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In order to perform a Dynamic Environmental Test there is need of 3 things:

1. The vibration test system: this comprises the excitation system, the sensors, the
acquisition hardware and the control software. SINGLE SHAKER OR MULTIPLE
SHAKERS??

2. The vibration test specification: these are usually specified and standardised (e.g.
MIL-STD, ISO, etc). However, one MUST ALWAYS question the efficacy of the
standard for each product/application. Bespoken test profile based on the
vibration data measured on the field for each specific item or profile from the
book?

3. The test article (with its fixture to secure to the shaker and reproduce
operational conditions): this is customer-specific, case-by-case application. Yet,
correct fixture design and sensor placement are crucial to a valid test. Is the
dynamic representative of the operational condition? What’s the Physics of
Failure?

Restricted © Siemens AG 2014 All rights reserved.
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Need of better tests

Single axis vibration testing leads to overly

severe tests
* Well documented

Single axis vibration testing can lead to

undertesting at some spectral lines
* Not well documented, but demonstrated

In many cases, attaching a structure to a high
iImpedance shaker significantly alters the
dynamics of the structure

Restricted © Siemens AG 2014 All rights reserved.
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NASA-HDBK-7005
March 13, 2001

9.4.2 Multiple-Axis Excitations. The dynamic environments for space vehicle hardware
are typically multiple-axis, i.e., the excitations occur simultaneously along all three orthogonal

| For space vehicle hardware, however, it is more common to perform shock and
vibration tests using machines that apply the excitation sequentially along one axis at a time.
The potential error caused by simulating a multiple-axis shock and/or vibration excitation with
sequentially applied single-axis excitations is widely debated and the subject of ongoing study
[9.11]. Due to the relatively high cost of such facilities, their use for the shock and/or vibration
ftesting of space vehicle hardware is not considered essential at this time. However, if such
facilities are available, their use is recommended.

|[Z-11]. DUuEe W Ui ielauvely ryril GusL Ul suull aullties, el use 101 Uie SINUCGK diiu/or vikrauuorl
testing of space vehicle hardware is not considered essential at this time. However, if such
facilities are available, their use is recommended.

Restricted © Siemens AG 2014 All rights reserved.
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The MIL-STD says...

§ MIL-STD-810G
MIL-STD-81 [}Er 31 October 2008
METHOD 527 SUPERSEDING

MIL-STD-810F
1 January 2000

METHOD 527
MULTI-EXCITER TESTING

Tailoring is required.) Select methods, procedures, and parameter levels based on the
tatloring p : wrrart One, paragraph 4, and Annex C. Apply the general guidelines for

laboratory test methods described in Part One, paragraph 5 of this standard.

Although various forms of Multi-exciter testing (MET) have beg "
in the laboratory dating back over multiple decades, there &ee still many issues regarding standardization of ME
laboratory testing.  In this initial version of the Multi-Exciter TS ol s ' MASIC
definitions and structure of a laboratory-based multi-exciter test. MET hardware and control algorithms have
continued 1o improve ai an impressive rate recently, and MET testing is becoming more common in many dynamic

fest facilities. Feedbaci je crowing MET user T Qs highly encouraged, will be reviewed, and play a
migjor role in improvlg this initial version of the MET Method,

2015-02-19 Siemens PLM Software
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How to do MIMO control...according to the standard

3. CONTROL IMPLEMENTATION.

It 1s not the intent of this document to provide the specifics of the control algorithms used 1 the conduct of MASE
and MEMA vibration testing. In fact, the various MET control system vendors do not always approach control i
the same manner. There are, however, a few basic concepts that are keys to the MESA and MEMA control problem
that will be addressed in the following sections.

The theogg
Tspective. While the time domain approach 1s very useful 1 developing an understanding of the basic ngi
: atics leading to establishing requirements for mappmg of acceleration to an arbm'm point (1.e., a drive
it is not pra amical e control qu]imﬁ I practice tl
frequency-domain transfer function approximations.

Control system vendors have developed various control algorithms for conduct of MDOF MET. Although vendors
may consider the details of many of their vendor specific techniques to be proprietary, the following general
discussion regarding type H| transfer function estimations for a MDOF case is stll relevant and serves as a working
wtroduction to the basic control scheme. Basic definitions are reviewed to illustrate the importance of cross-
spectrum components in the conduct of MDOF MET. This discussion is summarized in Annex B and discussed in
detail by Bendat and Piersol in paragraph 6.1, reference d.

3.5 Drive Signal Compensation.
The previous discussions of auto and cross-spectral densities and how they are used in the computation of the
system transfer function and associated coherence functions are all applied mn the mitial system 1dentification phase
m a MET. Subsequent to the imfial system identification, the output (drive) signals are updated similar to the
traditional SESA case. Although the details of each control system vendor’s algorithms will vary, there are two
basic drive signal update methodologies.

The first drive signal upd'ate techmque 15 based s
on of the test to a

ble.

: e - Mhique 15 b@Eed on the error spectrum Jhat 15 computed between the feedback
spectrum 'mcl the spee1f1ed reference spectrum. T¥ the error 1s applied to a correction of the

coupling matrix corrected during each loop. The coupling matnx 1s the spectral density matrix that couples the
vector of white noise sources generated by the control system to achieve the desired reference spectrum.

Page 6 2015-02-19

Control algorithm not
iImposed by MIL STD

Real-time control is
stated as “not practical
to implement”

‘drive file generation’
approach suggested

2 control schemes
described:

1) continuous
updating TF

2) error spectrum
based
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MIL-STD-810G

SET Single Exciter Testing %
MET Multiple Exciter Testing TL:—:J;;S;gEG
SISO Single Input Single Output
SIMO Single Input Multiple Output
MISO Multiple Input Single Output
MIMO Multiple Input Multiple Output
Setup In full Exciters | Axes Coupling Control targets
SESA Single Exciter Single Axis 1 1 - 1
MESA 1 | Multiple Exciter Single Axis >1 1 Infrastructure 1
MESA 2 >1 1 DUT coupled 1
MEMA 1 | Multiple Exciter Multiple Axis 3 3 Infrastructure 1,2o0r3
MEMA 2 >3 3+3 Infrastructure 1,20r3
MEMA 3 >1 >1 DUT coupled >1

Page 7 2015-02-19
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SESA: Single Exciter Single Axis

One exciter
One or more control channels N

One target control spectrum, defined
In amplitude only

Multipoint amplitude control
(weighted) average, Min or Max

Notching or response limiting

Closed loop implementation in all
modes

Virtual shaker applications:
Fixture design
Sliptable design
Control quality prediction
Notch overshoot prediction

Comparison with field Laboratory Reference Frame
configuration

Assess effect of non-linearities

Standard single axis control

Page 8 2015-02-19 Siemens PLM Software
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MESA: Multiple Exciters Single Axis - 1

= Multiple exciters, rigidly attached to ESA ESTEC TWIN and QUAD shaker systems
platform or slip-table y s IS (Y

\w,_, N

= One or more control channels

= One target control spectrum, defined in
amplitude only

= Multipoint amplitude control (weighted)
average, Min or Max

= Requires project to design test rig

= External hardware (Phase Control Unit —
PCU) necessary to provide real time
feedback control on the current of each
shaker

= NO NEED FOR MIMO control!

Standard single axis control A .o

Restricted © Siemens AG 2014 All rights reserved.
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MESA: example of different targets

Multiple exciters, acting along the
same axis

Coupling through test structure

One or more control channel(s)
per shaker

Control target: multiple control Multiple outputs, multiple targets
spectra PSD + XP + Coherence ' K '

TEST ITEM

VIBRATION HEAD -
EXPANDERS v

ELECTRODYNAMIC /

EXICITERS

TRUE MIMO!!!

US Navy Dahlgren twin shaker setup

Page 10 2015-02-19 Siemens PLM Software
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= Multiple exciters, attached to
single platform, capable of 3D
motion

= One control channel per shaker

= Multiple control spectra PSD +
XP + Coherence

= Target for control: 3 control
spectra PSD + XP + Coherence

= No mechanical over-
determination

= Special control case: use MIMO
installation for single axis test =
control to O on other axes

Restricted © Siemens AG 2014 All rights reserved.
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U The transfer function H is computed during the SYS-ID (and its inverse during
Sys Verification) and IT IS UPDATED AT EVERY LOOP

O The Drive is updated by using the previous drive D; and using the newly
update of the Inverse System’s FRF, Z,

D1 = D; + (Z + AZ)XT

D;y, = D; + Z;XT

Restricted © Siemens AG 2014 All rights reserved.
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Assumptions and notations

* No. of Responses (control), m, is BIGGER than No. of Drives (exciters),n,
l.e m2n

« H(f) = Transfer Function matrix between Responses (controls/output) and
Drives (exciters/input) [mxn]

« The System’s Transfer Function is pseudo-inverted, i.e. Z(f) =H* - [nxm]

« Su(f) = Target Spectral Density Matrix (SDM) [mxm]

«  Sy(f) = SDM of Drive (input) signals — [nxn]

« E(f) = Sy(f) - S,,(f) = Error Matrix Between Control Target (reference) and
Response (control) Spectral Density Matrices (SDM) - [mxm]

where for Linear Time Invariant (LTI) systems S, (f)=H(f)S, (f)H(f)

The OBJECTIVE of the control is to find the Drives’s SDM which MINIMISE
THE CONTROL ERROR

F (Su (1) =[ECH)] =]

Restricted © Siemens AG 2014 All rights reserved.
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So...how can multiple shakers help?

o Modal Identification

« Better insight: closely spaced

modes (e.g. GVT)

o Very large structures:
'distribute energy

Modal survei testini on Ares launch vehicle at

Restricted © Siemens AG 2014 All rights reserved.
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O Environmental Testing
= Higher energy levels
=  Accommodate large structures

= Avoid over-testing and reducing
test time

TEST ITEM
-] B B =1
5 g g
VIBRATION HEAD
—
= . EXPANDERS = =
= = & =
. —— ElEcTRODMNAMG  —— [ |
= EXICITERS ‘ 2 U
L y I
X

S

i

Siemens PLM Software



SIEMENS

...in Environmental Testing

ngher energy levels Accommodate large structures
& N TN ] «

O F —— PSDfront:+Z pro er_dat
O F —— PSDfrol lZZlIOdB

Avoid over/under-
testing and
L fBR T e s o : -

e reducing test time
DE BRI o
I g’k ::E 2r :é
v I 35 gl el
0.01e-9 N | N Ho.00 0.10 N | N :,o.oo

20.00 Hz 2000.00 20.00 2000.00
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OK...how better is a MIMO test?

Contents lists available at ScienceDirect g

Mechanical Systems and Signal Processing P

journal homepage: www.elsevier.com/locate/ymssp Py

Enhanced ground-based vibration testing
for aerodynamic environments "

P.M. Daborn *"”*, PR. Ind %, D.J. Ewins "

? Structural Dynamics, AWE Aldermaston, Reading, Berks RG7 4PR, UK
b Bristol Laboratory for Advanced Dynamics Engineering (BLADE), Aerospace Engineering, University of Bristol,
Queen’s Building, University Walk, Bristol BS8 1TR, UK
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OK...how better is a MIMO test?

EXPERIMENTAL DEMONSTRATION:

STEP 1: use S1 to excite the structure
(random 20-2000Hz) to simulate
operational conditions

STEP 2: use the accelerations (time) of
C1-C5 for computing PSD and CSD

STEP 3: Set the PSD and CSD computed above as target for the control ™
a) Use only 2 control channels (C2 and C4) PSD and 1 CSD
b) Use 5 control PSD (C1-C5) and 10 CSDs

STEP 4: COMPARE RESULTS

by today standards, a twin shaker test is de-facto the state-of-the-art

Restricted © Siemens AG 2014 All rights reserved.
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STEP 1-2: use S1 to excite the structure (random 20-
2000Hz) and compute PSD and CSD
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Amplitude

o
o
S]
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a) 2 control channels (C2 and C4) PSD

and 1 CSD
. iy 3
Point ID & e
E o
1 front:+£
Z rear.+Z

NOTE: use Select
Block

(or you risk to spend a long
long time trying to fill in all the
break points!!!)

Restricted © Siemens AG 2014 All rights reserved.
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0.10

Q" MHz
Lag

0.01e-9

180.00

b) 5 control PSD (C1-C5) and 10
CSDs

[en [ = [0 |00~ |

Point ID

nose:+Z

front:+Z
mid:+Z
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tail+Z

E-
-180.00
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STEP 4: COMPARE RESULTS 2x2 (PSD)

MEASUREMENT POINTS

1 ayc v

YA VERY VA R

CONTROL POINTS

PSD front:+Z proc_oper_data
—U ] F PSD front:+Z 2ctrl_0dB

0.01] _ —41.00
[ E ()
L 2 ol — '5
s o — =
B 4'1""1 =5
: PSD rear:+Z proc_oper_c
0.10e-9 |
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20.00 2000.00
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STEP 4: COMPARE RESULTS 2x2 (CSD)
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STEP 4: COMPARE RESULTS 2x5 (PSD)

PSD front:+Z proc_ope
PSD front:+Z 5ctrl_OdE
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STEP 4: COMPARE RESULTS 2x5 (CSD)
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Traditional methods of single-axis vibration testing have inherent (and
serious) limitations

MIMO testing offers considerable improvements:
» All axes excited simultaneously
* Potential reduction in test time by 2/3rds

Potential cost savings by maintaining smaller shaker systems instead
of a large shaker systems

Possibility to exploit Dynamic Environmental Testing for multiple
purposes (e.g. modal)

Restricted © Siemens AG 2014 All rights reserved.
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» [_] Siemens PLM Software P Navigationsmenii P Kontakt

> Home 2> Produktportfolio > LMS > Testissungen > TestLab > LMS TestLab Environmental

LMS Test.Lab Environmental

Senhr schnelle Mehrkanalsysteme fiir Schwingungsprifungen und
Datenreduzierung in dynamischen Umgebungstests

Mit LMS Test.Lab Environmental erhalten Sie ein leistungsstarkes Mehrkanal-
Schwingungsprifungssystem, mit dem Sie sehr effizient dynamische Umgebungstests
durchfiihren konnen, die fur Raumfahrzeuge zertifiziert sind. Das
Schwingungsprifungssystem kann um zahllose Steuer-, Mess- und Begrenzungskanale
erweitert werden. Die Losung kann ganz einfach fur routinemaRige Zufalls-, Erschitterungs-
und Sinustests sowie fir Tests in gemischten Modi verwendet werden. Sie weist alle
erforderlichen Funktionen fur eine Priifung auf dem neuesten Stand der Technik und
umfangreiche Datenanalysen auf.

Die Umgebungstestidsung stellt eine vollstandige Lésung fir Eignungs- und Abnahmetests
groBer und empfindlicher Strukturen wie Raumfahrzeuge, Satelliten und Systemprototypen
bereit. Sie ist fur die parallele Erfassung und angeschlossene Verringerung von
Schwingungskanalen bei in sich geschlossenen Zufalls- und Sinus-
Schwingungsprifungstests konzipiert. Sie kann in Hallrdumen und fir die zeittransiente
Erfassung hoher Frequenzen bei Bereitstellungstests verwendet werden. Mit der
Umgebungstestlosung kénnen Sie die Robustheit der Konstruktion eines Raumfahrzeugs
testen und validieren, um sicherzustellen, dass sie Startlasten standhalt. Dazu werden die
akustischen Umgebungspegel beim Start in einem sehr groRen Hallraum nachgestelit.

Restricted © Siemens AG 2014 All rights reserved.
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LMS-Testiosungen

Einzigartige LOosungen zur Untersuchung der
Betriebsfestigkeit, Gerausch- und

EI [ Text Size [hare | = | B

est.Lab Space Applic .
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LMS-Testlésungen

Einzigartige Lésungen zur Untersuchung der
Betriebsfestigkeit, Gerausch- und

ens PLM Software

* Home ¥ Produktportfolio * LMS ¥ Testidsungen »* TestlLab * LMS TestLab Environmental * LMS Test.Lab MIMO Random Control

LMS Test.Lab MIMO Random Control EIE Text Size Fhaee | 50 | B
Benutzerfreundliche Losung fur die gesamite Prifprozesskeite mit e e re i

mehreren Shakemn.

LM5S Test Lab MIMO Random Control ist eine Ldsung fir die fortgeschrittene -«'r--v*-'\-\-w‘H'\‘l
Schwingungspriifung sowie die Multi-Shaker-Priifung in einem geschlossenen Regelkreis. 1=
Das System implementiert einen zuverlassigen, schnellen und genauen
Steusrungsalgorithmus.

LM5S Test Lab MIMO Random Control ist eine benutzerfreundliche Losung filr den gesamten
Zyklus im Prifprozess mit mehreren Shakern Die Software besitzt Funktionen, mit denen Sie
eine Rauschanregung definieren kinnen, die mit einer vordefinierten spektralen
Leiztungsdichte (PSD-Profil) Gbereinstimmt. Durch die Verwendung von Phasen- und
Adaptiveteusrung bistet MIMO mehrachsige Ravhigkeitstests erweiterte Testmoglichkeiten fir
realistischere Tests.

Das Steuerungspakest leitet Sie durch sine Reihe von Arbeitschritten, die in ginem
zugehdrigen Anwendungsarbeitsblatt integriert sind — von der Testdokumentation dber den
Steuerkreis. Nach dem Testvorgang ist der Batchmodus fiir die vollautomatische bzw.
benutzerdefinierte Berichterstellung verfiigbar. Ein weiteres Arbeitzblatt ermdglicht die
Visualizierung und das Navigieren in der Datenbank. Jedes Arbeiteblatt minimiert die
Anwenderfehler und stellt qualitativ hochwertige Daten zur Verfiigung. Die Software enthalt
Funkfionen, mit denen Testobjekts in einer Multi-Shaker-Installation produktiv qualifiziert
werden kdnnen und lisfert Erkenntnisse (ber das dynamische Verhalten. LMS Test Lab
MIMO Random Control unterstitzt die Online-Erfassung und Visualisierung der gemsssanen
und verarbeiteten Daten.

Die elekironizsche Berichterstattung ist in die Lisung integriert. Sie kinnen die Darstellungen
mit Drag-and-Drop-Funktion in einen Bericht einfiigen. Die Darstellungen lassen sich auch als
akfive Abbildungen speichem und in der Reporting-Anwendung bearbeiten und &ndern.

Die Daten sind nahtlos mit allen LMS Test Lab Postprocessing-Werkzeugen kompatibel, die
optional zur Erweiterung der Anwendung zur Verfligung stehen. Der Datenexport ist in
mehreren Formaten moglich.
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Fragen zu

- (Controller)-Hardware
- Software

- Engineering Services

Arnd Balger

Siemens Industry Software GmbH & Co. KG
Digital Factory Division

Product Lifecycle Management

Simulation & Test Solutions

Tel. +49 711 1389-117

Mobile +49 163 7152920

arnd.balger@siemens.com
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