Office de la Propriete Canadian CA 2828826 C 2015/11/24

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 828 826
g[‘ grga”isge ’ f"(‘j age”‘éy of ’ 12y BREVET CANADIEN
'Industrie Canada ndustry Canada
CANADIAN PATENT
(13) C
(86) Date de depot PCT/PCT Filing Date: 2012/03/27 (51) CLInt./Int.Cl. GO1B 5/008 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2012/10/04 GO1B 21/04 (2006.01)
2 1s , (72) Inventeurs/Inventors:
(45) Date de delivrance/lssue Date: 2015/11/24 PETTERSSON. BO. GB:
(85) Entree phase nationale/National Entry: 2013/03/30 SIERCKS, KNUT, CH:
(86) N° demande PCT/PCT Application No.: EP 2012/055394 SPRENGER, BERNHARD, CH
(87) N° publication PCT/PCT Publication No.: 2012/130832 (73) Proprietaire/Owner: )
R HEXAGON TECHNOLOGY CENTER GMBH, CH
(30) Priorite/Priority: 2011/03/29 (EP11160313.0)
(74) Agent: BORDEN LADNER GERVAIS LLP
(54) Titre : MACHINE DE MESURE DE COORDONNEES
(54) Title: COORDINATE MEASURING MACHINE
3A 5
3

(57) Abrege/Abstract:

The invention relates to a coordinate measurement machine for determination of at least one space coordinate of a measurement
point on an measured object, with a first frame element (11), a second frame element (4), a linear drive unit (/) with a motor for
moving the second frame element (4) relative to the first frame element (11) In a direction of movement and a position
measurement instrument, for determining a drive position of the second frame element relative to the first frame element. Therein
the drive unit has limited stiffness and dynamic deflections on movement. The machine comprises a mechanical coupler (3) from
the drive unit (12) to the second frame element (4), which coupler (3) comprises a first part (3A) fixed to the drive unit (12) and a
second part (3B) fixed to the second frame element (4), which parts (3A,3B) are movable relative to each other by an active
compensation actuator (5). The active compensation actuator (5) Is built in such a way to shift the second frame element (4)
against the drive unit (12) to introduce a counter-displacement in such a way that the dynamic deflections are at least partially
compensated. Fig. 2a
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(57) Abstract: The mvention relates to a coordinate measurement machine for determination of at least one space coordinate of a
measurement point on an measured object, with a first frame element (11), a second frame element (4), a linear drive unit (7) with a
motor for moving the second frame element (4) relative to the first frame element (11) mn a direction of movement and a position
measurement instrument, for determining a drive position of the second frame element relative to the first frame element. Therein the
drive unit has limited stiffness and dynamic deflections on movement. The machine comprises a mechanical coupler (3) from the
drive unit (12) to the second frame element (4), which coupler (3) comprises a first part (3A) fixed to the drive unit (12) and a
second part (3B) fixed to the second frame element (4), which parts (3A,3B) are movable relative to each other by an active com -
pensation actuator (5). The active compensation actuator (5) 1s built in such a way to shitt the second frame element (4) against the
drive unit (12) to introduce a counter-displacement in such a way that the dynamic deflections are at least partially compensated. Fig.
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Coordinate Measuring Machine

The present invention relates generally to a coordinate

measuring machine (CMM) for determination of at least one

space coordinate of a mea surenent point and to a
“oomethod of compensating errors in a coordinate measuring

machine .

After workpieces have been produced, it is common practice
L0 1nspect them on a coordinate positioning apparatus, such
10 as a coordinate measuring machine (CMM), having a movable
measurement probe head w.i:i‘;hti.n d working volume of the

wmACrhineg .

In & conventional three-dimensicnal measuring machine, the
probe head is supported for movement along three mutually
15 perpendiculsr axes {in directions ¥, Y and 2), also
referred to as Cartesian configuration with linear axes

being more or less orthogonal towards each other.

Joa simple form of the machine, & suitable transducer 1is
rounted parallel o each axis and is used o determine the
20 position of the proebe head relative to a base of the
machine., The coordinates of a measurement point on  an
obiect being approached by a probe at the probe head are
delermined according Lo Lhe transducer’s values, The axis
18 often driven by a propulsion motor, which 1s contrelled
2> by a dedicated controller, comprising a digital computation

unit  which moves the axis according to a neasurement

program or by user input, e.¢. by Joystick.
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pre—— |} pr—

There are several possible sources of error, 1f such a

pre——

technique 1s employed. Lack of straightness 1n movement and

— — —

of orthogonality of the axes, lateral o

"set 1n the linear

pr——

drive mechanisms or angular rotation of the carrilages about

pr——

axes perpendicular to their directions of movement, are

Just a few examples.

Particularly, the followlng error factors may occur:

. scale errors on axes,

. horizontal straightness errors on axes,
. vertical straightness errors on axes,

. pltchlng errors on axes,

. vawlng errors on axes,

. rolling errors on axes, and

. angular errors between axes.

Many attempts have been made to provide correction for the

—

various sources of error referred to. For example, 1t 1s

known to 1ntroduce a deliberate and known error 1nto the

transducers by wvarious means. An alternative technigque 1s
to callbrate the machine, measuring the errors existing at
various polnts and storing these, so that they can be

compensated when the machlne 1s 1n measurement use. The
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pr——

execution of such a calibration process 1s lengthy,

pre——

especlally for a large machine.

A drawback of the calilbration methods 1s also that they

pr—

wlill only take care of fully repeatable errors and 1t 1s

also 1mportant to calibrate the probe under the same

—

conditions as 1n the working state of the machine. This

means e.g. that, 1f the machine runs with 100 mm/sec at

measurement, che calibration procedure also should be

pre——
p—

performed with that speed, and 1f - for some reason - a

—

change of the running speed 1s necessary, a recalibration

pre——

of the machine at this new speed 1s requlred, as the errors

—

are at least partly dependent on the dynamics of movement.

The mentioned errors are only analyzed statically 1n many

approaches, although they also comprise dynamic factors

pr——
—

which are dependent on the movement of the axes, 1n

particular dependent on the position, speed, acceleration

and Jerk when moving the axis. Wi1ith the speed-dependen

Ve

calibration, this fact 1s taken 1nto account 1n a rather

simple and inflexible way.

While the static errors can be numerically reduced by the

pre——

use of position calibration matrices, things get much more

complex when trving to compensate the dynamic errors. The
callbration gets even more complex when takiling i1nto account

the dynamilc errors, such as vibrations, resonance, dynamlc

forces, etc. which errors can not only 1nfluence the axis

on which they are occurring, but which can also “crosstalk”

pre——

to other axes and cause errors 1n other parts of the

pr—

system. Furthermore, the underlying effects can also be

dependent on environmental conditions such as temperature,
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humidity, alr-pressure, etc. and 1n particular, they will

pre——

also vary over the lifetime of the machine.

Also, an exchange of the probe-head, which 1s often

pre—— pre——

necessary for fulfilling di

"erent measurement tasks on a

p—

workplece, can bring a change of load condilitions and result

— —
o

"erent dynamics and error behaviour. The wusage of

1n  di

probe heads which comprise movable parts and/or additional

pre——

"erent

axes, elther active or passive, can result 1n a di

behaviour of the maln axles, dependling on the actual

pr—

posture of the probe head. The dynamic behaviour of a

pre——
—

machine’s axis (as two elements of tThe machine frame

—

movable relative To each other 1n a direction of movement)

—
o

can also vary dependent upon the actual drive position of

the axis.

—
-

For example, 1t has to be considered that accelerations of

one axls of the machine (which can move further

perpendicular axes and the probe head), can cause linear

pr—— pr——

and angular dynamic deflections of the whole frame of the

coordinate measuring machine, which 1n turn cause
measurement uncertainties and errors. These dynamic
measurement errors may be reduced by taklng measurements at
low accelerations, e.d. by a consequently optimized

pre——

trajectory of desilired movement.

However, to lncrease the productivity, an lncreased
throughput as well as an 1ncreased 1nspectlion speed 1s

demanded. Hence, the machline  will experlence higher

accelerations during the measurements, and larger dynamic

—

structural deflections of the system will result. This

leads to an 1naccurate reporting of the X, Y, Z geometric
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—

position of the probe, resulting 1n a reduced accuracy or

—

even 1n 1ncorrect measurements of the workpiece. Those

errors are even more severe as CMMs are often requilred to

—
o

achleve a measurement accuracy 1n the range of micrometers

Or even below.

In particular, a coordilinate measuring machlne can exhibit

pr——

drive vilibration which can be significant 1n view of the

pre——

desired measurement accuracy. The mailn source of error

causlng the vibration 1s the machine’s mechanical drive

syvstem. The drive vilibration 1s also dependent upon the

drive’s running speed. Errors caused by these vibrations

(typlcally occurring wilith a fregquency above 5 Hz) are not

pr—

sultable for calculative methods of compensating dynamic

errors as mentioned above, especially as the vibrations are

a To a great extent non repeatable behaviours, wherefore

the resulting measurement errors can not be mathematically

modelled and equalized. Also, non-perfect Dbearings can

introduce friction and cause vibrations.

There are passlive dampling elements known, which introduce a

mechanical low—-pass or Dband pass filtering 1nto the

mechanical system to reduce vibrations and jerk as far as

posslble. Those can be i1integrated parts of the machine, for

pr——

example by usage of a somewhat

\

‘elastic” and Y“damping” belt

1n the transmilission system or by alr or liguid dampers

—

parallel to the axis. Drawbacks o those passilive dampers

p—

are for example the facts that they can reduce the

—

sti1ffness of the system, 1ntroduce derivation from the

—

deslred trajectory of movement by undesired deflection (or

displacement) and they can even 1ntroduce additional

mechanlical resonance freguencles.
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Other approaches, as e.g. propagated by Convolve Inc. NY,

are trying to suppress deflections, vibrations and/or

—

osclllations caused by the acceleration of the machine by a

technology called lnput-shaping, which controls the

pr——
—

regulating variable, e.g. the force or current of a

propulsion motor, 1n such a way as to bypass mechanical

pre——

resonances and avold a stimulation of resonance fregquenciles

or even actively counterforce oscillations by a accordingly

manipulated variable on the output to the driving actuator

control.

pr—

Also model predictive control, as a from of control 1n

which the current control action 1s obtalned by solving at

each samplling 1i1nstant a finite horilizon open—-loop optimal

g

control problem, using the current state of the plant as

the 1nitial state, can be applied to CMMs. The optimlisation

vields an optimal control sequence and the first control 1n

the sequence 1s then applilied to the plant.

—

Furthermore, a variliety of probe heads and probes are

employed 1n a coordilnate measurling machine for measurements

—

within the scale coordinate system, for example Dby

reference scales arranged along axes, that configure the

three-dimensional measuring space. ToO provide the

coordinate measurlng machline wilth an 1mproved measurement

preclsion, 1ts frame structure 1s therefore required to

pr— —_—

‘ness. In order to achieve a st

have a high static sti

and rigid machine design, the frame structure or at least

pr——

parts of 1t, 1s often made of stone, such as granite.

—

"ects like thermal stability and

Besides all the positive e

good damplng propertles, the granite also makes the machine

and the movable frame elements quite heavy. The high weilght
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on the other side also requlires high forces for a decent

acceleration.

In addition to the desirable high frame stiffness, the

pre——
—

mentioned 1ntroduction of a software 1mplemented spatial

preclslion correctlon technology can reduce gJgeometrical
errors and asslist 1n achilieving high precislion measurement

results.

Another problem 1n CMM systems lles also 1n the fact that

pr——

different probes will] have different welghts and

characteristics, wherefore the machine’s mechanical

resonance frequencilies will be 1nfluenced. Also, the spatial

poslition of the machine influences the mechanical

resonances, wherefore a simple linear error model 1s often

—

not su

"1clent to compensate those 1nfluences numerically.

Exemplarily, EP 1 559 990 discloses a coordlnate measuring

p—

syvstem and method of correcting coordinates measured 1n a

coordinate measurlng machlne, measurling dJgeometrilical errors

while parts with wvarious welghts are mounted on the

coordinate measurlng machine. Compensation parameters are

pre——

derived from measured results per a weight of a part and

stored. A compensation parameter correspondlng to a welght

—

of a part to be measured 1s appropriliately read out to

—

correct measured coordlnates of the part to be measured.

—
e

error compensation 1n a coordilinate measuring machine with

an articulating probe head having a surface detecting

device. The surface detecting device 1s rotated about at

least one axis of the articulating probe head during
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measurement. The method comprises the steps of: determining
the stiffness of the whole or part of the apparatus,

determlning one or more factors which relate to the load
appllied by the articulating probe head at any particular

instant, and determining the measurement error at the

surface sensing device caused by the load.

pr— pr—

Another approach for error correction of work ©pilece

measurements with a coordinate measuring machine (CMM) 1s

disclosed 1n GB 2 425 840. Thereby, position measurements

are taken with a work plece sensing probe, 1n which means

pre——

of measuriling acceleration are provided. The measurements

are corrected for both high frequency (unrepeatable) errors

such as those due to vibration, and low freqguency

(repeatable) errors such as those due to centrifugal forces

on the probe. The correction method comprilises measuring the

work pilece, determlining repeatable measurement errors from

a predetermined error functlon, error map or error look—-up

table, measurling acceleration and calculating unrepeatable

measurement errors, comblning the first and second

measurement errors to determine total errors and correcting

che work piliece measurements using the total errors. The

pre——
—

predetermined error map 1s calculated using an artefact of

known dimensions.

It 1s also known to use accelerometers fitted 1n the probe

—

or on other moving parts of the measurement machine, e.dg.

the Z-column and/or 1in the Dbase table, allowing a

differential measurement and/or the evaluation of
externally appliled vibrations. In such an arrangement, the
displacements and errors of the probe-position can be

measured with double 1i1ntegration, and based on this
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information 1t 1s possible to adjust the readling with the

difference between the doubly 1ntegrated signal and the

scales.

However, when using accelerometers, the position

measurement will usually become nolsy, 1n particular when

—

the frequencies to be measured are relatively low, for

—

example 1n case of slow and smooth motions. This can result

1n a bad signal to nolse ratio.

“erences

Furthermore, 1t may only be possible to measure di

during acceleration, which means that - 1n general - 1t may

be necessary to calculate the acceleration from the scale

poslition and to compare 1t with the measured acceleration,

—

and doubly i1ntegrate the difference. However, thils may not

be enough 1nformation to accurately calculate the exact

—

position of the probe. Accelerometer methods can not be

used to measure static changes. For example, statilic

pre——

riction comblned with  dynamic changes can not be

apprehended by accelerometers.

pre——

In particular for large CMMs, shaky environments, and/or 1if

a very high accuracy 1s requlred, 1t 1s known to build

pre——
—

speclal foundations designed for the erection of

pr—

measurement machines to achileve a suppression of externally

applied vibrations comling from the environment of the

pr——
—

measurement machine or to allow a compensation of a

pre——

possible settling of the machine either coming from the

pr— pr—
p— p—

load of the machine 1tself or from the load of the

workplece to be measured.
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Alternatively or 1n addition to a special foundation, 1t 1s

also known to set up a CMM uUslng passlve Or active

— —

components for a further decoupling of the measurement

machine bed from the ground to avold or at least reduce

influences from external disturbances on the measurement

results.

Other related documents are CN 101 562 409, US 2008/10015¢,
DE 196 42 827, US 2009/152985, US 2007/266781, WO 00/14474.

pr——

For the propulsion of the machine’s axes, there are many

pre——

different kinds of transmilission or drive systems and

mechanilics known.

An embodlment used gquite often comprilises a tTransmlisslion

belt, tooth-belt, friction belts, screw, rack and pinion,

pre——
p—

etc. There needs to be a coupling on the path o:

transmission of the force between a flrst frame element

wlith the propulsilion unit on one side - and a second frame

element, e.g. the probe head, to belng moved on the other

side. The propulsion unilit can be embodied as an electro-
mechanical transducer, 1n particular an electric motor
based on magnetic, electrostatic or plezo—active princilple.

pre——
—

The drive mechanism to achieve the coupling of forces 1s

pr— gr—

often designed 1n such a way that 1t 1s st 1n the moving

direction and weak 1n other directions, to allow movement

1n the other directlions wilithout 1ntroduclng undesilired

forces 1n any other direction but the moving direction.

When, for example, a tooth-belt 1s used, 1t 1s relatively

ceasy to avold forces 1n the “non moving directions” since

the belt as such 1s flexible, 1n particular 1n the
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11

directions other than alongside the belt. If a stiffer

drive unlit such as a screw or rack and pinion 1s used, then

—
e

there 1s a need to have a more sophilisticated decoupling of

pr—

unwanted forces to avoid undesired effects which might

reduce accuracy, reproducibility, lncrease friction,

increase wear and/or introduce undesired deformations.

There are many mechanlcal components and arrangements known

—

for achleving such couplings, which are st 1n one degree

—
e

of freedom only, such as e.g. cardan coupllings or gimbals.

In particular when using a belt-drive, there are some

dlisadvantages one of which 1s the limited stiffness which

wlill result 1n flexlon or distension durling acceleration.

—

‘ness can behave li1ke a

Furthermore, the liImited sti
mechanlical resonance clrcult which can be modelled by at
least  one spring - 1n particular embodied Dby the
elastically behaving tooth-belt - and at least one mass -

embodied by the movable member. This will limit the

acceleration or force which can be applied to the axis

wlthout severe position displacement due to drive mechanilism

—

deflection or a stimulation of oscillations. Thilis fact

pre——

often 1limits the acceleration profile or force-profile

which can practically be appllied to the moving member and

pre——
—

wlll also result 1n at least one mechanical resonance of

the system.

pre——

A second disadvantage of a toothed belt or another toothed

force transmission princiliple, such as a rack and pinion,

are micro vibrations due to the teeth and/or drive wheels.

Silmllar mlicro vibration can also result from the propulsion

motors (also referred to as drive motors) themselves due to

pre——

effects like torque-ripple (e.qg. motor—-cogging,
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osclllations 1nside the control 1loop, 1n particular 1n

cascaded control loops, etc.) or from non-perfect bearings.

The vibrations and excitation frequencies to the CMM system

1n those cases are dependent on the moving speed.

pre—— pr——
—

Fspecially when an excitation of a natural frequency of a

pre——

part of the mechanics occurs, this can lead to an undesired

—

trajectory of movement. In particular, by the high accuracy

scales used 1n such measurement machilines, those milcro

vibratlions can often be observed 1n the measured position

pr——

or velocity profile of a moving machine, 1n particular as

osclllations overlaid onto the actually desired trajectory

profile.

—

It 1s therefore an object of the present 1nvention tTO

provide an 1mproved coordinate measuring machine CMM and a

pr—

method whereln errors caused by dynamic effects can be

compensated or at least reduced 1n an i1mproved manner, 1n

pre——

particular dynamic effects caused Dby weak machiline-

structures when running the CMM at high speed.

A particular object of the 1nventlion 1s to reduce

displacement errors 1n each linear drive mechanism (1n the

X,Y,7Z directions) of the CMM.

A further object 1S to actively counter dynamic
displacements, 1n particular by an additional, dedicated

actlve compensation actuator.

—

A speclal object of the 1nvention 1s thereby to compensate

or at least reduce effects of a drive mechanism having

limited stiffness, 1n particular during acceleration and

pre—— pre——

deceleration of the axis or by backlash e

"ects.
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A particular object of the 1nvention 1s to reduce or
compensate osclllations resulting from the limited

pr— p—

stiffness of the drive mechanism of the axis, which can be

interpreted as a mass—-spring-oscillator.

—
e

A further object of the 1nvention 1s to reduce or

—
o

compensate milicro-vibrations occurring 1n the movement of

—

the axis, for example comling from the drive mechanilism

pre——

and/or the bearings, in particular from a tooth system of

pre——

the drive unit and/or the propulsion motor of the axis.

pre——

Yet another object of the 1nvention 1s to provide an active

compensation system to be 1ntegrated 1n a CMM’s drive

mechanism, which for example can also be retrofitted.

pre——

A further object of the i1nvention 1s to provide a basis for

a numerlcal solution to compensate dynamic displacement

errors 1n a CMM.

B

These objects are achieved by reallsing the features of the

1ndependent c¢laims. Features which further develop the
lnvention 1n an alternative or advantageous manner are

described 1n the dependent patent clailms.

One basic 1dea wilithin the 1nvention 1s to actively take

— —

care of the displacements generated by the dynamics of the

drive mechanism by a system and method further referred to

as active compensation or actlve damplng. The term

“damping”, 1n this case, does not only refer to an

—

absorption of shock or vibration but to a more Jgeneral,

pr— gr—

active countering and opposing to the undesired effect, as

indicated by the term “active damping”.
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The present 1nvention refers to a coordinate measurement

pr—

machine for determination of at least one space coordinate

—

of a measurement polnt on an measured object, with at least

a first frame element, a second frame element, a linear

drive unit with a motor for moving the second frame element

pre——

relative to the first frame element 1n a direction of

pre——

movement and a position measurement instrument, for

pre——

determining a drive position of the first frame element

relative to the second frame element.

The drive unit has limited st ]

‘ness and dynamic

deflections on movement, 1n particular wherein dynamic

deflectlons comprise a dynamlc deformation 1n the drive

unit at acceleration/deceleration and/or a transient

osclllation i1n the drive unit, stimulated by the movement.

According to the 1nvention, a mechanical coupler from the

drive unit to the second frame element 1s comprised, which

pre——

coupler 1s movable, 1n particular 1n the direction of

movement, by an actlve compensation actuator. The coupler
can e.g. be bullt to be movable by two parts elther beiling

relocatable or slideable against each other or beling linked

pr—  —
p—

by a exlble element, which can be deformed by the active

compensation actuator.

The active compensation actuator 1s buillt 1n such a way to

shift the second frame element against the drive unit to

introduce a counter—-displacement 1n such a way that the

dynamic deflections are at least partially compensated. The

coupler together with the active compensation actuator 1s

also referred to as active compensation element.
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According to the 1nvention, the compensation 1s achieved by

pre——

countering the dynamic displacements, 1n particular of the

deflections and/or the oscillations coming from the spring

pr—

mass comblnation - as which the axis of the machine and 1n

particular the drive mechanism and the moved mass can be
interpreted. Also backlash or play can Dbe reduced or

compensated to a certaln extent.

The term “compensated” 1n the present applilication does not

necessarilily refer to a full cancellation, but 1s also used
to express a perceptible reduction which can nevertheless

st1ll leave some residual error.

pre——

As mentioned, the coordinate measurement machiline for

pr— pr—
-

determilnation of at least one space coordinate of a

measurement polnt on an object to be measured. The machine

pr——
—

comprises a frame structure with at least one axis of

movement comprilsing: a first frame element, a second frame

element, and a drive mechanism which comprilises a propulsion

motor and which 1links the first and the second frame

pre——

element moveably 1n a direction of movement. A position

measurement 1nstrument, for determining a drive position 1n

—

the direction of movement, 1s also comprised 1n the

machine, which can be used for determining the space

pre——

coordinate of the measurement point.

According to the present 1nvention, the drive mechanism 1s

mechanically linked to the frame structure by a mechanical
coupler, built 1n such a way as to actively 1ntroduce a
counter—-displacement, 1n partilicular 1n or opposlite to the

—

direction of movement, for at least partially compensating
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B

flexure of the drive mechanism.

compensation or reduction of dynamic

pre——
p—

for example resulting from components

wlithlin the drive unit which are

movement, 1n particular by the

- but also static deflections

can be compensated to a certaln extent;

O

the

Wl

having a natural resonance

]

Cdall

oscillations

O

and/or the propulsion motor,

a transient oscilillation,

drive

be

a mlcro-vilibration,

1n The

pr——

mechanilism, for

drive

—
o

stimulated by the movement of

example due to flexibilities

unit which form a spring-mass system

pr—

frequency of osculation which

stimulated by the movement, or overshootilng

—

from the control loop of the drive motor;

introduced by the drive mechanism

for example vibrations due to

pr—

the tooth system of a tooth belt, due to cogging of the

drive motor, 1mper:

"ect bearings or linear gulides, etc.

The active compensation element according to the 1nvention

pre——

can thereby take care of and counter the micro vibrations

resulting

particular micro vibrations

from the drive mechanism and/or the bearings, in

from a tTtoothed 1linear drive

pre——

mechanism which can also comprilse components of non-ideal

sti1f

‘ness.
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Accordiling to the 1nvention, the dynamic deformation under

pre—— pre——

the dynamics of movement of the drive mechanism and/or the

frame structure, 1n particular the one observable at the
probe—-head, 1s actively reduced by applying a counter

displacement by an addilitional actilive compensation actuator

to at least partly compensate the dynamic deformation.

Thereby, 1n particular the dynamic deformations and

pre——
—

transient oscillations due to acceleration/deceleration of

frame components and/or the dynamic oscillations and micro
vibrations introduced by elements wilithin the drive
mechanism, the propulsion motor and/or Dbearings are

compensated.

In general, this can be achieved according to the i1nvention

by measuring or modelling the displacements (or causling oOr

resulting wvalues which are coherent therewith, such as

forces, ©pressure, bending, velocity, acceleration, jerk,

etc.) and to generate counter-displacements with opposite

pr——
—

sign by an active component, so that the sum  of

displacements will be reduced, 1n particular preferably

being compensated to zero or at least almost zero.

pre——
—

The counter—-displacements can be 1ntroduced by actuators of

different kinds. As 1n dgeneral the maximum displacement to

be compensated 1s relatively low (e.g. approxlmately 1n the

pr——

range of the stiffness of the drive unit times the applied

force), the active compensation actuator does not requilire a

bi1g stroke, e.g. below one cm, 1n particular 1n the range

pre——

of less than two mm or rather 1n the sub-mm-range. On the

—

other hand, for compensation of the micro vibratilions, the

actuators are deslred to have a comparably high dynamic,

pr——

preferably up to the frequency range of the vibrations 1n

pre——

the actual system, to achieve the requilired rate of change
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pre——

for the compensation. Particular examples of such actuators

can be based on magnetilic, electrostatic or pilezoelectric

principles, whereiln embodiments can for example be, pliezo-

stacks or voilce-colils. Due to the general temperature

g

sensitivity of CMMs, an actuator with low waste heat or at

—

least a sufficient cooling and/or a well chosen placement

pre——

of the active compensation actuator should be considered to

avold sectilional heatling and temperature strain at the frame

—

of Tthe machine.

The actilive compensation element can 1n Jgeneral be located

anywhere between the machine base - holding the object to

—
e

be measured - and the probe head. A particular example of

pr—

placement of the active compensation actuator 1s close tO

—

the maln source of reduced st ]

pre——

"ness and/or micro-

vibrations, as this can e.g. also help to avoid a dispersal

pre——

of the wvibrations and oscillations over tThe whole machine

pre——

"eclts on other axes or

frame, which could cause crosstalk e

elements.

For compensating an undesired displacement or dynamilc

—

error, the amount of displacement or error has to be

evaluated by some qgquantified wvalue. This evaluation can be

achleved by measuring or modelling the displacement or by

measuring or modellling the forces which are causing the

displacement.

pre——

The measuring of the dynamic dilsplacement error can be done

by a high accuracy linear scale which 1s 1n general present

pr— pr—

on those machilines, for example by a comparison of the

measured drive posltion with the desired position according

pr——

to the desired trajectory of movement. The di

pr—— pr—
h—

"erence of
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those values can e.g. be used as an 1nput to a control loop

which drilives the active compensation actuator. The control

loop can be a simple proportional gailn, a PID-loop or a

more complex control loop like an observer structure, etc.

which can further also be dependent on the actual drive

position. The bandwidth of such an active-compensation

pre——
p—

control 1loop 1s 1n Jgeneral chosen higher than the one of

the main controller for the axis-movement due to the higher

dynamics of the effects to be compensated for by the active

compensation.

The dynamic error can alternatively also be determined

based on wvalues related therewith 1like bending, force,
pressure, velocity, acceleration, 7jerk, etc. which can be
sensed by dedilcated sensors like an accelerometer, a strailn

gauge, etc.

Obviously, another optilion 1S to use a dedicated

displacement sensor, like a 1linear scale, a capaclitive

pr—

distance sensor, etc. for the determination of the dynamic

displacement. Some actuators 1like piliezo or volce-colls can

be used as both sensor and/or actuator, whereby both

actuating and sensing can be accomplished by a single

component.

The dynamlic errors can also be evaluated at a sub-assembly

—

of the drive mechanism. This sub-assembly can be chosen at

or close to the Y“weakest 1link”, which will likely also be

pr— pr—

the mailin source of error, and therefor needs to Dbe

compensated. The error values measured therein can also be

—

extrapolated to the dynamic errors of the whole drive

mechanlism or even to the whole machine. For extrapolating,
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pr——

a model of the 1nvolved mechanical system can be used,

— pr—

‘ness of the

which can be determined according to the sti3

whole construction. In speclal cases, the model can also be
parameterized according to measured real world values

and/or dependent upon the drive position.

As CMMs measure the actual probe head position, a placement

—
-

of the actilve compensation element between the lilnear

measuring scale for determination of che probe head

—

position and the probe head can 1nvalidate the wvalue of the

pre——

scale oft the determlination of the probe head coordilnate -

pre——

1n particular 1f the displacement 1ntroduced by the active

compensation element 1s not taken i1nto account 1n position
measurement or 1s not measured with the required accuracy

and/or synchrony to the scales position.

pr——

An alternative to the measurement of the displacement error

pre—— pr——

"ects) 1s a modelling and prediction of the

(or alongside e

displacement based on the desired movement, which can help

—

avoldling additional costs of sensors, wilirilngs, etc. To

achieve thils, a more sophisticated control approach 1s

p—

requlred. Such an approach can’t be used to qualify a

pr—— pr——

certainty of compensation during measurement, 1f the mode.

does not fi1t accurately 1n all situations. Furthermore, a

so called Gray-Box model can be used which comprises the

—

basic mechanical structure of the system to be controlled

and can be parameterilized elther by system 1dentification or

by entering characteristics 1like tooth-distance, belt

—

sti1ffness, weight of the moved mass and the like.

When 1ntroducing actilive compensation 1n a machine, this

pr——

fact can also be taken 1nto account 1n the planning of the
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trajectory by taking 1nto account both actuators - the
propulsion motor and the active compensation actuator.
Thereby, a desired role can be allocated to the drive motor
and the active compensation actuator already when planning

—

5 the trajectory, and both of them can be actively controlled

accordingly.

A Y“pblind” use of the actilve compensatlion actuator with a

standalone control 1loop, compensating the sensed dynamic

displacements 1n the drive mechanism - unaffected by the
10 move planning - 1s one possible solution according to the
lnvention. Another possible solution according to the

—

lnvention 1s the 1ncorporation of the active compensation

actuator, which can be seen as a second actlve propulsion

element 1n the trajectory planning. The latter can Jaln

pre—— pre——

15 advantages, 1n particular for predictable errors, for

pr——
—

example by the usage of a feed forward path or a lookahead

algorithm 1n the control 1loop to operate the active

compensation element.

pre——

Different combinations of the above mentioned control and

20 measurement approaches can also be used, like

pr——

" a comblned usage of a scale and an accelerometer for

sensing for determining the desired active compensation

counter displacement,

pr— pr—

a measurement and a model prediction of the

" tThe usage O

25 displacement to Dbe compensated, which can  further

pr——

comprise an congruous planning of the trajectory,
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" a standalone active compensation control 1loop, with a

sensed dynamic deflection as 1nput,

" a standalone active compensation control 1loop, wilith a

pr—

sensed driving force of the movement as 1nput,

—
-

" an additional transmission of the sensed dynamilc

deflection error to a malin controller for evaluating a
thereby corrected position measurement value or an

accuracy estlmation,

pr——

" and many more comblnations of the mentioned approaches.

The method according to the 1nvention and the devices and

setup according to the 1nvention are described or explained

pr——

1n more detail below, purely by way of example, with

reference to working examples shown schematically 1n the

drawlngs. Specifically,

pr——
—

Fig. la shows an abstracted schematic of a first axis

arrangement according to the i1nvention;

pr—

Fi1g. 1lb shows some exemplary subset of transmilission belts

for CMM drive mechanisms;

pr—
—

Fig. 1lc shows an abstracted schematic of a second axis

arrangement according to the i1nvention;

pr—

Fi1g. 1d shows an exemplary subset of alternative

transmission systems, which can be used as a

pre——

substitute for a belt tTransmission shown 1n the

other filgures;
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pre——
—

shows an abstracted view of a filrst exemplary

p—

embodlment of an active compensation element which

1s comprised 1n the drive mechanilism according to the

invention;

pr——

shows a simplified and abstracted model of a prior

art drive mechanism;

pr—

shows a simplified and abstracted model of the force

transmission path with an active compensation

element accordiling to the 1nvention;

pr——
—

shows an abstracted wview of a filrst exemplary

pr—

embodiment of an active compensation element which

1s comprilised 1n the drive mechanism according to the

invention;

pre——

shows a second exemplary embodiment of an active

compensation element, which 1s comprised 1n the

drive mechanism according to the 1nvention;

pr——

shows a third exemplary embodiment of an active

compensation element, which 1s comprised 1n the

drive mechanilism according to the 1nvention;

—

11llustrates an exemplary embodiment of a measurement

machine which comprilises the 1nvention 1n at least

pr——

one of 1Ts axes;

pr— pr—

shows a flrst example of a trajectory of a moving

axls wlithout a setup according to the active

compensation element accordling to the i1nvention;
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— —

Fi1g. 7 shows a second example of a trajectory of a moving

axls wilthout a setup accordiling to the i1nvention;

pr——

The diagrams of the figures should not be considered as

being drawn to scale.

pr—— pr—
h—

Fig. 1la 1llustrates a schematic sketch of an embodiment of

a drive mechanism of a CMM, such as the CMM example shown

in Fi1g. 5, whereto the present 1nvention can be applied.

The schematic figure shows a first frame element 11, 1n

this example the machine Dbase, and a drive-motor 21

connected to a wheel 1 which drives a driving belt 2 and a

return wheel on the other si1de of the belt 2. The drive-

motor 21 can further be connected to a posilition or speed

sensor 22. Between the moving belt 2 and a second frame

element 4 as a mass to be moved, there 1s a coupler 3 as

connection 1nterface.

Apparently, a CMM wilith a probe head movable 1n three

pr——
—

degrees of freedom comprises at least three such or similar

axes. The practical geometrical arrangements can also vary

from the drawing, which shows just one simple and

11llustrative embodiment.

pr— pr—

Fi1g. 1b shows some sections of particular embodiments of

transmission belts 2 1n a magnilified cross section view.

pre——

Those embodiments, which are exemplary out of the plurality

— —

of possible embodliments, 1llustrate di

—
e

"erent shapes of

teeth 2A, 2B, 2C and a toothless belt 2D. Apparently, the

g

drive wheels 1 and the section of the coupler 3, which 1s

transmitting force to and from the belt 2, will be shaped
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—

as counterparts to the shape of the used belt 2A, 2B or 2C,

1n particular regarding the profile of the teeth.

pre——

"ects of the

pr—

A skilled person 1s aware of the fact that e

tooth-period, as the distance between the teeth, can be
observed 1n highly accurate measurements as ripples or
vibrations overlald to the measured position, veloclty or
acceleration or audible 1n structure-borne sound, which

pre——

will apparently be dependent on the actual speed of

pr—

movement. Depending on the actual embodiment of the drive

mechanism 12, those vibrations can result 1n reduced

measurement accuracy. The teeth-caused vibrations are also

referred to as micro-vibrations, as their amplitudes will]

1n Jdeneral be comparatively low wilith respect to the

movement and other effects.

The un-toothed belt 2D will 1n general not suffer from such
tooth-vibrations, but still other sources of mM1Cro
vibrations 1like friction of - 1n particular not-optimally
adjusted - Dbearings and/or  torque-ripples from  the

pre——
—

propulsion motor 21. Apparently, those other sources of

mlcro vilibrations can also be present 1n all the other

mentioned drive mechanisms 12. The mentioned torgque-ripples

pr——

can be the result of the so called motor-cogging or comlng

from the driving electronics excitation and/or the involved

control-loop, for example from a cascaded current control

loop which 1s tuned to slightly overshoot. Flat belts 2D on

—

the other hand can result 1n undeslired slip effects.

pr—

In general, all the Dbelt drives suffer from flexure-

—

‘ness of the belt material 1s limited

—

drawbacks as tThe st1

and the quite longlsh geometry and small profile limit the
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belt’s stiffness and result 1n more or 1less springy

behaviour.

pre——

Fig. 1c schematically 1llustrates an example of another

—

known embodiment of a drive mechanism 12 to which the

—

present 1nvention can be applied. Most of the structural

pr——

parts are similar to the ones of Fig. la, with the main

g

difference 1lying 1n the arrangement of the components,

resulting 1n dilifferent mechanical characteristics. This

figure also shows a position measurement 1nstrument

comprising a linear scale 7 and a correspondlng readlng

pre——
—

head 8 which can be used to evaluate a drive position of

the second frame element 4 which 1s moved by the propulsion

—

motor 21 by means of the drive mechanism 12 that comprises

a belt 2 and a wheel 1, linked by the element 3.

pr——

The determination of the drive position, which 1n CMMs -

due to their nature - has to be accomplished with high

accuracy, can for example be done with known optic,
electro-optic, magneto-restrictilive, magnetic, capacltive,
or other linear measurement 1nstruments which can determine
the position with high accuracy, 1n particular 1n the range

—

of micrometers or even below.

—
e

Obviously, there are many alternative arrangements of

transmission belts and drive mechanisms 12, which can be

g

used To drive an axis of a CMM. Transmilission belts 1n

general can, by their nature, only transmlt forces 1n one

pr

direction 1n a relatively st manner, while Dbelng

comparably weak 1n other directions. Thilis can be seen as an

pr—

advantage, as a transmission of undesired lateral loads 1s
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thereby suppressed, whereas other, stiffer llnear

transmisslions regqulre speclal precautlions and means.

Fig. 1d shows two linear drive mechanisms 12, not belng

based on a belt drive, to which the present 1nvention can

]

and

be applied as well. A rack and pinion (or gear rack) 2.

a screw 2F for moving the frame elements 4 and 11 relative

to each other, are exemplarily shown. Those can substitute

che belt arrangements of Fig. la or Fig. 1lc as known 1n the

art. Nevertheless, the drive mechanism 12 based on those

princlples can also suffer from similar problems 1like
limited stiffness, micro-vibrations, backlash, etc. as
explalined by means of the belt drives above. In particular,

those can also be considered as, to some extent flexible,

periodilically toothed structures. Although thils text mainly

refers to belts and belt drives, those alternatives are

covered as well.

pr—— |} pre——

Fig. 2a 1s a magnification of the coupler or connection

pre——

interface 3 and represents one example of how to connect a

tooth-belt 2 and a moving mass 4 of the second frame
element by usage of an active compensation actuator
according to the 1nvention. In this case, the coupler 3

comprises two parts or Tplates” 3A and 3B which are

pre——

connected to each other with a movable structure 1n form of

a flexible element © (such as leaf-springs or the 1like).

One plate 3A (rectangular shape) 1s connected to the tooth-

belt 2 and the other plate 3B (U-shape) 1s connected to the

moving mass 4. Between the plates 3A and 3B there 1s an

actuator 5 that c¢can move the relative position of the

rectangular plate 3A towards the U-shaped plate 3B by

deforming the flexible element © and thereby shifting the
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movable structure, 1n partilicular 1n or opposlite to the

direction of movement of the drive unit 12. This means that

when the tooth-belt 2 accelerates, there will be forces

between the tooth-belt 2 and the moving mass 4 - which will]

stretch the belt 2.

The tension of the belt 2 can be compensated with the

actuator o5 that moves the plate 3B the same amount that the

belt 2 has been stretched, but 1n opposite direction. This

means that 1n view of the first and second frame elements,

the belt 2 and the coupler 3 together will have virtually

infinite stiffness. The counter displacement redquilired
therefore - 1ntroduced by the active compensation actuator
- wlll Dbe a parameter mainly dependent on the applied

pr——

force, the belt-stiffness and the effective length of the

force transmilitting section of the belt 2. Dependent on the

pr—— pre——

actual embodiment of the drive mechanism 12, the e

"ective

length can hinge on the drive position, which fact can be

—

taken 1nto account 1n the determination of the required

counter displacement.

The requlred active displacement compensation to  Dbe

introduced by  the actuator o can be determined Dby

measurement of the force applied between the plates 3A

and 3B or the belt 2A and the plate 3A, the acceleration at

—
-

the element 3, the displacement of 3B relative to 3A or to

the base frame element 11. An evaluation according to the

linear scale from the moved mass 4 can be 1ncorporated as

pr——

well (see Fig. 3). Also, a combination of the above can be

used.
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—

The actuator can, for example, be a piezo actuator. An

pre——

example of a high power actuator from Pilezo Jena 1s the HP-

serles like the HP-105-X-Y or HPA-200-X-Y.

The active compensation actuator works 1n such a way that

the forces applilied to the moved frame element 4 are smooth

and do not comprilise ripples and oscillations, which means

that, 1f there are some ripples or oscillations, they are

compensated or at least reduced by applying a counter

osclllation with the same amplitude, but 180 degrees phase

shifted, so that the residual force will comprise almost no

osclllations (such as the mentioned tTransient oscillations

and micro vibrations).

pre——

f Tthere 1s a need to disconnect forces 1n directions other

—
-

than the drive mechanisms deslred direction of movement,

e.g. orthogonal towards the driving direction, this can

also be done 1n a similar way by an active displacement

actuator, but preferably, such 1s achieved by other means

allowing a flexible coupling 1n this direction, 1lilke some

parallel spring.

The flexure of belt 2 results 1n bendling on acceleration

pre——

and deceleration of the drive mechanism 12 and can also

result 1n oscilllations due to the resulting spring-mass

configuration.

In other words, the coordinate measuring machline has at

least two frame elements 4,11 belng movable relative to

each other, a linear drive unit 12 - with a motor 21 for

moving the frame elements 4,11 relative to each other - and

a coupler 3, providing a mechanical link for conjoilning one
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frame elements 4,11 with the linear drive unit 12.

frame elements 4,11 1s causling a

deflection 1n the drive unit 12, 1n particular

the dynamilc

deflection comprilse dynamic

ions, transient oscillations and/or micro-

vibrations on dynamlic drive movement.

The method according

compensa
machine

10 elements

lnvolves — oOn

4,11 of the CMM relative to

c1ng dynamilic deflections 1n a coordilna

pre——

to the 1nvention for actively

moving the at least

drive unit 12 - an actively 1ntroducing of
displacement 1n the coupler 3, for at 1leas
compensating the dynamic deflection 43 by

counter-
15 coupler

unit 12

which

deflect1

3. Thereby, a

—

—

counter—-displacing of

agalinst one of the frame elements 4,11

e measuring

TWO frame

cach other by the

a counter-

t partially
applyving a

force by an active compensation actuator 5 1n the

the drive

18 achieved

(at least partially) compensates the dynamic

ons, 1n particular whereln the counter—-displacement

1s corresponding but contrarily in direction to the dynamic

20 deflect1

determined by measuring a displacemen

Fig. 2b
a sprin
actual

25 spring 3

on, preferably wherein the dynamic deflection 1s

shows a simple, a

pr——

C or displacing force.

bstracted model of a belt drive as

g-mass comblnation. The arrow 30 stands for the

1 stands for the

p—

stands

moved, the compensation 33 models friction e

fixture

models can be more detailed and e.g.

30 sophlstlicated elements such as backlashes,

for The mass of

34 stands for the

flexure of the belt 2,

force 1ntroduced Dby the propulsion motor 21, the

the mass 32

the second frame element 4 to be

pr—

first frame element 1

"ects and the

1. Practical

also comprilse more

drive position
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pre——

dependent parameters (e.g. to model a change of the spring

B

constant dependent on the actual length of the <force

transmitting belt section), or the like.

Fig. 2c¢c shows the abstracted model of Fig 2b with an

p—
-

additional, simplified model of an active displacement

correction unit 135. The coupler wlth the active

displacement correction unilit 135 comprises a spring 132

modelling Che movable structure S and “he active

displacement actuator 130. In certaln embodliments, the

actuator 130 can also comprise the flexure 132 1nherently

pre——
—

and the spring 132 can also have a spring constant of

(almost) zero when modelling a movable structure.

The principle will be 1llustrated 1n simplified manner by

— p—

an 1llustration of the Dbasic e

"ects only, 1ntentionally

pr——

skipplng some side effects whilich are apparent to a person

pr——

skilled 1n tTthe art of mechanics. It 1s not 1ntended to

provide a fully correct mathematical model.

Presuming that the spring 132 has a spring constant belng

pr——

lower than the one of spring 32, also colloguially known as

a softer spring, the application of the same force will

result 1n higher stretching at 132 than at 32.

pre——

f the active displacement actuator 130 1ntroduces the same

pre——

force as the driving force 30, the stretching of 132 will

be zero, as forces at the active compensatlion element are

in equilibrium.

—

f the actilive displacement actuator 130 1s 1ntroduciling a

force dJgreater than the force 30, the spring 132 will be
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compressed, and not bent as the spring 31. Since the spring

—

constant of the spring 132 1s 1low, a force 130 at the

active compensation element 135 being a small amount

greater than the driving force 30 can result 1n a counter-
compression at the spring 132, which results 1n a

compressilion—-dilisplacement being equal to the stretching-

pre——

displacement at the stiffer spring 31. Thereby, the whole

arrangement can be described as having a virtually

infinitive stiffness (or at least an actively 1ncreased

pr—— pr—
—

‘ness, 1f no full compensation 1s deslired or

virtual sti]

achieved) .

—

A simple numerilical example for explanation, wherein the

pr—

scallng 1s chosen for ease of explanation and does not have

—

"ects:

practical relevance or any limiting e

Spring constant Dizg = 1 N/mm,

Spring constant D3y = 10 N/mm,

Driving force Fizg = 100 N.

B

This results 1n a displacement L3y of:

Lig = Fs9/Disg = 100 N/10 N/mm = 10 mm,

—

which 1s the prior art case of an uncompensated machine.

Without force Dbeing applied to Disg (F'130 = 0O) 1ts

displacement Ljiszoa would be:
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Li13pa = F30/D]_30 = 100 N / 1 N/mm = 100 mm

which would be added to the prior art displacement and

pre——

would obviously not be beneficilial 1n view of compensation.

—

With the same amount o force Fip of 100 N applied 1n

opposlite direction to Dizp as Fizeg = 100 N, 1ts displacement

Liisgg W1ll be zero as Fig and Fi3g are balanced and no force

1s acting on the compensation elements spring Disg.

ToO achleve the same displacement of 10 mm at the

compensation element (but 1n opposlite direction, as

pr—

force

compensation 1s desired), an additional amount o

pr—
—

F'130¢ add 1n the order of:

F13OC_add — L3O / 23130 = 10 mm / 1 N/mm = 10 N

has to be applied to Disp.

B
B

This results 1n a sum of forces Fizoc at Dijzg Of:

F]_30c — F130B + FlBOC_add = 100 N + 10 N = 110 N.

Thereby the displacement of both of the spring elements

cogether (which are used for modelling the actively damped

drive mechanism 12) can be considered to be zero. This can

pre——

‘ness.

also be 1nterpreted as a virtually 1nfinite sti

pr—

An expert might be aware of the fact that above explanation

1s very much simplified and 1s not i1ntended to be a highly

—

accurate modelling. Although certain side effects are
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—

neglected, the underlying principle of how an active

compensation accordlng to the present 1nvention can be

achieved 1s clearly 1llustrated.

For example, additional forces on the spring 32 due to the

force/displacement at the flexure 132 were not considered,

but additional stretching resulting therefrom can also be

pr——
—

compensated 1n a similar manner by a further 1ncrease of

che compensating force.

Besides, not only the stretching and deformation within the

—

drive system 1tself can be compensated by the coupler 3,

pre—— pr— pre——

but also a compensation or reduction of the effects of

pre—— pr——

deformation of other parts, such as parts of the frame

structure, due to the motion forces or dynamic forces can
be achieved by a countering active displacement

compensation according to the present 1nvention.

—

The amount of requilired compensation can be determlined based

on force measurement, dilsplacement measurement, dynamilcs

measurement (velocity, acceleration). Besides the before-

pre——

mentioned usage of dedicated sensors, another example could

—
-

be the measurement of the force 1ntroduced Dby the

propulsion motor as a basilis for the determination of the

—
e

desired countering. A partilcular example can be a usage of

pr——

the wvalue of the desired or measured propulsion or drive

motor current, which 1s often available for control 1loop

pr——

purposes anyway. Alternatively, the amount of compensation

pr——

can be determined by prediction or modelling of the 1nduced

pre——

displacement based on the desired trajectory of movement.
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pr——

As 11llustrated 1n the embodiment of Fig. 2d, the

pre—— pre——

measurement of the movement of the moving mass 1ncluding

low—-frequency excilitations, also referred to as transient

osclllations, and high-frequency excltations, also referred

—
-

whereby the piezo works as both a measurement sensor and an
actuator. Alternatively, the measurement can also be done
by a distance sensor (optical, capacltive, etc.) which can

be located 1nside the U-shape, parallel to the actuator,

—

which measures the relative movement of the moving mass

agalnst the belt. Furthermore, the sensor could be ailded by

—

one or more accelerometers, speed sensors or the 1like for

measuring an “absolute” movement. The linear scale reading

of the drive position always provides an absolute movement

pre——
—

the CMM.

pr—

In the case of using a plezo as force sensor and actuator,

there also can be added a second plezo, e.g. on the other

si1de of the connection to tThe tooth belt as shown 1n

pr——

Fig. 3, to reduce or ellminate hysteresis effects, which

cyplcally can appear wlith plezo actuators. For Chat

purpose, each pliezo measures and acts only 1n one of the

—

two dilrections of movement whille the other piezo only

measures and acts 1n the other, opposite direction. The

pr——

term “Ya plezo” can also mean a set or stack of piezos

fulfilling the task as described 1n the embodiments.

—
o

As another example, a measurement of force can also be done

at tThe 1nterconnection of the belt 2 and the coupler-

part 3A, 1n particular at the black bar drawn 1n-between

those two elements.
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pre——

Besi1de the usage of pliezos, e.g. also magnetic actuators

such as volcCce coll drives can be used as active

compensation actuators. Also e.g., a straln gauge on the

elements o6 can be used as sensor to determine the force or

displacement as explalned above.

The active compensatlion actuator can then Dbe controlled

according to the deflections or displacements (low- and

high-frequency excitations) measured by the sensor such as

a plezo, accelerometers, speed Sensors, optical or

pr—

capacltlive distance sensors, and of course by the linear

scale.

pre——

In the embodiment of Fig. 4, the movable structure which

previous figures was embodied by a flexible element © which

—

was deformed by the active displacement actuator for

introducing the counter-displacement, has been replaced by

a gliding gulde 13 which 1s coupling the parts 3A and 3B.

The gliding guilide 13 1s movable or shiftable 1n the

pr——

direction of movement by the active dilisplacement actuator,

as 1ndicated by the double arrow. In this embodiment, the

—
e

active compensation actuator will also medlate forces of

movement between the two frame structures.

pr—

Fig. 5 shows an exemplary embodiment of a CMM 100. The so

pr——

called rigid frame of the machline comprises a Dbase or

machine bed 104, linked to a Y—-axils 101 embodied by a
portal 4y by drive mechanism 12 according to the 1nvention
wlith propulsion 1y, a belt drive 2y and a coupler 3y
comprlsing an active compensatlion actuator according to the

—
e

present 1nvention. The 1linear scale 7y 1s part of an

—

embodiment of a poslition measurement 1nstrument.
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Silmilar to the vy—-axis, there 1s an x—-axis wilith the

portal 101 as a first frame element and the second frame

element 102 movable relative to each other by another drive
mechanism 12 which can also comprise an active compensation

element accordiling to the 1nvention.

The third z-axls comprises the frame elements 102 and 103,

whereto a probe head 105 can Dbe "1xed, whose  space

coordinates are determinable according CO Che drive
positions measured by 7/x, 7y and 7z, and which can be
evaluated by the controller 109 or by an external PC linked

pre——

thereto. The controller 109 1s also responsible for a

coordinated movement of the axis, e.d. according to

predefined measurement programs or by joystick.

The machiline 1s bullt 1n such a way as to determline at least

—
o

one space coordinate of a measurement point 108 on an

object 107 to be measured by the, 1n the drawn example

cactile, probe 106 on the probe head 105 which 1s movable

1n tree perpendicular dilrections 1n space.

pre——

The general advantage of the present 1nvention with a

coupler having an active compensation actuator 1s to reduce

pre——

the Impact of the excilitations on the final CMM measurements

as well as to allow higher speed and dynamics

—

(accelerations) 1n moving the different parts on a CMM,

—

which 1s currently restricted by the limited stiffness and

the micro-vibrations. By thils, 1n particular the overall

pre——

measurement accuracy and/or speed of the machine can be

lncreased.
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Flg. ¢ lllustrates an example of a simple trajectory of a
drive mechanism 12 of such a CMM 100 in a position 44 over
Cime 45 view. The dashed line 42 illustrates a simple

cesired movement as a ramp function, wherein ovractical

desired trajeclories are often choszen to be nuch smoobher,
.4, dJerk limited S-curves or the like. The solid line 47

18 the wmeasured movement of the frame element withour with
a deactivated achtive compensation actustor, which shows
some Translent oscrlilations due to the flexure of the drive
mechanism 12, in particular at acceleration and
ceceleration and a slight following error in the niddle
section of the ramp due to eclastic deformations which are

not fully compensated by the drive mechanisms control loop.

With the active compensaticn actuator turned on, the actual

wrajectory 43 can be {fitted mers closely toe the desired

Lrajectory 42, reducing displacement errors and -ab least

partiy - compensabting them. To keep the figure clean and
simple there 1is no special line shown for this, bub it is
referred to an actusal trajectory which is closer to or

almost fully overlaving the desired one.

Flg. 7 18 similar to Fig. 6, but it also illustrates the

rentbroned micro vibrations of the drive mechanism 12 in the

actual fTyvajectory 43 which i35 now added. In practical
smbhodiments, Lhe MLCLo vibrations AYE often speed

dependent, which is nobt visibie in this figure due Lo

simplicity. By the active compensation according to the

present invention, also those micro vibrations oan be -~ at

lesst partiy - compensated, resuliting in a trajectory very

close to the desired one 42.
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The active compensation actuator can

dedlcated control loop,

the

separate,

of the only, on

SEIIS0Or

—

Or OL

a combination of both.

position,

Alternatively, the active compensation

pr—

be nested 1n the main control loop of

12.

deslred

PCT/EP2012/055394

be controlled by a

based on The measurement

and actual drive

actuator control can

the drive mechanism
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CLAIMS @

1. A coordinate measurement machine for determination of
at least one space coordinate of a measurement point on
a measured obiect, with .

« a first frame element,

¢ a second frame element,

* & linear drive unit with a motor for moving the
second frame element relative to the first frame
element 1n a direction of movement, wherein the drive
unit has limited stiffness and dynamic deflections on
movement:,

* a position measurement instrument, for determining a
drive position of the second frame element relative
te the first frame element,

+ a mechanical coupler from the drive unit to the
second frame element, which coupler comprises a first
part fixed to the drive unit and a second part fixed
to the second frame element, which parts are movable
relative to each other, in the direction of movement,
by an active compensation actuator, wherein the
coupler and the active compensation actuator are
built in such a way to shift the second frame element
against the drive unit to introduce a counter-
displacement for at least partially compensating the

aynamic deflections.

2 . The coordinate measuring machine according to claim 1,
whereiln the dynamic deflections comprige:
» a4 dynamic deformation in the drive unit at

acceleration/deceleration of the frame element and/or
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e a transient oscillation in the drive unit, stimulated

v the movement of the frame element.

3. The coordinate measuring machine according to any one
of claims 1 to 2, wherein the coupler comprises a flexible
element between the first and the gsecond part of the coupler
and the counter-displacement 1is introducible by a
deformation of the flexible element by the active

compensation actuator.

4 . The coordinate measuring machine according to any one
cf claims 1 to 3, wherein the coupler comprises a
displacement sensor which 1s built and arranged in such a

way to determine the dynamic deflections.

5. The coordinate measuring machine according to claim 4,
wherein the dynamic deflections are determined by the sensor

v« according to a measured change of geometry of a part
ol the drive unit or

« according to a nmeasured force or acceleration.

6. The coordinate measuring machine according to claim 4
or 5, wherein the active compensation actuator 1s built in

such a way to function as the displacement sensor for

determining the dynamic deflections.

7. The coordinate measuring machine according to any one
cf claims 1 to 6, wherein the active compensation actuator
1s driven by a control lcoop according to the dynamic
deflections determined by the displacement sensor in such a

way that the dynamic deflections are at least partially

compensated by the counter displacement.
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“7

8 . The coordinate measuring machine according to claim 7,
wherein the control leoop having a bandwidth higher than the

bandwidth of a coentroller for the drive unit.

3. The coordinate measuring machine according to any one

-

of claims 1 to 8, wherein the active compensatiocon actuator

-

comprises a magnetic actuator.

10. The coordinate measuring machine according to claim 9,
whereln the magnetic activator 1is a voice cozl.
11. The coordinate measuring machine according to any one

of claims 1 to 10, wherein the active compensation actuator

comprises a drive based on a prezo active material.

12. The coordinate measuring machine according to any one
of claims 1 to 11, wherein the dynamic deflections are
determined by a calculation unit dependent on the difference
of a desired tLrajectory of the movement and the determined

drive position from the position measurement instrument.

13. The coordinate measuring machine according to any one

of claims 1 to 12, wherein the dyive unit comprises a belt

drive with a belt for the rtransmission of forces of

MOVement .

14. The coordinate measuring machine according to claim 13,

wherein the belt drive 18 a&a tooth belt.

15. The coordinate measyring machine according to claim 13

or 14, wherein the coupler conjoins the second frame element
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with the belt and compensates the dyvnamic deflections
resulting from a strain of the belt due to the forces of

movement.

16. The coordinate measuring machine according to any one
of claims 1 to 15, wherein the dynamic deflections comprise

a micro-vibration, introduced by the drive unit.

17. The c¢oordinate measuring machine according to claim 16,
whereln the micro-vibration results from a tooth system
within the drive unit, torgue ripples from the motor, or

both.

18. A method for actively compensating dynamic deflections
1n a coordinate measuring machine with,

e at least two f{rame elements belng movable relative to
each other,

 a linear drive unit with a motor for moving the frame
elements relative to each other,

*  a coupler, providing a mechanical link for conjoining
one oL the ftrame elements with the linear drive unait,

wherein moving of the frame elements is causing a
gynami¢ deflection in the drive unit, and

wherein the method comprises:

« moving the at least two frame elements relative to
aach other and,

» actively introducing a counter-displacement in the
coupler for at least partially compensating the dynamic
deflection by applving a counter-force by an active
compensation actuator in the coupler and thereby counter-

displacing the drive unit against one of the frame elements,



CA 02828826 2013-08-30

44

wherein the counter-displacement is corresponding but

contrarily in direction to the dyvnamic deflection.

19. The method according to claim 18, wherein the dynamic
deflection comprise dynamic deformations, transient
oscillations and/or micro-vibrations on dynamic drive

movement .

20. The method according to claim 18 or 19, wherein the
dynamic deflection 1s determined by measuring a displacement

or displacing force.
21. The method according to claim 18, 19 or 20, wherein the
active compensation actuator is controlled according to a

desired trajectory of the drive mechanismn.

24, The method according to claim 21, wherein the

controlling 1s performed by a main control loop which i1s

aiso controlling the drive unit.

23 . The method according to claim 18, 19 or 20, wherein the
active compensation actuator is controlled in a dedicated
control loop according to the determined dynamic

deflections.

24, The method according to claim 23, wherein the
controlling is independent of a main control loop for
controlling the drive unit and has a higher bandwidth than

the main control loop,

25. A computer program product wilith program code being

stored on a machine readable medium, the program code being
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contigured to automatically execute and operate the method
of actively reducing dynamic deflections according to any

one of claims 18 to 24.

a6, The computer program product according to claim 25,
wherein the program 15 carrvied out on a digital computation
unit of a controller in & coordinate measuring machine

according to any one of claims 1 to 17.
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