmon testbed 
It is necessary to design and manufacture a test article which will be representative of aircraft 
structures. This test article must also be easily moved around the test facilities of the different 
participants and ensure a perfect structural repeatability. 
For that purposes, the following design requirements are proposed: 

- general shape: beams assembly representing a fuselage with wings and tail, 
- dimensions of2 by 2 meters and mass in the 50 to 100 kg range 
- frequency range 5 to 50 Hz 
- joints: only the wing to fuselage joint will be rernovable; the repeatability after assembly­
disassembly has to be proved 
- damping treatment by means ofconstrained viscoelastic layers in order to get damping 
coefficients as high as those encountered on aircraft 
- non linearity: no specifie non linear elements, this could be the object of possible 
further activity 
- very low frequency (under 1 Hz) suspension as a part of the testbed in order to eliminate 
the surroundings effect 
- vibration modes constraint: the testbed has to present at least 3 modes within 1 Hz 
frequency band in order to simulate the difficulty encountered on aircraft. 

Construction of a data base of results 
A common data base has to be constituted in order to know the structural design and to be able to 
make comparative analysis using different methods on the same measurement set. This common 
data base must contain: 

- analytical modeling results (frequencies, modeshapes)
 
- Multi Input Multi Output (MIMO) frequency responses for a 2 points excitation
 
configuration (wing tips) by means of different excitation signais: sinusoidal, broadband...
 

Furthermore, a full set of time and frequency domain measurements will be available for participants 
to test their own analysis method to unique measurement results. The modal pararneters: frequency, 
damping ratio, modeshape and modal mass, can be identified and compared. 

GVTs of the testbed 
A GVT will have to be performed by each participant in his own test facility and using his own 
instrumentation. A common set of results to be obtained by all will be defined and distributed in a 
common test plan. It will include: 

- rneasurement of a selected set of frequency responses functions (2x2 matrix), 
- identification of the modal parameters: frequency, 
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damping ratio, 
mode shape, 
modal mass, 

in the 5 - 50 Hz frequency range. 

Analysis of the results 
The results obtained by all the participants will be gathered and compared. The analysis of their 
scattering will be conducted according to the test or analysis method used. 

4 COMMITMENTS 

The different contributions of research institutes and industrial partners are listed in the following 
table, on the basis of a 2 years duration (commitments for the whole period): 

manpower (menmonths) expenses (kEcu) 

Aérospatiale 2 

CNAM 2 
DLR 6 10 
DRA 1 

FOKKER 4 
Imperial Collège 1 

Intespace 2-3 

Manchester University 1 
NLR 4 

ONERA 6 10 

SAAB 1 - 2 

SOPEMEA 2-3 

5 DISTRIBUTION OF TASKS 

The involvement of the partners in the different tasks will be as following: 
- design and construction of the testbed: ONERA 
- qualification tests SOPEMEA 

- construction of a data base of results MANCHESTER and/or ONERA 

- analysis of the common data base ALL 
- GVT of the testbed ALL 

- analysis of the results ALL 
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6 MEMBERSmp AND MANAGEMENT 

The representatives of the different research institutes and industries are listed in the following 
table: 

Dr Jonathan E. COOPER 
Manchester University 
Engineering Dpt., Simon Bldg. 
Manchester, M13 9PL 
Grande Bretagne 
Phone: (44) 61 275 4337 
Fax: (44) 61 275 3844 
E-mail: 
Peter SCHIPPERS 
Fokker Aircraft BV 
Dpt. EDAA S029-32 
PO Box 7600 
NL 1117 ZJ SCHIPHOL 
Pays Bas 
Phone: (31) 20 605 2187 
Fax: (31) 20 605 4780 
E-mail: 
Alain GRAVELLE 
ONE RA OR 
B.P. 72 
92322 Chatillon Cedex 
France 
Phone: (33) 1 46 73 46 49 
Fax: (33) 1 46 73 41 43 
E-mail: zravelleéàonera.fr 
A. ROBB 
Imperial College 
Mechanical Engineering Dpt. 
Exhibition Road 
LONDON SW7 2BX 
Grande Bretagne 
Phone: (44) 71 594 7072 
Fax: (44) 71 584 1560 
E-mail: d.ewinséàic.ac.uk 

Jean Paul ESQUERRE 
Aérospatiale NDET-EG-ST 
316 route de Bayonne 
31060 TOULOUSE Cedex 03 
France 
Phone: (33) 61 93 84 64 
Fax: (33) 61 93 52 92 
E-mail: 
Graham W. SKINGLE 
DRA 
Materials and Structures Dpt, 
Farnborough 
Hampshire GU14 6TD 
Grande Bretagne 
Phone: (44) 25 239 5629 
Fax: (44) 25 237 6372 
E-mail: 
Robert LEMONDE 
SOPEMEA 
BP 48 
78142 Vélizy Cédex 
France 
Phone: (33) 1 46 30 22 74 
Fax: (33) 1 46 30 54 06 
E-mail: 
L.P. BUGEAT 
Intespace 
B.P. 4356 
31029 Toulouse Cedex 
France 

Phone: (33) 61 28 12 65 
Fax: (33) 61 28 11 12 
E-mail: 

Manfred DEGENER 
DLR 
Bunsenstrasse 10 
37073 GOTTINGEN 
Allemagne 
Phone: (49) 551 709 2349 
Fax: (49) 551 709 2862 
E~mail: 

Thomas ABRAHAMSON 
Saab Scania AB 
Structural Dynamics Dpt 
S-581 88 LINKOPING 
Suède 

Phone: (46) 13 185 429 
Fax: (46) 13 181 802 
E-mail: thoabrêrweald.air.saab.se 
Albert J. PERSOON 
NLRAE 
PO Box 90502 
1006 BM AMSTERDAM 
Pays-Bas 
Phone: (31) 20 511 3448 
Fax: (31) 20 511 3210 
E-mail: 
Nicole HENRIET 
CNAM Chaire de Mécanique 
LMSS 
2 rue Conté 
75003 Paris 
France 
Phone: (33) 1 40 27 26 42 
Fax: (33) 1 40 27 27 16 
E-mail: 

Ml. Alain Gravelle from ONERA is prepared ta assume the chainnanship while Mc. Albert J. 
Persoon ofNLR will accept the vice-chairmanship. 

Dr. Roger Ohayon will act as Monitoring Responsable. 

Mai 3, 1995 4 



7TIMESCHEDULE 

The proposed activity can be perfonned according to the following time schedule: 

Task 1995 1996 
testbed design ­

testbed construction - ­
qualification ­

data base constr. ­

data base analysis 

GVTs 

results analysis 

8 REPORTING PUBLICATIONS 

Progress reports will be produced for the GoR meetings. The final report will be edited by the
 
chairman. The classification of the final report will be "GARTEUR open".
 
Members will be free to report their own work in accordance with their national and company
 
policies.
 

9 SECURITY AND INTELLECTUAL PROPERTY RIGHTS 

Background and foreground information will be treated according to Appendix A to MoU: Rules for 
the Protection and Use ofIntellectual Property in GARTEUR Co-operation. 
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3 Checkup 

3.1 SUMMARY 

This section gives a summary of the operations that you should perform. Please make sure that 

you do perform all of them. 

o	 Call the person who will be testing when you are done and arrange for shipping of the 

testbed. 

o	 Before you send the testbed to the next participant grease the connection plates and check 

the packing list. 

o	 Degrease the connection plates, assemble wing and fuselage, and apply specified torque to 

connection screws. 

o	 Suspend the structure as shown in figure 1 and record length of suspension assembly. 

o	 Place the 24 common accelerometers at the specified locations. 

o	 Log accelerometer characteristics. 

o	 Machine and attach complement masses for the drum tip shakers and take a picture of the 

drum tips. 

o	 Log shaker characteristics. 

o	 Check the fuselage rotation mode at 16.06 Hz (mode 2 at 13.16 Hz of the design FE model). 

Log frequency and damping and send it to ONERA rapidly so that we can track changes. 

o	 Take pictures or film your set up (see details in section 3.6). 

o	 Measure the four common FRFs (to/from drum tips). 

o	 If practical, keep the time signals used for the generation of the 4 transfer functions 

provided above. 

o	 Measure modes in the 4 to 65 Hz range. Pro vide shape, frequency, damping, and 

generalized mass. 

These last points should be done after your testing period in preparation for the discussion that 

we will have after everybody has finished testing. 

o	 Indicate how to reconstruct the FRFs based on the modes provided. 

o	 Write a comparison ofyour results with the reference set given by SOPEMEA. 

o	 Send your results to ONERA so that we can update the global comparison. 
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3.2 PACKING LIST 

OThe testbed box cornes with a number of elements. Before you send the testbed to the next 

participant check the packing list. 

•	 1wing assembly 

•	 1 fuselage/tail assembly 

•	 4 wing/fuselage connection screws, 2 bolts and 2 hooks. 

•	 2 reference complement masses with 2 screws, 2 bolts, 2 washers (total of 200g each). These 

masses should be used for hammer testing. 

•	 1 suspension connection piece (one hook for user, three hooks for bungee cords) 

•	 1 set of 3 bungee cords (a new set will be send to each participant) 

•	 1 copy of the test documentation (this document) 

3.3 SETTING UP THE TESTBED 

The testbed cornes in two pieces (wing/drum and fuselage/tail). The connection is done through 

two black steel plates centered by two pins and a four screws (for a figure of the assembly see 

section 5.1). The two front nuts are standard, the two back nuts are hooks used to attach the 

suspension bungee cords. 

o	 Degrease the two steel connection plates before the assembly and regrease them before you 

send the testbed to the next participant. 

o	 The four connection screws should be loaded with a torque of 1.6 m/kg. Do not use a higher 

value 

o	 Suspend the structure as shown in figure 1. Please make sure that you do suspend the 

testbed as shown and record the length of the resulting pendulum. 

Initial tests have shown that you are quite likely to find suspension modes (translations of the 

attachment hook, etc.). Please make sure that these modes do not perturb you measurements of 

structural modes too much. As a safety check you are encouraged to place sensors on the 

suspension. 
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Figure 1:	 Suspension setup. The three bungees are identica1. The hooks are connected to the 
suspension connection piece. The rear bungee is more stretched than the others. 

3.4 DETAILS OF THE EXPERIMENTAL SETUP 

AU participantsshould provide results at 24 common accelerometer locations shown below (see 

a1so the geometry' section 5.1). On the structure, a point marks the exact location of the 24 common 

accelerometers and a sticker recalls the identifiers used in figure 2. You may add any number of 

accelerometers (and you are encourage ta place two of them on the suspension) but comparisons 

will be made on the basis of these accelerometers only. 
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Figure 2:	 Locations and directions of the 24 common accelerometers. See the marks on the
 
structure and blueprints for mode details.
 

o	 At this point you should log the properties of your accelerometers 

Accelerometers, Type, Weight 

o	 At this point you should log the properties of your shakers 

Excitation, Type, Weight and stiffness of moving part 

o	 Machine and attach complement masses for the drum tip shakers and take a picture of the 

drum tips. 

Only two common shaker locations at the drum front tips are required for the common 

measurement of FRFs. The sensitivity of the wing torsion modes to the moving mass of the shaker 

is quite large so that you need to adjust the total mass present at the drum tips. The total of the mass 

added to the tips should be 200g. This total should include al1 masses linked to your shakers 

(moving mass, stinger, load cell, accelerometer, etc.) and you should manufacture a complement 

mass such that the weight of the complement mass (and screw) plus the excitation masses add up to 

200g. 

o	 In your answer you need to include a section on the approach you have used te measure the 

force input to your structure. 

3.5	 CHECK OF PROPER EXPERIMENTAL SETUP 

As a check of your experimental setup you should verify that the frequency of the global 

fuselage rotation mode is found at 16.17 Hz with a damping ratio of 1.45 %. The mass normalized 

modeshape at the 24 reference sensors was identified at ONERA and is shown in table 1. 
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Table 1: Reference mass normalized modeshapc results for the second flexible mode at 16.06 
Hz (with 1.66% darnping). 

DOF FE model Test FE model Test 

11-z -1.9425e-01 -2.1084e-01 201-x 7.9818e-12 4.1935e-05 

l-z -2.0671e-01 -2.2120e-01 201-y 1.904ge-02 -4.3013e-03 

12-x 1.OO18e-01 6.8343e-02 201-z -4.0715e-12 -1.4436e-03 

12-z -2.2274e-Ol -2.4736e-Ol 206-z -2.3427e-12 -1.9260e-03 

5-x 6.2270e-02 3.8283e-02 205-y -1.246le-01 -8.8705e-02 

5-z 2.2410e-02 8.7033e-02 302-y 4.4911e-Ol 4.3956e-01 

8-z 1.0906e-Ol 1.7198e-Ol 301-x 1.9686e-02 7.7945e-02 

l11-z 1.9425e-Ol 1.9867e-01 301-z 3.7794e-Ol 3.6447e-01 

101-z 2.0671e-Ol 2.3346e-Ol 303-x -1.9686e-02 -1.7355e-02 

112-x -l.OOlBe-Ol -3.5782e-02 303-z -3.7794e-Ol -4.3194e-Ol 

112-z 2.2274e-Ol 2.496ge-01 

105-x -6.2270e-02 -3.9193e-02 

105-z -2.2410e-02 -8.0J23e-02 

108-z -1.0906e-Ol -1.704ge-Ol 

Note for the mass norrnalized mode given here, the generalized mass at a given sensor is linked 

to the modeshape at this sensor ccjJj by 

1
MGc =---, (1) 

j (ccjJj r 
Thus the generalized mass at sensor 112 z is 20.1 m:!Kg for the FE model and 16.0 m 2Kg for 

the test. If you can easily provide mass normalized modes please do so. 

3.6 PICTURES 

o	 Take pictures or film your set up. 

To help in the cornparisons, you are asked to take a number of pictures. These should at least 

include a global view and close-ups of the suspension. the excitation equipment at the drum tips 

(and elsewhere if any). the tail (showing the tail sensors). 

3.7 REQUIRED MEASUREMENT OF TRANSFER FUNCTIONS 

o	 Each participant is required to provide a 2 by 2 set transfer functions corresponding to 

excitation and response at the drum front tips (vertical excitation at nodes 12 and 112). Two 

of these FRFs are collocated, the other two are cross transfers. 

The frequency band of interest is 4-65 Hz. The comparison will be easier if you can use 2048 

frequency points evenly spaced between 4 and 65 Hz. Your answer should indicate the method 

used to estimate the transfer functions, the amount and type of signal processing used. 
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Figure 3:	 Typical plot of the required transfer functions. This result is based on the design FE 
model (initial test results look somewhat the same). 

o	 If practical it may be interesting to keep the time signals used for the generation of the 4 

transfer functions provided above. 

3.8 REQUIRED CHARACTERIZATION OF MODES 

o	 Your answer must contain estimates by one or more method of a number of modes in the 5­

50 Hz range. A mode is characterized by a shape, frequency, damping ratio, and modal 

mass. 

Vou are expected to provide estimates of the modes below 60 Hz (see section 6 for an initial 

guess of these modes based on a simple FE model). These modeshapes should be given at the 24 

reference accelerometers (see figure 2 and table 1). If you can easily provide mass normalized 

modes please do so. 

o	 If you are identifying your modes based on measured FRFs, provide an explanation on how 

YOUf modes allow a reconstruction of the measured transfer functions. If residual terms 

and/or computational modes should be added please provide them. 

3.9 COMPARISON OF YOUR RESULTS WITH THE SOPEMEA SET 

Once you are done with the testing ask Etienne Balmès to send you a copy of the SOPEMEA 

test results, which contains 

• a description of their test procedure 

• the four required transfer functions (in the universal file xxx) 

• the modes they have tested (in the universal file xxx) 
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o You are asked to provide a comparison of your results with those of this sample sel. 

Since asking everybody to do a global comparison does not seem practical, these comparisons 

with a sample set will provide a good idea of the approaches used to compare different test results. 

4 General Information 

4.1 CURRENT SCHEDULE 

time 

3/95 

4/95 

5/95 

6/95 

7/95 

8/95 

9/95 

10/95 

11/95 

12/95 

1/96 

2/96 

task Partici ants 

design/manufacturing ONERA 

testing SOPEtvlEA 

NLR-Fokker 

DLR 

! Imperial College 

Manchester U. 

ONERA 

Aérospatiale 

Intespace 

testing CNAM 

group meeting Ali 

AlI efforts will be made to have aIl the current members test by February 1996 50 that we can 

have a meeting and start discussing results at that lime. Please calI ONERA if you have any 

problem with this schedule. 
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5 Testbed characteristics
 

5.1 GEOMETRY 

The figures (global view, left drum, left wing, and tail) given in the next pages show details on 

the testbed geometry and required sensor positions. If you have questions before you get the testbed 

please send questions Co ûNERA. 
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15.2 OAMPING TREATl\1ENT 

Sufficient damping levels are obtained through the use of a viscoelastic layer with an aluminurn 

constraining layer. 

The viscoelastic used is the 3M acrylic viscoelastic polymer ISO 112 in the form of a 76 mm by 

50 pm roll. A sample roll (Ref: S1 2015 Type 1202) was provided to us by 3M Laboratories 

(Europe), Hansastr. 9,41453 Neuss, Germany. This viscoelastic is particularly weIl suited for the 

testbed operating range of 5-50 Hz and 20 C where it operates near its peak loss factor of 0.9. 

Significant levels of shear strain are obtained in the viscoelastic through the use of a 1.1 x 76.2 

x 170 mm constraining layer covering the complete viscoelastic treatment. The ISD 112 being 

pressure sensiti ve, the bonding was obtained easily and 3M has confirmed that only extreme 

conditions should damage il. As a safety rule however you should not do anything that might 

damage the viscoelastic bonding (such as trying to lift the constraining layer or gluing anything to 

the constraining layer). 

Damping levels in a wing only test increased significantly with the added damping treatment. 

From 0.28% to 1.1% in bending (at 9 Hz) and from 0.15% to 0.86% in torsion (at 27 Hz). Tests 

done on different days gave very similar results. 

6 Design FE model 

A finite element model was created to help in the testbed design process. Although this model 

uses simple beam elements, the predictions obtained are quite good. To give an initial common 

basis for analytical studies, the characteristics of this model are given here. Il is not implied that 

this model should be used as a starting point for FE model update studies. 

% Garteur testbed FE rnodel Updated March 27, 1995
 
%
 
% Structural Dynarnics Toolbox for MATLAB
 

node "" [
 
% Right wing
 
1 000 0 -95 0
 
2 000 0 -90 0
 
3 000 0 -80 0
 
4 000 0 -70 0
 
5 000 0 -60 a
 
6 a a '0 o. -50 a
 
7 a o-(} a -40 0
 
8 000 a -30 0
 
9 000 0 -20 0
 
la o a a a -la a
 
11 o a a -20 -95 0
 
12 a a a 20 -95 0
 
% left wing
 
101 000 a 95 0
 
102 a a a a 90 a
 
103 a a a a 80 a
 
104 a a a 0 70 0
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105 000 0 GO 0 
lOG 000 0 50 0 
107 000 0 40 0 
108 000 0 30 0 
109 000 0 20 0 
110 000 0 10 0 
111 000 -20 95 0 
112 000 20 95 0 
% fuselage 
201 000 GO 0 -9.GO 
202 000 0 0 -9.GO 
203 000 -40 0 -9.GO 
204 000 -75 0 -9.GO 
205 000 -90 0 -9.GO 
20G 000 0 0 0 
% tail 
301 000 -90 -20 28.5 
302 000 -90 0 28.5 
303 000 -90 20 28.5 
99 000 0 0 1 
1;node(:,5:7) = node(:,5:7)/100; 

, ,112 

, ' ' ' ' ·1!!;02 
11'1 - '-103 

- ',104 
, ',105 

, -,106 
, ',107 

30;3 - ',108 
, ',109 , ' ,201, ~O~ , ',1.10 

, '.206 
. ,301 , "10,,', ,,', g 

, ' '202 ' , '8, 
, ,7 

" fi" ·203' " 5, 
, ,4 

205'" ,204 "'3" 2 " ' ' ,12 
, ..' '1' ' ' 

,11' 

Figure 4:	 Node numbers in the design finite element model. These node numbers are also used 
to designate common sensor positions in the test. 

% elements 
elt = [Inf abs ( 1 beam1' ) 

1 2 1 1 12 0 
2 3 1 1 12 0 
3 4 1 1 12 0 
4 5 1 1 12 0 
5 G 1 1 12 0 
G 7 1 1 12 0 
7 8 1 1 12 0 
8 9 1 1 12 0 
9 10 1 1 12 0 
10 . - 20G 1 1 12 0 

1 11 1 1 112 0 
1 12 1 1 112 0 

101 102 1 1 12 0 
102 103 1 1 12 0 
103 104 1 1 12 0 
104 105 1 1 12 0 
105 lOG 1 1 12 0 
lOG 107 1 1 12 0 
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107 108 1 1 12 0 
108 109 1 1 12 0 
109 110 1­ 1 12 0 
110 206 1 1 12 0 

101 111 1 1 12 0 
101 112 1 1 12 0 

201 202 1 2 302 0 
202 203 1 2 302 0 
203 204 1 2 302 0 
204 20S 1 2 302 0 

202 206 1 4 302 0 

205 302 1 1 201 0 
301 302 1 3 20S 0 
302 303 1 3 205 0 
] ;e1t = [e1t zeros(size(e1t.1l.1l]; 

pl = [ % aluminurn 
1 1 7.2000e+10 3.0000e-Ol 2.7000e+0372e9/2/1.3 0] ; 

b1=0.10; hl = 0.01; b2=0.lS; h2 = O.OS; b3 = 0.01; h3 = 0.10; 
il =[ 

(bl*hl A3l*0.312 bl A3*hl/12l 1 b1*h1 A3/12 bl*hl 0 
(b2*h2 A3l*0.2?3 h2*b2 A3/12 h2 A3*b2/122 1 b2*h2 0 
(h3*b3 A3l*0.312 b3 A3*h3/123 1 b3*h3 A3/12 b3*h3 0 
(b2*h2 A3l*0.263 h2*b2 A3/12 h2 A3*b2/124 1 b2*h2 0 

] ; 

i1(1.3:4l=i1(1.3:4l*1.1; % correction for cons training layer stiffness 

A6/12 A6/12 A6/12];a = (1/2700)A(1/3l; m =[1 l l a a a 
e1t = [e1t;Inf abs('massl') 0; 

302 m*l. 6 
12 m*.200 

112 m*.200]; 

[FEm.FEk.mdof] = fe_mk(node.elt.pl.il}; 
[mode.freq] = fe_eig(FEm.FEk. [0 20 1e3 1]}; 

Table 2: Names and computed frequeneies for the first 10 normal modes (in Hz). 

6.02 Two node bending 47.57 Four node bending 

13.16 Global fuselage rotation 55.01 Syrnmetric in plane bending 

32.54 First symetrie wing torsion 57.01 Second fuselage rotation mode 

33.40 First antisymetric wing torsion 66.30 Tail torsion 

35.58 Three node bending 69.79 Five node bending 
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Mode 1 at 6.018 Hz Mode 2 at 13.160 Hz 

....:=~ ... =:>S< 
~,. 

Mode 3 at 32.549 Hz Mode 4 at 33.398 Hz 

Mode 5 at 35.583 Hz Mode 6 at 47.579 Hz 

Mode 7 at 55.097 Hz Mode 8 at 57.097 Hz 
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Figure 5: First 8 modes of the design FE model given for reference. 
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Annex 3� 

SOPEMEA REFERENCE RESULTS 



GARTEUR SM-AG 19� 

Reference results from SOPEMEA� 

1 Introduction 

As planned during our meetings, the members of the group are asked to subrnit a comparison of 

their own results with those of a reference set of data taken by SOPEMEA as they were the first to 

test. The objective of this comparison is not to see whether sorne results are better than other but 

rather to understand the criteria that you use to evaluate the relative quality of two sets of data. 

The present document gives an English surnmary of relevant information in the preliminary 

report given by SOPEMEA, relevant comments and a description of the two universal files 

(sopmode. uf and sopfrf . uf) which you have received bye-mail or DOS formatted floppy. 

If you can return to ONERA a set of FRFs and modes similar to the data described here this 

will be appreciated as it will allow global comparisons of ail results. 

2 Test equipment 

The data included was acquired using a system with a large capacity in measurement channels 

including analog and digital hardware capable of acquiring and treating 768 accelerometer channels 

in appropriated sine mode and 256 filtered channels in sine, random or transient mode with transfer 

function computations. 

The structure was instrumented using the 24 reference channels indicated in the testbed 

documentation plus 20 others which are not included in the data vou have received, 

Wilcoxon accelerometers associated with 

an integrating amplifier delivering a velocity signal of 3.8 V efficient per rn/s. 

PRODERA electrodynamic shakers with power amplifiers were used. Their frequency range is 

0--200 Hz and maximum force iON. Shaker 101 has a force factor of 7.4 NIA and a longitudinal 

stiffness of 980 N/m. Shaker 104 has a force factor of 7.2 NIA and a longitudinal stiffness of 650 

N/m. 
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The shaker/structure links are done using an assembly with 

•� a threaded rod linked to the shaker moving mass 

•� an intermediate universal joint 

•� for wing tip excitation, a threaded rod linked to the structure (the threaded rod of the 

additional masses). Note that this excitation is in the z direction but does not exactly 

correspond to nodes 12 and 112 which are supposed to be excited. 

•� for other excitation locations a threaded rod glued to the structure (with an intermediate 

double faced scotch tape). 

For excitation by the wings the initial complement masses were replaced by 76 g masses. The 

mass linked to excitation (moving mass of the shaker: coil and spider) and connection (threaded 

rod, universal joint, nut) was of 124 g. 

3 FRF data 

Results of a stepped sine sweep are given here. In this type of sweep the excitation is driven 

using a discrete frequency sine signal. For each point of stabilized frequency, measurement and 

excitation signaIs are acquired in real time. The frequencies are spaced using a logarithmic law 

function of initiaI and final frequencies. 

The results included here come from two tests. Test 1 corresponds to a syrnmetric excitation at 

points El (shaker 101) and E2 (shaker 104). Test 2 corresponds to an antisyrnmetric excitation at 

points El (shaker 101) and E2 (shaker 104). The data given sopfrf . uf reconstructs the expected 

tests input at El and input at E2 by taking the sum and difference of test 1 and test 2 and dividing 

by 2 (the extent of effects linked to the position of El and E2 is not known). 

The analysis of responses is done using a Fourier series decomposition with extraction of 

amplitude and phase of the fundamental. Response and inputs are stored and FRFs are 

reconstructed by dividing all the outputs by the input level. For test 1 the levels are 0.6N from 5 to 

9 Hz, 2 N from 9 to 46 Hz, ION from 46 to 60 Hz. For test 2, the levels are 2N from 5 to 40 Hz and 

10 N from 40 to 60 Hz. For test 2 near 40 Hz, the force measurement are probably not very 

accurate as the resulting FRFs are not continuous. As the given data correspond to Iinear 

combinations of test 1 and 2, these erroneous points appear in most FRFs. 

Finally the data was given in rn/s. For easier comparisons with standard accelerometer data, it 

was transformed to acceleration by multiplying by jm( m in radis). 

The data sent to ONERA were not in the universaI file format and the transformations detailed 

above were performed to present data in the appropriate format. A significant effort was done to fill 

the universaI file headers appropriately but please tell E. Balmès about errors you may still find. 

Figures 1 and 2 show the given data for the 2 by 2 set of transfer functions that were required in 

the testbed documentation (up to 60 and not the specified 65 Hz). 
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Figure 1. Superposition of the left and right collocated transfer functions (-) 12-z/12-z and 
(---) 112-z/112-z 

4 Modal data 

Modes were identified using the appropriation method were one excites the structure with a sine 

and a combination of inputs such that one only measures the response of one mode. 

For each mode; SOPEMEA gives a rnodeshape (corresponding to the real part of the measured 

velocity response), a phase plot (to see if the mode is wel1 appropriated) and an impedance plot 

(dependence of the modeshape and frequency on amplitude). The reference data set which you 

have received only contains the real part (modeshape). A table in annex A gives a summary of 

properties of the measured modes (sorne of which are measured more than one time). The modes to 

be retained are numbered 101 to 109 and are shown in figure 3 below. 
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Figure 2.� Superposition of the reciprocal transfer functions (-) 112-zJ12-z and (- - -) 12­
zJl12-z 

SOPEMEA made the following comments these results.� 

The results to be retained are modes 101 to 109.� 

Mode 201 was measured with excitation in the middle of the fuselage with a� 

50 N shaker. Even though the appropriation is correct, one sees that an excitation without 

compensation of the mass added by the shaker, in particular the frequency that goes from 6.373 Hz 

for 6.974 by the wing tips El and E2. The renormalized and recomputed generalized mass is 4.29 

kgm2 which is close to mode 101. 

Modes 301, 302, 303 were measured after switching the shakers for El and E2. One sees a 

large difference on frequencies and generalized parameters when compared to modes 101, 102 and 

103, which can be attributed to the different stiffness of the shaker moving parts (980 and 650 

N/m). One can thus conclude that mass compensation is not sufficient for this type of test with the 

equipment used and stiffness compensation would also be needed. 
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Sirnilarly. in order to favor a good appropriation quality Jed to the use of other excitation points 

than the wing tips. This poses the question of homogeneity and quality of rncasures in appropriated 

sine. 

6.974 Hz 1.27 % 16.079 Hz 1.36 % 33.682 Hz 1.47 % 

33.938 Hz 1.16 % 34.915 Hz 1.11 % 46.080 Hz 2.58 % 

48.620 Hz 0.91 % 53.580 Hz 0.56 % 61.140 Hz 2.06 % 

SOPEMEA results 

Figure 3. Measured set of modes. 

The sopmode. uf file gives mass normalized modes clPj such that the transfer function from 

force at location II to displacement at location 12 is given by 

[a (5)] =f {CI2f/Jj }{CI1f/Jj } T 
1//2 ~ 52 + 2ÇCtJs + (J/ 

which also corresponds to the fact that the generalized mass of mode j at a sensor 1is given by 

1 

It is unclear whether this corresponds to the usual normalization of the universal file format. 
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1 Introduction 

Within the framework of certification of a new aircraft, a ground vibration test (GVT) plays an 

important role for the verification or updating of analytical models, allowing more accurate 

aeroelastic (flutter) predictions. Facing the risk of flutter, a high level of quality and reliability 

of GVT results bas to be achieved in obtaining the dynamical characteristics of the airplanes's 

structure. 

The present GARTEUR aetivity bas the major objective ta compare a number of current 

measurement and identification techniques in application to a common testbed. This testbed 

(Fig. 1) was designed and constructed by ONERA (France) and will be investigated by various 

research institutes and industrial partners (Tab. 1). More specifically, the objectives of the GVT 

tests (Ref. 1) are ta evaluate the efficiency and reliability of test methods, ta compare modal 

parameters extraeted from different identification techniques and to evaluate diserepancies 

between data or modal parameters using different test setups and experimental analysis methods. 

The data from thèse experiments might be used in a later stage for model updating techniques. 

Each participant bas been requested to provide at least a 2 X 2 set of transfer functions 

(reference set) corresponding ta excitation and response of the left and right wing tip body 

(again Fig. 1) in a frequency band of 4 to 65 Hz, using two electrodynamic shakers. Hereafter 

the participants are free ta perform an additional ground vibration test following their OWD view 

to identify the number of modes in this frequency band characterized by the mode shape, 

frequency, damping factor and modal mass. 

This report (part 1) deals with the measurements of the required set of transïer functions and the 

comparison with test results obtained by ONERA (France). Further, the report should inform 

ONERA in an early stage of the activity as a final report will be made after all participants 

(Tab. 1) have performed their experiments. Also the test setup and instrumentation are described 

briefly. 

The complete modal survey carried out on the testbed with various shaker positions and different 

testing techniques as commonly applied at NLR and Fokker on a real airerait. will be reported 

in part n. 
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2 The reference set of transfer functions 

ln order to be able to compare the results from a specifie measurement (and appropriate data 

reduction), all participants were requested to measure a set of transfer functions using the 

multiple input/multiple output (MIMO) technique, based on a two-point excitation. A vertical 

excitation was prescribed at nodes 12 and 112 (Fig. 2a, 2b) being the wing tip body front 

positions (right and left). With the accelerations concemed (l2Z and 112Z), a 2 X 2 matrix of 

transfer functions is obtained by which two FRF's are the driving points transfers, the other two 

are cross-transfers. The frequency band of interest ls 4 to 65 Hz and a blocksize of 2048 spectral 

lines was applied (4096 time samples). 

The results obtained by NLRlFokker and a comparison with results of ONERA are discussed in 

chapter 5. 
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3 Description of the test setup 

3.1 Support and instrumentation of the testbed 

The aluminium. testbed was elastically supported in bungees (Fig. 3a), according to the 

recommendations of ONERA. The rigid body motions and their frequencies were determined 

(heave: f=I,88Hz). With the measured stiffness of the bungees, the mass of the testbed was 

calculated and compared with the result from a weighting. 

The model excitation was realized by two electrodynamic shakers (type: Goodman V50Mkl, 

moving mass: 81 gr, maximum force: 108 N). Each shaker was connected to the front position 

of wing tip body by a plastic rod, a piezo-electric loadcell (pcB, type 7900, ± 2.5 mVIN) and 

an additional mass of 46 gr. as compensation for the 200 gr mass (Ref. 2). 

On the testbed 24 accelerometers were mounted (type: kuUte GY-280, 10 gr) according to the 

prescribed positions and directions (Fig. 2). The accelerometers were of a piezo-resistive type 

with a nominal sensitivity of about5 mVig (range: 20g) to be used from DC up 10 300 Hz. As 

willbe discussedlater,the amount of accelerometers was not enough 10 anlmare all the vibration 

modes clearly, but it was agreee by the participants before the test campaignthat data reduction 

and analysis would be based on the prescribed 24 accelerometer positions. 

3.2 Measuring equipment 

Use was made of a multi-channel measuring system of NLR (AE-2), consisting of a SCADAS 

front-end (DIFA, The Netherlands) and a workstation of Hewlett Packard (HP 9000/382 

controller) with CADA-X software of Leuven Measurement System (LMS, Belgium) for data 

acquisition and advanced modalanalysis. This4O-channel system.Is a strippedversionof NLR's 

128-channel system which, in combination with the NLR conditioners (MCCU's) for piezo­

resistive transducers, is easy to use at the site. A dual-channel structural dynamics analyzer (HP 

3562A) served as a rea1-time monitoring deviee in case of sinus excitation of the testbed by 

whichthe 90 deg phase criterium was applied. Miscellaneous equipment consisted of amplifiers 

for the shakers. a signal generator, oscilloscopes and a laser printer as a hard copy deviee, 

A block diagram of the instrumentation setup is shownin figure 4. 
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4 Check on proper connection of wingffuselage 

Before starting the actual measurements of the required set of transfer functions first a check of 

the testbed secup was carried out based on data given by ONERA (Ref. 2). Bach participant 

should verity the frequency and damping ratio of the fuselage rotation mode measured by 

SOPEMEA (also France) being f=16.172 Hz with a damping ratio of 1,452 % (clcr*lOO), see 

figure Sa. This measurement should verity that mounting the wing to the fuselage (by connection 

bolts torqued to 1.6 kgm) was done in a correct way. 

1 

-1 

Results of the check performed by NLRlFokker agree very weIl (Fig. Sb). A frequency of 

f==16.14 Hz was found and a damping ratio of l,54 % using a least squares complex exponential 

curve-fitter (LSCE) on the data. The animated motion of the horizontal tail does not correspond 

with the vertical tail motion because of the absence of accelerometers measuring in Y-direction. 

This representation shouId therefore be adjusted in a later stage (only for presentation purposes). 

After ONERA 

vibration tests. 

was informed about these results, NLRlFokker proceeded with the ground 
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5 Transfer functions 

As already mentioned, use was made of two electro-dynamic shakers. Uncorrelated noise was 

applied within the bandwidth of 4 to 65 Hz (2048 specttallines). The number of averages was 

30 with 50 % overlapping of data blacks, resulting in a measuring time of around 16 minutes. 

Within that rime, the FRF's were fully stabilized in amplitude and phase. 

5.1 Presentation of results by NLRlFokker 

The requested set of transfer functions is presented in figures 6.1 and 6.2. The vertical scale of 

the magnitude (ms-21N) is plotted as a logaritmic scale; the scale of the phase angle is linear. 

A number of resonance frequencies occurs in the transfer functions, belonging to symmetric and 

anti-symmetric vibration modes. At about 35 Hz three neighbouring frequencies were found. The 

mode shapes and related modal parameters were determined. The different excitation and 

analysis techniques as applied, will be one of the objectives to be reported separately (Part m. 

5.2 Comparison with results of ONERA 

The reference set of transfer functions was measured by ONERA before shipping the testbed to 

NLR. The results are presented in figure 7. 

A comparison with the NLRIFokker results shows a very good agreement, both in amplitude and 

phase. Only smal1differences appeared at the frequency of 35 Hz: the NLRIFokker results show 

more c1early the presence of closely spaced modes. 
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6 Concluding remarks 

1 The suspension of 

frequencies. 

the model by bungees introduced sufficiently low rigid body 

2 A check on proper mounting of the wing to fuselage showed identical reference results 

of ONERA and NLRlFokker. 

3 The reference set of transfer functions as obtained by NLRlFokker agrees very well with 

the ONERA results. 

4 The measured data can be used for model updating techniques. 

5 Further analysis towards mode shapes, damping factors and modal masses using the 

excitation techniques as commonly applied by NLRlFokker will be reported separately. 
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Aérospatiale� 

DLR� 

DRA� 

FOKKER� 

Imperial College� 

Intespace� . ­

Manchester University 

NLR 

ONERA 

SAAB 

SOPEMEA 

SOPEMEA 

NLR-FOKlŒR 
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Mr. J.P. ESQUERRE 
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Fig. 1 Sketch of thetestbed with dimensions 
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Fig. 2 Locations and directions of the 24 accelerometers to be used 
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a) The testbed supported by bungees 

b) Shaker connection to the testbed 

Fig. 3 Test setup for the SM-AG 19 testbed at NLR 
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____ SOPEMEA: f =16.17 Hz, b =1.45%Measured by ____ 
ONERA f =16.06 Hz, b= 1.66% 

Calculated by ONERA: 

Mode 2 at 13.160 Hz 
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1 il' , 

b) By NLRlFokker 
(note: vertical taiVstabilizer motion, see chapter 4) 

Frcq : 
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16.14 Ilz 

1. 54 7. 

Fig. 5 Verification of the fuselage rotation mode 
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MODAL TESTING
 
ON GARTEUR SM-AG19 TEST BED
 

W Liu ,DA Robb and 0 J Ewins 

Dynamics Section, Department ofMechanical Engineering
 
Imperial College of Science, Technology and Medicine
 

London SW7 2BX U K
 

1. Introduction 

The round-robin modal testing on GARTEUR SM-AG 19 test bed organised by ONERA 
was carried out in Imperial College in August. 1995. The tasks listed in the documentation for 
the test were accomplished and the results are presented here for further discussion and 
reference. This report consists of five sections. Section II describes the system set-up, 
including a description of the test bcd and an introduction of the excitation and measurement 
system. In section III the rnethod of analysis is introduced and the experimental results are 
presented. Section IV demonstrates the process and results of FE model analysis, and the last 
section. section V presents cornparisons betwecn the different results. 

II. System Set-up 

The system for the test consists of three sub-systems: the test bed, excitation and 
measurement. The set-up for each sub-system is described individually in the following. 

1). Test bed 

The test bed came in two pieces, wingldrum and fuselage/rail. The connection was done 
through four screws with a torque of 1.6 rnkg. 

The structure was then suspended with three bungee cords and the hooks in the suspension 
connection piece were adjusted to keep the structure in a horizontal plane. 

Due to the limitation of the number of available channels in the analysers, which was four 
for the measurement system, the condition of measuring at 24 points simultaneously was 
imitated by providing dummy masses at the corresponding points. Each dummy mass 
possesses the same weight as a cornmon accelerometer used, i.e. 18 grams. 

The two reference compliment masses were not used. 
The set-up of the model is demonstrated in Fig. 1. and Fig. 2. 

2). Excitation 

The mode1 was excited by both stepped sine sweep and random force. The random signal 
generated by SOLARTRON 1220 analyser and stepped sine sweep signal generated by 
SOLARTRON 1254 were used to drive a shaker through a power amplifier. A single shaker 
used here to excite the structure at the coordinate 112z has the specification: 



TYPE V400 
MOVING MASS 200 g 
SUSPENSION STIFFNESS 12.3 N/mm. 

A push-rod was used to connecte the shaker and the structure. A force gauge screwed at 
one end to the top of the push-rod was screwed at the other end to an aluminium nut which 
was stuck right at the point 112z ( under the drum front tip) by super glue. The mass of the 
push-rod and force gauge together is 37 grams. 

The assembly of the excitation sub-systern is shown in Fig. 3. 

3). Aleasurelnent 

The analyser of SOLARTRON 1220 ( 4 channels) was employed to measure FRFs of the 
test bed for random test and the analyser of SOLARTRON 1254 ( 4 channels) was employed 
for sine-sweep test. The accelerometers used were B&K's with the sensitivity: 

Series No. 4383-293(ch. 2) 4382-611(ch.3) 4383-088(ch.4)
 
Sensitivity 3.20 pC/ ms? 3.25 pC/ ms? 3.10 pC/ ms".
 

Force gauge was B&K 8200, Sensitivity 4.00 pC/N: 
Charge amplifiers were B&K 2626. 
The system was calibrated before test, using a 10 kg mass block. 
The complete measuring system was set up and examined by testing the reciprocity. The 

reciprocity test result is shown in Fig. 4 and Fig. 5 in the form of amplitude/phase. 

III. Result 

The measurcd FRFs were analysed using GLOBAL-M in MODENT of ICATS (Imperial 
College, Analysis, Testing and Software). 

GLOBAL-M is based on a complex SVD of a system matrix expressed in terms of 
measured FRF properties and then on a complex eigensolution which ex tracts the required 
modal properties. An advantage of GLOBAL-M lies in its ability to detect very close modes. 

The result required, including natural frequencies, damping (in the form of loss factors) 
and mode shapes are shown in Fig. 6 through Fig. 10. 

IV. Finite element model analysis 

A [mite element model given in the test documentation was analysed using ANSYS5.0. 
The structure of the test bed was modelled using simple beam elements (BEAM4) which is 
acceptable in the sense of engineering. 

It is noticeable that the result produced by ANSYS5.0 is different from that obtained using 
MATLAB structural dynamics toolbox, which was given in the test documentation, even 
though the input data were exactly the same. Table 1 shows the results. 

In the discussion of the next section, It will be indicated that the FE result produced by 
ANSYSS.O is better than that produced by MATLAB toolbox by calculating MAC values 
(modal assurance criterion) of the FE results versus experimental results. Therefore, the FE 
analysis for the other test bed set-ups were carried on by using ANSYS5.0. 
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Table 1: Natural frequencies and mode shape description of two FE results 

MATLAB ANSYS5.0 Mode shape 

6.02 6.014 Two node bending 

13.16 12.933 Global fuselage rotation 

32.54 31.473 First symmetric wing torsion 

33.40 33.000 First antisymmetric wing torsion 

35.58 34.060 Three node bending 

47.57 47.291 Four node bending 

..­ 49.526 Fuselage swinging in plane 

55.09 55.603 Symmetric in plane bending 

57.09 61.775 Second fuselage rotation mode 

66.30 63.563 Tail torsion 

69.79 -.- Five node bending 

--­ 95.542 Tail bending 

V. Discussions on the results 

a. Comparison with SOPEMEA Results 

The SOPEMEA resuIts, two sets of FRFs and one set of modal data, came with a 
document describing the reference results. It is noticeable that sorne differences exist between 
the test models that we set up here and that SOPEMEA used. 

1. The test bed we used had no any reference compliment mass mounted at the two drum 
tips because it was mentioned in the test instruction ( page 4, section 3.2: Padang List) that 
'these masses should be used for hammer testing'. SOPEMEA's test bed had these two 
masses mounted at the two drum tips, and each of them weights 76g to make up the 200g 
moving mass. 

2. We measured excitation force using a force gauge, which was screwed at the drum tip 
and connected to a shaker through a threaded rod. Therefore, the moving mass ( moving mass 
of shaker and the mass of connections) had no effect to the structure. While SOPEMEA did 
not use a force gauge and the mass linked to the excitation ( 124g ) might cause the change of 
the natural characters of the structure. 

Due to the differences in the set up of the test bed, the results that we obtained are quite 
different from that of SOPEMEA. Table 2 shows the comparison of natural frequencies and 
Table 3 demonstrates the comparison of damping parameters. 

Cases A, B and C correspond to (A), the results in this report, (B), the resuIts of 
SOPEMEA, and (C) the results of mis-assernbled test bed mentioned in Appendix A. Case D 
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was obtained from the two sels of FRFs given by SOPEMEA by analysing them using ICATS 
modal analysis system, 

The presented dumping parameters of case B are viscous damping ratio, and the damping 
pararnetcrs of A, C and D are loss factors of structural damping model. 

The mode shape comparisons expressed using MAC between A and B is shown in Fig. Il. 
MAC between Band C is shown in Fig. 12. 

b. Comparisons between FE model analysis and experiments 

Three cases were carried out in FE model analysis using ANSYS5.0. Each of them is 
corresponding to a case of assembly of the test bcd, A, Band C as mentioned above. To make 
the description clear, the definition of each case is listed as follow: 

case A: a correct assembly without the iwo supplement masses; 
case B: a correct assembly with the two supplement masses; 
case C the wings were assembled in the way around with the two supplement masses. 

For each case, the natural frequencies of FE model and experirnent as well as MACs are 
presented from table 4 LO table 6. The MAC values are expressed by set 1 versus set 2, where 
set 1 and set 2 are FE modes and test modes respectively, 

The best correlation between test and FE modal analysis is in case Buable 4). 
The MAC values of mode 4 and 5 in case A (table 5) are low, 52.2% and 17.7% 

respectively. This unsatisfactory is believed due to the test error because only one shaker was 
used here rather than two shakers used in case B. One single shaker exciting the structure at 
one end of the wing resulted in that the response level at the other end (drurn tips) apart from 
the excitation side was much lower. 

The poorest MAC values exist in case C (table 6), where the values of MAC are 0.2 and 
0.3 for mode 6 and 7 respectively. The most significant difference of natural frequency exist at 
mode 6 as weIl. The reason is still unclear. 

Table 2. Comparison of natural frequencies (Hz) 

No.ofmode case A 

1 6.623 

2 16.210 

3 35.420 

4 37.177
 

5
 37.464 

48.4216 

7 50.712
 

8
 57.054
 

9
 63.452 

10 64.829 
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Table 3. Cornparison of dumping parameters 

No.of mode A 

.295000E-0 1
 

2 .266000E-0 1
 

3 .173000E-0 1
 

4 .195000E-0 1
 

5 .970000E-02
 

6 .438000E-0 1
 

7 .640000E-02
 

8 .260000E-02
 

9 .383000E-01 

Table 4. Comparison between FE model analysis and experiment results of case A 

Mode fr (Hz) MAC values(%) 

No. FE Test (A) set l(FE)• 
1 6.317 6.623 99.6 0.0 0.0 0.0 0.0 14.7 0.0 0.0 0.0 0.0 
2 13.109 16.210 0.0 97.6 2.3 0.0 0.0 0.0 0.0 0.0 41.2 0.2 
3 32.788 35.420 0.0 1.8 80.4 2.3 5.2 0.2 12.7 0.0 2.8 0.0 
4 40.276 37.177 0.0 0.0 0.1 52.2 47.3 0.2 0.0 0.1 0.0 0.0 
5 40.341 37.464 2.7 0.5 12.3 26.9 17.7 10.3 4.4 0.0 12.5 0.0 
6 47.487 48.421 18.0 0.1 0.0 0.1 0.2 86.9 0.0 0.0 0.0 0.0 
7 51.030 50.712 1.2 0.9 10.2 1.0 0.1 2.1 91.4 0.8 2.7 9.6 
8 58.790 - 57.054 0.0 0.0 0.1 0.0 1.0 0.1 0.8 95.0 0.1 0.1 
9 62.372 63.452 set 2 0.4 24.8 7.5 0.0 0.0 0.2 7.9 0.1 94.3 23.6 
10 63.637 64.829 (test) 0.0 0.1 0.6 0.0 0.0 0.0 8.2 0.0 16.6 98.2 
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Table 5. Comparison betwcen FE model analysis and cxpcriment results of case B 

Mode fr (Hz) MAC values(%) 

No. FE Test (B) ~ set 1(FE) 

1 6.014 6.974 99.6 0.0 0.0 1.7 0.0 12.3 0.0 0.0 3.0 
2 12.933 16.079 0.0 97.2 0.3 0.0 0.6 0.0 0.2 0.0 46.0 
3 31.473 33.862 0.0 0.5 76.5 2.6 69.6 0.4 0.0 0.0 3.9 
4 33.000 33.938 0.6 0.0 0.4 97.5 0.7 12.9 0.0 0.1 0.0 
5 34.060 34.915 0.0 0.1 1.5 0.0 59.4 0.0 14.1 0.0 10.9 
6 47.291 46.080 19.3 0.0 0.0 1.8 0.0 95.4 0.1 0.0 0.0 
7 49.526 48.620 set 2 0.3 0.1 1.6 0.0 8.7 1.3 96.3 0.0 0.3 
8 55.603 53.580 (test) 0.2 0.0 0.0 3.2 0.0 2.0 0.0 95.1 0.0 
9 61.775 61.140 0.0 ftl 0.4 0.0 2.4 1.0 5.4 0.0 92.7 

Table 6. Comparison between FE model analysis and experiment results of case C 

Mode 1'1' (Hz) MAC values(%) 

No. FE Test (C) ~ set l(FE) 

1 5.988 6.278 99.2 0.0 0.0 1.5 0.0 10.2 0.0 0.0 0.1 
2 12.941 15.946 0.0 87.1 0.7 0.0 1.6 0.0 1.8 0.0 42.4 
3 31.426 32.134 0.0 0.8 68.0 0.1 81.4 0.0 0.0 0.0 5.7 
4 33.065 32.490 1.4 0.0 0.7 95.5 1.3 17.0 0.0 0.1 0.2 
5 34.023 35.652 1.1 1.2 0.1 1.6 57.1 0.1 36.7 0.1 0.0j
6 47.238 35.714 6.8 8.8 19.6 5.5 0.8 0.2 0.2 OA 44.3 
7 49.270 48.821 set 2 0.9 5.1 11.7 0.1 3.3 3.0 0.3 0.0 0.1 
8 55.603 54.671 (test) 0.6 0.0 0.0 2.5 0.0 2.3 0.1 85.5 0.1 
9 61.945 62.700 0.1 30.9 0.7 0.0 4.7 0.1 1.0 0.0 89.7 

Appendix A. Results of mis-assembled test bed 

The wings of the test bed was assembled at first in the way around by mistake (Fig. 13). 
Tests on the mis-assembled test bed were accomplished using both sine-sweep and random 
excitations with the two reference compliment masses of 200 grams each at the tips of the 
drum. AIl dummy masses were used and the set-up of the excitation and measurement systems 
were the same as mentioned above. 

The figures in this appendix ( Fig. 14 to Fig. 18) present the modal data in the case of 
random excitation. 
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The rcsult or sinc-swccp is ulmost the sarnc with that or randorn excitation. Howcvcr, they 
are not comparable duc to the luet that the signs or FRFs at 12x, Sx, 105x and 112x obtaincd 
using sinc-swccp are opposite to thosc obtaincd using random excitation. 

Appendix 8. Discussion on the effect of moving mass 

The concept or moving l1/ao505 mentioned in the test instruction is arnbiguous. So callcd 
tnoving mass here, which consists or the mass or accelerometer, force gaugc, push rad as well 
as the moving part of the shaker, hus no effect ut ail on the testing result using the 
mcasurcrnent set up rnentioned in section 1. Ir the input force was derived l'rom rncasuring 
input currcnt to the shaker, case is different. The tnoving 111((55 is required in the deriving 
proccss as an important parameter. Actually, measuring input force directly using torce gauge 
is more precise and practical. 

To invcstigatc the etlcct or moving nutss, harnrncr test was carried out at sorne mcasured 
points of the test bed. IL shows that natural frequcncics obtaincd cither from hammer test or 
sinc-swccp have no obvions differences. For instance, the most sensitive mode to this moving 
mass is 6.597 HI. obtained from hammer test (without the two reference complement masses) 
while it has the value or 6.6094 Hz from sinc-swccp and 6.6099 Hz from randorn test 
respccti vely. 

Fig. 1 Sct-up of the test bed 
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Fig. 2 Sct-up of the test l'led 

Fig. 3 The asscmbly of the excitation cquipmcnt 
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Executive summary 

This report is an account of the measurement and analysis of vibration test data for the 
GARTEUR SM-AG19 testbed structure carried out at the DRA in Farnborough. The 
experimental set-up of the model and the dynamic testing performed are described in detail. 
The results from several tests are presented and discussed. Theoretical predictions of the 
effects of a simple modification are shown to agree well with that actually measured. 

Sorne results from SOPEMEA for tests on the same model have been included. A brief 
comparison of the DRA results with those from SOPEMEA has been made. The two sets of 
results had a reasonable leve1 of agreement. 

u DRNAS!ASDrrR9606211 



List of contents 

AUTHORISAnON •·······......•.................••.•.. 1
 

EXECUTIVE SUl\WARy li 

1. INTRODUCTION ······•·· •.··•....•.••.•..•••...••.••.•••..•.1
 

2. RECEIPT AND SET-UP OF GARTEUR MODEL AT DRA FARNBOROUGH ..•••......••.....••..••..•••.••.•••••.•.••...•3 

3. EXPERThŒNTAL EQUIPl\1ENT AND l'EST SET-UP •..•••••....•••••.....•...•.•••.•••••......••.•.••.••••.•..•••.••..•••..•.•••..•••..••5 

3.1. MEASlJREMEIIfTOfREsPONSES 5
 

3.2. MEASlJREMEIIfTOf FORCES 5
 

3.3. EXCITATION Of ras MODEL............................••................•................................................••.....•••.....•....................6
 

4. EXPERIl\IENTAL MEASUREMENT SUR VEY 7
 

4.1. PRELIMINARY MEASUREMENT Of rns MODEI.. ..........•........................•........................................................•....•...•...7
 

4././. Measurement ofTime Data 7
 
4.2. MULTI-PoINTRANDOM MEASlJREMEl',ïS USING2 SHAKERS 7
 

4.3. MULTI-POINTRANDOM MEASUREMENTS USING4 SHAKERS 8
 

S. MODAL ANAL YSIS RESULTS ...••.....•....•....................•................................•...........•.....................................•. 11
 

5.1. MALYSIS REsULTS FROM2 POI/l.ï MPR MEASUREMENTS 11
 

5././. Analysis ofMeasurements on the Basic Model... l l
 
5./.2. Analysis of Measurements on the Modified Model and Comparison with Predicted Results /3
 

5.2. MALYSIS REsULTS FROM4 POINT MPR MEASUREMENTS 15
 

5.3. COMPARISON Of REsULTS WITI/ FINllE ELEMElIoï MODEL REsULTS 16
 

5.4. COMPARISON Of REsULTS WI11i TI/OSE FROM SOPEMEA 17
 

6. CONCLUDING REMARKS ....•........................•...••..•.......•.........................................................................•....••. 19
 

7. FIGURES •...•...••..•...............................•.•.......•.........••..........•..•.....................•...................................•.........•.......•.21
 

8. APPENDIX A: 69
 

NASTRAN MODELOfTIiEGARlEUR 5iRUCTURE 69
 

9. APPENDIX B: 83
 

GARTEUR MODEL MEAsuRED MODESHAPES 83
 

10. APPENDIX C: 87
 

MODAL AsSURANCE CRI1ERION (MAC) COMPARISONSOf MODAL DATA SETS 87
 

DISTRIBUTION LIST 89
 

REPORT DOCUMENTATION PAGE 90
 

DRA!ASIASDrrR9606211 ID 

http:�...��..�...............................�.�.......�.........��..........�..�.....................�...................................�.........�.......�
http:�........................�...��..�.......�.........................................................................�....��
http:��.....�....�....................�................................�...........�.....................................�
http:�........................�........................................................�....�...�
http:��................�................................................��.....���.....�
http:�����....�����.....�...�.���.�����......��.�.��.����.�..���.��..���..�.���..���
http:���......��.....��..��..���.��.�����.�.��
http:�.��.�..���...��.��.���..�
http:�.................��.�


1. Introduction 

As part of the certification procedure for all new aircraft, and indeed, major modifications ta 

existing aircraft, vibration tests are required to provide data used in assessments of the 
aeroelastic stability of the aircraft. Ground Vibration Tests (GVTs) as the tests are 
commonly known, can be extensive and costly to perform. For this reason,· the amount of 
testing is kept to a minimum. It is rare for GVTs to be repeated by another independent 
group as a check on the quality and validity of the measured data. It is important to 
distinguish between the terms 'quality' and 'validity'. A measured data set may be of 
exceptionally high quality, but be completely invalid because of sorne systematic error in the 
test set-up. Systematic errors may not come to light unless tests are perfonned by a 
completely independent group, using a different set of equipment and analysis methods. 

The purpose of this GARTEUR Action Group was ta assess the variability in the 
measurements and analysis results for a single structure passed to a number of participants 
throughout Europe. 

Sorne considerable thought was devoted to the design of the testbed structure in an atternpt 
to highlight potential difficulties in the test and analysis methods to be used; several closely 
spaced modes was one criterion in the design. A practicallimitation on the size of the model 
was that it should be relatively easy to transport between the participants with a minimum of 
assembly and disassembly. In the resulting testbed structure there were only two separate 
parts; a wing component and a fuselage component, see Figure 1. The joint between these 
components was designed to try and ensure that the coupling conditions were repeatable 
between different tests and when assembled by different participants. Tests were undertaken 
to prove the repeatability of assembly before the structure was released to the participants. 

Another obvious source of discrepancies between the tests of different participants was 
identified as the method of suspension of the structure. For this reason, a simple suspension 
system was devised and supplied as part of the testbed kit. Tests were also undertaken to 
prove the repeatability of the suspension set-up before release of the structure. 

AlI measurement locations were defmed in the documentation and etched into the model 
itself. The attachment of transducers and excitation systems was left to the participants. 
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2. Receipt and Set-Up of GARTEUR Model at DRA Farnborough 

Upon receipt of the model, the component parts were removed from the transport box and 
inspected. Wax, double-sided tape and excess glue (used for the attachment of transducers) 
were cleaned off the component parts, together with sorne old excitation attachment blocks. 
The wing to fuselage attachment plates were degreased and cleaned. There was sorne 
evidence of edge damage to these plates where 'irnplements' hadbeen used to separate 
them. 

The model was then assembled. A torque of 1.6 rn/kg was specified in the documentation 
for the wing to fuselage bolts. This torque figure was taken to mean 1.6 kgm, that 
is 15.7 Nm. Despite the fact that this was a very small torque, the bolts were tightened to 
this value. A spring balance and socket wrench were used to tighten the bolts. The nuts 
were too close to the fuselage to allow the use of a ring spanner or a socket. Therefore, the 
torque was applied to the boit heads via an Allen key adapter for the socket wrench. 

A small aluminium excitation attachment block (3.2 g) was bonded (using Rapid Araldite) 
beneath each wing tip at the points defmed as 12:Z and 112:Z. Scribed crosses marking the 
response measurement points were extended with pencil lînes. Double sided (Tessa) tape 
pieces were then placed over the scribed transducer location points and pressed firrnly onto 
the structure. 

At this point, the complete model (without transducers, or suspension system) was weighed 
using a balance beam. The model was found to have a mass of 44.05 kg. 

The bungee cords and suspension plate were then attached to the model and the whole 
structure suspended on a steel hawser 1.64 m below a gantry frame. Including the bungee 
suspension system, the top of the model fuselage was 2.295 m below the point of 
attachment to the gantry, Figure 2. Originally, it had been proposed that each participant 
should use a new set of bungee suspension cords. However, there were no new bungees in 
the transport box and the set previously used by NLR have been re-used for these tests. 

When not connected to the shakers, the model was supported on a wooden block, thereby 
unloading the bungee suspension cords. This was done in an attempt to prevent long-term 
creep of the bungee throughout the duration of the test period. 

The effect of the constrained damping layer on the model wing was quite obvious. When the 
wing was tapped, it sounded dull and did not ring. In contrast, when the tailplane, which did 
not have any damping treatment, was struck it sounded bright and rang for a considerable 
time. 

As part of the basic documentation, details were given of a fmite element model of the 
testbed structure. This model was reproduced in NASTRAN, see Appendix A The mass of 
the NASTRAN model was 44.55 kg, which compared very well with the measured value 
for the actual structure (44.05 kg). Results from the fmite element analysis were useful in 
showing modes of the structure not excited particularly well when using two shakers acting 
in the vertical direction at the wing tips. 
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13. Experimental Equipment and Test Set-Up 

3.1. Measurement of Responses 

In total, 26 Entran EGA 125F accelerometers were used for measurement of the responses 
at the defmed points on the modeL Another single accelerometer was attached to the 
suspension plate to check for any troublesome suspension modes. The measurement 
locations and directions can be seen in Figure 3. AlI the accelerometers were attached to the 
structure using double-sided 'Tessa' tape. Each accelerometer wire was taped to the mode! 
close to the transducer and then taken away, suspended on strings, to the signal 
conditioning equiprnent, Efforts were made to ensure the accelerometer wires had as little 
restraining effect on the model as possible. Another general photograph of the complete 
model set-up can be seen in Figure 4. 

The accelerometer response signals were conditioned and amplified by Vishay strain gauge 
bridge monitoring equipment. The amplified signals were then sent to the Difa SCADAS 
analogue to digital converters (ADCs) as a front-end to the HP computer and LMS Cada-X 
software. 

3.2. Measurement of Forces 

PCB type 208B piezoelectric force transducers were used for measurement of the excitation 
forces applied to the structure. Each force gauge was mounted directly on the shaker 
platfonn, as shown in Figure 5. A wire pushrod was then used to connect each force gauge 
to the attachment point on the model. The force gauges were mounted 'Base' towards the 
model and 'Top' towards the shaker. This arrangement of the force gauges differs from that 
nonna1ly recommended. It is usual to mount the force gauge on the structure ('base-side' 
towards structure) and then to connect the top of the force gauge to a shaker with a 
pushrod link. The conventional arrangement was not used in this case because of concems 
over the mass loading effect of the force gauge. A force gauge is constructed to have as 
little mass on the 'base-side' of the sensing element as possible. The 'live-side' mass is kept 
as sma1l as possible to minimise the modification to the structure. However, what is 
minimised is the mass modification to the structure in the sensing direction of the force 
transducer. The full mass of the force transducer modifies the structure in directions 
perpendicular to the sensing direction. By locating the transducer on the shaker, only the 
pushrod and fixture mass modify the structure in a1l degrees-of-freedorn, plus the sma1l 
'live-side' mass of the transducer in the sensing direction only. In this case, the pushrod and 
fixture mass was significantly sma1ler than the mass of the whole force transducer, so the 
overa1l modification effect was less. Furthennore, there was a much sma1ler difference 
between the modification effect in the sensing direction and that in the transverse directions. 
A detailed photograph of the force transducer and its connection to the model can be seen 
in Figure 5. 
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Experimental Equipment and Test Set-Up 

The following masses were measured for the constituent parts on the 'live-side' of the 
transducer sensing element; 

pushrod carrier on mode! 3.2 g 

pushrod and nuts 6.6 g 

pushrod carrier on force transducer 2.0 g 

live-side mass of force transducer (assumed) 5.0 g 

(Total mass of force transducer = 25 g) 

TOTAL 16.8 g 

As specified in the set-up documentation, wing tip 'drurn' masses had to be manufactured 
such that the total added drive point mass was 200 g. Since the attachrnent bolt and nut had 
a mass of 15.6 g, the 'drum' masses were made to be 167.6 g. 

A supplementary advantage of this arrangement of the force transducers was that the micro­
dot cables (which are relatively stiff and massive compared with the Entran accelerometer 
wires) also had less influence on the model. 

In aIl cases, the pushrods used were the same; 0.75 mm diameter piano wire with an active 
length of 95 mm. 

For the majority of the tests, only two excitation inputs were used. However, sorne tests 
used three or four excitations. 

The force signals were passed through PCB signal conditioning equipment to the Difa 
SCADAS ADCs. 

3.3. Excitation of the Model 

Ling V409 electromagnetic shakers were used to excite the model. For excitation in the 
vertical direction (z-direction) at the wing tips, the shakers were placed on stands on the 
fioor. For tests involving excitation in the x-direction, the shakers were either placed on 
larger floor stands or attached to a 100 kg reaction mass and suspended from a crane. In aIl 
cases, care was taken to align each shaker perpendicular to the surface to which it was 
attached. The photographs in Figures 2 and 4 show two shakers set for vertical excitation at 
the wing tips. 

The excitation signals were aIl generated in the digital to analogue (DAC) section of the 
Difa SCADAS. These signals were then fed through Kemo high-pass filters set at 2 Hz, and 
amplified, using DRA MAMA power amplifiers, to drive the shakers. These power 
amplifiers are constant current amplifiers and so provide very Iittle inherent damping. 
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4. Experimental Measurement Survey 

4.1. Preliminary Measurement of the Model 

A series of preliminary measurements on the model was made to deduce an appropriate 
excitation level, burst length and the frequency resolution required for,good definition of the 
Nyquist modal circles. 

Before each test in this survey, the Vishay bridge amplifiers were balanced and then an 
auto-range procedure was started on ail the SCADAS acquisition channels. The auto-range 
display was then checked to see that a significant number of 12 bits available were used in 
the analogue-to-digital conversion for every channel. 

4.1.1. Measurement of Time Data 

With a shaker attached to each wing tip and acting in the vertical direction, measurements 
of the response time history at each of the measurement locations were made. Burst random 
excitation was used and responses for two burst durations (75% and 50%) were recorded. 
The responses for a burst duration of 75% can be seen in Figure 6 and those for the 50% 
burst duration are given in Figure 7. It can be seen from these Figures that the X-direction 
responses are genefally much less weil damped than responses measured in the other 
directions. This is shown clearly in Figure 6 by the X-direction wing tip responses (12X and 
112X) that 'ring on' weil beyond the end of the acquisition block when a 75% burst 
duration is used. For the same burst duration responses in the Z-direction have decayed to 
zero before the end of the acquisition block. When a 50% burst length excitation was used, 
the X-direction responses (Figure 7) had almost decayed to zero before the end of the 
acquisition block. 

From these measured responses it was concluded that the constrained layer damping 
treatment was effective in dissipating energy from the modes with motion predominantly in 
the Z-direction, but relatively ineffective for modes in the X-direction. 

Although reducing the excitation burst length ensured that more of the responses had 
decayed to zero before the end of the acquisition block, it also reduces the 'signal-tc-noise' 
ratio. Assuming that the noise is constant, halving the burst duration halves the signal-to­
noise ratio. 

4.2. Multi-Point Random Measurements using 2 Shakers 

For this series of measurements, two shakers were attached to the structure to provide 
excitation in the vertical direction at the front of the wing tips. Based on experience gained 
from the preliminary measurements, a blocksize of4096 frequency lines was used to coyer a 
baseband frequency range up to 128 Hz. A burst random excitation strategy was selected to 
avoid the problems associated with the use of a Hanning window function. From the mode 
shapes given in the documentation, it could he seen that there were not too many modes in 
the X-direction, so it was decided to sacrifice the accuracy of these X-direction modes for 
improved signal-to-noise ratio for ail the response points. An excitation burst length of 75% 
was used therefore, for all these measurements and 16 averages were taken. 
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Experimental Measurement Survey 

Sorne typical FRFs from this test (defined as test A6) are shown in Figures 8 and 9. It can 
he seen that the majority of the modes are weIl spaced, but that there are two groups of 
closely spaced modes around 33 and 50 Hz. The 33 Hz group of modes was intentional, but 
no mention of a group around 50 Hz was given in the 'Documentation for the. GARTEUR 
SM-AG19 Testbed'. The two reciprocal FRF terrns are plotted together with their vector 
difference in Figure 10. This plot shows the measured reciprocity to he exceptionally good 
across virtually the whole of the frequency range from 4 to 80 Hz. The difference between 

( 

the FRF terms is approximately an order of magnitude less than the FRFs themselves 
everywhere except at the anti-resonances. 

Measurements were also made using half the nominal excitation level to provide a crude 
indication of any non-linear behaviour of the structure (test A8). The two point FRFs are 
shown in Figure Il and the reciprocal FRFs are given in Figure 12. 

As a further check on the repeatability of the measurements, another test was perfonned at 
the original excitation level (test Cl). Then a mass modification consisting of a 198.2 g 
brass cylinder was bolted to the right-hand wing tip (point 12). Another set of 
measurements (defined as test C2) was made for this 'modified model'. 

4.3. Multi-Point Random Measurements using 4 Shakers 

By comparison of the results obtained using two shakers in the vertical direction at the wing 
tips with the fmite element results, it was found that the X-direction modes were not excited 
at all weIl by these two shakers. Therefore, 2 extra shakers were added, one at each wing 
tip, acting in the X-direction. Each force gauge was again mounted directly on the shaker, 
with the 'top' towards the shaker and connected to the structure by a 95 mm pushrod. 
Because fore-aft response of the wings was now excited to a much greater degree, it was 
necessary to reduce the excitation burst length to 50% in order to allow the response to 
decay sufficiently before the end of the block. 

The four drive-point FRFs are shown in Figures 13 to 16 and these FRFs all show the 
classic resonance anti-resonance characteristics. In comparison with the FRFs measured 
with excitation in the Z-direction only, it can he seen that the quality of these FRFs is 
relatively poor. This is especially evident around the first flexural mode of the structure. A 
series of Nyquist plots (Figures 17 to 20) has been made for the point FRF (l12Z+) shown 
in Figure 13. The poor quality of the measured FRF in the frequency range 6 to 8 Hz can he 
seen in Figure 17. Part of the problem can he attributed to insufficient frequency resolution. 
However, the quality of the FRF in this frequency range is reduced by the additional 'noise' 
resulting from the X-direction excitations applied at the wing tips. Progressing up through 
the frequency range (Figures 18 to 20) it can he seen that the quality of the measured FRF 
increases substantia11y as the frequency resolution becomes beuer suited to the frequency 
and damping properties of the modes. The modes are shown as clear and very weIl defmed 
circles in the Nyquist plots of Figures 18 and 19. 

r _ 
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Experimental Measurement Survey 

For a four input test, there are 6 reciprocal FRF pairs and plots of these FRFs together with 
their vector differences can he seen in Figures 21 to 26. The first two reciprocal plots 
(Figures 21 and 22) are for 'in-plane' excitation and response directions; in the remaining 
four reciprocal plots the excitation and response directions are perpendicular 10 one 
another. The reciprocity shown by the in-plane terms is considerably better than that by the 
others. The in-plane reciprocity exhibited by this 4 shaker test is similar to that obtained in 
the 2 shaker test (Figure 10). For perpendicular excitation and response directions, the 
reciprocity is not as good; the vector difference is often very similar to the constituent 
FRFs. Once again, this is panicularly evident for the frequency range up to about 10 Hz. 
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5. Modal Analysis Results 

5.1. Analysis Results from 2 Point MPR Measurements 

The standard frequency domain MDoF method of analysis available within the LMS 
software was used on the data sets for this 2 point excitation MPR test configuration. The 
analyses were made assuming that the modes would he 'complex'. This avoided an initial 
assumption of 'real' modes, the validity of which could only then he checked by performing 
a 'complex' analysis. Separate analyses covering smal1 frequency ranges around the 
individual modes or groups of modes were perfonned. Low-frequency and high-frequency 
residual tenns were also generated to account for modes outside the overal1 frequency 
range of interest. These residual modes have only been used in the synthesis of FRFs from 
the modal database. 

5.1.1. Analysis of Measurements on the Basic Model 

Measurement data from the three separate tests on the basic model have been analysed; 
tests A6, A8 and Cl. The frequency and darnping results for these tests can he seen in 
Table 1. Mode shape results for the analysis of test A6 data can he seen in Figures 27 to 35. 
The shapes from analyses of tests A8 and Cl data were almost identical to those from test 
A6. 

The 'extra mode' at 2.7 Hz, Figure 36, identified in the Cl analysis is a rigid body vertical 
bounce of the whole structure on the bungee suspension. The reason for its appearance in 
this set of data is that the reconstruction filtering on the excitation signals was reduced for 
these measurements, resulting in the excitation of this mode. 

Test A6 A8 Cl 
ID 

Mode Freq. Damp Modal Mass Freq. Damp Modal Mass Freq. Damp Modal Mass 
(Hz) (%) (Kg) (Hz) (%) (Kg) (Hz) (%) (Kg) 

2.70 2.80 29.7 (lll:Z) 

1 6.50 0.93 4.27 (l1:Z) 6.50 0.96 4.46 (11:Z) 6.49 0.92 4.30 (1l:Z) 

2 16.45 1.14 3.79 (302:Y) 16.47 1.12 3.86 (302:Y) 16.41 1.19 3.80 (302:Y) 

3 33.49 1.06 0.70 (111:Z) 33.47 1.03 0.69 (111:Z) 33.42 0.87 0.70 (111:Z) 

4 33.97 1.35 0.66 (11:Z) 33.97 1.33 0.66 (11:Z) 33.87 1.14 0.67 (1l:Z) 

5 36.34 0.77 3.42 (11:Z) 36.38 0.73 3.51 (l1:Z) 36.26 0.81 3.48 (11:Z) 

6 49.85 1.96 2.15 (l05:Z) 49.84 1.97 2.19 (5:Z) 49.55 2.12 2.10 (l05:Z) 

7 50.48 0.33 94.2 (ll:Z) 

8 56.08 0.09 3.85 (12:X) 56.09 0.07 3.83 (12:X) 56.07 0.10 3.37 (l12:X) 

9 64.56 1.83 3.69 (303:Z) 64.62 1.79 3.68 (303:Z) 64.29 1.88 3.67 (303:Z) 

10 69.52 0.34 0.40 (301:X) 69.31 0.31 0.69 (301:X) 

Analysis Results for 2 Point MPR Tests 

Table 1 
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Modal Analysis Results 

The fundamental vertical bending mode of the wings occurred at 6.5 Hz, Figure 27. It is a 
syrnrnetrical mode of the wings on the fuselage. Because there was some vertical motion of 
the support point in this mode, the stiffness of the bungee cards may have had an influence 
on the exact mode frequency. 

The next mode was found at a frequency of 16.45 Hz. It can be seen from Figure 28 that 
this is the first anti-syrnrnetric wing bending mode. There is a nodal point at the fuselage 
attachment (model support point) and the tail unit rocks in sympathy with the wings; the fm 
remains perpendicular to the centre of the wing. 

Three closely spaced modes were found at 33.49 Hz, 33.97 Hz and 36.34 Hz, Figures 29 to 
31. The first two modes of this group are very similar; torsion of the wings and wing tip 
plates. In the first mode (33.49 Hz, mode 3) the two wing tip plates move out-of-phase. In 
the second mode (33.97 Hz, mode 4), however, the wing tip plates move in-phase. Owing 
to sorne slight non-syrnrnetry in the model construction or the test equipment and set-up, 
the magnitude of each wing tip motion is not the same. In mode 3, the starboard wing tip 
motion is much less than that shown by the port wing tip; and vice versa for mode 4. 
Nevertheless, the spatial orthogonality of these two modes can still be observed. 

The fifth mode, at 36.34 Hz (Figure 31), is a coupled anti-symmetric wing bending and 
torsion mode. As for mode 2, there is a node point at the joint with the fuselage. The 
coupled bending and torsion of the wings in this mode produce very little vertical motion at 
the front of the wing tip plates. In contrast ta mode 2, the fm and tailplane now move out­
of-phase with the wing attachment point 

Another group of modes, Figures 32 and 33, was found around 50 Hz; one at 49.86 Hz 
(mode 6) and one at 50.49 Hz (mode 7). It can be seen that mode 6 is the second syrnrnetric 
wing bending mode in which there is also sorne slight torsion of the wing tips. The second 
of these two modes was particularly lightly damped, had an uncharacteristically high modal 
mass and the scatter plot, Figure 42, indicated a poor quality 'non-real' mode. These 
characteristics were probably due to some spurious 50 Hz mains frequency interference on 
the measured FRFs. 

The fundamental fore-aft bending mode of the wings (mode 8) was found at a frequency of 
56.08 Hz, Figure 34. The tailplane behaves in a similar fashion to the wing, but out of 
phase. This mode is not driven at all well by the excitation set-up used for these 
measurements (two exciters attached in the vertical direction, one at each wing tip). 

The next mode at 64.57 Hz would appear to be (Figure 35) the second anti-symmetric 
vertical bending mode of the wings, There is also considerable bending and torsion of the 
tail unit in this mode. The distribution of measurement points on the wings is not really 
sufficient to define this mode shape properly; only three of the five node points normally 
associated with a second anti-symmetric bending mode are shown. 
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Modal Analysis Results 

Scatter plots of the mode shapes derived from analysis of the A6 test data are shown in 
Figures 37 to 45. From these Figures it can be seen that all the modes are predominantly 
'real', except for the spurious 'mode' at 50.49 Hz, probably caused by mains interference. 
For each mode, the eigenvector points are grouped closely about the real axis. The low 
scatter of the points around the real axis indicates a good and consistent data and analysis 
set. 

Comparison of the mode frequencies obtained from the A6 and A8 (half the nominal 
excitation level) measurement sets (Table 1) shows little evidence of amplitude dependent 
non-linearities. Also, comparison of the A6 and Cl results shows a high level of 
repeatability between measurements perfonned on different days and involving detachment 
of the shakers overnight. Figure 46 shows a drive point FRF from test A6 and the same one 
from test Cl together with the vector difference between the two. The very high degree of 
repeatability attained for these measurements can be seen clearly from this plot. 

The full mode shape results from test A6 are tabulated in Appendix B. 

The modal database obtained from test Cl data was used in a prediction of the effect of 
adding a mass of 198.3 g to the front right-hand wing tip (point 12). This modal 
modification was accomplished using the LMS modal design program from the Cada-X 
software suite. The mass was added in all three translational degrees-of-freedom at point 
12. No effect was, or could be, taken regarding the added rotational inertia. Only the ten 
modes in the Cl modal database shown in Table 1 were used in the prediction of the 
modified modal properties. The results of this modification prediction can be seen in 
Table 2, together with the measured modal properties of both the unmodified and the 
modified systems. 

5.1.2.	 Analysis of Measurements on the Modified Model and Comparison with Predicted 
Results 

The measured FRFs from the model with the mass attached to the right-hand wing tip (test 
C2) have been analysed in exactly the same way as was used for analysis of the base model 
FRFs; the standard frequency domain MDoF method applied over small frequency ranges 
around individual modes or groups of modes. Frequency and damping modal properties for 
this modified model can be seen in Table 2. A MAC comparison of these measured 
unmodified and modified systems has shown the mode shapes to have a very high degree of 
similarity; see Appendix C, Table Cl. The largest differences occur in the exact nature of 
the mode shapes for modes 4 and 5. Mode 4 aIso exhibits the largest change in frequency, 
-8.8%. 
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Modal Analysis Results 

Test Cl C2 Difference; Modified Difference; 

ID (Unmodified) (Modified) Unmodified ­ prediction Measured -
Measured Measured Modified using Cl data Predicted 

Mode Freq. Damp Freq. Damp Freq. Freq. Damp Freq. 
(Hz) (%) (Hz) (%) (Hz) (Hz) (%) (Hz) 

1 2.70 2.80 2.72 2.70 -0.02 2.69 2.90 0.03 

2 6.49 0.92 6.38 0.95 0.11 6.36 0.92 0.02 

3 16.41 1.19 16.33 1.20 0.08 16.30 1.20 0.03 

4 33.42 0.87 30.47 1.10 2.95 30.33 1.10 0.14 

5 33.87 1.14 33.46 0.83 0.41 33.46 0.84 0.00 

6 36.26 0.81 36.15 0.77 0.11 36.20 0.80 -0.05 

7 49.55 2.12 49.43 2.08 0.12 49.44 2.10 -0.01 

8 56.07 0.10 55.09 0.11 0.98 54.71 0.17 0.38 

9 64.29 1.88 63.84 1.90 0.45 64.15 1.90 -0.31 

10 69.31 0.31 69.43 0.32 -0.12 69.38 0.31 0.05 

Comparison ofMeasured and Predicted Results for the Modified Structure 

Table 2 

A MAC comparison of the measured and predicted modes for the modified structure is 
presented in Table 3. The high level of agreement between the measured and predicted 
results for this simple modification to the structure indicates that the modal model of the 
basic structure is a good representation of the dynamic characteristics. 
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Modal Analysis Results 

2.719 6.384 16.33 30.47 33.46 36.15 49.44 55.09 63.85 69.43 

2.693 0.99 0.45 0.00 0.02 0.00 0.04 0.01 0.00 0.00 0.00 

6.360 0.45 1.00 0.00 0.02 0.01 0.04 0.20 0.00 0.00 0.00 

16.30 0.00 0.00 1.00 0.01 0.00 0.00 0.00 0.00 0.48 0.00 

30.33 0.01 0.02 0.01 0.99 0.00 0.03 0.05 0.01 0.03 0.00 

33.46 0.00 0.01 0.00 0.00 1.00 0.07 0.05 0.01 0.01 0.00 

36.20 0.00 0.00 0.00 0.08 0.06 0.95 0.00 0.00 0.06 0.00 

49.44 0.01 0.19 0.00 0.08 0.05 0.00 0.99 0.02 0.00 0.00 

54.71 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.97 0.00 0.00 

64.15 0.00 0.00 0.47 0.05 0.01 0.06 0.00 0.00 1.00 0.02 

69.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 1.00 

Mode Ordering: 

Rowoo: 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

Columo 00: 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

% freq. -0.9 -0.4 -0.2 -0.5 0.0 0.1 0.0 -0.7 0.5 -0.1 
difference: 

MAC Matrix Comparison ofMeasured and Predicted Results for the Modified Structure 
(Rows: Predicted, Cols: Measured) 

Table 3 

5.2. Analysis Results from 4 Point MPR Measurements 

The FRFs from the 4 point MPR measurements have been analysed in exactly the same way 
as for the previous 2 point excitation. Results for this analysis can he seen in Table 5. 
Comparison of this set of modal properties with those for the 2 point MPR results shows 
there to he very little difference. Indeed, most of the mode shapes are almost 
indistinguishable and this is also corroborated by the MAC comparison shown in Appendix 
C, Table C2. The largest difIerence in the mode frequencies obtained from the two sets of 
measurements was for mode 1. With 4 point MPR excitation, the first mode frequency was 
found to he approximately 3% higher than when measured using 2 point MPR excitation. 
As this is the fundamental symmetric vertical bending mode of the wings there is 
considerable motion of the wing tips, just where the shakers are connected. Attachment of 
the X-direction shakers could have added sorne transverse stiffness (from the pushrods) that 
has caused the frequency of this mode to he increased. The frequencies of aIl the other 
correlated mode frequencies all match to within 1.2%. 

It can he seen from Table C2 that mode 7 from the 2 point MPR test (50.49 Hz) and mode 
7 from the 4 point MPR test (49.98 Hz) do not correlate with each other or with any other 
mode. However, mode 7 from the 4 point MPR test has a sensible modal mass compared 
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Modal Analysis Results 

with that for mode 7 of test A6. Furthermore, the scatter plot for this mode from this test 
(Figure 47) again shows the high quality 'real' characteristic found for all the other modes. 
It can be seen that this mode exhibits considerable out-of-phase X-direction motion of the 
wing tips, balanced by out-of-phase Y-direction motion of the fuselage nose and tail, Figure 
48. The vertical motion of the wings is anti-symmetric.	 ... 

Test	 FI 
ID 

Mode	 Freq. Damp Modal Mass 
(Hz) (%) (Kg) 

1	 6.70 2.30 3.27 (l1:Z) 

2	 16.36 1.30 3.55 (302:Y) 

3	 33.57 0.83 0.79 (Ill :Z) 

4	 33.95 0.98 0.69 (l1:Z) 

5	 36.17 0.75 3.04 (ll:Z) 

6	 49.26 2.26 2.14 (l05:Z) 

7	 49.98 0.55 7.89 (l12:X) 

8	 55.59 0.20 4.71 (l12:X) 

9	 64.01 2.00 3.53 (303:Z) 

10	 69.34 0.31 0.51 (301:X) 

Analysis Results for 4 Point MPR Test 

Table 4 

5.3. Comparison of ResuJts with Finite Element Model Results 

A fmite element model of the structure (AOO1) was created and analysed; see Appendix A. 
The calculated mass of the FE model was only 1% greater than the mass of the actual 
model, 44.0S kg. The first 10 elastic mode frequencies predicted by the FE analysis are 
shown in Table S. Mode shape plots are also given in Appendix A. 

From the table of results il can be seen that the frequencies obtained from measured data are 
generally higher than those from the FE modeL This implies that the FE model is slightly 
too flexible. This is unusual because small FE models with a coarse distribution of elements 
are often too stiff. The results from test FI (4 point MPR excitation) show an the modes 
predicted by the FE model, except for that at S8.12 Hz. As the frequency increases, the 
measured and predicted frequencies match more closely. 

The availability of a FE model was of great benefit during the testing phase of the work. It 
provided guidance for the location of shakers to excite all the modes and confirmation that 
there were modes around SO Hz that should not be dismissed as mains interference. 
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Model ID	 AOOI (FE) A6 FI 

Mode	 Freq. Freq. Freq. 
(Hz) (Hz) (Hz) 

7	 6.377 6.50 6.70 

8	 13.123 16.45 16.36 

9 30.250 33.49 33.57 

10 30.836 33.97 33.95 

11 32.946 36.34 36.17 

12 49.269 49.85 49.26 

13 49.648 49.98 

14 55.971 56.08 55.59 

15 58.142 

16 64.213 64.56 64.01 

69.34 

Finite Element Model Analysis Results and MPR Test Results 
(6 rigid-body modes omitted) 

Table 5 

5.4. Comparison of Results with those from SOPEMEA 

Test SOPEMEA DRAResults DRAResults 
ID Results TestA6 Test FI 

Mode	 Freq. Damp Freq. Damp Freq, Damp 
(Hz) (%) (Hz) (%) (Hz) (%) 

1	 6.97 1.27 6.50 0.93 6.70 2.30 

2	 16.07 1.36 16.45 1.14 16.36 1.30 

3	 33.68 1.47 33.49 1.06 33.57 0.83 

4	 33.94 1.16 33.97 1.35 33.95 0.98 

5	 34.92 1.11 36.34 0.77 36.17 0.75 

6	 46.08 2.56 49.85 1.96 49.26 2.26 

7	 48.62 0.91 50.48 0.33 49.98 0.55 

8	 53.58 0.56 56.08 0.09 55.59 0.20 

9	 61.14 2.06 64.56 1.83 64.01 2.00 

Analysis Results from SOPEMEA Compared with those from DRA 

Table 6 
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Modal Analysis Results 

The DRA modal analysis results are shown in Table 6 alongside a set from SOPEMEA It is 
interesting that the measured results for the first four modes compare with one another 
much more closely than with the FE models. In contrast to the trend found in comparison of 
the measured results with those from the FE model the comparison of the measured results 
with those from SOPEMEA becomes less good as the frequency increases. Above mode 4, 
the SOPEMEA mode frequencies are always less than those measured at DRA Despite 
these discrepancies between the frequencies for the higher modes the general level of 
agreement for the two sets of data is reasonable considering the following; 

(i) that the model has been assembled and dismantled several times 
between the tests, 

(il) the tests span a significant period of tirne, 

(iii) the tests were not conducted under specified and controlled 
conditions of temperature and humidity, 

(iv) different transducers have been used, 

(v) different excitation equipment has been used, 

(vi) different test and analysis techniques have been used, 

(vii) different support bungee cords have been used, and 

(viii) different suspension set-ups have been used. 

The comparison of results from all participants in the exercise will he most interesting and 
instructive. 
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6. Concluding Remarks 

The GARTEUR testbed structure was received at DRA Farnborough in a slightly less than 
satisfactory condition; glue, double-sided tape and attachments remained from previous 
participants. No new bungee suspension cords were supplied. In all other respects the 
model was complete and the wing mated well with the fuselage. Following suspension of 
the model and prelirrùnary checks, several sets of vibration tests were performed. In setting 
the model up for the tests, great care was taken to try and ensure that the measuring 
equipment had as Iittle effect on the structure as possible. To this end, the force transducers 
were mounted at what would normally be considered to be the 'wrong' end of the pushrods. 
A bandlimited random type testing method was used. Separate tests with two and four 
simultaneous excitation sources were made. Although the four-point excitation test 
produced a better response for sorne of the modes than that with the two-point excitation 
test, the quality of the FRFs was, perhaps, not quite so good. It has been suggested that this 
was due to the lower signal-te-noise ratio for the four-point excitation. Nevertheless, the 
results obtained from the two sets of tests correlated very well. 

No problems were encountered with testing the structure. Having a finite element model 
available was helpful for the choice of excitation locations and confirmation of the modes 
measured. 

One of the modal databases from the tests was used in a prediction of the effect of a very 
simple mass modification to the structure. The sarne modification was made to the structure 
and the dynarnic characteristics measured. It was found that the predicted dynamic 
characteristics matched those measured for the modified structure very well, thus providing 
further confidence in the accuracy of the modal database for the original structure. 

Modal properties obtained at the DRA Farnborough for the GARTEUR structure have been 
compared with a set obtained by SOPEMEA. Although not identical, the sets of results do 
have a resaonable level of agreement considering the differences in methods and equipment 
for testing and analysis and the fact that the model has been assembled and dismantled 
several tirnes between the tests. 

Comparisons of results and experiences from all of the participants involved in testing this 
structure should be most interesting and informative. 

DRAIASIASDrrR9606211 Page 19 



Page 20 

This page intentionally blank 

Concluding Remarks 

DRNASIASOrrR9606211 



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

,.. 

Page 21 

Figure 1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Sketch otthe GNrm UR SM-AGI 9 Tes 
1bed 

DRAI A.SJ A.SDrfR96062J 
1 

,
, 

,
•
-

,,
.. 

, 

7. Figures 

L

.J 

•

•
,

,


•
,
 



- -- _.- .. ._­ ~-

Photograph ofthe Overall Test Set-up 

Figure 2 

11 

Response Measurement Locations and Directions 

Figure 3 
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Figures 
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Figures 
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Figures 

Mode number 6 Frequency = 33.97 Hz
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Figures 
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Figures 

Mode number 4� Frequency = 16.45 Hz� 
Damping = 1.140 %� 
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Summary 

This report gives details of the University of Manchester tests carried out on the Garteur 

SM-AG 19 testbed and the major resuIts obtained. 
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1 Introduction 

This report gives a sumrnary of the main results from the University of Manchester normal 

12t h mode tests on the Garteur SM-AGI9 testbed, carried out during the period 9t
h. to 

October 1995. A fuller account of the methods used and results obtained can be found in [1]. 

A brief cornparison is made with the results of corresponding tests performed independently 

by SOPEMEA. 

2 Test Set Up 

2.1 Equipment 

The acquisition and processing of test data were controlled by an HP 300 Series Workstation 

running LMS CA DA-X [2]jUniversity of Manchester [3] dynamic test software interfacing a 

DIFA Scadas II 48 channel data acquisition system. 

The excitation signals were amplified by HH S500-D constant voltage power amplifiers before 

being passed to up to four Ling V409 electrodynamic exciters (peak uncooled force 22.3 N, 

peak to peak displacernent 8.8 mm). Each exciter was attached to the structure by a thin steel 

drive rod and a PCB 208B force transducer (rnass 27.5 g). Signals from the force transducers 

were conditioned by PCB 483A multi-channel transducer amplifiers before acquisition. 

The response leve1s of the structure were measured by 24 Entran EGA-125F-I00D strain 

gauge type acceleration transducers (rnass 3.0 g each ). Signals from the acceleration trans­

ducers were conditioned by Vishay strain gauge amplifiers before acquisition. 

2.2 Garteur Arrangement 

The Garteur structure was suspended in the horizontal plane from a rigid support frame by 

a stee1 cable and three elastic cords, giving a norninally free-free test configuration. 

The locations of the 24 acceleration transducers and position numbering convention is shown 

in Fig 1. 

Three exciter configurations were used during the tests. Exciter Configuration 1 has two 
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exciters in the vertical z-direction at positions 12 and 112, while Exciter Configuration 2 has 

exciters at the same positions in the horizontal z-direction. Exciter Configuration 3 has four 

exciters in the vertical z-direction at positions 11, 12, 111 and 112. 

The effective added mass of the force transducers is ~ ..cl of their total mass, therefore com­

plementary masses of 191 g were attached at positions 12 and 112 to safisfy the requirement 

that 200 g be added at these positions. 

3 Test Procedure 

Exciter Configuration 1 was used to measure the required FRFs (drive point and transfer 

FRFs for positions 12z and 112z) using multiple exciter uncorrelated bandlimited random 

excitation for the frequency range 4 to 80 Hz, using a 70% burst and a uniform window. 

FRF data were acquired using a resolution of 2048 frequency points over the frequency range 

oto 80 Hz. 

The first 8 flexible modes of the Garteur structure were measured individually using the 

normal mode force appropriation (phase resonance) technique. Estimates of the undamped 

natural frequencies and corresponding appropriated force vectors (patterns) required to ex­

cite the undamped normal modes were obtained via the Modified MMIF [4] method of 

force appropriation. The undamped normal modes were excited by applying in turn each 

monophase sinusoidal appropriated force vector to the structure at the corresponding esti­

mate of the undamped natural frequency and adjusting the frequency until a reference force 

and acceleration were in quadrature. The measured response then yielded the undamped 

normal mode shape and the corresponding frequency was the undamped natural frequency. 

Undamped normal modes 1 to 4 were measured using Exciter Configuration 1, modes 5 

and 6 were measured using Exciter Configuration 3, while modes 7 and 8 were measured 

using Exciter Configuration 2. 

Modal masses and darriping ratios were estimated using the Rades method [5]. 
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4 Results 

4.1 Required FRFs 

Fig 2 shows the required drive point FRFs for positions 12z (solid trace) and 112z (dotted 

trace) overlaid, while Fig 3 shows the transfer FRFs corresponding to these positions overlaid. 

As would be expected for a nominally linear structure, the transfer FRFs overlay almost 

perfectly indicating that reciprocity is satisfied. The drive point FRFs indicate, rather 

surprisingly, that the response of the structure is non-symmetrical around the resonance 

peaks in the 34 Hz region (wing torsion modes). 

4.2 Undamped Normal Modes 

Fig 4 shows the Modified MMIF analysis of FRFs acquired using Exciter Configuration 1. 

The 8 minima of the primary MMIF eigenvalues (upper plot) indicate the first 8 undamped 

natural frequencies, while the MMIF eigenvector (lower plot) corresponding to a MMIF 

eigenvalue minimum yields the appropriated force vector required to excite the undamped 

normal mode. The primary MMIF eigenvalue minima for modes 4 to 8 do not drop close 

to zero thus indicating that the chosen exciter configuration is unsuitable for exciting these 

modes; hence different exciter configurations should be used. Exciter Configurations 2 and 3 

yielded MMIF results that were considerably better for these 4 modes. 

The first 8 measured undamped normal modes, measured with the most suitable exciter 

configuration are presented as raw mode shape data in Tables 1 and 2. Note that each mode 

shape is normalisedsuch that- the largest element of the part of the response in quadrature 

with the excitation (imaginary) is unity. The mode shapes are also shown in Figs 5 to 12 

at the instant of maximum defection and as a phase scatter diagram. Note that the phase 

scat ter diagram shows the part of the response in-phase with the excitation plotted along the 

horizontal axis, while the part of the response in quadrature with the excitation is plotted 

along the vertical axis. Thus, a perfect undamped normal mode has a phase scatter diagram 

with all responses lining up verticaIly, indicating a monophase response in quadrature with 

the excitation. 

The undamped natural frequencies, modal masses, damping ratios and normal mode purities 

corresponding to the first 8 undamped normal modes are presented in Table 3. Note that 
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the scaling of the modal masses is consistent with the scaling of the mode shapes in Tables 1 

and 2. The normal mode purity [61 is a value that varies between zero and unity that relates 

the degree of deviation of the responses of a normal mode from being in quadrature with 

the excitation. A normal mode purity of unity indicates a perfect undamped normal mode. 

However, in practice a value of above 0.90 indicates an acceptable result , while a value of 

above 0.95 represents a good quality undarnped normal mode. 

The results show that good quality undamped normal modes have been identified for modes 1, 

2, 3, 4 and 8. Modes 5, 6 and 7 are of a slightly lower quality, but nonethe1ess acceptable. 

It should be noted that for clarity of animation, slave degrees-of-freedom (dof) in the hor­

izontal z-direction were used for positions 1, 8 and 12 (starboard wing) and 101, 108 and 

111 (port wing) for modes 7 and 8 (Figs 11 and 12). 

4.3 Comparison with SOPEMEA Results 

Figs 13 to 16 show the four required FRFs (presented previously in Figs 3 and 4) obtained 

by the University of Manchester tests (dotted trace) overlaid with the corresponding results 

from the SOPEMEA tests (solid trace). In all cases there is a 1800 phase difference between 

the results from the two tests, presumably because of different orientation of the sensors. It 

would be expected for acceleration data that the phase of the phase for drive point FRFs 

would be in the range 00 to 1800, as showm in the University of Manchester data. In the case 

of the two drive point FRFs (see Figs 13 and 14), the traces overlay fairly weIl. However, the 

comparison is not as good for the two transfer FRFs (see Figs 15 and 16), the SOPEMEA 

results being highly contaminated by noise. 

The identified mode shapes, natural frequencies and darnping ratios supplied by SOPEMEA 

are shown in Fig 17. If these results are cornpared with the corresponding results from 

the University of Manchester tests (see Figs 5 to 12 and Table 3), it can be seen that the 

general agreement is quite good. The most notable differences occur in the identified natural 

frequencies of modes 5· to 8 and the mode shapes for modes 3 and 4 (wing torsion). The 

significant1y lower natural frequencies of SOPEMEA modes 4 to 8 suggests that there is 

a greater added instrumentation mass for the SOPEMEA tests. SOPEMEA mode shapes 

3 and 4 appear very symmetrical in amplitude, whereas the corresponding University of 

Manchester mode shapes are highly unsymmetrical. The remainder of the mode shapes 

appear very similar. Note that no slave dof are used in the animation of SOPEMEA modes 7 
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and 8. 

Conclusions 

Normal mode force appropriation was successfully used to identify the first 8 undamped 

normal modes of the Garteur SM-AG19 testbed with two or four exciters employed. A corn­

parison with the corresponding results from the SOPEMEA tests revealed general agreement. 
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Response Mode 1 Mode 2 Mode 3 Mode 4 
201:X -0.001+0.003i O.OOO+O.OOOi O.OOO-O.OOli 0.000-0.002i 
201:Y -0.001 +0.003i 0.000+0.017i O.OOO+O.Olli 0.000-0.008i 
201:Z 0.008-0.212i 0.000+0.006i 0.000+0.007i 0.000+0.012i 
101:Z -0.001+0.927i -0.064-0.594i -0.008+0.050i -0.001 +0.048i 
lll:Z -0.002+0.9lli -0.109-0.539i -0.008+1.000i -0.006+0.334i 
112:Z -0.003+0.91Oi -0.014-0.636i -0.006-0.929i 0.005-0.244i 
ll2:X 0.000-0.004i 0.001+0.177i 0.000+0.029i 0.000+0.038i 
105:Z 0.003+0.308i -0.021 +0.214i 0.002-0.010i -0.003-0.052i 
105:X 0.000+0.007i 0.002+0.094i 0.000-0.021i 0.000+0.009i 
108:Z 0.003-0.046i -0.001 +0.446i 0.002+0.016i -0.001-0.044i 
206:Z 0.005-0.157i 0.000-0.002i O.OOO+O.OOli 0.000+0.002i 
8:Z 0.004-0.021i 0.010-0.448i 0.000-0.037i -0.001 +0.010i 
5:Z 0.001 +0.353i 0.031-0.218i 0.000-0.031i -0.004-0.016i 
5:X -0.003+0.013i -0.001-0.098i 0.000+0.016i 0.000-0.018i 
l:Z -0.006+0.974i 0.063+0.588i 0.002+0.0lli -0.007+0.052i 
ll:Z -0.001+1.000i 0.117+0.548i -0.002-0.203i -0.Oll+1.000i 
12:Z -0.007 +0.957i 0.008+0.637i 0.005+0.228i -0.002-0.901i 
12:X 0.006+0.010i 0.000-0.168i -0.001+0.016i 0.001+0.033i 

205:Y -0.002+0.002i 0.000+0.225i 0.000-0.005i 0.000+0.003i 
302:Y 0.000+0.002i 0.000-0.122i 0.000+0.006i 0.000-0.005i 
301:Z 0.003-0.066i 0.000-0.937i -0.002+0.086i 0.002-0.086i 
301:X -0.001 +0.037i 0.000-0.015i 0.000-0.003i O.OOO-O.Olli 
303:Z 0.003-0.088i -0.002+1.000i 0.003-0.109i -0.001 +0.059i 
303:X -0.001 +0.031i 0.001+0.058i 0.000-0.013i 0.000-0.005i 

Table 1: Garteur Modes 1-4 - Undamped Normal Mode Shapes 
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Response Mode 5 Mode 6 Mode 7 Mode 8 

201:X 0.000+O.002i 0.000+0.002i 0.001-0.009i -0.001 -0.125i 
201:Y -0.002-0.071i 0.008+0.102i -0.009+0.299i 0.002+0.000i 
201:Z -0.014-0.004i 0.003-0.077i -0.008+0.003i 0.001 +0.020i 

101:Z 0.124+0.520i -0.091-0.529i -0.060-0.197i "O.004-0.038i 
111:Z -0.073+0.497i 0.044-0.597i -0.083-0.313i -0.011-0.113i 
112:Z 0.313+0.567i -0.222-0.466i -0.037-0.035i 0.007 +0.094i 
112:X -0.003+0.259i 0.033+0.319i 0.040+ 1.000i 0.061+1.000i 
105:Z 0.109-0.804i 0.002+1.000i 0.127+0.384i 0.009+0.055i 
105:X 0.006+0.147i 0.009+0.146i 0.023+0.457i O.029+0.380i 
108:Z 0.026-0.755i 0.013+0.544i 0.048+0.214i 0.003+0.045i 
206:Z -0.009+0.003i 0.003-0.050i -0.005+0.005i 0.000+0.013i 

8:Z 0.062+0.740i -0.033+0.367i 0.056-0.333i -0.008+0.044i 
5:Z 0.133+0.786i -0.058+0.642i 0.072-0.589i -0.014+0.052i 
5:X 0.001-0.126i -0.008-0.142i -0.009-0.436i -O.004+0.376i 
l:Z 0.016-0.519i 0.002-0.354i -0.040+0.303i 0.008-0.041i 

l1:Z -0.008-0.859i 0.000-0.425i -0.056+0.492i 0.009-0.147i 
12:Z 0.029-0.212i 0.012-0.313i -0.027+0.094i 0.006+0.100i 
12:X -0.001-0.278i -0.012-0.337i -0.017-0.886i -0.008+0.957i 

205:Y 0.000-0.074i -0.008-0.220i 0.002-0.621 i -0.009-0.006i 
302:Y 0.000-0.059i 0.000-0.002i -0.001-0.004i O.OOO+O.OOOi 
301:Z -0.003-0.951i 0.023+0.189i -0.049+0.663i 0.004-0.020i 
301:X 0.001+0.018i 0.007 +0.172i 0.003+0.450i 0.008-0.148i 
303:Z 0.001+1.000i -0.023-0.229i 0.047-0.674i -0.004-0.025i 
303:X 0.005+0.035i -0.011-0.151i 0.004-0.500i -0.010-0.152i 

Table 2: Garteur Modes 5-8 - Undamped Normal Mode Shapes 

Mode Frequency/ [Hz·] Modal Mass / [kg] Damping Ratio/[%] Mode Purity 
1 6.71 3.56 1.05 0.996 
2 16.40 5.88 1.28 0.950 
3 33.46 0.67 0.77 0.991 
4 33.94 0.72 1.14 0.991 
5 36.12 4.38 0.81 0.909 
6 

... 
49.65 2.47 2.10 0.921 

7 50.26 6.02 0.76 0.933 
8 55.41 6.13 0.31 0.961 

Table 3: Garteur Modes 1-8 - Undamped Natural Frequencies, Modal Masses, Damping 
Ratios and Normal Mode Purities 
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1. INTRODUCTION 

Within the certification process of an aircraft, analytical models are used to make 

aeroelastic predictions and evaluate flutter risks. 

In this process, ground vibrations test plays an important role for the updating and/or 

verification of numerical models. 

The present GARTEUR activity has the major objectives to compare the modal testing 

techniques and identification methods used by the participants through a common application. A 

testbed with particular characteristics was designed and made by ONERA (France). To increase the 

challenge, the model was adjusted to obtain three neighbouring modes. The test request is described 

in document ref. [1]. 

At first, each participant is requested to provide at least a 2 by 2 transfer functions matrix 

corresponding to excitation and response at left and right front tip drums in a 4 to 65Hz frequency 

range. After that, members are invited to estimate the dynarnic characteristics of the first 9 modes 

by one or more method and to provide a comparison of those results with the SOPEMEA reference 

set [4]. 

After NLR / FOKKER, DLR, Imperial College, Manchester U., DRA, ONERA perforrned 

the GVT in November 1995. The schedule of the GARTEUR activity is listed at the end of this 

report. 

2. DETAILS OF THE EXPERIMENTAL SETUP 

2.1. Testbed geometry and instrumentation 

The testbed is composed of two aluminium substructures (wing/drum and fuselage/tail). 

The connection beetwen the two sub-systemsis done through two steel plates centered by two pins 

and fixed by four bolts. A set ofviews in figures 6 to 9 shows details of the geometry. 

Significant darnping levels are obtained through the use of a 50 um thick acrylic 

viscoelastic layer (ref ISD 112 made by 3M) covered by a thin aluminium contraining layer (1.1 

mm thick). This composite is glued on the wing. 

The structure is suspended with three bungees as shown in picture 2 giving a 2 Hz heave 

mode frequency. 

According to the request (see locations and directions in figures 10-11), the testbed is 

equipped with 24 accelerometers plus two sensors on the suspension. These pick-ups made by 

ONERA are piezo-capacitive type with a cornrnon sensibility of 80 mV/ms·2 and 10 g mass (see 

characteristics in figure 12). 

M~v lQQf\ RT ~ 111(;ÎÎ R'I\J 
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Because the test was not dedicated for FEM updating or flutter analysis and because the 

sensitivity of the structure to the additionnal masses, we choose to limit the pick-up instrumentation 

to the request which is sufficient to distinguish all modes in the interesting frequency band. 

Four electrodynamic shakers were used forthe excitation. The main characteristics ofthese 

actuators are listed below. 

Force stroke coil stiffness and resonance force-current shaker 
maxi pick-pick weight frequency (unloaded coil) coefficient weight 

I.S. units 6N 20 mm 0,037 kg 228 Nlm 12,5 Hz 0,45 NIA 13 kg 

G.B. units 1,3 lb! 0,79 inch 0,08 lb l,3D lbf/inch 12,5 Hz 2,OOlbf/A 28 lb 

figure 1: principal characteristics ofthe 6N Onera electrodynamic shaker 

The exciter is driven by a current controlled amplifier with a built in shunt connected in 

series with the output. The current is measured across this shunt and it is used to calculate the input 

force level. 

Two additionnal masses were added at nodes 12 and 112 to obtain a total moving mass of 

200 g. The connection is done through a flexible steel shaft as shown in picture 3. 

2.1. Testing facilities 

To evaluate reliability of measurements, ONERA choose to use two data acquisition 

systems. 

The mobile laboratory usually used for GVT on large aircraft was used to obtain results for 

stepped sine excitation and force appropriation normal mode testing. This equipment consists of 

two HP workstations, 

e- one HP 9000/433s including private software for synchronous acquisition and 

e- one HP 9000/730 risc workstation which implements Matlab(TM) environnement for post­

processing and analyses. 

This system allows up to 1024 measuring channels and provides up to 12 outputs for 

simultaneous excitations. 

A second system linked to the vibro-acoustic laboratory ORION was used to performed 

impact and broadband MIMa tests. This 54 channels acquisition system is built on two 

masterlslave SCADAS front-end and driven by a HP9000/380 and LMS(TM) Cada-X software. For 

the broadband test, two HP generators and Kemo filters have been used for generating a band 

limited noise with an infinite period. 

RT 31/1677 RN May 1996 



9 ONE. 

3. TRANSFER FUNCTIONS 

3.1. Stepped sine sweep 

This procedure (based on a synchrone analysis) is really simple in facto A common 

hannonic reference is used for both excitation control and for signal processing allowing a direct 

estimation of the frequency responses. 

More specificaIly, the measurement consists in applying, at discrete frequency points, a 

sinusoïdal set of forces (with constant amplitudes) and to measure the first hannonic of the 

associated stationnary response. 

This approach was performed through two experiments (shaking at 12-z and l12-z) 

providing the reference set of transfer functions. The interesting band was [4 HZ,66 Hz] with 2441 

frequency points evenly spaced resulting in a measuring time of 58 mn. During the tests, the 

temperature was 18°C and a pair of electodynamic shakers were always connected at the drum front 

tips. As previously mentioned, the required moving mass at the drum tips was obtained with two 

complement masses of 150g. The results ofthese tests are presented in figure 13. 

Except for the [54Hz, 56Hz] frequency band which contains lightly damped mode, the 

spectral resolution of 0.025Hz appears sufficient. 

One notes that the collocated FRF superimposed in fig. 13a, do not exactly overlay. That 

means that the testbed is not really symetrie. Similarly, figure 13b shows that the cross-transfers 

overlay quite well implying that reciprocity is verified. 

3.2. Broadband MIMO test 

Experience using the FRF estimation with broadband uncorrelated MIMO excitation have 

general1y given good results. Sorne limitations are however expected for structures with significant ° 

non-linearities, which most aircrafts are. 

In our case, use was made oftwo uncorrelated inputs (gaussian white noise). To obtain the 

results presented in figure 14, one used the Hl estimator, 50 averages, 4096 spectrallines implying 

a recording time of around 40 mn. 

Figure 15 shows a comparison of results for sine and broadband excitation. The most 

noticeable differences are slight frequency shifts of the modes. It appears also a surprising 

resonance due to the suspension that didn't appear in the initial sine measurements. 

3.3. Comparison with the SOPEMEA reference set 

Despite a contraining test setup, plots of SOPEMEA reference set of FRFs in figure 17 

show significant differences with our test results. 

RT1111flïïR"'J 
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SOPEMEA set indicates the presence of significant noise ln measured signal and an 

important attenuation which increases with frequency. 

One also notes that resonances which appear in transfer functions are always pointed at 

higher frequencies in SOPEMEA set than ONERA measurements excepted for the mode around 

16.3Hz. These shifts may be due both to distinct characteristics of shakers (mass and stiffness) and 

to stiffness introduces by the connection with the structure. 

FinaIly, SOPEMEA reference set shows a mode at 40 Hz that might be due to the 

suspension. 

4. Testbed modes 

4.1. Identification using the appropriation method 

For identifying the nine flexible modes below 65 Hz, ten different sites for excitation were 

used. In complement with the 24 displacements requested, the four suspension modes appearing in 

the interesting frequency band were also measured. 

AlI results which include resonance frequency, damping factor, generalized mass and other 

parameters are listed in figure 18. 

To estimate the quality of the appropriation, the "appropriation criterion" C.a. is 

computed: 

. Limag(V) *Ilvll 
C.a. = 1 - Lllvf 

where V represents the velocity response. So, when the mode is isolated, the response Vis 

modulo 7t in phase with the reference and the criterion tends to 1. 

Since the number of measurement points is not large enough to provide a realistic wire­

frame animation of each mode shape, the eigenvector is presented through an arrow distribution. 

Damping factor and generalized mass parameters are evaluated through two useful 

identification methods: 

• force in quadrature 

• complex power method 

For each mode, one also archives the evolution of the resonance frequency and eigenvector 

with the level of the excitation so called impedance. These data which are plotted in the same figure 

as the mode shapes are used to evaluate the linearity of the structure. 

RT 31/1677 RN May 1996 
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The sensitivity of wing modes to the complement mass is quite large so that we need 

sometimes to limit the number of exciters connected to the testbed. In particular, the 5th mode (3n 

wing bending) is not really well isolated as indicated by the value of Ca.=O.772. One could 

improve the appropriation by adding a shaker at node 5-z. But the moving mass of the shaker would 

load the wing thus implying a lower resonance frequency and a very different eigenvector due to 

stronger coupling with the torsion modes. 

4.2. Comparison with results of SOPEMEA 

Resonance frequencies measured by Onera are lightly lower than those measured by 

Soperneà for the first four flexible modes and they are higher for the last five modes. 

Except for the ease of first symetrie wing torsion mode, damping ratios measured by Onera 

are always lower than Sopemea measurements. 

Although M.A.C. results which are equivalent to a norrnalized scalar produet indicate that 

identified modeshapes (eigenvectors) are generally similar, sorne large differenees still appear for 

the torsion modes. 

Figure 27 lists our results and the Sopemea reference set (see ref. [4]). 

4.3. Frequency domain identification using a pole / residue model 

To obtain the first nine flexible modes of the testbed, the L.I.S.A. ref [2] and LD.R.C. 

ref.[3] algorithms were perforrned on the two experimental sets of FRF's (sine and broadband 

measuring results). 

The L.LS.A. method provide a linear optimization in the base of eigenvectors. The 

principle of the LD.R.C. algorithm is to optimize (non-linear optimization) the poles of a 

pole/residue model while recomputing the residues at each step. 
; 

As shown in figure 28, identifications based on sine set oftransfer functions generally give 

satisfactory results. Comparing to the appropriation data, one notes however sorne small 

differenees. 

For the 3n bending mode, the I.D.R.C. method based on a broadband model (a single 

model for the whole frequency range) gives a poor M.A.C. (0.573). If a narrow frequency band is 

considered (35.6 Hz to 36.8 Hz), results improve tremendously (MAC of 0.963). The L.LS.A. 

software which uses narrow bands gives good results from the start. The poor prediction of the 

broadband LD.R.C. model is linked to assymptotic contributions of modes external to the tested 

frequency range which are difficult to represent for this structure (this might be due to the 

viscoelastic material). 

Similarly, the LD.R.C. results for the wing yaw mode can be improved by the use of a 

narrow band identification. 
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narrowband LD.R.C. fit using a very lightly damped pole at 50 Hz, gives an estimated mode at 

49.90 Hz and an associated MAC of 0.998. 

5. CONCLUSION 

The suspension of the testbed by bungees gives acceptable low rigid body modes. 

Nevertheless more tests have been necessary to obtain a configuration (distance between 

the clamped point and the middle hook) where suspension modes (translations of the attachment 

hook) do not disturb the flexible modes of the model. 

The implementation of a new stabilization process in case of harmonie input allows shorter 

measuring time and best accuracy. 

Comparisons of our results with the Sopemea test datas sometimes show large differences. 

These gaps can be due to various excitation materials to a great extent. 
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2.a: Global view ofthe GVT 

,. . 

2.b: Details ofthe suspension
 

figure 2: Test setupfor the SM-AG 19 testbcd
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Figure 3: Shaker connection 10the SM-AG 191eslhed 
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Figure 4: zoom ofthe tai! 
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Figure 5: Impact test setupfor the SM-AGI9 testbed 
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Figure 6: global view showing the testbed geometrie and sensor locations 
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Figure 8: connection beetwen the wings and the fuselage 



20 ONERA 

303 -z 

301 -x 

.... Front 

Figure 9: zoom ofthe tai/ 

RT 3111677 RN May 1996· 



21 ONERA 

1122 

.L­ 112x 

10Sz 

303z 

L­ 303x 

'..l-­ 10Sx 
10ez 

...... 1.. 201z 

"'30~ 301z 206z 
20-!ri ­ 201x 

.. L­ 301x ..f. .ez .. 

.. ~.. '. ' :.. '·.1 
.' " 5z 

20SY:---..... 
l- 5x 

llz, 

1. 

1z 

) 

12z 

L­ 12x 

Figure 10: locations and directions ofthe 24 required accelerometers 
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figure JJ: Position ofthe Iwo accelerometers placed on the suspension 
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Channel LD. 

1� 

2� 
3� 

4� 

5� 

6� 

7� 

8� 

9� 

10� 
Il� 

12� 
13� 

14� 
15� 
16� 
17� 

18� 
19� 
20� 

21� 
22� 
23� 
24� 
25� 

26� 

D.D.F. 

ll-z 

1-z 
12-x 
12-z 
5-x 
5-z 
8-z 

l11-z 

101-z 
112-x 
112-z 
105-x 
105-z 
108-z 
201-x 
201-z 
201-y 
206-z 
205-y 
302-y 
301-x 
301-z 
303-x 
303-z 
500-x 
501+y 

Position (mm) \ Sensor characteristics 
~ ••••••"."••••••••u •••"",••••••••" ••• " ••_"••"."."•••••• . . . . . . .... . . .. . . . . . . . . . . . . . . .. . . . . . . . .. . . . . . . ... . . . . .. . . . .. . . . . ... ..., 600 _ .� 

X 1 y j z type i seriaI calibration i weight 

1 j nurnber (m'v/ms") 1 (g) 
.. : : 

-200~ -9501 o p.e.A.* 180 80 10� 

01 -950
1 o p.e.A.* 181 80 10� 

200 
1 -950! o p.e.A.* , 182 80 10� 

200
1 -9501 o r.c.x.- 183 80 10�,� 

01 -600! o P.c.A.* , 184 80 10� 

01 -6001 o r.c.x- 185 80 10� 

01 -300! o P.C.A.* , 186 80 10� 

-2001 950! o p.e.A.* 187 80 10� 
950~ o P.c.A.* 190 80 10� ,°l

200 9501 o p.e.A.* 191 80 10�1� 

200 950 o p.e.A.* 192 80 10�
1 1� 

01 600 o p.e.A.* 193 80 10�
1� 

o 600 o p.e.A.* 194 80 10�1� 
o 300 o P.C.A.* 195 80 10�1� 

600 01 -96 p.e.A.* , 196 80 10� 
600 01 -96 P.c.A.* 197 80 10� 

600~ 01 -96 P.c.A.* , 210 80 10� 
o p.e.A.* 211 80�01 01 10� 

-900j 01 -96 P.C.A.* 212 80 10� 

-9001 01 285 p.e.A.* , 213 80 10� 
-900! -2001 285 p.e.A.* 214 80 10�· 900 -2001 285 P.c.A.* 215 80 10�- 1� 

-9001 200 
1 285 p.e.A.* , 216 80 10� 

200 285 r.c.x- 217 80 10�-9001 · 
p.e.A.* 220 80 10�· 

1 P.C.A.* 221 80 10� 

P.C.A.*: piezo capacitive accelerometer made by D.N.E.R.A. 

figure J2: Characteristics ofthe accelerometers usedfor the test 

May 1996 RT31!l1l77RN 
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Figure 14: Transfer functions measured witb uncorrelated, Gaussian noise inputs at nodes 12-z and 112-z 
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figure 16: Plots of transfer functions measured by an impact test (the sine set is also plot as reference) 
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Figure 17: Comparison of FRF's measured by ONERA with the reference set given by SOPEMEA (botn sets 
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Figure J8: Characterization 01the testbed by the appropriation method (sine excitation coup/ed 

with a 0° phase criterion) 
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38 ONERA 

D.O.F.ID NATURE SOPEMEA set (Appropriation results) ONERA set (Appropriation results) 
Frequency Damping Frequency Damping M.A.C. 

(Hz) factor ç (Hz) faetorÇ 

1 2n wing bending 6,97 1,270E-02 6,63 1,231E-02 0,994 

2 fin bending 16,08 1,360E-02 16,25 1,181E-02 0,998 

3 first antisymetric wing torsion 33,68 1,470E-02 33,16 1,059E-02 0,654 

4 first symetric wing torsion 33,94 1,160E-02 33,57 1,283E-02 0,773 

5 3n wing bending 34,92 1,110E-02 35,36 8,450E·03 0,973 
1 

6 4n wing bending 46,08 2,580E-02 48,62 2,1l5E-02 0,984 

8 2n wing fore &: aft bending :53,58 5,600E-03 54,88 2,300E-03 0,992 

9 H.T.P. yaw 61,14 2,060E-02 63,82 

Figure 27: Comparison ofthe appropriation results measured by Onera with the reference set Sopemea 
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1) Goal of the test 

The aim of this test is to compare the test means and methods (hardware & software) of many 
laboratories in Europe by perfonning ground vibration test on the same testbed and to compare 
results. Test program is joined as annex at the end of this document. 

2)Description of testbed and AEROSPATIALE test means 

The pictures here after show the test installation and acurate views of shaker positions on the testbed. 

To perfonn this test, three different methods of modal analysis were used by AEROSPATIALE: 
- modal phase resonance (or appropriation) method with hannonic sine excitation, 
- global curve titting method applied to FRF1 rneasured with a random shaker excitation, 
• global curve frtting method applied to FRF measured with an impulse excitation. 

To have an easier way of work, the locations of accelerometers are named differently than in test 
program. The accelerometers numbers correspondance is indicated in following array : 

Test program Global method Phase resonance 
method ' 

1Z 1Z 143
 
5Z 2Z 144
 
5X 2X 163
 
8Z 3Z 145
 

206Z 4Z 146
 
108Z 5Z 147
 
105Z 6Z 148
 
105X 6X 164
 
101Z 7Z 149
 
112Z 8Z 150
 
112X 8X 161
 
111Z 9Z 151
 
11Z 11Z 153
 
12Z 10Z 152
 
12X 10X 162
 

201X 12X 160
 
201Y 12Y 159
 
201Z 12Z 154
 
301Z 13Z 155
 
301X 13X 165
 
303Z 14Z 156
 

. ­ 303X 14X 166
 
302Y 15Y 157
 
205Y 16Y 158
 

Position of accelerometers is given on page 2. 

1FRF : Frequency Response Function 
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Figure 1 : View of test installation 

Figure 2 ~ detailed view of shaker (phase resonance configuration) 
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3)Description of test methods 

3.1) Harmonie sine phase resonance method 

- Frequency sweep acquisition 
- Isolation and appropriation of each mode 
- Measurement of modal parameters with complex power method and quadrature force method 

Accelerometers TYPE : DJB A120 1VL2 Weight : 14 9 

Exciters : at point 12Z and 112Z : PRODERA 20 JE 20 C , Weight of moving part: 190 9 

Stiffness of moving part : 1000 N/m 

Computer : Concurent Computer Corporation 7500 fitted with 256 acquisition channels and 8 
excitation channels. 

\ 

Software: Specific software written by SYMINEX based on AEROSPATIALE specification. 

3.2) Global curve fitting metnoa, shaker excitation 

- FRFs acquisition, no correlation between the two exciters (2 different random noise generators) 
- Global curve fitting of FRFs with Multiple Input, Multiple Output (MIMO) method 
- Calculation of eigen frequency, damping and mode shapes. 

Accelerometers TYPE : DJB A120 1VL2 Weight : 14 9 

Exciters : at point 12Z and 112Z : PRODERA 20 .IE 20 C , Weight of moving part: 190 9 

Stiffness of moving part : 1000 N/m 

Computer : PC 486 DX compatible coupled with TEKTRONIX 2630 spedrum analyser for FRF 
acquisition. 

Software: SMS GENRAD STAR MODAL Version 5.1 

3.3) Global curve titting rnethod, impulse excitation 

- FRFs acquisition 
- Curve fitting of FRFs with Single Degree Of Freedom (SDOF) method (polynomial or globalleast 
square, depending of mode coupling) 
- Calculation of eigen frequency, damping and mode shapes 
- Global eurve fitting of FRFs with Single Input, Multiple Output (SIMO) method 
- Caleulation of eigen frequency, damping and mode shapes. 

Accelerometers TYPE : DJB A120 1VL2 Weight : 14 9 

Exciter: Impulse Hammer type PCB 086C03 

Computer : PC 486 DX compatible coupied with TEKTRONIX 2630 spedrum analyser for FRF 
acquisition. 

Software: SMS GENRAD STAR MODAL Version 5.1 
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4) Nominal Transfer funetions 

4.1) Sine swept excitation signal 

The reference signal (force introduced in the structure) is given by measuring the current in the 
rnoving coil of the exciter and the response signal is the acceleration at the considered point (12Z or 
112Z). Acquisition is done step by step in the bandwidth from 4 to 65 Hz by 29.8 e-3Hz (2048 points). 

5 -,------------------	 -- - -------- --------- ­

4.5 +---------------­

F 1 _":lZIF112Z 
3_5 +--­ -------------------Jl==-- r":lZIF12Z 

3 +-----------------~;o.,-------------v-.
~25 +----------------jf-t--I---\---'''''::------------­

")kWï dcIcCI<d o.....1aod du'mg 0ïXïûiSïi<3 

------------+-++------'~---

0_5 +------,H-----II--------.'-'---+---+--------------­

o	 5 10 15 30 35 40 50 1I5 7D 

"'-1Hz) 

Figure 3 . Magnitude of transfer functions 12ZIF112Z and 12Z1F12Z 
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Figure 4 : Phase oftransfer functions 12Z1F112Z and 12ZIF12Z 
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3.1) Random noise excitation signal 

The reference signal (force introduced in the structure) is given by a force cell placed between the 
exciter and the structure, the response signal is the acceleration at the considered point (12Z or 
112Z). The transfer functions presented here are the result of FFT2 averaging of the global signal 
analysed in the bandwidth from 4 to 65 Hz by 29.8 e-3 Hz (2648 points). 
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Figure 7 . Magnitude oftransfer functions 12Z1F112Z and 12Z1F12Z 
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Figure 8: Phase of transfer functions 12Z1F112Z and 12Z1F12Z 

2FFT : Fast Fourier Transform 
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Figure 10 : Phase of transfer functions 112Z1F112Zand 112Z1F12Z 

The comparison of the FRFs acquired with the two methods shows that resulls are close together in 
term of frequency and amplitude for the two first peaks (6 & 16 Hz). For the third frequency (34 Hz). 
gap in amplitude is due to overload problem of input amplifier not detected during acquisition. 

A more noisy signal is acquired in cross FRF with random excitation due to a loss of coherence 
during acquisition. 
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6) Modes results 

Frequencies and structural damping of measured modes by the three method are given below. 
Generalized mass were only obtained with the phase resonance method. 

Sinusoidal excitation Random noise excitation 
Phase resonance method MDOF extradion method 

Mode n° Frequency Damping Gen. mass Mode n° Frequency Damping 
(Hz) (%) (~Kg) (Hz) (%) 

PC;' FQ4 PC FQ 
1 S5 2.628 tl##Q ### ### ### 1 S ### ### 
2 Ar 2.675 ### ### ### ### 2 A 2.01 29.24 
3 S 6.949 1.65 1.18 3.84 4.47 3 S 6.92 1.15 
4 A 15.996 1.39 1.34 12.1 12.5 4 A 16.09 1.29 
5 A 32.867 1.06 0.96 0.69 0.76 5 A 32.96 1.01 
6 S 33.375 1.65 1.27 0.65 0.8 6 S 33.48 1.19 
7 A 34.726 1.03 0.80 15.6 20.2 7 A 35.33 1.1 
8 S 48.07 2.38 2.12 9.14 10.3 8 S 48.41 2.37 
9 A 49.276 0.54 0.53 92 94.1 9 A 50.07 1.14 
10 ### ### ### ### ### 10 56.17 0.19977 

11 A 62.443 2.08 1.56 18.6 26.2 11 A 63.15 0.3352 
12 A 63.888 0.74 ### 38.1 ### 12 A 63.34 1.03 

Hammer excitation Hammer excitation 
SDOF extradion method MDOF extraction method 

Mode n° Frequency Damping Mode n° Frequency Damping 
(Hz) (%) (Hz) (%) 

1 S 3.01 6.94 1 S 3.02 8.01 
2 A ### ### 2A ### ### 
3 S 6.4 2.23 3 S 6.39 2.36 
4 A 16.01 1.74 4A 15.98 1.79 
5 A 31.92 1.3 5 A 31.84 1.49 
6 S 34.66 1.89 6 S 32.33 7.83 
7 A 35.13 1.08 7 A 35.12 1.13 
8 S 48.49 2.52 8 S 48.47 2.51 
9 A 49.28 0.50577 9 A 49.25 5.55E-01 
10 54.43 0.2847 10 54.42 2.97E-01 

11 A 62.9 1.72 11 A 63.01 1.47 
12 A 63.29 0.92621 12 A 64.74 10.61 

Modes n° 1 & 2 are rigid modes of the testbed on its suspension. 

3 PC : Complex Power method 
4 FQ : Force Quadrature method 
5 S : Symmetrical mode 
6 ### : Data not measured in this configuration 
7 A : Antisymmetrical mode 
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5. 1) Comments on obtained results 

-Sinusoidal excitation, Phase resonance method 
The two values for damping are obtained with complex power method for the first one and quadrature 
force method for the other one. 

Modes n° 1 & 2 : rigid symetrie and antisymetrical modes, calculation of modal parameters 
was not performed 

Mode n° 10 : this mode was not acquired because the shakers were not in the good position 
to isolate this mode 

Mode n° 12 : only complex power method was applied to calculate modal parameters 

- Random noise excitation MDOF extraction method 
Mode n° 1 : not enough definition at this frequency to extract correctly this mode (too high 

coupling with mode n02) 

- Hammer excitation SDOF & MDOF extraction methods 
Mode n° 2 : same problem as explained above for random excitation. 

5.2) Methods comparison 

Following tables compare the frequencies and damping of structural modes for three other cases 
versus phase resonance method results. 

Phase Random Hammer Hammer 
Resonance MDOF SDOF MDOF 

Mode n° Freq. (Hz) Delta Delta Delta 
3 6.949 -0.42% -7.90% -8.04% 
4 15.996 0.59% 0.09% -0.10% 
5 32.867 0.28% -2.88% -3.12% 
6 33.375 0.31% 3.85% -3.13% 
7 34.726 1.74% 1.16% 1.13% 
8 48.07 0.71% 0.87% 0.83% 
9 49.276 1.61% 0.01% -0.05% 

10 ### ### ### ### 
11 62.443 1.13% 0.73% 0.91% 
12 63.888 -0.86% -0.94% 1.33% 

Phase Random Hammer Hammer 
Resonance MDOF SDOF MDOF 

Mode n° Damping (%) Delta Delta Delta 
3 1.18 -2.54% 88.98% 100.00% 
4 1.34 -3.73% 29.85% 33.58% 
5 0.96 5.21% 35.42% 55.21% 

.. 6 1.27 -6.30% 48.82% 516.54% 
7 0.8 37.50% 35.00% 41.25% 
8 2.12 11.79% 18.87% 18.40% 
9 0.53 115.09% -4.57% 4.72% 
10 ### ### ### ### 
11 1.56 -78.51% 10.26% -5.77% 
12 ### ### ### ### 

We notice close results between phase resonance method and random noise excitation MDOF 
method.More discrepancies for mode n03 frequency and mainly for damping values of ail modes are 
obtained with the 2 methods using hammer excitation. 



PROGRAMME: 
ATA 
N° : 450.0134/96 éd. 1 
Page : 11 

These results were expected due ta the Iack of energy introduced in structure by hammer impact. 

Ta complete this test, no particular problems were encountered ta measure the modes of the testbed 
with the phase resonance method. But, for the modes n° S, 6 & 7, which frequencies are dose 
together, the results of the phase resonance test which was performed before the phase separation 
test were very helpfull ta extraet these three modes and sa improve the comparison. 

6) Modes shapes 

z 

J- y
X 

(Mode not measured) 
Sine phase resonance RandomMDOF 
Frequency : 2.628 Hz Frequency: ### Hz 

Damping : ### 1### % Damping : ### % 
generalised mass : ### 1### ~Kg 

z 

J-­
X 

HammerSDOF HammerMDOF
 
Frequency : 3.01 Hz Frequency : 3.02 Hz
 

Damping : 6.94 % Damping : 8.01 %
 

Mode n01 (rigid mode) 
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z 

xJ- y xJ-
z 

Sine phase resonance Random MDOF 
Frequency : 2.675 Hz Frequency : 2.01 Hz 

Damping : ### 1### % Damping : 29.24 % 
generalised rnass : ### 1### nt2Kg 

Mode n02 (rigid mode) 
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Sine phase resonance
 
Frequency : 6.949 Hz
 

Oamping: 1.65/1.18 %
 
generalised mass : 3.84 14.47 rWKg
 

HammerSOOF
 
Frequency : 6.4 Hz
 
Oamping : 2.23 %
 

Random MOOF
 
Frequency : 6.92 Hz
 

Oamping: 1.15 %
 

HammerMOOF
 
Frequency : 6.39 Hz
 

Oamping : 2.36 %
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Sine phase resonance
 
Frequency : 15.996 Hz
 

Oamping : 1.39 11.34 %
 
generalised mass: 12.1/12.5 nrKg
 

HammerSOOF
 
Frequency : 16.01 Hz
 

Oamping: 1.74 %
 

Random MOOF
 
Frequency : 16.09 Hz
 

Oamping : 1.29 %
 

z 

1 
- y 

HammerMOOF
 
Frequency . 15.98 Hz
 

Damping : 1.79 %
 

Mode n04 
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Sine phase resonance
 
Frequency : 32.861 Hz
 

Damping : 1.06 10.96 %
 
generalised rnass : 0.698/0.166 wKg
 

HammerSDOF
 
Frequency : 31.92 Hz
 

Damping 1.3 %
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L 
x 

Random MDOF
 
Frequency : 32.96 Hz
 

Damping : 1.01 %
 

Hammer MDOF
 
Frequency: 31.84 Hz
 

Damping : 1.49 %
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Sine phase resonance
 
Frequency : 33.375 Hz
 

Damping : 1.65 1 1.27 %
 
generalised mass : 0.652 10.8 m2Kg
 

---=- . 
~/ 

HammerSOOF
 
Frequency : 34.66 Hz
 

Damping : 1.89 %
 

z 

XJ-- y 

Random MDOF 
Frequency : 33.48 Hz 

Damping : 1.19 % 
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l--.x/ 

=-r/ 
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Z 

l-
X 

HammerMDOF 
Frequency : 32.33 Hz 

Damping : 7.83 % 



PROGRAMME: 
ATA 
N° : 450 0134/96 éd. 1 
Page . 17 

Sine phase resonance
 
Frequency : 34.726 Hz
 

Damping : 1.03 1O.SO %
 
generalised mass : 15.6/20.2 tn2Kg
 

x 

HammerSDOF
 
Frequency : 35.13 Hz
 

Damping : 1.0S %
 

Random MDOF
 
Frequency : 35.33 Hz
 

Damping : 1 10 %
 

'( 
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Frequency: 35.12 Hz
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Sine phase resonance
 
Frequency : 48.07 Hz
 

Oamping : 2.38/2.12 %
 
generalised mass: 9.14/10.3 tn2Kg
 

Hammer SOOF
 
Frequency : 48.49 Hz
 

Oamping . 2.52 %
 

z

X.
J-y

RandomMOOF
 
Frequency : 48.41 Hz
 

Damping: 2.37 %
 

HammerMOOF
 
Frequency : 48.47 Hz
 

Damping : 2.51 %
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Sine phase resonance
 
Frequency : 49.276 Hz
 

Damping : 0.54 10.53 %
 
generalised mass : 92 / 94.1 nt2Kg
 

Hammer SDOF
 
Frequency : 49.28 Hz
 

Oamping: 0.50 %
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Random MDOF
 
Frequency : 50.07 Hz
 

Damping· 1.14 %
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------~ 

Sine phase resonance Random MDOF 
Frequency : ### Hz Frequency : 56.17 Hz 

Damping : ### 1### % Damping : 0.20 % 
generalised mass : ### 1 ### rrrKg 

z z 

L ..y>< X 

Hammer SDOF Hammer MDOF
 
Frequency . 54.43 Hz Frequency : 54.42 Hz
 

Damping . 0.28 % Damping: 0.29 %
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Sine phase resonance RandomMOOF 
Frequency : 62.443 Hz Frequency : 63.15 Hz 

Oamping : 2.08/1.56 % Oamping : 0.33 % 
generalised mass: 18.6/26.2 maKg 

z z 

.1 ... -y xJ--

HammerSOOF HammerMOOF
 
Frequency : 62.9 Hz Frequency : 63.01 Hz
 

Oamping . 1.72 % Oamping: 1.47 %
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7) conclusion 

AEROSPATIALE tested three different methods with two types of excitation (shaker and hammer 
excitations) on this GARTEUR SM-AG 19 testbed. 

Analysis of these measurements showed close results in term of frequency and damping between 
phase resonance method and random excitation MOOF curve fltting method. Nevertheless with 
hammer excitation, discrepancies in results are noticed due to the lack of energy introduced in the 
structure by hammer impact. 

Up to now, for modal measurements on a complete aircraft structure. we have more confidence in 
phase resonance method than in other ones to obtain good quality in mode shapes and modal 
characteristics measurements. 

Comparisons with other European companies and laboratories results could modity this point of view 
and allow us to evaluate the efficiency and the reliability of the different phase separation methods. 

This will be helpfull in the Mure to improve AEROSPATIALE vibration test system and the way to 
proceed a ground vibration test on aircraft. 
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1 Introduction 

Ground vibration test (GVT) are used in the certification procedure for aircraft. The tests plays an 
important role in updating the FE-models. The GARTEUR group decided to compare different 
modal testing methods used by the different participants throughout Europe. A testbed was made by 
ONERA and was designed to obtain three close modes. The testbed circulated to each participant 
during 1995 and 1996. The test request is described in Appendix A. 

2 Experimental set-up 

A test was made in February 1996 with Saab Military Aircraft GVT system. The system uses a HP 
7451 workstation supported by LMS Cada-X software and a 132 channel Difa SCADAS front-end. 
Ling Dynamic Systems LDS V 101/2 shakers were used for excitation and the stinger was a special 
made rigging screw as shown in figure 3. For excitation in the vertical direction. the shakers were 
placed directly on different metal cubs as shown in figure 4. For excitation in the horizontal plane. a 
thin rubber pad was placed between the shaker and the metal cub. The exciter signais were amplified 
using LDS PA25E power amplifier. 

2.1 Testbed 

The testbed was a two piece structure (wing and fuselage/tai!) with the pieces fixed to each other 
with four bolts. Figure 1 below shows a sketch of the testbed. 

Figure 1 Sketch of testbed 
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Chapter 1 

INTRODUCTION 

To prove the aeroelastic stability in an airplane, different experimental and 
numerical methocls are used. 

Grouncl \ïbration Test (GYT) allow to predict the Dynamic Perfor­
mances of a structure and/or to check and to update analytical structural 
models. 

The reability of these experimental methocls plays a key l'ole in the cer­
tification process. 

To validat e identification methods and their reability the proposed Gar­
teur Action Groupe S~I-AG19 expect to make comparative test on a cornrnon 
testbed by méans of different GYT rnethods. 

Research institutes and industrial partners group together 12 partici ­
pants. The documentation for the Garteur S:'.I-AG19 testbed is listecl in 

annex A. 

The present document gives a summary of sorne selected tests with which 
we try to compare the modal parameters : 

• issued from different identification methods. 

• given by SOPE~lEA 

• identified with different softwares 

4
 



Chapter 2 

TEST EQUIPMENT 

AlI the operations about the checkup have been perforrned : 

•	 degrease the connection plates 

•	 assemble wing and fuselage applying a torque of 1,).ïm:\ for the con­
nection screws 

•	 suspend the structure coupling by a hook and the suspension connec­
tion pièce which is included in the pack on the top of a mezzanine 
(height : 2.,50m) 

•	 stick the 2-1 accelerometers at the specified locations on a st icky paper 
glued to the structure (the glue is cyanoacrylate) 

•	 stick Z force t ransducers at the points 12 and 112 in the sarne way as 
the acceleromet ers 

•	 suspend 2 vibration exciters in front of the points 12 and 112 of the 
structure. Each vibration exciter is suspended by 4 bungees on a plate 
fasten to a t hree linear axes system screwed on the top of the mezzanine 

•	 fix the 2 complement masses of 200 grs at the drurn tips 

•	 perforrn the horizontability of all suspendecl parts with a spirit level 

·5
 

-r 



· : 1 

l 

.-'.i. 
-~~~'~ 

Figure 2.1: Test Eqll i pmcnt 



Chapter 3 

INSTRUMENTATION 

See the specifications 111 annex B. 

welght: 11 gr~ms 
ACCElEROMETER 1 

chuse sensili\'ily: 0.3 pC/ ms z 8&K
 
4371
 

CHARGE 

AMPLIFIER8&K 2635 l 
Effective sei smic mass: t-------' 
• above piezoelectrle element; 3 gr/lms 

FORCE TRANSDUCER 
• below piczoeleclric element 18grilms
 

Charge sensitÏ\'ity: 4 pC / N
 

I 
OIFA 

l-IEASURING 

l.: 40mm SYSTEMS 
PUSHROD 0: 0.9mm 

SCAOAS Il 

weight: 8.3Kg 
V1BRATION EXCITER îotc« raclng: 45 Nslne pe/lk 

maximum input: 5A r,,".{S POWER JAMPLIFIER 
8&K 2706 

LMS
 
MATLAB sor
 

HP 715/50 workstatior 

t
 



3.1 Exciting part 

•	 2 vibration exciters of type 4809 wit.h power amplifier model 2ï06 from 
Bruel S: Kjaer company. 

Force rating 4.5 N sine peak 

Maximum input CUITent .5A Rl\lS 

Frequency range 10Hz to 20I\:Hz 

Weight 8.:3I\:g with a dynamic weight of moving element of 60 grs 

•	 2 force transducers of type 8200 with charge amplifier model 26:3.5 from 
Bruel 8.: Kjaer 

- charge sensitivity 4 Pc/0. 

effective seismic mass above piezoelec­
tric element :3 gr 

-	 weight 21 grs 
effective seismic mass below piezoelec­
tric element 18 gr 

•	 a push rod of diameter 0.9 mm and Ienght of 40 mm is tighten by his 
extremities with 2 cylinders pieces, screwed at the top with the force 
transducer and below wit h the vibration exciter 

Figure :3.1: Exciting part 
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Here are sorne caracteristic dimensions of the test equipment : 

•	 pushrod with the cylinders pièces 

weight :18 gr
 

lenght :ïS mm (pushrod = :30 mm)
 

•	 vibration exciter suspension frequency in the vertical axis: ,...., 1Hz 

•	 airplane suspension frequency in the vertical axis [without the :2 shak­
ers) : ,...., 2Hz 

•	 airplane suspension lenght 

~ezzan!ne 

o 
N,., 

9
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3.2 Response part 

•	 24 accelerorneters type 4:3ï1 with charge ampli fiers from Bruel S: Kjaer 

- charge sensitivity : 9.8 Pc/g 

- weight : 11 gr
 

- frequency range: 0.2 - 9100 Hz
 

3.3 Acquisition part 

AlI the measurernents are dealed in a DIfA }.IEASrRI~GSYSTE~I (SCADAS 
II) which can accept together 4 excitations and 10 response signaIs. 

3.4 Identification 

\\'e make the identification using t'YO softwares : 

• L~IS (Leuven Measurement Systems) modal analysis 

• Xlatlab STRrCTrR.-\L DY~A~IIC'S TOOLBOX (Scientific Software) 

on a Hewlet t Packard ï 1;)/50 st at ion. 
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Chapter 4 

EXPERIMENTAL
 
MEASUREMENTS
 

\Ye purpose t wo decorelated randorn excitation measurernent sets at : 

• points 12 and 112 

• points 01 and 101 

The t ransfer functions were measured 10 by la because of the limitations 
of our hardware in a frequency band of 100 Hz with a low-pass filter ot 80 9( 
and wit h 030 a \"eragcso 

12
 



Complement l11ass : The force transducer is sticked to the structure. For 
this reason and in order to respect the specification. we must include the 
top seismic mass (18 grams) of the transducer in the determination of the 
complement rnass. 

'\"e decide to neglect this 18 grarns and to keep the 200 grarns complement 
mass. 

Seismic mass 18 grêms 
Force 

Piezcelectrlc dises 
trenscucer 

Comment: 

•	 '\"e have sorne suspension modes in the frequency band of interest , 

•	 The 2 by 2 set transfer functions corresponding to excitation and re­
sponse at the drum front tips (vertical excitation at points 12 and 112) 
show: 

- The non synunetry of the structure by the collocated FRF. 

- The reciprocity of the structure by the cross transfers. 

•	 If we remove the 200 grarns complement mass, we observe on the two 
measured FRF 12/112 and 12/12, a shifting forward of the frequencies. 



~ ~ 12 
112 ' 12 

Ims Window ~Iign Format limits Oata CUl :~Ul' Indic'HI.lI" 

Front: 

2 
br"t.-2S_0_S0 
FRF 
Hl-estimator 
L1NEAR 
Fixed 
PLN:112:-Z 
PLN:112:+Z 

(m/s2)/N 
Log 

0.001 
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12 112
 

112 12
 

Ims Window ~lign Format Limits Data Cursot" Indic,Hot" 

Front: 16 29 
10 

(m/s2)/N 
Log 

if 
i 

,1
i: ; 

0.001
 

16 
brt.2S_0_BO 
FRF 
H1-estimator 
L1NEAR 
Fixed 
PLN:12:-Z 
PLN:112:+Z 

28 
brt....2S_0_BO 
FRF 
Hl-estimator 
L1NEAR 
Fixed 
PLN:112:-Z 
PLN:12:+Z 

15
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SUPPRESSION OF THE COMPLEHENT MASS 

r" 1""1 . 1
 I--~ 
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Chapter 5 

IDENTIFICATION 

\\"e choose 6 frequency bands to identify 9 modes (including 2 suspension 
modes) in t he bands of interest : 

4-8 Hz ; 10-20 Hz ; 30-:38 Hz : 4:3-5:3 Hz ; .52-58 Hz ; 60-65 Hz. 

Ho,," the identified modes allow a reconstitution of the measured transfer functions? 

l" pper and lower residual terrns are deterrnined, for each band, by the 
least squares technique. 

Transfert functions are reconstituated by summation on each pole. 

The table below presents the cornparisons beetween all the results which 
were available to us. 

li 



lUIS ~indow ~Iign Model f.0mponent Vector Animation Nocle 

Freq: 6.19 Hz
 

Damp : 2.32. %
 

, .... 

os/"9 0.0750 
1 i i 1 i i 1 FI 
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(ms ~indow ~Jign Madel ~ornpollent Vector Animation Node 

Freq: 16.16 Hz
 

Damp: 1.42 %
 

o s/kg 0.0500 
1""1""1 

19 



!rus Vvindow ~lign Model S:olllponent Vector Animation Node 

freq : 32.45 Hz 

Oamp: 1.10 % 

os/lcg 0.100 
1""1""1 

20
 



Ims Window ~lign Morlel Component Vector Animation Node 

Freq : 32.95 Hz
 

Oamp: 1.37 %
 

o s/kg 0.100 
j''''I''''1 

21
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Ims Window ~lign Madel ~omponent Vector Animation Node 

brt61_2s_0_BO 12 

Freq : 35.64 Hz 

Damp: 0.97 % 

o s/kg 0.0250 
1'''''''''1 

22 



lins ~indow ~Iign Model ~omponent Vector Animation Node 

Freq : 49.07 Hz
 

Damp: 2.18 %
 

os/kg 0.0500 
l " i il i " i 1 



Ims \'Vindow ~lign Madel ~olllponent Vector Animation Node 

brt61_2s_0_80 14 

Freq : 49.54 Hz 

Darnp: 0.51 % 

os/kg 0.0250 
1""""'1 

24 



(ms ~jndow ~lign Madel ~omponent Vector Animation Node 

brt6L2s_0_80 15 

Freq : 55.00 Hz
 

Darnp: 0.22 %
 

os/kg 0.0500 
1 i i i i 1 i i i i 1 

2.)
 

--" 



Ims Window ~Iign Model ~ornponent Vector Animation Node 

Freq : 62.99 Hz
 

Damp : 1.93 %
 

d: 
\\ 
~... 

..,-\~ 

~ 

os/kg 0.0250 
l''''''ii'i 

26
 



J;,: 

SOPEMEA CNAM 
Aetuators : Aetuators: 

112/ +Z, 12/ +Z 101/ +Z, 01/ +Z 
Mass: 200 gr Mass: 200 gr 

4-65 Hz 30-38 Hz 4-65 Hz 
SDT LMS LMS LMS 

MATLAB 

PÔLE DAMPING RATE PÔLE DAMP PÔLE DAMP PÔLE DAMP PÔLE DAMP 
(Hz) (%) 

l~  

-1 6.97 1.27 6.19 2.13 6.19 2.32 6.18 2.56 
16.08 1.36 16.16 1.42 16.16 1.42 16.16 1.42 
33.45 1.02 32.45 1.09 32.45 1.10 32.41 1.01 32.45 1.10 
33.68 1.47 32.96 1.38 32.95 1.37 32.9 1.2 32.95 1.37 
33.94 1.16 35.63 .89 35.64 .97 35.66 .91 35.64 .97 
46.08 2.58 49.08 2.18 49.07 2.18 49.07 2.18 
48.62 .91 49.56 .5 49.54 .51 49.54 .51 
53.58 .56 55.01 .24 55.00 .22 55.00 .22 
61.14 2.06 63.03 1.93 62.99 1.93 62.99 1.93 

Table 5.1: Comparisons table of results 



~ 
206/-Z 
108/-Z 
10;j/-Z 
lOS/-X 
8/-Z 
.S/-Z 
5/-X 

l11/-Z 
101/-Z 
112/-Z 
112/-X 
11/-Z 
l/-Z 
l2/-Z 
l2/-X 

20l/-X 
201/-v 
201/-2 
:302/-Y 
:301/-X 
:301/-2 
30:3/-X 
:303/-Z 
20;j/-y 

1 6.19 Hz 1 16.16 Hz 1 32.4.) Hz 1 32.96 Hz ~ 
-2.900e-02 -2.2ï:3e-0-l -2..512e-02 -2.06le-0:3 
-·).:3ï2e-0:3 -l.Olïe-Ol -6.666e-02 3.642e-02 
.s.lï6e-02 -4.840e-02 1.64ïe-Ol 4.0·S8e-02 
-1.:B6e-O-l: -2.39-1:e-02 l.068e-Ol -1.14ge-02 
-3.:322e-02 1.104e-Ol 2.'i90e-Ol 5.884e-0:3 
3.S11e-02 5.l0le-02 2.58:3e-Ol 1.4·S2e-02 
1.884e-02 2.49ïe-02 -1.3·S0e-Ol S,4:3:3e-0:3 
1.486e-Ol 1.224e-0l -l.104e+Ol -2.326e-Ol 
l.4:lSe-01 l.32-le-Ol -ï.0·S4e-01 -3.'i1ge-02 
L394e-Ol 1,44:3e-01 9.ï12e+00 l..S82e-01 
·5. 'i:3ge-0-l -4.080e-02 -2.616e-01 -2.9ï6e-02 
l.41'ie-Ol -l.224e-01 1.ï2:3e+OO -9.69ge-Ol 
l.39ïe-01 -l.:32:3e-Ol -ï.09·Se-02 -6.40le-02 
1.:36:3e-01 -1,49-le-Ol -l.905e+00 8.642e-Ol 
2.826e-02 3.'i·50e-02 -2.34Se-01 -·S..S4·Se-0:3 
9.l92e-0:3 -1.69:3e-0-l 2.06:3e-02 1.'i92e-0:3 
2.0:31e-02 :3. ï50e-0-l -l.2S0e-01 ï.968e-0:3 
-4.0-l:3e-02 -1.OS2e-0-l -9.06ïe-02 -1.102e-02 
-S.·5-1:4e-0:3 2.646e-Ol -5.09ïe-01 :3.68le-02 
2.092e-02 2.666e-O:3 :3.31ge-02 l.11ge-02 
-1,40:3e-02 2.156e-Ol -ï.64ïe-Ol 8.218e-02 
1.583e-02 -2.28Ge-02 i.ees-oi :2. ï:30e-0:3 
-·S.826e-03 -2.:l56e-Ol 1.0:3-5e+00 -5.68ge-02 
:3.8g·Se-O:3 -·S.2ï:3e-02 9.ï4ïe-02 -:3.89.Se-0:3 

Table ·S.2: Mass norrnalized modeshapes 
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1~ [ :3::5.6:3 Hz 1 49.0S Hz [ 49.·56 Hz .5·5.01 Hz 6:3.0:3 Hz ~ 
206/-Z -1.37:3e-0:3 1.ï:38e-Ol -1.s:3ge-0-l 1.9-l6e-0:3 3.·586e-0:3 
10S/-Z -2.0-l:3e-Ol -1.56·5e+00 -1.·j42e-02 1.172e-02 -9.907e-02 
10:3/-Z -2.lS7e-Ol -2.8.j2e+00 -2.72.je-02 1.2:Be-02 -9.08:3e-Ol 
10:3/-X 4.114e-02 4.2ï.je-02 -:3.098e-02 8.84Se-02 6..5-56e-02 

8/-Z 2.00le-Ol -1.492e+00 2.2Ue-02 1.:300e-02 1.32:3e-Ol 
.5/-Z 2.l·j4e-Ol -2.713e+00 4.024e-02 2.006e-02 s.rss--m 
.5/-X -3.i2·5e-02 9.80ge-02 3.02ge-02 8.98-le-02 -6,488e-02 

11l/-Z 2.·523e-Ol 1.94le+00 2.60le-02 -3.6lle-02 .5.4·j2e-01 
101/-Z 1.:34ge-Ol 1.4l2e+00 1,443e-02 -9.663e-03 4.28le-Ol 
112/-Z 2.·566e-02 1.0l0e+00 2.92.je-03 2.0ï4e-02 3.7l4e-Ol 
112/-X 6.296e-02 -4.96le-02 -G .88-le-02 2.290e-Ol 1.187--oi 
11/-Z -2.2l2e-Ol 1.8:3ge+00 -:3.467e-02 -4.l8:3e-02 -6.0:J,je-0 1 
l/-Z -1.lS4e-Ol 1.350e+00 -1.83ge-02 -.j.942e-0:3 -4.79-le-Ol 
l2/-Z -1.664e-02 9..558e-Ol -S.:360e-03 1.l46e-02 -:3.968e-Ol 
l2/-X -6.3·j6e-02 2.006e-Ol 6.6:Be-02 2.:300e-Ol -l.4:34e-O 1 

20l/-X 4.09ge-O-l 9.04-le-0-l 8.0-l ï e-O-l -2.8:30e-02 -6.86le-03 
201/- y -1.496e-02 -2.·j8ïe-02 -2.20Se-02 -9.393e-0:3 2.658e-Ol 
20l/-Z -2.46Se-0-l 2.·j·j3e-Ol -8.69:3e-04 .5.5-l2e-03 1.483e-03 
302/-y -1.l90e-Ol 1.96:3e-02 4.79ïe-03 1.l:32e-03 -4.·jOie-02 
30l/-X :3..s:3-le-0:3 -i.iso-m -:3.·j-lge-02 -:3.496e-02 .5.4·j le-O1 
30l/-Z -2.27ge-Ol .j.766e-02 --l.·jOOe-02 -4.430e-03 9.9.jGe-Ol 
30:3/-X 1.02ge-02 -1..s:32e-02 3.·jïSe-02 -3,4Gïe-02 -5.89.je-01 
303/-Z 2.40ge-Ol 5.844e-02 4.66ïe-02 -6.6ï6e-0:3 -1.02ge+00 
20:3/-y -1.8·j·je-0:? 6.0GOe-02 4.22le-02 5.42:3e-04 1.62:3e-02 

Table .j.3: Mass norrnalized rnodeshapes 
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DOF FE model Test exA:'1 
11 -z -1.9-l2:)e-0l -2.l08-le-01 -1.22-l.)e-O 1 
1 -Z -2.06ï1e-01 -2.2120e-01 -1.32:32e-0 1 

12 -x 1.0018e-01 6.8:3-l:3e-02 :3.7498e-02 
12 -Z 
.) -x 

-2.2274e-01 
6.2270e-02 

-2.47:36e-01 
:3.828:3e-02 

-1.49:3:)e-0 1 
2,496·)e-02 

5 -Z 2.2-l1 Oe-02 8.iO:3:3e-02 5.100ie-02 
8 -Z 1.0906e-01 1.i198e-01 1.10-l4e-01 

III -Z 1.9-l25e-01 1.9867e-01 1.22-l2e-0 1 
101 -Z 2.06i1e-01 2.3:3-l6e-01 1.:32:38e-0 1 
112 .x -1.0018e-01 -3.·5782e-02 -4.080:3e-02 
112 -Z 2.227-le-01 2.496ge-01 1.4-l:3:5e-0 1 
10:) -x -6.22ïOe-02 -:3.919:3e-02 -2.39-l·5e-02 
10·) -Z -2.2-l10e-02 -8.0:32:3e-02 -4.8~02e-02 

lOS -Z -1.0906e-01 -1.ïO-lge-01 -1.0170e-01 
201 -x 7.9818e-12 4.19:3:5e-0.) -1.69T3e-0-l 
201 -y 1.90-l9è-02 -4.:301:3e-0:3 :3.7-l9 7e-O-l 
201 -Z -4.071 :)e-12 -1.4~:36e-0:3 -1.0S22e-0-l 
206 -Z -2.:3-l27e-12 -1.9260e-0:3 -2.27:3-1e-O-l 
20:') -y -1.2-l61e-Ol -S.870·5e-02 -5.27:32e-02 
:302 -y 4.4911e-Ol 4.:3956e-01 2.6-l6:3e-01 
:301 -x 1.9686e-02 t, 79-l5e- 02 2.66·5ge-0:3 
301 -Z :3. ii9-le-01 3.6~-l r--o: 2.1·562e-01 
:30:3 .x -1.9686e-02 -1.il5·5e-02 -2.28:')8e-02 
30:3 -Z -:3. JJ9-le-0 1 -4.:319-le-O 1 -2.:V:i(jOe-Ol 

Table ·5.4: mass norrnalized modeshape for 16.16 Hz - 1.42 % 
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1 - REASON FOR THE STUDY 

This modal test take place in the GARTEUR activity issued from the work of the SM-EG 20 exploratory 
group [AlI. The goal of the modal test of the GARTEUR SM-AG 19 testbed [RI] is to measure the transfer 
function between the responses of the accelerometers fixed on the structure and the injected force located 
at two points. The excitation locations are the outer edge of each wing of the specimen fixing a dummy 
mass at the opposite side, which gives two test configurations. 

The identification task is performed in order to constitute two experimental modal bases, corresponding 
to the two different configurations, with the eigen frequencies, the damping ratios and the mode shapes 
of the structure. These identified modal characteristics will be then comparable to the results obtained in 
different laboratories in Europe. 

2-REFERENCES 

.~ 2.1. APPLICABLE DOCUMENTS 
rï: 

[Al]� "GARTEUR - SM-EG 20 - Proposal for the formation of a GARTEUR action group on ground 
c 
o� vibration test techniques", May 3rd, 1995. 
u 

2.2. REFERENCE DOCUMENTS 

[Rll� "Documentation for the GARTEUR SM-AG 19 testbed", ONERA document reference 
GARTEUR SM-AG 19, test documentation, April 25th, 1995. 

[R2]� DynaWorks'ê V3.1, User's Guide, INTESPACE document reference DY31.530_01F/1.3, 
November l1th, 1994. 

UJ 
u 
<i� [R3] DynaWorks@ V4.0, User's Guide, INTESPACE document, issue 1.0, December 2lth, 1995. 

[R4]� PROTO-Dynamique V3.2, User's Guide, INTESPACE document reference D095.152 EIlED, 
July Ist, 1995. 

3 - ADMINISTRATIVE DETAn.s 

3.1. TEST REQUESTED BY 
<li 

E 
::l -INTESPACE 

3.2. REPRESENTATIVE PRESENT FOR THE TEST 

- INTESPACE; P-E. DUPUIS 

3.3. DATES 

The modal test has been performed from June 5th to 7th, 1996. 

3.4. INTESPACE REFERENCE 

For the test and the analysis, the reference is J02858. 



(ijJ intespoce 
L'IntellIgence de l'Environnement üNERA Réf. ITS : Dü96.034 DGIER 

GARTEUR SM-AG 19 Date: August 21, 1996 
Modal Analysis Report Issue. : 1 - Page: 6 

4 - MODAL TEST 

4.1. MATE RIAL TESTED 

The specimen tested is the GARTEUR SM-AG 19 testbed [RI). 

4.2. TEST FACILITY 

4.2.1 Site 

The modal test takes place at INTESPACE. 
c 
o 

4.2.2 Test set-up 

The specimen is hanged up to a specifie deviee furnished by ONERA [RI] . 
.a; 

:::> 
0­
C 
:::> 
E 4.2.3 Excitation system 
E 
o 
u 
:::> The excitation is obtained using an electrodynamics shaker with a maximum force of 200 N. This 
o 

shaker is mounted on a low frequency suspension in order to mechanically decouple the excitation from 
the rest of the test set-up. A sweep sine signal from 5 to 65 Hz with a 0.25 octave/minute sweep velocity, is 
sent to the power amplifier attached to the shaker. 

The excitation force is applied to the shaker through an adaptator containing one load cell. Figure 1 
~ 

:::> 
a; presents this test set-up and the excitation principle. Figures 2 and 3 present two examples of excitation. 
0­
a; 
C 

a; 
LJ.J 
U 
<! 
Cl. 
U" 
LJ.J 

Low Frequency 
f­
Z Suspension 
"0 ~ .. 
.~ 

.a; 

0­

2 ~ 
0­

~ 

'"a; 
~ Load Cell c 

a; 
E 
:::> 

/
u 
o 
"0 
a; 

U Specimen 

~ -

Acquisition, ..... 
treatment and 

storage system == 

Figure 1 - Test Set-up 
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Figure 2 - Specimen with Dummy Mass on left side . Right Excitation 

Figure 3 - Specimen with Dummy Mass on right side - Left Excitation 
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4.3. MEASUREMENT FACILITY 

4.3.1 Instrumentation 

The specimen is instrumented with 24 accelerometers plus three located on the suspension deviee. The 
sensor locations are tabulated and plotted in appendix 1. 

4.3.2 Acquisition system 

Each accelerometer is connected to an acquisition station which is able to process the 27 accelerometers 
c 
o channels simultaneously. Each channel signal is divided by the load cell signal, thus allowing to 
.~ 

generate 27 transfer functions. 
s ~ 

:; 
n:l 

'"C 

~ 
.0) 4.4. TEST LOG 
:::J 
CT 

:::J 
C 

4.4.1 Sequence
E� 
E� 
o 
v The test sequence is the following : 
:::J 
o 

• configuration of the specimen 
• set-up of the excitation system 
• excitation and acquisition 
• specimen integrity control 
• results control (phases coherency, overload detection.. .) 
• run acceptation 

This test sequence is respected for each excitation configuration. 

4.4.2 Results 

For each test, the acquisition software ITS/SAMIX, generates a DynaWorks® 3.1 [R2] neutral file 
Cl. containing each global and filtered signal, and the transfer function obtained between each of the 
2 accelerometric channels and the excitation force signal. Table 1 presents the labels of theCl. 

t" corresponding files delivered to ONERA. ­'" 0)­c 
0) 

E 
:::J 
v 

-0
o Tests N° Univers al 

U 
0) files 

Run at 1 N, along Z axis, left wing, 5 - 65 Hz OOlZ -
Run at 5 N, along Z axis, left wing, 5 - 65 Hz 004Z garteur.,4Z.dat 
Run at 5 N: along Z axis, right wing, 5 - 65 Hz 005Z garteur_5Z.dat 

Table 1 - TestslUniversal Files correspondence 
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For one excitation configuration, two excitation force levels were applied : at 1 N and at 5 N, in order to 
verify the linearity of the response and to determine the level allowing to obtain the best transfer 
functions, i.e. with the best signal/noise ratio. The transfer overplot allowed to verify that responses 
were independent from the excitation level on a great part of the frequency range. 

The 5 N excitation level, given the best signal/noise ratio, was selected .for modal identification. 

5.2. TOOL� 

The software used for the plots and the management of all test data is DynaWorks@ version 4.0 [R3].� 
,.. 

5.3. RESULTS 

t: The transfer functions obtained are written in an archive base which is used for the identificationo 
u described in the next chapter. 

6· MODAL IDENTIFICATION 

6.1. TOOL AND METHOD 

The identification task is performed with DynaWorks@ version 4.0 [R3] software which includes the 
identification method developed by the Professor LINK (University of Kassel, Germany). UJ 

u « 
l, The modal parameters of the fundamental equation of motion are adjusted to measured frequency1 
f 

responses by curve fitting algorithms which minimize the least square deviation of measured and 
recalculated response. 

The influence of out of range modes is taken into account through the use of residual correction terms. 

E 6.2. MODE SHAPES IDENTIFICATION 
3 

The modal parameters are identified using all the available responses. 

The mode shapes are identified on the experimental geometry defined in the previous chapter. This 
allows the generation of 10 modal vectors with 21 components each (21 degrees of freedom). 

The resulting mod~ shapes are stored in a temporary modal base with all the modal results (modal 
parameters, bandwidth used.. .) related to the two tests. 
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7· COHERENCY CONTROL OF THE MODAL DATABASE 

This last step is essential : it allows the elimination of numerical modes or modes which are not weIl 
identified in order to build a final modal base with physical modes which allows a good representation 
of the dynamic behaviour of the structure. This "sorting" is based on three main criteria. 

The first one consists in visualisation of the mode shapes on the experimental structure, in order to point 
out incoherencies due to identification errors. This allows also the detection of sensors with wrong 
polarity (corresponding to "opposite" behaviour compared to the other sensors). 

c 

-o'" The second criteria consists in the computation of the MAC matrix (Modal Assurance Criterion) which.~ 

.§ allows the quantification of the geometrical independence between modes shapes. This correlation is 
:J 

'" achieved through the following definition : 
ê 
~ 

.QJ 

:J 
.2" 
c 
:J 

E 
E 
o 
u 

:J 
o 

This value is a kind of scalar product or coherency computation in FRF estimation. If MAC takes on a 
value near zero, that means that the modes shapes are linearly independent. This can be used as an 
approximation of an orthogonality check. This is a geometrical orthogonality check. 

The last criteria, maybe the most physical one, is the response synthesis. It is possible to synthesise with­ modal superposition, transfer functions built on the modal data identified. By this way, for a given QJ 

U 
UJ 

sensor, the comparison between a synthesised transfer and the initial measured one, can quantify the
<{ 
c, representativity of the dynamic response built on these identified data.'"UJ 
f­
Z 

-0 
.QJ 

:i 
Ci 
e 
a. 

'" ­CIl'"
ë 
QJ 

E 
:J 
u 
o 

-0 
CIl 
U 
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After the coherency control of the modal base, 10 modes have been identified for the two configurations: 

Mode 
N° 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

c 
o 
u 

Mode 
N° 

1 
2 

u 
UJ 3 
<l: 

4 
5 
6 
7 
8 
9 
10 

E 
:J 
u 

Frequencies 
(Hz) 

Viscous 
damping (%) 

Comments 

6.1 4.1 
7.7 2.9 

16.3 1.1 
33.7 1.0 
36.0 0.7 
40.7 0.9 
49.6 3.4 
50.3 0.9 
56.7 0.1 
64.0 0.4 

Table 2 • Identified Modes for Left Excitation (004Z) 

Frequencies Viscous 
Comments

(Hz) damping (%) 

6.2 3.8 
7.3 4.2 

16.3 1.2 
33.3 0.7 
35.8 1.0 
41.4 0.8 
49.4 3.2 
50.0 0.4 
56.7 0.2 
63.9 1.3 

Table 3 • Identified Modes for Right Excitation (005Z) 

The identified modal base is then exported, under SDRe dataset 55 universal file format, to PROTO­
Dynamique [R4] software which works in a matrix environment and includes a lot of tools for test­
analysis comparison and optimisation. 
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The MAC matrix computed on this base points can be represented as plotted in Fig. 4a and 4b. The four 
main values are tabulated for each mode in appendix 3. 

Modal Assurance Criterion 

1. 

c 4 
o CIl 

al 
"C .6 
0 5 

-~ 

6CIl 
al 
~ .4 

7 
c: 
:J 
E 8 
E 
o .2 
u 

:J 9 
o 
~ 

:J 
"0 
o 
Ci. 

1 
.0 

~ 

~ Test Modes 
:0; 
~ 

:J 
Q) 
a. a • Left Excitation (004Z) 
Q) 
c 
a; Modal Assurance Criterion 
LU 
U 
<! 
a. 
VI 1 1. 
LU 
1­
2 

"0 
'Q) 

,0; 
.8 

a. 
o 
Ci. 

"" Q) .6
~ 

c: 
Q) 

E 
:J 
u 
o 
"0 .4 'Q) 

U 

.2 

.0 

b • Right Excitation (OO5Z)� 

Figure 4 • MACMatrix between Identified Modes� 
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The comparison of results show a very good coherency between the two runs. 

In appendix 2 are plotted the three first modes for each configuration. 

In appendix 4 are plotted the response curves compared to the corresponding synthesis ones. The results 
show a very good coherency of the modal base and its ability to represent the dynamic behaviour of the 
specimen. 

c:: 
o 
u 

(5 
0.. 
OJ 

LU 
U 
<! 

E 
=' u 
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8· CONCLUSION 

Two modal tests have been performed on the GARTEUR SM-AG 19 testbed corresponding to two 
configurations. 

DynaWorks~software has been used to compare and to manage the data in a first step and to perform the 
modal identification in a second step. 

This identification points out 10 modes for each configuration, in the 5-65 Hz analysis bandwidth. The 
consistency of the identified modal base (eigen frequencies, damping ratios and mode shapes) have 
been checked through geometrie orthogonality tests, through mode shapes visualisation on an c 

o experimental model previously built, and through response synthesis. 

These criteria have pointed out the coherency of the modal base and its ability to represent the dynamic 
behaviour of the specimen. 

This modal base can be now compared to the results obtained by the other partners. 

::J 
"Cl e 
a. 
~ 

~ 
<(1) 

::J 
(1) 

a. 
(1) 

c 
+-' 
(1) 

UJ 
U « 
0­
V'l 
UJ 
t­
Z 

"Cl 

-~ 
-(1) 

~ 

a. 
e 
a. 
re 
+-' 

(1)'" 

ë 
(1) 

E 
::J 
u 
o 

"Cl 
(1) 
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:;: Appendixl 
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Node X (cm) Y (cm) Z (cm) Instrumented dofs 

1 0 -95 0 Z+ 
2 0 -90 0 
3 0 -80 0 

c 4 0 -70 0 
,2 
3i 

5 
6 

0 
0 

-60 
-50 

0 
0 

X+ Z+ 

o... 
:J 7 0 -40 0 
'Il 

'" 8 0 -30 0 Z+ 
c: 
~ 9 0 -20 0 

-\11 
:J 10 0 -10 0 
0­
c: 11 -20 -95 0 Z+ 
:J 
E 12 :!l -95 0 X+ Z+ 
E 
o 
u 

:J 
o 101 0 ~ 0 Z+ 

102 0 00 0 
103 0 8J 0 
104 0 70 0 
105 0 00 0 X+ Z+ 
106 0 50 0 

:J 
\11 1lY7 0 40 0 
Q. 
\11 100 0 3) 0 Z+ 
c ... 
\11 

109 0 :!l 0 
UJ 
U 110 0 10 0 
« 
c, 111 -20 ss 0 Z+ 
'"UJ 
f-­ 112 :!l ~ 0 X+ Z+ 
Z 

'0 
-(1) :!lI 00 0 -9.6 X+ Y+ Z+ 
.0:; 

0. 
o 
0. 
~ 

202 
2D3 
:!)4 

0 
-40 
-75 

0 
0 
0 

-9.6 
-9.6 
-9.6 

..­
'" 2n'5 -90 0 -9.6 Y+ 
\11 

ë 200 0 0 0 Z+ 
(1) 

E 
:J 
u 
o 
-0 
(1) 

U 

301 
302 
303 

-90 
-90 
-90 

-20 
0 

:!l 

28.5 
28.5 
28.5 

X+ 

X+ 
Y+ 

Z+ 

Z+ 

999 - - - X+ Y+ Z+ 
. ­
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Appendix2 

Mode shapes visualisation 
t: 
o 
u 

u 
o 
~ 

::l� 
Cl!� 
"\. 

mode shape 

undeformed structure 
u 
"Cl! 

) 

:L� 
)� 

0.. 
ro 

o 
U 

Cl! 

E 
::l 
".J 
;) 
:l 
1) 

...J 



Ce document est la propriete d'INTE5PACE et ne peut être reproduit ou communique sans autorisation. 

i~
\Q 

~  s­
HODE: 1 
DISPLACEHEHT 

FREQ: 6.146 DAHP: 414.3 
- HORHAL HIH: 0.001574 HAX: 1.00 

HODE: 1 
DISPLACEHEHT 

FREQ: 6.146 DAHP: 414.3 
- HORHAL HIH: 0.001574 HAX: 1.00 

~;-

I~ 

-r -. 
1 ~g 

~ ... 

§ 
~ 

r -._'N~  

~ 

HODE: 1 FREQ: 6.146 DAHP: 4l'f. 
DISPLACEHEHT - HORHAL HIH: 0.001574 HAX: 1.0 

~~.  

y[X 
Z 

HODE: 1 
DISPLACEHEHT 

~.~ 

Il 
1 

1 
1 
1 
1-, 

FREQ: 6.146 DAHPf\414i.3 
- HORHAL HIH: 0.001574 HAX~1.Po 

1 

1 
1 
1 
1 
,1 

x 

y 

. '. Si: 0 
8.>
1ll::O 
-~ 

;-t"jO
Ill~Z  

- t"j
'< en::o s. Si: > 
'" 1

::0>(1)0 
'0 .... 
:icc 

H, 1 ;-0::0
CIl III (1). 
;~:-o> 

... :=:3 

YL
Z 

X JX 

~>en c ..
.:c'ê 0 
Ill~O 

~ N~ 

........ 0 

........ Cio) 
cc cc oP>

CCo0)0 
tr3 
:xl 



~intespoce
 
l'lntel"gence de l'Environnement ONERA Réf. ITS : D096.034 DGIER 

GARTEUR SM·AG 19 Date: August 21, 1996 
Modal Analysis Report Issue. : 1 - Page: 20 

, 
t 

.rr 

, 
l , 

NO 
·0 ~ -~ ---__-~-~~-=1F=-=-===--- --. -----­

'" 
'" 

~..; -'~ ...... 
M Mo

X X
•• <t •• <I 

ft'" 
<t'" ~~ 
Cl al Cl~M 

or 
~ 

~ o 
o Ô 

E 
o 
u 

Z 

"'Cl 
-; 

NO 
<1> • 

~ ::;
.0.. "

\ 

t," E x t:J •• <t .u , 
1"0

o ~~ 
Cl~Q) 

orV 
~ 
Ô 

N% N::Z:M_ M_
N'" N'" 

"'~;1 .. '"'"
~, .... ' .. ~~ .. 

z 
~ ~ 

.... '" ~~ .. '"
•• ..J •• ..J 

... a.."'''­ClCll ClCll 
0­ 0­
"'<=1 "'Cl 

RunOO5Z 

http:D096.034


Ce document est la propriété d'INTE5PACE et ne peut être reproduit ou communiqué sans autorisation. 

'"
i(jD
~ S· 
; ~ 

FREQ: 7.662 DAHP: 289.4 HODE: 2 FREQ: 7.662 DAHP: 289.4� 
DI5PLACEHEHT - HORHAL HIH: 0.026620 HAX: 1.00� 
MODE: 2 

DISPLACEHEHT - HORHAL HIH: 0.026620 HAX: 1.00 ~t--... j" ..... ~Q 

1 

l 
1

1 

~ fil 
__-r_ ___ ....;r ... -<C 

1 
1 

:r----­
1

y 
1 

X S::O
1 0> 

o..~
1 

, 1

1 

e.t-3-(
Y 

~,  
1 

.'.,-- ~t'=jO 

X Ill~Z 

- t'=j-e en ~§ ~. s:: > en • 
~> 

HODE: 2 FREQ: 7.662 DAHP: 28':1. HODE: 2 FREQ: 7.662 DAHP: 28<).4 (1)0
't:l~  DISPLACEHEHT - HORHAL HIH: 0.026620 HAX: 1.~ DISPLACEHEHT - HORHAL HIH: 0.026620 HA 1.PO 0 ... 

1 ~co  

1 
1 , 
1 

1 

1 

1 
1 

1 

-----
1

1 
1 !ii"t:l~

CIl III (1),
1 

;lb~1 

1 ... ~  

1 -. 
:

J 
~>en

1 c .. 
1 .:c~ t:l1 

1 
1 (I)~~  

1 ~~O 

1 

1 
X

1 

"!'"'oZ X ~  ... c;.:l1 

1 ... coof:­
COt:lm O 

tia 
~ 



________ 

~intespoce 
L'Intelligence de l'Environnement ONERA Réf. lTS : D096,034 DGIER 

GARTEUR SM-AG 19 Date: August 21, 1996 
Modal Analysis Report Issue. : 1 . Page: 22 

.~ 

E 
D 
u 

'0 
D a. 

W 

LJ.J 
U,..,. 

i, 
J a. 
~ 

<1J 
E 
~ 

,) J 

) 

...J 

, , 1,,- - -,,, ,, 

, , 
1 , , , , , 

\ .\ 
" " " 

"'0 ~ ...'0..... 
J 

T

.. X " "
" 

~ 1 ,
i~ 

lB 
'8 
o 

In% 
... ­
~i 
~, 

~ 
III 

~~ 
l!/51
0­
:1:'" 

, ,
J , 

~~ 
.. x 
~ 

l~ 
al 

~ 
o 
o 

In% ...N:I:­
~Ie:, 

~ 
III 

N~ 
•• ..J 

l!/ll;
0­
:1:'" 

RunOO5Z 



Ce document est la propriété d'INTESPACE et ne peut être reproduit ou communiqué sans autorisation. 

iODE: J 
ISPLACEHEHT 

FREQ: 16.21 
- HORHAL HIH: 

DAHP: 105.8 
0.005544 HAl<: 1.00 

HODE: J 
DISPLACEHEHT 

FREQ: 16.21 DAHP: 105.8 
- HORHAL HIH: 0.005544 HAl<: 1.00 

j~ .. 
~ S· 
g. ~ 

~ œ 
~.~ 

~2; ilS 

~  

§ 
~  iODE: J 

ISPLACEHEHT 
FREQ: 16.21 
- HORHAL HIH: 

DAHP: ~ 

0.005544 HAl<: 1.0~ 

y[X 
Z 

HODE: J 
DISPLACEHEHT 

FREQ: 16.27 
- HORHAL HIH: 

DAHP: 109.8 
0.005544 HAl<: 1.PO 

1 

1 

1 
1 
1 
1 

x 

y 

.'. S:o 
0);­
Q.::tlat-3 
~t':lO
~~Z 

- t':l
'< rn::l'
2:. S:);­rn , 
::1');­
/DO
'0 
0 ... 
;:l.co 

1 
1 

1 
1 , 

i -.z x 

" 
1 

1 
1 

Jt~ - --\
1 1

1 
1 

J
X 

fjj't:!::I'
CIl ~ /D,
;lD:-"> 
... =3 
~);-rn 

c .. 
~  ~ t:! 
~CIlO 

(Jqt">

1Dt-:l~
...... 0 
t-:l ... t,.j
t,.jco~  

lOt:!
0)0 

ti3 
::1' 



Ce document est la propneré d'Ir-. r t)t'ACE e, Ile ~eut  Êo" CiL prade." ,__. com .. ,co' "",ué s~,  ,_ ~ . tOrlS< 

'"i'�~ :S' 
;~ 

HODE: 3 FREQ: 16.27 DAHP: 119.7 
DISPLACEHEHT - HORHAL HIN: 0.000144 HAX: 1.00 

HODE: 3 FREQ: 16.27 DAIf': 119.7 
DISPLACEHENT - NORHAL HIN: 0.000144 HAX: 1.00 ~,~ 

~Q 

~ Q 

y 
y[X 

Z x 
.'. ~o 

o :J> 
o.::z:, 
~~ 

~~O
~~Z-§ ~'< CIl:;l:l 
~. ~ :J>
CIl , 

~ HODE: 3 
DISPLACEHENT 

FREQ: 16.27 
- HORHAL HIN: 

DAHP:1r9~  

0.000144 HAX: 1.0> 
HODE: J 
DISPLACEHENT 

FREQ: 16.27 
- NORHAL HIN: 

:;l:l:J> 
roC) 

"0 .... 
~tO 

èii't:l:;l:l
CIl ~ Ill, 

;~~ 

... ~  

~:J>cn  

Y

lz x J 
X 

~ .. 
.:c ~ t:l 
~ CIl 0

O'Q .... 
rot..:>~  

·· 0 
t..:> '" ,j>.(O,j>. 

tOt:l
0>0 

ti3 
::z:, 



~/ntespoce 
Réf. ITS : Dü96.034 DGIERüNERA

L'Intelligence de l'Environnement Date; August 21, 1996 GARTEUR SM-AG 19� 
Modal Analysis Report� Issue. : 1 . Page: 25 

Appendix3 

f 
o 
u MAC matrices 
:l 
) 

S 
-0o ­

a. 
" 

~ 

ë 
Qi 

E 
~ 
u 
o 

"0 
Qi 
U 



~intespoce
 
L'Intelligence de l'Environnement ONERA Réf. ITS : D096.034 DGIER 

GARTEUR SM·AG 19 Date: August 21, 1996 
Modal Analysis Report Issue. : 1 - Page: 26 

=========~==========~================================= = = = = = = = = = = = = 

MODAL ASSURANCE CRITERION� Structure: garteur 
Mode1 initial 
Test garteur_4Z 

c Test 1- - - - - - -� Test - - - - - - - - -1,2 
III� 

Mode Mode (value) Mode (value) Mode (value) Mode (value) 
,~ 

§ 
:::> 1 1 (1. 00) 2 (0.86) 7 (0.2S) 8 (0.08)� 
III 2 2 (1. 00) 1 (0.86) 7 (0.31 ) 10 (0.06 )�'" C 
III� 3 3 (1. 00) 10 (0.42) S (O.OS) 4 (0.02)
'" -Cl! 
:::>� 4 4 (1. 00) 7 (0.13) 8 (0.09) S (0.06) 
0­
c S S (1. 00) 8 (0.14) 4 (0.06) 3 (O.OS)� 
:::> 6 6 (1. 00) 8 (0.17 ) 7 (0.02) 4 (0.02)�
E 
E� 7 7 (1. 00) 8 (0.33 ) 2 (0.31 ) 1 (0.2S)
o 
'-'� 8 8 (1. 00) 7 (0.33 ) 6 (0.17 ) S (0.14) 
o 
:::> 

9 9 (1. 00) 2 (0.02) 3 (0.01) 10 (0.01) 
10 10 (1. 00) 3 (0.42) 2 (0.06) S (O.OS) 

================================================================== 

:::> 
Cl! 
C. 
<lJ 
C 

a:;� ================================================================== 
LU� garteurU MODAL ASSURANCE CRITERION� Structure: 
<l: 
o, Model initial 
V'l 

Test garteur_SZLU 
1­
Z 

"'CI 

-<lJ 
-~ 

Test 1- - - - - - -� Test - - - - - - - - -1 
0..� Mode Mode (value) Mode (value) Mode (value) Mode (value)o 
0.. 

­III 1 1 (1. DO) 2 (0.92) 4 (0.40 ) 7 (0.2S) 
'" 2 2 (1. DO) 1 (0.92) 4 (0.27) 7 (0.10)Cl! 

C� 3 3 (1. DO) 10 (0.37 ) 4 (0.07) 7 (0.06)
<lJ 

E� 4 4 (1.00) 1 (0.40) 2 (0.27) 7 (0.11 ) 
:::> 
'-'� S S (1. 00) 8 (0.19) 7 (0.13) 4 (0.10)o 

"'CI 
<lJ� 

6 6 (1. DO) 4 (0.03) 7 (0.01) 9 (0.01) 
U� 7 7 (LOO) 1 (0.2S) S (0.13) 4 (0.11) 

8 8 (1. DO) S (0.19) 7 (0.04) 10 (0.04) 
9 9 (LOO) 6 (0.01) 4 (0.01) 10 (0.01) 

10 10 (1. DO) 3 (0.37 ) 8 (0.04) 4 (0.02) 
================================================================== 
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TEST OF A SINGLE STRUCTURE BY 12 LABORATORIES IN EUROPE.
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ABsTRAcr 

In an effort to assess state of the art methodologies for the 
experimental determination of modal characteristics, 12 
European groups. most of them working in the area of aircraft 
ground vibration tests for Ilutter certification. participated in a 
GARTEUR action group whose main activity was to have 
independent tests of a single representative structure. Design 
considerations for the common structure are first detailed. 
Estimates of frequency response functions and modal 
characteristics are then compared and show a level of 
consistency that is much higher than those reported in previous 
similar exercises. 

LINTRODUCTION 

ln the certification of new aircraft, Ground Vibration Tests 
(GVT) play an important role for the verification or updating of 
analytical models, allowing more accurate aeroelastic 
predictions. Facing the risk of flutter, a high level of quality and 
reliability in obtaining the modal characteristics of the aircraft 
bas 10 he achieved during the GVT. 

Figure 1: Common testbed of the GARTEUR SM-AG-19. 

Following a series of previous Round Robin surveys held in the 
early 60s [1] and late 70s [2]. a Structures and Materials Action 
Group SM-AG-19 of GARTEUR (Group for Aeronautical 
Research and Iechnology in Europe) was initiated in April 1995 
with the major objective to compare a number of current 
measurement and identification techniques applied to a common 

Copyright © 1996 by ONERA. To appear in the proceedings of 
IMAC. February 1997. 

structure. The testbed (see figure 1) was designed and 
manufactured by ONERA (France) and investigated by various 
companies, research centers and universities from France 
(ONERA. SOPEMEA. Aérospatiale. lntespace, CNAM). 
Germany (DLR), the Netherlands (NLR. Fokker), Sweden (Saab) 
and the United Kingdom (DRA, Manchester University. Imperial 
College). 

More specifically, the objectives of the GVT tests were to 
evaluate the efficiency and reliability of test methods and to 
identify the cause of discrepancies between measured frequency 
responses or identifled modal parameters. Each participant was 
required to provide: 

• a set	 of 4 transfer functions corresponding to excitanon and 
response of the left and right wing tip body (called drums in the 
rest of the paper) in the 4-60 Hz band. Although not required, 
most participants provided a 2 input 24 output set of transfer 
functions. 

• estimated modal parameters (modeshape, frequency, damping 
factor. and modal mass) at 24 reference accelerometer 
locations. 

The present paper outlines the actlvity of SM-AG-19 and 
compares data provided by the participants. Design 
considerations for the testbed are discussed in section 2. 
Frequency response measurements are compared in section 3 and 
modal parameters in section 4. In the cornparisons, participants 
are identified by letters in chronological testing order. Sorne data 
sets obtained in a configuration differing from the test guidelines 
(see more details in section 2) are not comparable and are thus 
not included. 

2. DESIGN CONSIDERATIONS 

Specifications for the testbed were 

• a group of 3 very close modes to make the problem difficult. 

.5 to 60 Hz. 50-100 kg. 2 by 2 m 10 make the testbed suitable 
for instrumentation designed for aircraft 

• a joint at the winglfuselage connection for transportation but 
limiting variability from assembly 10 assembly. 

• damping treatment to limit the effect of dissipation linked to 
instrumentation. 

• suspension by	 a common set of bungees to have similar 
boundary conditions. 

• 24 common sensor and 2	 common shaker locations to allow 
direct comparisons. 



The most difficult design criterion was the presence of 3 very 
close modes. On such a simple structure; close modal spacing 
can only be achieved by using modes of a different nature 
(bending modes in different directions, torsion modes. wing 
modes vs. tail modes). The relatively massive fuselage induces a 
near decoupling of torsion modes for each half wing, so that the 
flrst two torsion modes come as a pair, The design thus mostly 
adjusted the drum mass to put the frequency of the 2 torsions 
close to another mode (the 3 node bending eventuaIly). As shown 
in figure 2, Nyquist plots of the final testbed show near the 
resonance a single lobe or three very coupied circles depending 
on the sensor. 

'2-v'2-% 105-1112-. 

~ 0.4.r,o i
i-20 i 0.2 
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0J~ i 
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Figure 2: Nyquist plots near the resonance. A single circle is 
found on sorne transfer functions while the three modes 
arc always very coupled. 

To measure force. participants used load cells or electrical 
impedance (forœlcurrent factor on a current driven shaker). With 
the second technique. the moving mass, stiffness and damping of 
the shaker becomes part of the measured structure. On an aircraft 
the moving masses are so smaIl that the effect is negligible, but 
for this small testbed a way to compensate for the added mass 
was needed. The design thus placed a 200g compensation mass 
al each drum tip (as shown in Fig. 3). ln a case where additional 
mass was known to he added, the nominal mass could thus he 
replaced by a smal1er one to physically compensate for the effect 
(the fact that the mass position does not exactly coincide with the 
expected shaker position was not taken into account). 

Figure 3: Shaker attachments on the axes of theaccelerometer 
(A) or the compensation mass (B). 

The mass sensitivity, of the torsion modes in particular, 
significantly helped the design but was aIso one of the major 
sources of variations in the results of different tests. 
Inappropriate mass compensation was used for some tests so that 
not ail data sets could he included in the comparisons of sections 
3 and 4. Some groups also positioned their shaker on the mass 
axis rather than on the accelerometer axis (positions A and B in 

figure 2). The resulting data sets from different groups are clearly 
different (see following sections). 

Sufficient damping levels were obtained through the use of a 
viscoelastic layer with an aluminum constraining layer. The 
viscoelastic used is the 3M acrylic viscoelastic polymer ISO 112 
in the form of a 76 mm by 50 um roll. A sample roll (Ref: SJ 
2015 Type 1202) was provided by 3M Laboratories (Europe). 
Hansastr. 9. 41453 Neuss. Germany. This viscoelastic is 
particularly well suited for the testbed operating range of 5­
50 Hz and 20 C where the loss factor is nearits peak of 0.9. 

Significant levels of shear strain are obtained in the viscoelastic 
through the use of a 1.1 x 76.2 x 170 mm constraining layer 
covering the complete viscoelastic treatment, The ISD 112 being 
pressure sensitive. the bonding was obtained easily and 3M 
confirmed that only extteme conditions should damage iL ln a 
wing only test. damping factors increased significantly (from 
0.28% to 1.1% in hending at 9 Hz and from 0.15% to 0.86% in 
torsion at 27 Hz) with the added treatment, Tests done on 
different days gave very similar results. 
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Figure 4: 24 common accelerometer locations. Nominal 
excitation locations arc 12·z and 112-z. 

Table 1 : Check of the sen sor placement using the MAC 
comparison of a set of experimental modes with 
thcmselves. 

5 6 7 

0.5 titi 0.0 

0.0 0.1 0.1 

Il:8 1.7 0.5 

4 1.8 0.1 

The common 24 sensor locations. shown in figure 4, were chosen 
by hand carly in the design process. As shown in table 1 by the 
off-diagonal terms of the Modal Assurance Criterion (MAC [3D 
comparison of an experimental mode set with itself, this set of 
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sensors bas problems distinguishing mode pairs 1-6, 3-5 and 5-7. 
The fact that modes 3-5 are very close· in frequency is an 
additional difficulty. No simple weighting of the sensors seems 
to significantly improve the geometrical independence of these 3 
modepairs. 

Figure 5 shows the 9 rnodeshapes measured by participant C. 
The second mode was used as a check of proper assembly. As 
will be shown in section 4, it was effectively the most 
consistently estimated mode. A posteriori, it should he said that 
this choice was not ideal since this mode was among the least 
sensitive to perturbations and thus not informative on the fact 
that the test configuration specification was met 

1 • 8.378 Hz 1.30 ... 2 • 18.104 Hz 1.30 ... 3. :n1215Hz0JI3 ... 

<. , .. ~-
. ' -~~ ~ 

4 • 33.5:JI Hz 1.00... 8 • 35-847Hz 1.10... 8 • 4l3I4 Hz2.30 ... 

,~---,~~
 
~~ -., 
7. 49.433 Hz 0.48'" 8 • 55.078Hz 0.21... • • lI3.II3II Hz z.oo ... 

~0çt>s
 
Figure 5. Set of modes measured by participant C. 

For all tests, the structure was suspended using bungees linked to 
a small plate common to ail the participants (as shown in figure 
1). The participants were however free to attach the plate in any 
appropriate mannér, Sorne fixed the plate to a hard point white 
others used pendulums of various lengths. Table 2 shows 
however no direct relation between pendulum length and 
estimated rigid body heave mode. 

Table 2 : Length of suspension pendulum (length of bungees 
not included) and estimated frequency of heave mode. 

Set B C E-F G H 1 

Length(m) 12.0 0.0 2.6 0.7 0.4 0.9 

Frcq(Hz) 1.88 1.8 2.7 2.2 2.6 2.4 

3. COMPARISON OF MEASURED FRF 

The participants were required to provide a 2 by 2 set of transfer 
fonctions with 2 collocated transfers (point mobilities) at the 
drumtips (l2z and 112z) and 2 cross transfers (l12 to 1112, 112z 
to 112). The collocated transfers areexpected to heequal because 
of the symmetry of the structure, and the cross transfers because 
of reeiprocity. 

Figures 6 shows a comparison of the 112z collocated transfers 
measured by a number of participants. General trends areclearly 
common to ail measurements, Above 40 Hz. the response is 
howevcr dominated by modes near 34 Hz sa that it is hard ta sec 

how coherent the measurements are. Tests Band J show 
significant discrepancy near 35 Hz, these are however easily 
explained by the selection of inappropriate compensation masses. 

The collocated transfers 12z are slightly different from those of 
figure 6 because the structure is not really symmetric 
(manufacturing tolerances led to a non symmetric wing), but 
otherwise show little more information. 

112-11112-z 
10' 

10' 

:I-A.C.E.F'G.II··:--8,J :: 
. .. . . 

10" 

10 20 25 30 35 40 45 50 55 
Ftwquency(Hz) 

Figure 6. Collocated transfer function at left drum (112z). 

112-r/12-z 

10· 

Ftwquency (HZ) 

Figure 7. Cross transfer 112z to 12z. Amplitude plots are 
separated in two groups depending on shaker position (A 
and B in figure 3). 

The required cross transfers (l12 to 112z shawn in figure 7) are 
much more informative. Sorne data sets are very noisy and/or 
show quantization errors. Data set A has for example a fairly 
high noise floor, which masks the anti-resonances of cross 
transfers. It must he noted however that the groups who provided 
noisy data sets do not use FRF data for identification purposes. 

Resonance frequencies show significant variability from test to 
test For example, the resonance of the first mode goes from 6.4 
to 7 Hz. Thèse variations are coherent with the modal results 
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given by the participants. Despite frequency shifts, the general 
trends (positions of resonances and anti-resonances) are weIl 
preserved in all data sets. Sets B and J have aga in the resonances 
of the torsion modes shifted up and down respectively. 

Figure 7 distinguishes sets ABC from sets EFGJ based on where 
the shaker was attached (positions A and B of figure 4). Above 
35 Hz, the iwo sets show a significant difference in the level of 
response. Within each set, the responses are however coherent. 

S-IlI12-z IOS-IlI12-z 
ID' ID' 

~10' ~IO' 

l10" l10" 

il0~ i'o~ 
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FIIIQI*IeY (Hz) Frwquency (Hz) 

10' 
201-IlI12-% 

1 

MMIF tell cIlemeIa oIlhd) 

110" 0.8 ~ 
!10~ ... 0.8 

i'o~ 
5 
~0.4 

10" D.2 

lO~ o ..... .... ..... ........ 
5 10 15 20 40 80 

FIIIQI*IeY (Hz) Frwquency (Hz) 

Figure 8. A·B cross transfers 12z to 5x and 105x. C low 
frequency range of 201xl12z. D Multivariate Mode 
Indicator Function [4] for inputs 12z and 112z 

Figure Saand 8b show transfers between drum excitation and the 
in plane mid wing sensor. Sets AC which arevery noisy for these 
sensors have been removed, Sets B,J are shown in dotted !ines 
and one sees the frequency shifts near 35 Hz. Set J significantly 
differs from other sets which may account for the discrepancies 
seen for modeshapes (see section 4). 

Sensors 5x, 105x and sensor 201x even more (figure 8c) indicate 
the presence of many suspension modes in the 5-15 Hz range. 
These modes are hardly seen in the response of vertical sensors 
except for group J which was unlucky enough to have the 
frequency of 2 suspension modes coincide with the 2 node 
bending. 

Drops in the second mode indicator function of figure 8d clearly 
indicate the presence of the two torsions (33.8 Hz) and lail 
torsion (49.4 Hz). The 3 node bending (35.7 Hz) is however not 
very weil excited (the minimum of the MlF is above 0.8) which 
shows that these shaker positions are not suited for a force 
appropriation of this mode. 

One should also note that the force measurement technique 
(groups ACG use current, others use load cells) or the input 
signal used (participants used stabilized and swept sine, single 
and multiple input broadband signals) do not appear to have any 
significant influence. Noise levels seem to be inversely 
proportional to how much use was made of them for 
identification purposes. Even for groups using identification, 
responses to non reference inputs were used to identify some 
modes (3 bending and in plane modes in particular). 

As a check for the variability of results, the test was performed at 
ONERA in the middle and the end of the testing period. The two 
tests differ by shaker stinger, shaker suspension, testbed bungees, 
excitation level. The results shown in figure 9 are thus a case 
where a marginal evolution of test conditions leads to visible 
differences in the test response. The change in noise level is 
related to a change in the algorithm used to detect stabilization in 
a stepped sine but shifts of resonance frequencies are clearly 
apparent. Il is not possible to tell whether these are due to 
modifications of the structure or the test set-up but they are 
significant and of the same order as variations seen between 
resultsof different participants. Further tests will be performed to 
c1arify this issue. 
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Figure 9. Comparison of two tests performed by ONERA. 

4.COMPARISON OFMEASUREDMODES 

The second part of the exercise was to provide estimates of 
modal characteristics: frequency, damping ratio, modeshape and 
modalmass. 

Participants ACEGH provided results obtained using force 
appropriation methods, while other results are based on model 
identification from measured transfer functions. The results 
shown do not indicate any influence of the method used on the 
results obtained. 

Figure 10 shows the typica1 spread of identified modes to be 
close to 4 %. Many frcquency discrepancies can be related to 
structural modifications linked to the instrumentation or selection 
of compensation masses. For example, an insufficient 
compensation mass leads for test B to the high frequency 
estimate of the 2 torsion modes (33.45 and 33.89 Hz). No simple 
explanation of the high variability of mode 1 frequencies was 
however found. 

For damping ratios, the typical spread is closer to 30%. Modes 7 
and 8 show the highest variations but also have the lowest 
damping values. This only confirms the fact that very lightly 
damped modes are difficult to characterize. In particular, 
instrumentation is likely to contribute most of their damping so 
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that one should not expect their damping values to stay constant frequency difference is low. The FRFs of this group to the 2 
This expected sensitivity was the main reason to design a reference inputs are not however consistent (resonance 
dampingtreatment to increasethe overaU dampingof the testbed. ...... ....�lUI Hz 
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Figure 10.Variationsin estimated modal frequencies and� 
dampingratios.� 

Anotber question of interest is the sensitivityof the results ta the 
method used. The plots do not indieate any particular trend that 
woald he characteristic of either identification or force 
appropriation.To confum that the variabilityof results is indeed 
Iinked to changes in the structure/test setup and not the method, 
the IDRC [5] identification method was used on available data 
sets to provide independentestimatesof modal frequencies. 

For the tbree close modes, figure Il shows that the only visible 
frequency variations from the participants results are found for 
the 3 DOde hending for groups ACEG. These groups used force 
appropriation and good appropriation of the 3 node hending 
cannot heachieved with the dmm tip shakers only. These groups 
thus had to use another shaker and, given the modification of the 
test setup, variations of frequencies are expected. Group C, who 
attaehed the shaker to the fuselage, minimizedthiseffcct and the 

frequencies shift when the input is changed). The identification 
was thus performed on a single excitation which may explain the 
relatively poor MACcomparison of torsion modeshapes. On real 
aireraft, dependence on input location is often linked to the 
presenceof non linearitles, On the considered testbed it is more 
likelythat the instrument loadingchanged betweentests..[:] ...-......-- • ......- o.­
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Figure Il. Comparison of the 3 closemodesgiven by the� 
groups with results independently identifiedfrom their� 
FRFdata (IDRCmcthod).� 

The participants were all asked to compare their results with 
those of test A. This test however happens to have rather 
different modes 4 and 5 50 that set C will he used as reference 
here, The MAC comparisons shawn in figure 12 indicate a very 
good overall correlation. A few poor modes (mode 2 set E, 7 set 
F, 8 set H) are reallyexceptional errorsof these groups.The only 
real difficulties are Iinked to the three closely spaced modes 
(modes 3-5).
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Figure 12.DiagonalMACvaluesfor comparisonof different 
test modeshapes with those of test C. 
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Figure 13.a) MACcomparison withtestC� 
b) Comparison alter orthonormal expansion� 
e) Comparison alter general expansion.� 

It is well known that modes tbat are close in frequency CID be 
very sensiûve 10 small modificaûous of the structure. The 
symmetric and anûsymmetric torsions (modes 3-4) and the 3 
node bending (mode 5) are very sensitive 10 mus sûffoess 
modifications. Since the instrumentation of each participant is 
expecrcd 10 vary. non-negligible perturbations areexpeeted, Such 
perturbations howeverwill only inducerecombination of modes 
that are close in frequency (this is the case of modes 3-5). It 
could Ile furthet argued that the recombination shouldIle almost 
orthogonal sinee ortbogonality conditions a1ways exist even for 
modes withequalfrequencies. 

A ,eneraI linear combinaûon and an orthogonal Iinear 
combioaûon of the buis of the modesbapes 3-5 is done 10 
improve the match between each set and set C. The resulûng 
comparison of modeshapes (shown in Fig. 13) shows a very 
significaut improveD1Cnt over the resultsof Fig. 12.Evenfor che 
orthonormal expansion. only sets H andJ havedifficulties which 
may Ile expIained by a poor orthogonality and/ornormalization 
of the resultsgivenby tbesc groups. 

Modal masses are the last step of the comparison. Rather than 
comparing modal masses whïch wouldbesensitive 10 the cboiee 
of a particular scaling sensor, it is preferred here 10 consider 
mus normalized modeshapes such that the reconstrueted FRF 
aregivenby 

(1) 

where ca and b, are used bere 10rqnsent the extraction of the 
proper componentof themeasured modeshape. Whenthe scaIed 
modeshapes are knownal the 24sensors, the scaling errorcau be 
mcasured Uling thescaling coefficient1 

=(Ca'J);.JCa'J)TM'_1lM (2) 

(ca'J ).rollA(ca'J),..A 

which should be close 10 O. Table 3 shows the values of 
coefficient lM for a comperison with the 8 modesof set C. The 
scaling coefficient is only appropriate if the modeshapes are 
similar, 50 that scaIing coefficients corresponding 10 low MAC 
values are shaded in the table and should Dot be considered for 
the comparison. The table clearly indicates that typical mass 
nonnaIization errors areIlelow 10". 

Table3 : scaIe factor(2) andvariation in estimated damping 
(in ") for a comparison of mus normalized modes given 
by different groups. Shaded clements correspond 10 low 
MAC (secFig. 12). 

Mode A C E F G 

ln" 1 ~, 1 1 ~ ~ 1 ~ 

1 -3 -2 0 0 9 -19 3 -5 

2 -7 5 0 0 5 ·2 4 -9 

3 0 0 5 -7 0 28 

4 0 0 0 14 6 28 

5 7 1 0 0 2 -26 3 ·23 

6 -6 12 0 0 -3 ~ 

7 -6 98 0 0 -6 38 

8 4 180 0 0 -1 15 

Most identification methods tend 10 preserve the response at 
resonanee (1 = iOJJ). From (1), an erroron the dampingratio 'J 

would thus tend 10 be compensated by an errer in the same 
directionon the modal mass. The damping variations shows in 
the table arecleuly much more significaut than the modal mass 
variations 50 that the variations cannot be attributed 10 bad 
identification. It secms that damping changed from test 10test, 
while modal mass was properly identified and is, as expected, 
independent of thedamping leveL 

Figure 14 showsfor groupsCEG. theabsolutevalue of the mass 
normalized modeshapes ca'J at the 24 sensors. The overall 
comparison is very good. One cau DOte the dissymetry of the 
torsion modes 3 and 4 (the pairs of high peaks correspond 10 
right and left vertical sensors al drumtips). For modes 5 and 6. 
the low MAC (below 0.9) shown in figure 12 nowappears as 
variations in the wing (mode 5) and taU (mode 6) motion. 

One cau again try 10 ace if the results found depend on the 
paramcter extraction method used. For mode 2. the mRC 
identification a1gorithm was again used on data sets EFGJ.The 
resulûng mus normalized modeshape is shown in figure 15 
wheœonly veryminorvariations areseen (the erroron sensor 20 
groupE is just a calibration problem). Forsets ABC. the results 
are aIso very similar but an identicaI scale differenee is found 
whichis easilyexpIained by the fact that Ibesegroups excitedat 
pointB (secfigure3). 
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Figure 15. Mass normalized shape of mode 2 found by IDRC 
identification using different data sets. 

5. CONCLUSIONS 

Although the methods and hardware used by different 
participants were widely different, the results compare very weil. 
Force measurement techniques through load cell or current 
measurements did not lead to any visible modification of the 
frequency responses. 

Force appropriation and identification methods led to very 
similar modeshape estimates. Identification results were however 
gencrally given as complex modes. Simple methods were used to 
determine normal modes but vector normalization was often lost 
in this process. Variability in frequencies were of the order of 
4%, in damping of the order of 30%. Variability in estimated 
modal masses were, for the groups who provided mass 
nonnalized normal modes, below 10% which leads to think that 
damping truly varied significantly from test to test while 
participants were able to properly identify mass normalized 
modeshapes. 

The force appropriation of certain modes implies the use of 
additional shakers which, for this small testbed, introduces 
modifications linked to instrument loading. The testbed is mostly 
linear, has only one difficulty with closely spaced modes and 
uses a small number of sensors. None of the main reasons that 

changes in the structure or the test conditions. This highlights the 
difficulty of obtaining the desired test conditions or simply 
characterizing the effectof the actual instrumentation. 

Future group activities will he to compare identification results 
on a common data set, in an exercise similar to the SVIB Round 
Robin [6l but based on actual test data, and to analyze strategies 
considered for shaker and sensor placement 
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A GROUND VIBRATION TEST ON THE GARTEUR TESTBED SM AG-19� 

Albert J. Persoon • National AerospacelAboratory (NLA),� 
Anthony Fokkerweg 2, 1059CMAmsterdam, The Nether1ands� 

and 

Etiènne Balmès• OfficeNationaled'Etudeset Recherches Aérospatiales (ONERA) 
29 Avenuede [a Division lecIerc, 92322 ChaUllon Cedex, France 

Abstract 

ln aprll 1995 a Structures and Materials ActIon Group 
(SMAG-19)of GARTEUR ~roup for Aeronautlcal Besearch 
and Iechnology in Europe) started an aetlvitywith the major 
objectiveto compare a number of currant measurement and 
Identification techniquesappIied 10a common testbed.Twelve 
European groupaparticipated, mostof !heminvolvedinground 
vibrationtesting of alrcrafl for flutter clearance pUrpose$. 

It seldom occurs in practlce that a ground VIbration test is 
repeatedby a third-partyand can thereforebe considered as 
an uniqueopportunltyto validate the resultsof eachindlvldual 
testsetup. 

Thispaperaddressesthe variabilltyof the measured dataand 
anaJysls results.Furtherthls paperdea/awiththe identification 
and ccmparison of the modal parameters ofthls testbed,where 
three c:IoseIy spacad modes were IncorporaIed as a "hldden" 
vibration probIem. 

1. Introduction 

ln the certificationprocessof new aircratl, a ground vibration 
test (GVT)playsan important rolefortheverification or updallng 
of analytlcalmodeIs. Facingthe ris/< of nUIter, hlghqualityGVT 
results has to be achieved to model the vibratlonal 
chatacleristk:s of analrplanestructure beinga basis for reliable 
ftutterpredlclions. 

lnApril 1995anActfonGroup(SMAG-19) of GARTEUR started 
its activilies wlth the major objective to comparea numberof 
currentmeasurementand identification techniquesapplled to 
a common testbed designed and manufaclured by ONERA 
[Ref. 1]. The various companles. research centers and 
universltiesin Europepartlclpating wereONERA.SOPEMEA, 
AEROSPATIALE, CNAMand INTESPACE from France,DLR 
from Germany, NLR and Fokkerfromthe Nether1ands. SAAB 
from Sweden and finally DRA. University of Manchesterand 
the ImperialCollage trom the UnitedKlngdom. 
More specffically, the objectives of the GVT tests were ta 
evaiuatethe rellabllltyof test methods and ta compare modal 
paremetersextraetecl from dllferentIdentification techniques. 
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.� This paper desls with the ldéntificatlon of modal parameters of 
the testbed (Fig. 1) but does not iment 10 evaluate a specifie 
test setup. data reduction or Identification technique as there 
was a varlety ln test equipment and software ulad by the 
various participants. 

2.� Requlrements and recommendBtlons for the grouncl 
vibration test 

The ground vibration test on the teslbed almed to measure 
tranlfer funetions between the response of the structure and 
the applied excitation forces and to determine the natural 
frequencies and mode shapes with related parameters. Each 
participant was requested to provicle at least (1) a reference 
set of four transfer functlons correspondlng to excitation and 
response of the 18ft and rlght wingtip body, and (IQ the mOde 
shapes of the testbed in a 4-6S Hzband. It wu further agreec! 
between the participants lhat the mode shapes would be based 
on 24 accelerometer positions (Fig. 2) recommended by 
ONERA. Attachment of two electrodynamic shakers was 
foreseen at position 122 and 1122 (Fig. 2) dose 10 addftlonal 
wing tip masses of 2009 each, which were installed to Introduce 
a "hidden" vibration problem of three closely spaced natural 
frequencies with thelr mode shapes. 

The aluminium testbed with dimensions of 2m (span) and 1,Sm 
(Iength of fuselage) and a massof 45 kg was suspended by a 
common set of bungees in older 10 obtain simllar boundaly 
conditions for each participant The bungees were linked 10 a 
plate and the participants were free to fix thJs plate in any 
approprlate manner. To the participants It was further 
recommended to detect at least the hlghest rigid body 
frequency (the he&ve mode) and to measure the second mode 
shape of the testbed being the fuselage torsion mode (f =16,17 
Hz with a damping factor of 1,45 %) as a ch~ of proper 
assembly of the testbed. Apart from that the participants were 
free to perform the ground vibration test following their own 
view and experiences to IdentJfy the vibration modes and the 
related modal parameters (frequencies, damping factors and 
modal mass). 

3. Equlpment setup 

An interesting aspect in this GARTEUR activity was the use of 
different measurlng equlpment, data reductlon· and analysis 
techniques by the various partlclpants. 
Besides commerclally avallable equipment also 'n·house 
made" equipment was used Iike accelerometers, conditionera 
or filters. Most of the participants used front-end type multl­
channel measurlng systems wIthsoftware ofdifferent suppliers 
like CADA·X (Leuven Measurement Systems), the Structural 
Oynamlcs TOOlbolc: for use wlth Matlab (Scientific Software 
Group) or "in·house made" software. 

Excitation of the testbed was performed ln various ways. The 
participants usee! dlfferent shaker positions but also mounting 
of the shakers Wu quite different (agaln Fig. 1). Most of the 

participants were able to use uncorrelaled band limited noise 
showlng the symmetrical and anti-symmetrlcal frequencles 
simultaneously in the transfer functions: otherwise correlated 
excitation signais were applied by which the shakers aet ln­
phase or in ceunter- phase. The excItation forces were 
measured by load ceUS or by the current through the shakers. 
The latter procedure needed a compensation for the movlng 
mass of the shakers beeause of the relative low mass of the 
testbed. A typical equipment setup of one of the participants 
for thls testbed Is presented in Figure 3. 

4. The ground vibration test ln praetlce 

ln splte of the recommendations and requirements for the 
ground vibra~on tests, given by ONERA. sorne "shOrtcomlngs" 
occurredin the test setup ofvarious participants. lnappropriate 
mass compensation at the wingtips (to compansate for the 
moving mess of the shakers) wu a major source, but a1sothe 
position of the shakers al the wingtips asclearly shown ln figure 
4. For that reason, ONERA was not able to Include ail data 
sets in one comparlson but had to make a selection between 
two representative groups of participants [Ref. 1]. The flnal 
results however appeared to be consistent and dlflerences in 
natural trequencles, especially in the 30-35 Hz band where 
the presence of mass is of a substantiallnlluence on the three 
closely spaced modes (see section 5), could be easlly 
explained. Fina/ly the test setup of some participants suffered 
from suspension modes appearing in the transfer functions. 

5. Presentation of some typlcal results 

5.1 Transferfunctions 

Using uncorrelated noiseas excitation of the testbed transfer 
functions like those presented in Figure 5 were obtained. These 
include both the symmetrical and anlîsymmetrical behaviour 
of the testbed. Obsel'vatlon shows that the natural frequencies 
around 35 Hz are sensitive for a different mass compensation 
(see Fig. 4b and fig. 4d) resulling in a slight frequency shlft. 
The 180 deg phase diflerence is explalned by the way of 
mountlng the loadcell (upside down, oz) by one of the 
participants. 

The presence of dosely spaced modas is weil i1lustrated in 
Figure 6. When measurlng the transfer between excitation and 
response on both wings (105z and 5z. fig. 2) a single circle is 
the result showing no Indication ofa hldden vibration problem. 
ey measurlng the responseon one of the wlng tlp bodies (12%) 
however, the closely spaced modes (as coupled circles) 
become visible (Fig. 6b). 

5.2 Frequencle8, damping factors and mode shllpes 

AnaJysis of the closely spaced modes look place ln dlfferent 
ways depending of the software used by the participants. An 
example is shawn in FIgure 7. 
Applylng a multl degree of freeclom curve lItter on the data and 
creatlng a stabilization diagram. the evaluation of frequency 
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and damplng (poles) ls shown with an increasing number of 
computationalmodes (up to 32). Once stabilizedthe polesare 
mar1<ed by ·s·and the residualsare determined,resultingin a 
mode shape and presented in an anlmateddlsplay.The three 
closely spaced modes (Fig. 7) were Identifled as an 
antisymmetricaland symmetricalrotation01the wingtip bodies 
and a tnree node bending of the w1ng. The results fairly match 
the finlte element analysis of the testbed (Fig.8) performedby 
DLA (Germany) in an earlier stage to provlde proper 
acceterometer posltlons and exciter locations for the ground 
vibration test [Aef. 2). Flnally a representative overview of ail 
mode shapes measured ln the 4·65 Hz band ls presented ln 
Figure 9. 

5.3 Modal mas. 

It is weil known that the modal (or generallzed) mass is a 
relevant parameter in aeroelastic (flutter) prediction methods. 
An inaccurate determination of the modal mass may lead to 
unreliablecomputationson the ftutterspeed 01an aircraft.This 
GARTEUR activity was an excellent opportunlty to compare 
modal mass results determined by the participants (section 
6). Also some checks on the data processlng software were 
performed Indicatlng the Importance of an accurate 
measurement of damping factors and mode shapes. 

A relatlvely simple check is the determination of the modal 
mus of the heave mode (f = 1,8 Hz) by which the testbed is 
considered to behave rigid in its suspension(Fig. 10a).ln that 
case, the weightof the model (aroune! 44,8 kg) shouldbe equal 
to the computedmodal mass. The data processingcomputing 
of one 01 the participants ylelded results (Fig. 10b) ln whlch 
the modal mass ranges from 45,2 kg (+ 1%) to 50,7 kg 
(+ 13%) depending of the damping.The same participantdld 
a further check for the second mode shape of the model uslng 
the technique of added masses (am) by measuring the 
frequency shift (af) alter re-adjustlngthe 90 degphasecriterlan 
during a sine dwell. The result (Fig. 11) should be a straight 
line If the mode shape is not influenced by added masses 
placed at locations 112zand 12z.Comparableresultswlth the 
computation (17,9 kg) are obtained (FIg.12).The next section 
however will show mat the modal mass determlnation still 
remains a subject of investigation because of its variability. 

6. Comparlson of results 

Considerableeffort wes put into the comparisenof test results 
of the various participants carried out by ONERA (Ref. 1) 
conceming natural frequencies and damping factors and by 
DLR (Ret. 2] conceming the modal mass. The results are 
presented in Figure 13 and FIgure 14. Here the particlpants 
are identlfled as A to J in chronologica/orderof testing. Figure 
13a showsthe variation 01identlfledfreayencleste be close te 
only 4%. The "dlscrepancies' can be easily related to 
Jnappropriate selection of compensation masses or shaker 
position. Tha unexpeeted variability of the fir.t mode (wing 

bendlng) around f = 6.5 Hz could be posslbly expIainad by 
interaction with the rigid heava mode which varied between 
1.8 and2.7 Hz as measured by various participants. 

For the damping ratjQs (FIg. 13b). the variability is close to 
30"k. Modes 7 and 8 show the largest varlation but have the 
lowest damping ratio (coplanar modes, 0.20/0 • 0.6%). This 
confirms the lact tnat IIghtly damped modes are dlfficult to 
characterlze. The plots do not Indlcateanyparticulartrend that 
would be charaeteristic lar either the method of identlficatlon 
or lorce appropriation. 

Flnally the modal (or generalized) mass camparison ls 
prasented ln Figure 14. The values calculated Irom mass 
normalized modeshapessnowsimilartrendsbutscatteroccurs 
at ail modes. This lact conllrms general experiences in 
determining the modal rnassof a realairerait.The modalmass 
computation lor mode 3 and 4, being the closely spaced 
rotational wingtip body modes. shows the lowest values. Il is 
howeverthe opinion of the authors that the scaller of the data 
shouldbe lesser for a rather linear structure like this testbed. 
Furtherinvestigationon modalmassmeasurementis therefore 
recommended. 

7. Conclusions 

•� The present GARTEUR aetivlty (SM AG-19) has clearly 
shown that different test setups and the variety in hard­
and software applled by the various participants, have 
resulted in a consistent set of data. 

-� The technique of force measurements by Ioad cells or by 
electricalcurrent through a shaker showedsimllar transfer 
functionsand led to comparable mode shape results. 

-� Analysis of the variability of the test results showed an 
amountof only 4% ln natural freQuencles and around30% 
in damping factors. 

•� Variation in resultsof the naturaJ frequencles couldbe easily 
tracedback to 'shortcomings" in the test setupsas applied 
by the participants. 
Themodalmass measurementsshowedsimilartrends but 
are affecte'd by scatter of the data. 

- The determination of the modal mass of this testbed 
requlrestherefore furlher investigation. 

-� The present actlvity has hlghlighted the reliability of the 
various test- and Identification methods of this ground 
vibrationtest pertormed by the GARTEURparticipants. 
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9. About GARTEUR 

The Group for Aeronautical Research and Technology ln 
Europe (GARTEUR) was formed in 1973 by representatives of 
the govemment departments responsible for aeronautical 
research in France. Germany and the United Kingdom. The 
Netherlands joined in 1977 and 5weden ln 1992. 

The sim of GARTEUA is. in the Iight of the needs of the 
European Aeronsuticallndustty. to strengthen collabOrationin 
aeronauticaJresearch and technology between counlries with 
major research and test capabilities and wlth govemment­
funded programmes in this field. 

The cooperation in GARTEUR is concentrated on pre­
competitive aeronautical resea[Ch. Potential research areas 
and subjects are identified by Groups of Responsables and 
investigated for collaboration feasibility by Exploratory Groups. 
If the subject is feasible, an Action Group Is eslablished. 

a) by DLR (Germany) 

b) by CNAM (France) 

Fig. 1 Vsriety in the test setup 
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Fig.2 The24 aCC8{erometer positions and directions 

Fig.3 Examp/e of equ/pmentsetup 
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DAMJniv. of Manchester 

c) The teslbed supported by bungees 

b) The force lransducer position and attachment d) Shaker conneclion ID the testbed 

Fig. 4 Vsriety in mountingtheshakersandcompensation of tipmasses 
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e) Drivlng point measurement (12z112z) a) Excitation on wing (105z) and ruponse on wlng (5z) 

b) Cross transfer (112z112z) Il) Excitation on wing (105z) and response on wlngllp 
body (12z) 

Rg. 5 éffect of tipmassesand shakerpositionon 
transfer funclions Rg. 6 Nyqulstdiagrsmsin the 30-35 Hz band 
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Fig. 7 The "hidden" vibration problemo( threecJosely spacBdmodes 

'.32.16 Hz f = 32.40 Hz t. 34.35 Hz 

Fig. 8 The closelyspacedmodes fromcomputations (including the masseso( accelerometers) performedby DLR(fromref. 2) 
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Fig. 9 The mode shapes o( the testbed in the 4-65 Hz band as measuredby one o( theparticipants 
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GROC:"iD VIBRATION TESTS ON AN AIRCRAFT MaDEL PERFORNIED 
AS PART OF A ECROPEAN ROUND ROBIN EXERCISE 

)"lallfrcd Degener 
DLR . Deutscn« Forscnunqsanstolt fû.r Luft- und Raumfahrt 
Instüute o] Aeroe/astlclt'J 
Dlm.;'~'lStr(l.ue //J. D·.']7U7.1 Güttmgen, Germany 
"mail address: Manfred. Dt!gener9dlr. de 

Abst r act , Ta analvse the different test methods and ta 
evaiuate the discrepancies between test facilities and anal­
YSIS methods. an Action Group ou 'Ground Vibration Test 
Techniques' was esrablished by GARTEUR. Twelve mem­
hers from the induserv. universities and research institutes 
of the five G.\RTEL'R· mernber countries participated in the 
Action Group. 
The ~rOl1p members agreed ta design and manufacture a 
comrnon test bed. which should be representative of typical 
.urcraft structures . Modal paramerers- as well as frequency 
:-esponse functions were ta be measured by each participant 
Ilsin~ his own test facility and evaluation methods. 
This paper describes the ~ound vibration test performed on 
r ire test structure by DLR. Modal pararneters were evaluated 
lbln~ the phase resonance method with appropriate exciter 
t'orees as weil as phase separation techniques applied to the 
measured frequency response functions. The test results are 
cornpared with the analytical predictions of a respective 
Finite Element analvsis. The Finue Element model was also 
used ta calculate optimum exciter positions based on differ­
ent algorithms. 
The test resuits of the GARTEl"R Action Group members 
Me correlated in detail. The coincidence and differences in 
trequencies. mode shapes. darnpmg values, and generalised 
masses are analysed. Improvements in ground vibration test­
l:l~ Me discussed with respect to the iacreasing aeroelastic 
.lem.mds of future aircraft projects, which will require an 
.nrreas.. .n rneasuring accuracv as weil as a reduction of cosc 
.uid tlrtle. 

Key words: G.\RTEl"R. Gronnd Vibration Test. '\Iodal 
Anaivs.s. Ph.ise Resonance, Phase Separation 

1. Introduction 

Ground vibration tests play a key role in the cer­
tification process of each new airplane. These tests 
provide the experimental data base to be used 
directly for the flutter predictions and for the vali­
dation and update of the analytical structural mod­
el. With respect to the flutter risk, the highest lev­
el of security and reliability has to be achieved, 
which requires high-quality ground vibration test 
results. Various test methods like the phase reso­
nance method and phase separation techniques in 
tirne and frequency do main are commonly used to 
identify the structural modal parameters. 
Various test and identification methods using dif­
ferent excitation signals and excitation points are 
applied. To evaluate the efficiency and reliability of 

these test techniques a GARTEUR Action Group 
was established, A cornmon testbed was designed 
and manufactured. which was to be tested byeach 
group rnernber. A critical review of the different 
test and analysis rnethods, more than the selection 
of the 'best' method. was to be performed. The 
aim was to define the application field of each One 
and evaluate both the accuracy of results and the 
easiness of implementation. 

2. The GARTEUR Participants 

GARTEC'R (Group for Aeronautical Research and 
Technology in Europe) was formed in 1973 by 
representatives of the Government departments 
responsible for aeronautical research in France, 
Germany and the United Kingdom. The Nether­
lands joined in 19i7. and Sweden joined in 1991. 
According to its Mol,', the mission of GARTEUR 
is to mobilize, for the rnutual benefit of the mem­
ber countries. their scientific and technical skills. 
hurnan resources and facilities. in the field of aero­
nautical research and technology. The scie ntific and 
technical substance of GARTEUR is embodied in 
the Action Groups. which organize and execute the 
collabora.tive research work. 
Iuitiated by ONERA, the Action Group S~I-AG19 

on 'Ground Vibration Test Techniques' was estab­
lished by the GARTEUR Executive Committee in 
March 1995. The action group members were from 
industry, universities and research institutes of five 
European countries. The participating laboratories 
are listed in Table 1. 

3. The Testbed 

3.1. DESIGN 

The Action Group members agreed to design and 
manufacture a. common test article. which should 
he representative of typical aircraft structures. The 
test article was also easily to be shipped to the test 
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! France Aerospatiale. Toulouse 
C:'-l.Uf. Paris 
Inrespace, Toulouse 
O:"ERA. Châtillon 

i SOPDtEA. Vélizy 

United Kirujdom. DRA. Farnborough 
Imperial Collège. London 
University of ~Ianchester 

The Netherlands 
1 

Fokker. Schiphol 

1 
:'\LR. Amsterdam 

, Suieder; SAAB. Linkôping 
: Germons, DLR. Gôrringen 

Table 1. GARTEL"R Participants 

facilities of the different participants and should� 
ensure a perfect structural repeatability.� 
For this purpose the foilowing design requirements� 
were proposed:� 

general shape: aluminium bearn assernb ly rep­
resenring a fuselage with wings and rail 

dimensions of ca. 2 by 2 rn and a rnass of 
hetween 50 and 100 kg 

frequency range 5 ro 65 Hz 

- ~<.l.llll)iIl!5 ueat meut LJy coustrained visoeiastic 
lavers ta get reaiist ic dainping values and to 
limit the effect of iustrumenrariou .iissipat ion 

:10 ~pt'('ific nonlinear elements 

low frcquency suspension by 1. set of cornmon 
:)llil!!("~s in order to provide simil.ir boundarv 
,'(Jl1Jilions 

.u least :3 modes wit hin 1 Hz frequcncy band­
wit h to sirnulate the difficulties encountered in 
real aircraft 

The final design of the testbed shown in Figure 1 
had a fuselage length of 1.5 fi and a ..... ing span of 
:! m. The cross section of the fuselage beam was 
·'10 x 150 mm. while the wing and rail beams had 
10 x 100 mm cross sections. The total mass of the 
model was -14 kg. 

:3.2. COMMO~ TEST SETUP 

A cerumen test setup was defined with respect to 
the suspension of the model, measurement points 
and exciter locations. 
To simulate the free-free boundary conditions, the 
aircraft model was suspended by a set of three 
bungee cards. Some participants used a crane to 

1~6 

460 , 
/ 

/2000 

/ ~--.x.__.JL_ 

Figure 1. Testbed Design 

suspend testbed and bungees. while other partici­
pants connected the bungees to a frame-type sup­
port structure in order to avoid noisy measurernent 
signals due to crane rope vibrations. The heave 
mode frequency of the testbed was below 2 Hz. 
This frequency was weil separated from the elastic 
modes of the structure and confirmed the suitabil­
ity of the suspension. 
:\. couunou accelerometer pian "ro be used ily 
each participant was defined bv the Action Group 
in order to facilitare the cornparison of the test 
resuits. 2-1 acce lerometers were used for t his pur­
pose as shown in Figure 1. 
T·....o cornmon shaker local ions (1~· z and 112-z \ al 
; he wing rips were required to allow direct compar­
.sou ùl transfer function ineasuremcuts. E..l'il par­
: icipant was Iree to lise additional excitation points 
to obrain bet ter results or to improve mode phase 
purity. 

303-z 
1 111·z 101·Z 112'z� 
t..-. 1 1 1� 

301.Z/: 303-. L·· .. L ...L�
1. 302'Y 105-z1:' 112·. 
~ ~ 

. 301·. 108.z, : 105-. 

: 205. r'1 y 206-Z,:, 

••• _•••••••• _••••.••• ~~./ 201,z201.Y 

f ' "- L •• 
5·z •

1: 
11·1 1'1 ,t:.-5-. 

1.....k....L 
12·. 

Figure 2. Test Setup 
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-! 1 T EST ~ ETL'P 

:\p;U·[. t'rom rhe COfIl11l0ll [est set up, each partie­
ipant w.i..'; Iree ill its OWII test performance. The 
OLR ~rolll1(j vihrat iou test set up is shown ill Fig­
IL"" /. The suspension buugee cords were connected 
W ;l stitf bearn supported by two tripods. By this 
trame-type suspension the use of a crane could be 
avcided. The support structure was also used con­
veuient ly to carry the accelerometcr cables. rhus 
miuirnising the mass and darnpiug influence of the 
test equipment. 
The cornrnon accelerometer plan with 2-1 mea­
surement points was modified by 18 additional 
accelerometers to enable a better identification of 
fuselage rotation and wing torsional deformations 
as indicated by Finite Element predictions. 
To obtain optimum phase purity for each mode. a 
total of 8 shaker locations was applied. The test 
structure was also used for a cooperative srudy on 
optimum exciter positions performed by the Ital­
ian Aerospace Research Center CIRA and DLR. 
By méans of a genetic algorirhm optimum exciter 
configurations were calculared based on Finite Ele­
ment predictions and experirnentally verified [1]. 

-1,2. TEST ~IETHODS 

BO[.h phase resonance and phase separation rneth­
cds can be applied by the DLR vibration test facil­
ity )). For phase resonance testing. phase purity 
has to be achieved by force appropriation in order 
to cornpensate the internai darnping forces. The 
expenmenralidcnriticarion of the normal modes is 
supported by calculation of phase purity via the 

Figure 3. Ground Vibration Test 

~ 1 t lc>el~e I(.ot.ltlun 16.1 Hz 
] , Anusymmernc Win~ Tcrsicn 33.1 Hz 
~ Syrnmernc \\'in~ Torsion 33.5 Hz 
:; J~ Win~ Bending 3j.G Hz 
6 ~~ Win~ Ocndin~ 48.4 Hz 
;' lu plane \Ving vs. Fuselage 49,4 Hz 
9 55.1 HzSymmetric Inplane Wing Bending 
9 .j:'-l Wing Bending 63.0 Hz 

10 Tdil Torsion 66.5 Hz 

Table 2. Normal Modes of GARTEL"R Testbed 

following Mode Indicator Fuuction .'-tIF: 

os .'.I1F s 1. (1) 

The summation is performed over all measurement 
responses Ui. In case of a normal mode, all real 
parts u: vanish and the Mode Indicator Function 
assumes a value of AlIF = 1. The Mode Indicator 
Function has proved to efficiently identify and iso­
late the normal modes of even very complex struc­
tures. Furthermore. it provides a sharp criterion for 
the achieved degree of phase purity. 
Damping values and generalised masses were de ter­
mined by evaluation of the structural responses 
measured at several frequencies near resonance. 
Different evaluation methods are applied in order 
to increase measurement reliability, 
Phase separation methods were applied to the fre­
quency response functions measured by excitation 
of the common shaker locations (vertical excitation 
at nodes 12-z and 112-z). 

-1.3. FI:'~ITE ELE~Œ='IT A:-<ALYSIS 

A :'iASTR.-\:"i Finite Element model was designed 
to compare the test results wirh analytical predic­
tions. The calculated mode shapes were used tc 

optimise the measurement point plan. 
The model was mainly described by plate elements. 
2550 degrees of freedom were taken into account. 
For correlation purposes the model was reduced to 
183 degrees of freedom. The reduced mass matrix 
was used to perform an orthogonality test of the 
measured modes. These were expanded to the ana­
lytical degrees of freedom by suitable interpolation. 

4.-1. TEST RESULTS 

One part of the GARTEl:R exercise was to provide 
estimates of modal characteristics, Le. frequencies, 
mode shapes, damping ratios and generalised mass­
es in the frequency band up to 65 Hz. 9 normal 
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Mode 1 1 2 345 6 7 :3 9 101 
1 100 o 121 a 4 a o 
2 1 100 3 -t 10 2 2 2 8 18 

3 1
1 °1 3 100 5 7 1 10 10 2 6 

-t 1 2 ~ j 100 9 a o 11 0 3 
1

5 1 10 9 100 3 7 1 -t 11 1 

1 
.,6 o 1 o 3 100 313 oi 

1 :2 10 o ­, 3 100 3 6 

8 -t 2 10 11 1 l 3 100 1 ~I 
9 o S 2 o -t 3 6 l 100 31 

10 o 18 6 3 11 o 3 0 3 1001 

Table 3. Orthogonality Test 

modes were identified by DLR in this frequency 
range. The lOth mode at 66 Hz was also includ­
rd in the rneasurements. This seemed to be conve­
nient. because there was a distinct frequency sep­
aration ta the following higher modes. The Il th 
mode appeared at 103 Hz. 
Table s: summarises the first 10 modes as mea­
sured by DLR. The measurernents were performed 
nrilising the phase resonance method. Appropri­
ate exciter positions were chosen to improve phase 
purity by optimising the respective JflF values. 
By choosing optimum shaker locations. the num­
ber of exciters could be kept small. ï modes cou Id 
he measured by a single exciter. only modes 3. -1 
and 10 required two exciters. Most shaker locations 
were applied at the fuselage in order to reduce the 
influence of covibrating exciter masses. High phase 
purity could be achieved for all modes. The .\1 / F 
values were between 0.93 and 0.99. 
.-\ modal identification was also performed from the 
rransfer functions measured for the common exci­
tation points of the left and right wing tip body. 
The modal parameters were evaluated by means of 
the phase separation method /SSPX[3]. Thé modal 
results were very close to the phase resonance mea­
surements. except of Mode ï (In plane wing Bend­
ing vs. Fuselage). For this mode the two exciter 
locations at the wing tips did not seem to be suit­
able. 
By means of the analytical rnass matrix an orthog­
onality test was performed for the measured modes 
as shown in Table ,'1. Except of Modes 2 and 10. 
which show a coupling factor of 18%, ail other 
modes are almost orthogonal with respect to the 
analytical mass matrix, This confirms the accura­
cy of the measurement as weil as the reliability of 
the analytical model for the investigated frequency 
range. 

~Iode 1 f ~Hzll.\ B! C . E • F G 1 H [ .1 ~ 

ti6-t 1 3.1. -1.8 -3.91IU i -21' -0 1! -1.; -2.51-0.:;: 
., 16:.?ll·l)s!.t)-t ·0.7; ui 13; U.21·1-I 0.7 1-0.3 

3 .13381091 Hoo,sl0:.?1 0.3)-07:.1.5 -0.11-2.8 

-1 ,3383! 0.3! -t.8! -O.9! 0.31 o., ~ ·US 1-1-1 1-0 .2 1-2.6 
35.60!-19/ 0.91 0.1 IuI2.1:-U7i·l.5' 0.510.1j

" l ' 16 l o.ill.l1-t8.52,-501.0.7!-03:1.3 2.;! 011-0.9 

- ,-t!U-tI- 1 71·1.5 2.1 1-1.31.0.3 0.81 0.3111.6! 
11l·0 

S !5-t.9i,-1.51 0.11 02!U8 0.510.11 
12.0;.0.11-lO

9 1 1j2.34!-1.71 1.6 0.3! ".' , 2.7 i 1.6 -0.6 -.- 1 0.31 

10 '665;1 -- : "." .-0.1! -'-. 4.11 -. !--t.0 ".- 1 -.- 1 

Table .;. Frequencies (:'>Iean Values) and Deviations [%J 

5. Comparison of Test Results 

As stated above, each partrcipant in the GAR­
TECR exercise was required to provide for the fre­
quency band up to 65 Hz: 

- a set of rransfer functions corresponding to 
excitation of the left and right wing tip body 

- modal parameters (frequencies. mode shapes. 
damping values. and modal masses) 

The measurernent of the transfer funcrions. the 
applied excitation signais. and the comparison of 
the results is discussed in detail in [-Il and [5]. The 
aim of this paper is focussed on the comparison of 
the results of the second rask. Le. the estimation of 
the modal pararneters. Data sets of 9 participants 
were provided for comparison. The correlations are 
further restricted to the lowest 3 modes. because 
Modes ~ and 10 were not analysed by all partici­
pants. The test results of the participants are list­
t'd in rhronological order. i.e. the tests st arted wit h 
Participant A and ended with Participant .I. 
Ail participants were able to evaluate frequen­
cy response fuuction. 5 participants (A.C.E.G,H) 
additionally used the phase resonance rnethod with 
tuned exciter configurations. It is interesting to 
note. that those participants, who applied both 
methods, provided the phase resonance results for 
the exercise. 

5.1. FREQUE:--lCIES AND MODE SHAPES 

The measured frequencies are listed in Table 4. The 
deviations between the difl'erent participants are 
rather small and may be attributed to differencies 
in the test setup. This is confirmed by the fact, 
that the relative frequency spacing is almost lden­
tical for ail participants. Surprisingly, the largest 
scattering was rneasured for the 6rst mode. A clear 
explanation was not found for this facto 
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:-'loue f [Hz) A,O C E F G H [ J FE� 
L , 6.6~ ILOO 100 100 lOO 100 100 99 100 100 100!� 
.) 116.21 100 100 100 100 100 100 100 100 100 991 
1 ! 33.381 SO 92 100 100 lUO 100 100 100 99 88 
~ 33.831 90 99 100 100 1001100 98 93 , 78' 100 
) 35.60 99 69 100 96 99 97 79/100 99 9; 

1 

6 48.52 1110 1001100 n 100 99 100 100 100 98/, 
1 t 17 99 10U 100 99 93149.H 10U 981100 100 

, s 5~.97. 100 99 100 100 100 100 59 100 100 89 

Table S. ,\.-IA C Values for ~(easured ~(o(les 

The correlation of mode shapes was performed in 
a first atternpt by rneans of the Modal Assurance 
Criterion JfA. C. For this purpose a reference mode 
was defined as the mean value of the individual test 
results, Because sorne participants failed to rnea­
sure all modes correcrly, the participant with the 
largest deviation was not taken into account for 
the respective reference mode. which was ca1culat­
,>d from the 8 remainiug data sets. 
The resulting JfA C inatrix is given in Table j. The 
last column of . he table includes the correlation of 
the Finite Element mode! with the reference mode. 
For most of the analytical modes the correlation is 
very good. Sorne poor .HA. C values can be assigned 
ta structural unsymmetries of the testbed. as dis­
cussed later. whereas the analytical model is a syrn­
:netric one. 
Besides a very few poor correlation values (e.g. 
Mode '7 of Participant F and Mode 8 of Participant 
H) most JfAC values showed a good measurement 
consistency, Neverrheless. in order to obtain a more 
detailed understanding of the remaining differen­
cies in the mode shape measurements. the individ­
liai modes were plotted within one respective figure 
as shown in Fiqure 4. For this purpose all modal 
vectors were normalised to the sarne unit length. 
The ordinate values given in Figure 4 correspond 
ta this normalisation. 
For ease of understanding, the measurement points 
listed on the abscissa have been arranged fo11owing 
the geornetry of the testbed. The first five mea­
surernent points are the inplane wing accelerorn­
eters. The next block of data shows the vertical 
accelerometers on the wings including the wing tip 
bodies. The remaining fuselage and rail accelerom­
eters are plotted at the right hand side of each fig­
ure. 
FoUowing.remarks and cornments can be given to 
the individual modes: 

• Mode 1: 
The first mode is the fundamental 2N wing bend­
ing. The mode shapes are very similar and the data 
scattering is very small. 
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• Jlode .1: 
The fuselage rotational ;"10111: '1 i:-; obviuusly the 
molle with the ~reatest vuulorurity. The tirst two 
modes did Ilot (':lIlSt! .urv prohh-ms fol' the partici­
pants. 
• .Hotie .t. 
Mode J. the 'aurisynuuerric' wiuj; torsion mode, is 
the first of three very closely spaced modes. Obvi­
ously. in spiteof its basic symmetric design. the air­
craft rnodel shows some significant unsyuunetries 
in the dynamic behaviour, 7 participants measured 
much higher torsional defiections on the left wing 
than on the right wing. 

• Jlode 4: 
Cousequently, the 'syrnmetric' torsion Mode 4 
shows a similar structural unsyrmnerric mode 
shape. In this case the torsional amplitudes at the 
right wing are very similar for the sarne partie­
ipants as for the last mode. but there is sorne 
scattering for the left wing. The torsional mode 
shapes of data sets A and B show large deviations 
from those of the ether participants. This is also 
expressed by the .\ofA C values of Table j. which are 
between 78% and 92%. 
• Jfode s. 
The fundarnental antisymmetric 3~ wing bending 
mode is closely spaced ta the torsional modes. The 
vertical displacernents of all data sets have a quite 
similar mode shape pattern. Not satisfying is the 
measurement accuracy of the bending/torsion cou­
pling. Not even the sign of the torsion angle is iden­
tical for aIl data sets. 
• Jfode 6: 
Most participants had provided very similar data 
for the second syrnmetric wing bending mode. Only 
participant E shows seme significant deviations. 
although the .'vlA.C value of 92% is still large. 

• Mode 7: 
The measurernent of Participant F seem to he an 
exceptional error. The ether data are quite similar, 
but there is sorne scattering for the vertical wing 
bending displacements. 

• Mode 8: 
For the last mode Participant H failed to analyse 
the mode correctly. One explanation for erroneous 
results may be the restriction to the two common 
shaker locations. which were not suitable to excite 
a11 modes sufficientlv. 
Summarising, the cornparison of the test results 
show, that most participants provided very simi­
lar results for most of the mode shapes especially 
for well separated frequencies. On the other hand, 
for the three closely spaced Modes 3. 4. and 5, 
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r, here are large deviations in the bending/ torsion� 
wu p ling defcrrnations.� 
Comparing the mode shapes and the respective� 
deviations as shown in Figure 4 with the MA C val­�
ues of Table 5. it becornes evident. that the Modal� 
Assurance Criterion is a rather rough correlation� 
tool, Even for large JIA C values, there may be sig­�
nificant scattering in the corresponding data sets.� 

5.2. D.UtPI:-iG VALt..:ES 

Correct darnping measurement is an important 
experimental task. because damping values are not 
predicted by the analytical mode!. In arder ta 
ohtain realistic damping values. the G.-\RTEUR 
aircraft model was equipped with constrained vis­
roelast ic dumping layers on the upper wing surface. 
By this méans the very low material damping could 
ht~ increased significantly. 
Figure .5 shows the damping values measured for 
the first 8 modes of the testbed. The dotted line 
indicates the mean values. The deviations in the 
data sets may be attributed ta the different instru­
mentation serups, As for the frequency rneasure­
ments. the greatest deviations can be observed for 
the first bending mode. Taking into account the 
small model size and the rather low darnping, the 
test results seem ta be acceptable. 

.'5.3. GENERALISED MASSES 

The determination of generalised (or modal) mass­
es is the most crucial task in ground vibration 
testing. It is influenced by correct measurement of 
vibration amplitudes, exciter forces and damping 
values. • 
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Consequently, the largest deviations of the mea­
sured modal parameters occured for the generalised 
masses. which are given in Figure 6. It has ta be 
noted. thar a nurnber of unrealist ic large values are 
not included in the figure. Surprisingly, the best 
coincidence was found for the three closely spaced 
Modes 3. -4, and 5. 
For comparison. the generalised masses as calcu­
lated by the Finite Element model (FE~[) are also 
included in Figure 6. In general. the values should 
be close ta the measured ones due to the reliabili­
ty of the mode!. Only in cases of unsymmetry, e.g. 
for the torsional modes. the predicted values differ 
from the measured ones. 
lt seems to be worrhwhile. to further investigate 
the determination of the generalised masses and 
to look for rnethods of improvement. A useful 
approach would be the use of a cornmon set of fre­
quency response funcrions in order ro compare and 
explain the differencies in the evaluation methods. 

6. Conclusions 

A survey of ground vibration test techniques 
applied in different European laboratories was per­
formed by the GARTEL"R Action Group S:V[­
AG19. A common testbed was manufactured and 
investigated. Due ta the sophisticated design of the 
testbed, no obvious influence of the test sequence 
chronology was observed and a comprehensive data 
base for correlation and evaluation of test methods 
was obtained. 
Bath phase resonance and phase separation tech­
niques yielded consistent data if applied conve­
niently. The accuracy of the modal data depends 
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significanrly on the suitability of the excitation 
points. Each mode must he recognizable in the 
structural response t.o be r-valuated rcliably, 
Good coincidcnce of test results (frequencies and 
mode shapes] was found for ail weil separared 
modes. Sorne problems occured in case of frequen­
cy clusters especially for bending/torsion coupling. 
This may become important for Butter analysis of 
real aircraft. While deviations in the Jal:::'ing val­
ues may be attribured to the test setup, the evalu­
ation of generalised masses requires further inves­
tigation. 
For real aircraft structures improvements in the 
measurernent accuracy and reduction of the time 
schedule seem to be possible, if optimum shaker 
positions can be applied during the test. For this 
purpose use should be made of the predictions of 
the Finite Element analysis. A close cooperation 
between Finite Element designers and test engi­
neers is also important for data evaluation, corre­
lation. and updating of the mathernatical rnodel. 
Combining phase resonance and phase separation 
r.echniques seerns to be most prornising for ground 
vibration test performance in order co obtain the 
maximum bcnetit from the respective advaurages 
of each rncthod. 
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