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Abstract: Nine European National Metrology Institutes
(NMls) are collaborating in a new project funded te
European Metrology Research Programme (EMRP) to
establish traceable dynamic measurement of the anézdd

Dynamic Pressure (WP 2)

Dynamic Torque (WP 3)

Characterisation of Measuring Amplifiers (WP 4)
Mathematical and Statistical Methods and Models

guantities force, pressure, and torque. (WP 5)
The aim of this joint research project (JRP) isiévelop
appropriate calibration methods, mathematical nsdahd The coordination and the interaction between the

uncertainty evaluation. The duration of the proje@® years different work packages is described in Figure 1.
for a global amount of €3.6 million. It began in

. Dynamic Sensors for | Management (WP7) |
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pressure, traceability, measurement uncertainty

«d of dy ic calibration and procedures
- experimental validation Impact (WP6)

I NT ROD U CT I ON + description of meas. chain f:l;ir:ism FERECE
o uncertainty compnnents o guidelines
.. . + measurement data - identified parameters - workshops
In aerospace, medicine, production, transport an R &

process control, dynamic measurements are genera
performed under dynamic conditions, whereas sersods e

measuring amplifiers are typically calibrated undgatic Wbt e e
conditions. High-speed data acquisition and maaglare _ — _ _
necessary to develop advanced dynamic measurement Figure 1. Coordination and interaction between work

methods. With important applications in the autdmet packages
industry, engineering, petrochemical and pharmacaut , ) o
industries, but also for the study of propertiesatterials, The subsequent sections of this paper describaithe

the development of new technologies and standasds @nd recentachievements of each technical workagek
required.

The project directly addresses the current lack of WP 1:DYNAMIC FORCE
traceability for the measurement of dynamic meateni ) ) _
quantities, including traceability of the responss This work package aims to provide methods and

transducers and of signal acquisiton and conditpn Standards for the measurement of sinusoidal andksho

instrumentation to dynamic stimuli. Achieving trabdity ~ forces. Primary sine force facilities will coveretfrequency
also requires new developments in modelling andlomain from DC to 2 kHz with amplitudes up to 10. kor
uncertainty analysis and propagation. The nextgeiom of ~Shock domain calibration, amplitudes up to 250 kiN be

metrology systems will rely on further advances inPOssible.

mathematics and information technology, and on the

development of reliable mathematical models, enédnc Sinusoidal force calibration facilities

capabilities for data analysis, and trustworthytvsafe[1]. Participants are CEM (Spain), LNE (France) and PTB,
The project is split into five technical work pagks that  who is the pilot.

address the following topics: A set of force transducers to be used in the sobpleis

- Dynamic Force (WP 1) project was defined and is presented in Table 1.



Transducer-1 Transducer-2 Transducer-3
Type Kistler 9175B HBM U9B Interface 1610
Range 8 kN/+4 kN +1kN/£1 kN +2 kN/+2 kN
Frequency| 10 Hz-1.5kHz 10 Hz-1.5 kHz 10 Hz-1.5 kHZ
Amplifier | Charge Amplifier | Bridge Amplifier| Bridgdmplifier

Table 1. List of chosen force transducers

Principle of measurement

The three participants have developed their
facilities, which all work according to the printgp
described below.

Each shaker system consists of an electrodynamic

exciter and an appropriate power amplifier. A fimet
generator supplies the desired excitation signhis Signal
directly modulates the current that drives the adilthe
shaker armature. The acceleration of the top massected
to the force transducer under test defines thes#taitity of
the acting dynamic force. This acceleration is raess by

means of a Polytec laser vibrometer or by a refsyen

accelerometer. The principal
sinusoidal force excitation is shown in Figure 2téled
information about the measuring principle and
evaluation methods for sinusoidal force calibrati®fiound
in[2, 3].
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Figure 2. Schematic of the measurement set-up

CEM and LNE facilities

own

- Single ended accelerometer B&K 8305
- Two signal conditioners B&K 2525 and 2626, toused
with force sensor and accelerometer

Figure 3. Photo of the CEM installaibn

PTB facilities
At PTB three electrodynamic shaker systems are

measurement set-up favailable for the sinusoidal dynamic force calitmas to be

made within this JRP. Their specifications arecdigws:

the B&K-Shaker, force amplitude up to 100 N, frequgnc

range 10 Hz to 2 kHz

- R&S-Shaker, up to 800 N, 10 Hz to 3 kHz, mounitea
rigid frame

- LDS-Shaker, up to 10 kN, 10 Hz to 2 kHz (c.f. img 4)

Figure 4. Photo of the PTB installation

In the first month of the project, the infrastruetthas
been improved and experimental investigations witigle-

The CEM facilities for dynamic force measurementpoint and scanning laser vibrometers by Polytec ewer

include the followings parts and are shown Figure 3

- Shaker LDS 726 with amplifier PA 2000

- Laser vibrometer Polytec CLV 2534

- Oscilloscope Agilent Infinium DSO8064A

- Force transducer Kistler Type 9175 B

- Single ended accelerometer B&K 8305

- Two signal conditioners B&K 2525, to be used witthce
sensor and accelerometer

The LNE facilities include the followings parts:
- Shaker LDS 721 with amplifier PA 2000
- Data Physics Mobilizer acquisition and generaimtem
- Force transducer Kistler Type 9175 B

carried out at PTB.

The acceleration of the top mass is measured lagex |
method. Two different vibrometers are now available

- a single-point vibrometer with a fixed measurbream

- a scanning vibrometer that scans the target cirfa
The scanning vibrometer is able to scan the actiber
distribution of the surface within an angle randet®5° in
xly direction (z direction is defined as the viliwataxis). Its
laser head features an integrated digital camestesy as
well as a 3D unit to determine the spatial coongisaf the
measuring points. The alignment of the camera systed
the laser beam is realized by a special opticdi, timé so-
called coaxial unit.



impact by laser vibrometers provide traceability thi

The modular vibrometer controller is equipped withdynamic force.

different digital processing units, two velocitycdelers, a
displacement decoder and a digital quadrature dgcddhe
controller provides a frequency range from 0 H2 & MHz

with a maximum velocity of 10 m/s.

The digital quadrature encoder is used with thénsok
VibSoft from Polytec that calculates the displacatae
according to the arc tangent procedure. The analdgd
output signals, the transducer output signal
acceleration signal from the shaker armature medsby
another accelerometer fixed on the shaker tabléaneled
in a junction box feeding a PC with 5 MHz sampliceyd
from National Instruments.

Resonance of a piezoelectric force transducer

The
transducer 9175B from Kistler with connected tossaas
investigated on the LDS shaker system applyingatieve-
described laser vibrometers.

Three measurement signals were acquired:
acceleration of the top mass, the force signal, trel
acceleration of the shaker table. The shaker weiteebwith
a periodic-chirp signal. The FFT analysis of theetidata
yields the frequency response of the acceleratatio r
between top mass and shaker table. The two plotsrsin
Figure 5 present the amplitude and phase respdntieeo
acceleration ratio of top mass and shaker tabke fasction
of the excitation frequency.
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Figure 5. Measured resonance behaviour of a

piezoelectric force transducer with a top mass kg 6

o] 500

By model-based fitting of the measured frequency

response it is possible to identify the dynamicapaeters
(i.e., stiffness, damping) of the force transducer.

Shock force calibration facilities

Force calibrations with pulse-shaped forces will be

performed on two devices specified for 20 kN an@ kRN
shock force amplitude at PTB [4, 5, 6]. Both desiaese
two colliding impact mass bodies guided by air bess.
Measurements of the inertial forces during the munud

Within the scope of this EMRP project, the 20 kNvah
force calibration device was modified to improve #ignal
quality of the vibrometer measurement by applyingoa-
axis measurement geometry, a geometry which wasdyjr
used for the larger 250 kN device. For this purpasene
mechanical modifications of the acceleration meidran
and the shock damper were made to match with a new

and thmounting arrangement of the vibrometers mountedative

vibration isolation tables.

For the development of methods for validated primar
shock force calibration, a model-based analysisthef
dynamic behaviour of the 250 kN shock force catibra
device was carried out to understand the modallaisons
that could be observed for heavy force transdusceder test

resonance behaviour of a piezoelectric forc§r]. Figure 6 sketches the analysed geometricalagnhp

configuration consisting of the two cylindrical iangt mass
bodies (about 100 kg each) and the adapted forosducer
under test (about 25 kg).

the

Force
Transducer

Reacting
Mass Body

Impacting
Mass Body

1 Button
| ; B

i g
100 kg I]25 kg i-”
| =|
I

100 kg

-« I

Adapter Impact Speed

Figure 6. Drawing of the impact configuration o&tB50 kN
shock force calibration device with a heavy fomeamsducer

A typical measurement result of a hard metallic actp
shock is shown in Figure 7. The diagram displagssinals
of the force transducer (black line) and the twertial
forces (red lines) calculated from the acceleratioeasured
by the vibrometers at both opposing on-axis passtidVith
a pulse width of about 1.1 ms, the shock excitedersd
modal oscillations which were identified by the Bpgtion
of auxiliary acceleration sensors and by means 6hite
element analysis of the mechanical impact confifpma
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Figure 7. Shock force measurement with a heavyeforc

transducer showing modal oscillations



WP 2: DYNAMIC PRESSURE

Figure 10 presents a dynamic pressure measurement
(unfiltered data) performed at MIKES showing the

This work package is concerned with development ofleceleration of the drop weight and the correspandi

primary dynamic pressure standards and secondatgrsyg
to calibrate industrial transducers.

The work package participants are SP (Sweden), MBIKE
(Finland) and PTB under the leadership of NPL.

Drop weight machines

The dynamic pressure facilities of MIKES and PTB
operate according to the “drop weight” principle. ATB, a
rigid mass ball of about 3 kg is dropped on a pistd a
cross sectional diameter of approximately 8 mm [8f.
MIKES, the principle is the same, but the cylindtienass
body is about 14 kg and the piston diameter ishefdrder
of a few centimeters.

The following figures show the design of the two
machines at MIKES (c.f. Fig. 8) and PTB (c.f. .
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Figure 8. Design of the MIKES pressure machine
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Figure 9. Design of the PTB pressure machine

The impact on the piston leads to the compressica o
small volume of a hydraulic liquid within a pressuravity
that is connected to the device(s) under test (DUH)s
applying a shock pressure excitation to the DUT.

Commonly these devices are used for the compadson
DUT(s) with a reference transducer in a secondar
calibration scheme. However, within the JRP,
laboratories follow two different approaches to adbta
direct pressure measurement without a referencasen

thep

pressure pulse of about 2.5 ms pulse length.
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The MIKES device is modified to measure the motién
the piston or the deceleration of the drop-weightirdy
impact to deduce the force transmitted by the pistoross-
section into the hydraulic fluid. Thus via forcedaoross-
section or via displacement and compressibility dlotual
pressure in the cavity can be determined. The firsthod
gives rough estimations of pressure values, whiéelatter
takes into account cavity and fluid effects, thueviing
more information, improved traceability, and smalle
uncertainties. The exact determination of the gauitiume,
and changes in it due to piston movement, is thg ke
requirement.

The PTB device is under modification to allow far a
interferometric measurement of the optical pathgien
through the pressure cavity, i.e., the hydraulidion@. This
path length changes as the refractive index of the
transmission medium varies as the fluid is comgesn
this approach the actual dynamic pressure camkedito a
static calibration of the optical measurement. gbal is to
avoid any effects of inertia in the traceabilityaghbetween
static and dynamic pressure. Preliminary tests fhd t
easurement scheme are currently being performed in
arallel to the modification of the drop weight amv



Shock tube

WP 3: DYNAMIC TORQUE

The dynamic pressure faciliies of NPL operate

according to another principle: the shock tube.yThave
developed a 1.4 MPa plastic shock tube
interchangeable driven sections of 2 m, 4 m, andléngths.
It includes a pressure transducer located in théreef the
end-wall. It works by means of a pressurizationteys
based on bottled nitrogen, using either single oubie

diaphragms. Future work will include shock waveoeily

measurement (via side-wall mounted sensors) andwvaiid
acceleration measurement. The photographs in Fglte
and 12 illustrate the shock tube and a diaphrager #fie
test.

This work package is concerned with the developroént

withmethods and devices for dynamic torque measurentents

provide a validated primary torque calibration $omusoidal
torque.

Three national metrology laboratories are invohiad
this work package: PTB, who is the work packageldea
CMI (Czech Republic) and UME (Turkey). In addition,
HBM (www.hbm.com), a leading German manufacturfer o
force and torque sensors, is taking part in thekwas a
collaboration partner.

PTB is currently the only participating NMI with

NPL have begun the design of a 7 MPa steel shdmk tu research activities in this field of dynamic measoent. At
and plan to develop a second steel shock tube with PTB, an existing measurement set-up has been reddifid

maximum pressure of 20 MPa.

Plastic shocktube of 0.7 m driver secand
2 m driven section.

Figure 11:

Figure 12. Burst aluminum diaphragm

improved to be able to provide dynamic torque catibns
of up to 20 N-m torque amplitude and up to 1 kHataxion
frequency [9, 10, 11].

In the first months of this JRP, a new rotationatiesr
by Acutronic, Switzerland, was installed and consicised
(see Fig. 13). This exciter is able to achieve ribguired
specifications and is equipped with an integratdtional
acceleration sensor. The rotational exciter isrotled by a
state-of-the-art control system for sinusoidal &&aton
made by DataPhysics, USA.

In addition, the air bearing of the dynamic torque
measuring device was replaced by a new air bearing
improved carrying capacity for parasitic radial dsaand
bending moments, as the performance of the oldidzear
suffered from wear possibly caused by parasitiddoa

(gt

ICECE TR

LRI R

Figure. 13. Dynamic torque measuring device at Rith
the new rotational exciter

A comparison of the different driven sections oé th

plastic tube, with different burst pressures anapbdiagm
arrangements, has been carried out. Results iediteitt

The model description of the torque measuring devic
with the torque transducer under test requireptrameter

varying the burst pressure has the greatest infi@m the yajyes of the coupled mechanical environment. Tovele

characteristics of the end-wall pressure trace.

these parameters by experiment, two auxiliary measent
set-ups for the determination of torsional stifneand
moment of inertia have been designed and manufattur

[11].



For the measurement of the torsional stiffness, imbridge supply voltag®; as DAC reference voltage and adds

up the signals with help of the attenuator resésges to Rg).
Vi

particular of the two couplings, PTB’s static 20niNtorque
calibration machine was utilized to provide a defin
torsional load. The resulting torsion angles ar@asueed by
means of two autocollimators directed at small onsr
attached to the tested structure.

The mass moment of inertia has to be determinethéor
couplings, the torque transducer under test,
mechanical components coupled at the top of themjn
torque measuring device (rotor of the air beariragial
grating, coupling). For this purpose, a compounddpéim
with airborne rotor that carries the device undest twas
designed and manufactured at PTB. The mechanidagsw
of the pendulum is measured by means of an opicgle

measurement system. The oscillation frequency @& th

pendulum depends on the acting mass moment ofanest
adding different auxiliary bodies of known mass neminof
inertia, the wanted mass moment of inertia of teeick
under test can be calculated by extrapolation.

The next activities in WP 3 include the commissigni
of the measuring devices for the determination @fsen
moment of inertia and torsional stiffness as well the
evaluation of the associated measurement unceesint
Afterwards, the properties of the components oftyrgamic
torque calibration device will be determined, ahd tlevice
will be assembled.

WP 4: MEASURING AMPLIFIERS

The aim of this work package is to establish acaide
dynamic calibration procedure for measuring angigj as
part of the electric measurement chain for dynami
measurements of mechanical quantities in the fregue
range from DC to 10 kHz.

In dynamic measurements two types of measurin
amplifiers are commonly used, which are charge Hieyd
for piezoelectric transducers and bridge ampliffersstrain
gauge or piezoresistive transducers in Wheatstaitge
configuration.

In the case of charge amplifiers the calibratioreiss
challenging, since the standard charge signal dibmtion
can be realized with help of a calibrated AC vadtagurce
and a standard capacitor.

For bridge amplifiers the measurement task is mor
complex, since the measured transducer bridge butp

voltageU, is a ratiometric measurand in mV/V and depend
on the DC bridge supply voltadé,, which is provided by
the bridge amplifier.

Consequently, the dynamic bridge standards need
work in the same ratiometric operation principlestmulate
the strain gauge or piezoresistive transducersur€ig4
shows the operation approaches of the NPL dynantgéd
standard (Fig. 14(a)) as described in [12] and B
dynamic bridge standard (Fig. 14(b)) [13]. Both aic
bridge standards (DBS) generate the dynamic bridgput
voltage with the help of digital-to-analogue corees
(DAC). In case of the NPL DBS in Fig. 14(a) the &@d

angl th

(b)

Dynamic Bridge Standard

Figure 14. Schematic of the strain gauge simuldtiche
NPL dynamic bridge standard (a) and operation jpia®f
the PTB dynamic bridge standard (b)

The PTB DBS in Fig. 14(b) uses multiplying DACs
(MDACs) to generate a static or dynamic signél.q,
which is supplied to a resistive 1/200 voltage divi
(resistors R; to Rg) with known amplitude and phase
é)ehaviour to generate the bridge standard outgnadu,,.

To match DBS impedances to the typical impedanées o
strain gauge transducers, the NPL DBS uses thegdrid
ér?sistors R, to R;) themselves and the PTB DBS uses the

put resistor R) and the two output resistonR J.

In the past month the NPL DBS prototype and PTB DBS
prototype were modified and therefore extendedrdento
provide a sinusoidal reference signal, which iplmse with
the signal that simulates the strain gauge bridd@age.

A preliminary frequency-dependent amplitude andspha
characterization of a commercial bridge amplifieasw
carried out with help of the PTB DBS and is shown i

ig. 15. The phase information was determined wfté
Eelp of the MDAC signals, which are used as refegen
é/oltage U, and the bridge amplifier output voltage
amplitudeU,. The measurements were carried out with a
single synchronized sampling voltmeter, which terately
t%almplinguref andU, with the help of a low resistive signal
switch [14]. The results for amplitude and phasewsh
characteristics similar to a low-pass filter witkcdeasing
values beyond measurement frequencies of 1 kHz.

DC components of the bridge output voltage are each

generated by a separate DA¥; (and V,) that uses the
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Figure 15. Example measurement with the PTB dynamic
bridge standard of the frequency dependent relative

amplitude deviation and the phase of a typicalisgauge
bridge amplifier in the 2 mV/V measurement range

The next step in the project will be the traceable

calibration of the DBS developed at NPL and PTBhwit
respect to amplitude and phase.

WP5: MATHEMATICAL AND STATISTICAL
METHODSAND MODELLING

The approach to modelling the new primary standar

methodologies that are being developed during these of
the JRP is summarised below.

Approach and underlying assumptions

Our fundamental assumption is that all measuremer)

systems that will be considered during the coufghis JRP
can be regarded as linear and time-invariant. @lhisvs us
to apply convolution and deconvolution methods aad
regard the input-output characteristics of a systenbe

consideration will be modelled by sets of lineadipary
differential equations, or by equivalent rationahdtions in
the Laplace domain. We also expect that analysik bai
performed mainly in the frequency domain.

To allow meaningful interpretation of calibratioesults,
we intend as far as possible to develop paramétridte

box” system models that take into account the know

physical and engineering characteristics of the suéag
system being developed during the course of the dRdPto
ensure traceability the methods set out in Guide to the
expression of uncertainty measurement [15] and its

supplements will be applied. Any new methods that w
in accordance with the underlying
philosophy of the GUM and we intend that they can b
the GUM

develop will be
viewed as implementing and extending
methodology. Bayesian methods will be employed sdoa
allow prior knowledge obtained either from expenntgeor
from experts to be incorporated
evaluation process.

into the uncenaint

Relevant prior work by the WP 5 team
The methods being developed rely on important prior
work by members of the WP5 team, specifically:

« prior work on analysis of dynamic measurements BB P
[16, 17, 18, 19] and in particular their work oneth
implementation of uncertainty evaluation methodselola
on the Guide to the expression of uncertainty in
measurement;

 prior work on dynamic calibration of accelerometarsl
force transducers by PTB, including analysis ofisaidal
and shock excitation measurements and analysis of
comparison measurements between different labdeator
[20, 21, 22, 23, 24, 25];

« joint work by mathematicians at PTB and NPL to gtud
dynamic pressure measurements carried out by NPL
experimentalists using a shock tube that is locatethe
UK'’s Cranfield University [26];

« joint work by PTB, NPL and the SP Technical Researc

Institute of Sweden on deconvolution methods foe th

analysis of dynamic measurements [27];

« joint work by PTB and NPL on the implementationaof
GUM Monte Carlo method for dynamic measurements
[28].

Example modelling for the measurand dynamic torque
In this section, the general approach of a modsétha
nalysis is exemplarily presented for the measuntroé
ynamic torque. The model will describe the dynamic
behaviour of the dynamic measuring device at PTBickv
was introduced in the previous section of WP 3.

Figure 16 shows a schematic picture of this dewith

tFe main components rotational exciter, couplingsgue
ansducer under test, and interferometric measeméeraf
angular acceleration.

The signal of the torque transducer will undergo
conditioning before being captured by the data esifippn
system. Both the signal conditioning system and data
acquisition system must be taken into account dudata
eo\'halysis. Information about the amplifier will takee form
of calibrated frequency response values at thevaate
frequencies. In addition to the torque transducetput,
angular acceleration at the top of the calibratiemice will
be measured using a traceable calibrated rotational
vibrometer. After multiplication by an appropriateass
moment of inertia, this angular acceleration giviee to a
Peference torque signal. Angular acceleration atlibttom
of the device will be measured using a traceabliéreted
sensor built in the exciter for this purpose. Datd be
provided in the frequency domain, i.e., values bé t
frequency response functions (linking the output tiog
transducer with acceleration as input) will be &lde in a
straightforward manner.
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Figure 16. Schematic representation of a dynamui
calibration device [10]

This calibration device will be modelled as a serig
three torsional
coupling and one for the transducer), see figur§l1y. The
aim of the measurement scheme is to identify tmarpaters
of the model for the transducer, namely the towdion
stiffness, damping, mass moments of inertia athted and
base of the transducer, and a proportionality patamThe
spring-damper system is described by an appropsittef
differential equations that can be employed inghaluation
of the model parameters of interest. The springgam
system is then described by an appropriate seiffefehtial
equations that can be employed in the evaluatiorthef
model parameters of interest.

- rotor of air bearing
- angular acceleration measurement components
- coupling

- torque transducer

- coupling
- rotational exciter

Ce

Figure 17. Model of the dynamic calibration device
torque transducers [11]

CONCLUSION

With the funding of the joint research Project INDthe
European Metrology Research Programme and
European Commission provide a unique opportunityao
group of European NMIs to develop a new field of
metrology. The aim of the JRP is the developmerat bésic
infrastructure in terms of devices and methods ravige
traceability for dynamic measurements of the meidan
guantities force, torque, and pressure.

spring-damper systems (one for each

the

Facilities are being developed for the three meicahn
quantities and for the measuring amplifiers. Daili be
soon available as input to the mathematics workage.

The immediate next steps for each technical work
package are:

- WP 1: to continue the characterization of the

facilities for the three participating laboratories
including the determination of the uncertainties

components
- WP 2: to continue development of primary dynamic
pressure generation systems at the four

participating NMIs and then to carry out a set of
comparisons between them.

WP 3: to commission the measuring devices for the
determination of the mass moment of inertia and
torsional stiffnress and to evaluate their
uncertainties.

WP 4: to develop a traceable calibration of the
dynamic bridge standards (DBS) at both
contributing NMIs (PTB and NPL) and to provide
the DBS for the dynamic calibration of strain gauge
bridge amplifiers

WP 5: to begin developing modelling and uncertainty
analysis software that can be used to support NMI-
level primary standard calibrations for the three
mechanical quantities of interest.
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