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ABSTRACT

Within the Europeanproject HAFAM (Handling and
Assembly of Functionally Adapted Microcomponents)a
testing stage for characterizing rotating micro-electro--
mechanicaimachineshasbeendevelopedThe objectiveof
this micro torquetestingstageis to provide a flexible and
modularmeansfor assessinghe performanceandthe qual-
ity of both active and passivemicro machinecomponents,
e.g.micro motorsor micro ball bearingsThis taskhasbeen
accomplished by using the following principle.

A mastemotor drivesthe rotatingcomponentunderin-
vestigationandimposesa certainrotation speed. If an ac-
tive micro-electro-mechanicatomponentis testedfor ex-
ample, this deviceis controlled synchronouslyto the rotor
angle of the driving motor. Hence,the torque producedby
the micro-electro-mechanicatomponentor other signifi-
cant valueswill essentiallydependon the control signals
applied. The control of both the masterand the probe mo-
tors aswell asthe measuremendf variousprobesignalsis
carriedout by a computerundera real-time operatingsys-
tem, real-time Linux.

A graphicaluserinterface offers the possibility for an
easymachinecontrol, signalevaluationandpostprocessing

for the final evaluation of the devices under investigation.

INTRODUCTION

Micro-mechanical devices, and in particular rotating
micro-mechanicablevicessuchas micro motorsand micro
actuators,or passivecomponentdike micro ball bearings
and spiral springscan nowadaysbe found in a variety of
consumergoods. Before these micro-mechanicaldevices
can be usedandimplemented however,their performance
and quality has to be assessed.
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In the frameworkof a Europeanproject, CTM (Centre
de Transfertdes Microtechniques),a R&D centrein the
field of micro technology hasdeveloped testingstagefor
characterizing such micro mechanical devices.

Generallyspeakingcharacterizinga micro motoror any
electric motor is basedon a profoundunderstandingf the
electro-mechanicatystemin termsof the energyflow and
transformation Dependingon the motor principle different
approachedaveto be applied, e.g. a piezoelectricmotor
hasto be suppliedwith sinusoidalvoltagesnearits eigen
frequencywhereaghe rotor speedwill be a function of the
excitation frequency. The measuremenprinciple for an
asynchronousnotor is different again,andfor a DC or a
synchronousnotor, too. How canthe torque-speeaharac-
teristic be determined for a variety of different motors?

The commonsenseapproachwill be to control the mo-
tor with the appropriatesoltageandto usea brakesystento
control the rotor speed,.e. therotor speeds a resultof the
brakeeffort applied. Thenthe motor torque,speedandcur-
rent canbe measuredwhich yields the powerconsumption
and hencethe efficiency if the entire speeddomain is
scanneddy changingthe brakeeffort. This approachshows
alreadythat there must be a constitutiverelation between
speed and torque one of which can be fixed.

The torquetestingstagepresentechereemploysthe in-
verse principle to accomplishthis characterizatiortask: it
imposesa speedwhereasthe resulting torque dependson
the motor control andits synchronizatiorto the rotor speed
andangle.In orderto accomplishthis controltask,the free
andopensourcereal time operatingsystemRTLinux [1] is
used.

Beforethe measuremenprinciple is explainedin detail,
however,the test systemusedis presentedn termsof the
principles employed.



PRINCIPLES OF OPERATION

Before a test stage for assessinga micro-electro--
mechanicabevicecanbe designedthe physicalparameters
to be characterizedind measuredaveto be defined.Since
the testbenchpresentedhereis usedfor rotatingmachinery,
the torquemeasureds the mostinterestingparameterboth
asfunction of the rotationspeedandthe rotor angle.There-
fore, a reliable torque sensor is needed.

Torque sensor principle

In general,a sensorappliessomephysicalprinciplesto
extractthe variableof interestfrom the physicalsystem,in
this casethe torque createdor causedby a micro compo-
nent.Figurel givesa sketchof the MTE torquesensotprin-
ciple used.
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Figure 1. Principle of MTE torque sensor

The heartof the sensoris a silicon crossmountedverti-
cally betweentwo rigid plates.The ensemblés rigid in ra-
dial direction, but very sensitivefor torsion. In effect, this
crosscanbe consideredaslinear angularspring,i.e. oncea
torqueT is appliedto it, the top platewill twist againstthe
bottomplate by anangleproportionalto the torqueapplied.
Hence,the torquesensomusedin this setupmapsthe torque
T applied on an angular displacement

This small angulardisplacementp is transformednto a
linear displacemenX of a laserspoton a sensitivesurface
by meansof a mirror anda LASER beam,i.e. by LASER
triangulation. Furthermorethe displacemenis transformed
into avoltageU correspondingo thelineardisplacemenk,
the angular displacemegqtand finally the torque T.

If a probemicro componentis mountedon the sensor
top plateandsometorqueis appliedto it, or the component
createssometorqueagainstthe inertial system exactly this
torque is measured.

Measurement principles

As alreadymentionedn the introduction,a strongmas-
ter motorimposesa speedandthe torquecreatedor caused
by the micro componen{active or passive)at this speedis
measuredThe torqueexchangedetweenboth mastermo-
tor andthe micro componentanthendirectly be measured
at this speedsynchronouslyo therotor angleasfunction of
this angleasall othervariablesmeasuredFigure2 givesan
idea of this principle.
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Figure 2: Principle of driven mode

As for active componentssuch as micro motors the
torque dependson the control of the micro motor and its
type. For example,a synchronousnotor employeshe prin-
ciple of a rotating magneticfield dragginga permanent
magnetat the samespeed.The torqueis thena function of
the phaseangle betweenfield vector of the rotating field
andthe field vectorof the permanenmagnet.the so-called
load angle.

One possibility to assesghe synchronouamotor is to
keepthe rotor axis at zerospeedandlet the field vectorro-
tate at a small speed.Thena figure for torqueversusphase
angle can be traced which gives the maximum holding
torque of the motor (see Figure 3).

In orderto determinethis maximumtorqueat a given
rotor speed,the magneticfield createdby the motor coils
hasto be synchronizedo the rotor speedwith the phasebe-
tween both controlled. Then the phaserange has to be
scannedthrough yielding a function torque versusphase



angle. Its maximumyvalue hasto be savedfor all rotation
speedswith the function maximumtorqueversusspeedbe-
ing the result (Figure 4).
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Figure 3: Torque-field phase characteristics of a stepper
motor

Software principle

Figure 2 alreadyanticipatedthe measuremenprinciple
with anexplanatiorfor a synchronousnotor. Now this pro-
cedureis explainedin termsof software.At a given rotor
speedthe incrementalcoder will produce TTL impulses
which are conveyedto a counterboardin the computer.
Note that the resultingfrequencyis 240 kHz at 40000rpm
for 360 impulsesper revolution which is too much to be
treatedby the computerin real time, at leastfor the com-
puterused.Forthis reasorthe counterboardis programmed
to count from a speeddependentvalue (later on called
“down samplingfactor’’) downto zeroandtriggersaninter-
rupt afterwards

A synchronousmotor is usually driven by sinusoidal
functionscreatinga rotatingmagneticfield which takesthe
permanentmagnetwith it. If the computeroutputsthese
voltage functions perfectly synchronizedo the rotor angle
duringrotation,theload anglewill remainconstantThus,a
load to the probemotoris simulatedandthis anglecansim-
ply be changedby changingan offset of a pointerto the
functionsto be output. At the sametime the coil currents
can be measuredwhich togetherwith the output voltage
givesthe powerinput into the motor. The producedtorque

can be measuredsynchronouslyto the externalcoderim-
pulseswhich are equivalentto the rotor angle. The power
losses and hence the efficiency can then be calculated.
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Figure 4: Torque-speed characteristics of a synchronous
motor

TORQUE STAGE SETUP

Figure 5 showshow the experimentalsetuplooks like.
The essentiapartsof the system the computera rack con-
taining control electronics,and the mechanicalsetupitself
are shown.

The micro mechanicaldeviceto be testedis held by a
clamping device which is directly mountedon the torque
sensor(a cylindrical shiny box) for a range of +50uNm
which dependsn generalon the type used.This sensoris
then mountedon anothersensorthe ATI force sensor.The
entire setupis fixed on a xyz translationtable to makethe
correctalignmentto the mastermotor on top of the setup.
This mastemotoris equippedwith anincrementakoderof
360 impulsesper revolutionanddrivesthe micro mechani-
cal device using a specialmicro coupling being rigid for
torsion, but elasticfor all otherdegreeof freedom.In case
of an active probe device, a connectorfor 3 channelsis
mounted on the right of the setup.

All electronicsnecessaryo drive the sensorsandactua-
tors is built into a rack. It containsthe amplifier of the



torque signal converting the laser spot displacementto
15V, anamplifier for the ATI torquesensomappingforces
to 0-5V. Additionally, the coil currentsof a micro motorare
measureanappingt1000mA to +5V. Furthermoretherack
comprisesthe power stagefor the mastermotor mapping
15V to +4A ascurrentsetpoint,andthe powerstagefor the
micro motor with three channelsof +12V output voltage
mapped to &5V setpoint.

Figure 5: Micro torque testing stage

In orderto output4 signals,one for motor currentset-
point and three for the coils of the micro motor, respec-
tively, the ICPDAS 12bit output board pioda4 has been
used. A ICPDAS pcidas1800DAQ board has beenem-
ployedto measurehe torque,threecurrents threevoltages,
the motor speedandthe ATI forcesat 12bit resolution.For
the synchronizationpurpose,a ICPDAS piod48 has been
utilized. A P200wasusedwith everythingusuallybuilt in a
desktopcomputer.On the OS side, FSMLab's RTLinux 3.0
[1] using kernel 2.2.19.

TORQUE STAGE SOFTWARE

Oncestarted the torquetestingstagepresentstself with
a window like in Figure 6. From herethe usercan follow
the menusand later executedifferent measure®r measure-
ment cases.

In total four different pull down menusare available,
File, Calibrate,OptionsandDisplay. For eachsensorthere
is an entry in the Calibrate pull down menu, namely:

* Rotor angle, the UNINOVA angular sensor
« Rotor speed, the rotor speed of the master motor

¢ Torque, the measuredorque using the MTE torque
sensor

« Voltages,the voltagesof the probemotor, eitherEMF
or measured

¢ Currents,the currentsin the probe motor coils, either
induced or measured

* Forces, forces of the ATI force sensor
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Figure 6: xmcm main window

Clicking one of this menuwill start the measurement
andcalibrationprocessThe usercannow enterthegainand
offset valuesin orderto adaptthe effective outputto the
value expected.Figure 7 gives an examplefor the torque
sensor.
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Figure 7: Calibration of the torque sensor

The optionsmenuoffers two entries,automaticmode,
for executionof proceduresand transientmode, for tran-
sient measurement.

Display menucombines all different measuredsensor
signalsand different abszissadike Time, Rotor angle,Ro-
tor speedField Angle, Field PhaseField Speedandyields
amultitudeof displays.Clicking on oneof the displayswill
tag the measureand the abszissafor later use. Once the



measurements started,this will be updatedcorrespond-
ingly. Figure 8 gives an example.
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Figure 8: Torque over time display

The torquetestingsoftwareoffers severaluserplenty of
user entries:

e Mastermotor speedor brakemode,enableanddirec-
tion button,

« Master motor speed or brake mode numerical entries,

¢ Probemotor currentor voltage mode, enableand di-
rection button,

¢ Probe motor current or voltage numerical entries,

¢ Probemotortypes,DC, AC with time, field synchro-
nous and master motor synchronous mode,

* Entries for display constraintslike minimum and
maximum speed, angle and time ranges,

¢ Inputfields for the numberof channelsratio between

VOLTAGE or CURRENT modewhich will affectonly the
values in the results.

Master motor off and probe motor off

In this case the measuremergystemis entirely passive
andit is reasonablenly to measurehe functionsof time,
eventhoughotherdisplayswill showsomenonsenseThis
mode might be usefulto verify the correctmeasuremenbr
some mechanical tests with the bench.

Master motor on and probe motor off

If the mastermotor is on, there are basicallytwo pos-
sibilities, either brake control which can only work if an
electrical brakeis connectedo the system,or rotor speed
controlif acontrolledmastemotoris connectedo theelec-
tronics. This is the only reasonableasehere.In this case
passivecomponentganbe measuredlke ball bearingsand
the like.
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Figure 9: Voltages over field angle function

field speed and electrical speed, field speed and phase,

e Start and stop buttons,

The combination of the switch buttonswill enableor
disable certain numerical entriesfollowing a certain con-
cept, e.g. If the mastermotor is selectedand the speed
mode, the usercan entera speedvalue. In anothercase,if
the probe motor is selectedto be an AC type of motor, a
window will pop up for the functions profile asit canbe

seen in Figure 9. Here you can import predefined profiles.

MEASUREMENT CASES

All options,menus,displays,entriesand switchespro-
vide a variety of possiblecombinationsand measurement
cases.In the next sections,somereasonableeombinations
are presentedFor all casespresentedthe direction canbe
set to RIGHT or LEFT, as for the probe motor to

Master motor off and probe motor on

In this case probablyneithera mastemmotor nor a brake
is mountedon the system,but the probemotoris usedsol-
emnly. Here the following choices might be interesting:

DC mode

A transientperiodof a DC motor canbetraced,e.g.se-
lect a voltage, selectTORQUE/ TIME and pushSTART.
Then the transientbehaviorof a DC motor can be visual-
ized.

AC mode

With time basedunctionsor field anglesynchronouso
field speedatransientperiodof an AC motorcanbetraced,
e.g. selecta voltage function by importing any predefined
function, selectTORQUE/ TIME and pushSTART. Then
the transient behavior of a AC motor can be visualized.



Master motor on and probe motor on

This is the mostversatilecombination.A mastermotor
can impose a speed,and dependingon the probe motor
somediagramscan be obtained.In the following two are
described for which there is an automatic mode.

DC mode

In this case selecta VOLTAGE for the DC probemotor
and a speedfor the mastermotor. The resultingtorquecan
be tracedusingTORQUE/ TIME or any otherdisplay.For
this case,anautomatichandleris availableandby selecting
the AUTOMATIC option, the minimum and maximum
speedcanbe enteredn the respectivenumericalentries.By
pressinghe START button,the stagesoftwarewill scanthe
speed range and trace the TORQUE / SPEED diagram.

AC mode

With field angle synchronizedo rotor angle,synchro-
nizing the probemotor outputto the rotor angleof the mas-
ter motor which is equally the rotor angleof the probemo-
tor rotor, is a challengefor the real time operatingsystem.
Selecta VOLTAGE, thenimport a voltagefunction aspro-
file. For a given rotor speed,this function will be output
synchronizedto the rotor angle with the torque being a
function of the field phasej.e. the anglebetweenthe rotor
magnetand the field vector. The resulting torque can be
tracedusing TORQUE / TIME or any other display, like
TORQUE / FIELD PHASE. By changingthe phase,the
torque will change, too.

For this case,an automatichandleris availableand by
selectingthe AUTOMATIC option,the minimumandmaxi-
mum speedcan be enteredin the respectivenumericalen-
tries. By pressinghe START button,the stagesoftwarewill
scanthe speedrangeandtracethe TORQUE/ SPEEDdia-
gram or the TORQUE / FIELD PHASE.

EXPERIMENTAL RESULTS

As an examplefor a measurementhe test benchhas
beenusedfor testinga synchronousnotor contributedby a
project partnerwithin the HAFAM project. The setupas
describedabovecreatesa rotatingfield at 60 rpm, but con-
trols the rotor speedto be zero. With a typical tri-phase
voltage functionsof 1V amplitudeappliedto it, the torque
dependingon the phaseangle betweenpermanentmagnet
andfield vectorcanbe seenin Figure 10 for a rotor speed
equal to zero.
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Figure 10: Measured torque over field angle for speed
equal to zero.

CONCLUSION

It hasbeenshownthatthe approactwith a mastemotor
imposinga certain speedand controlling the micro device
by a computeris a versatilemeandor a torquetestingstage
and canbe adaptedo manytypesof motorsand measure-
ment, evenfor the measurementf the EMF for synchro-
nousmotors.The conceptproposedvasimplementedusing
the free real time operatingsystemRTLinux in order to
guarantee synchronization and predictability.

This work hasbeencarriedout within the HAFAM proj-
ect, funded by the EuropeanGovernmentin the Research
Network of Training and Mobility for Young Researchers,
contract NR ERB FMRX-CT97-0141.
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