presented at 7th German-Polish Seminar, Polytechnic Cologne, May 8-14, 1995

CAE-supported design and testing of a signal conditioning subsystem
for analog velocity measurement in position control applications
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Abstract

Analog measuremensignalsare usually biasedby noise and offset, and may
incorporatedifferent nonlinearcharacteristicsEspeciallyvelocity measurements
affected by offset and errors due to transducergain deviation may severely
influence the system performancein position control applications.A signal
conditioning subsystemto compensatethese types of linear and nonlinear
disturbances is presented in this paper. Exter@&Me-supportfor controlsystem
designand implementationis applied for rapid feasibility studiesand concept
proving. A block-diagramoriented modular approachprovidesa proven signal
conditioning library block reusable within the given class of applications.

1. Introduction

Many position control systemsare set up with an analogvelocity and a digital
position measurementThesemeasurementsnay be accomplishedby a tacho
generatoand an incrementalkencoder Additionally, the drive andload side may
be compliantlycoupled,in which casethe tachogeneratois commonlyplacedat
the drive side andthe encoderat the load sidefor a precisepositioning.This is
the configuration of the electromechanical positioning system (EMPS)fiyare
1 which is used as a test bench for the work described in this paper.

For ideal unbiased measurement signals the measurement equations are

tacho =k, [Q 4

incr =k, (9, @



where Q , is the drive-sideangularvelocity of the motor shaft,tacho the tacho
generatoroutput voltage, ¢, the load-side angular displacementof the ball
screw,incr the digital datafrom the encodercounterregister,and k, andk, are

the nominal transducer gains of the tacho generator and incremental encoder.
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Fig. 1 Sketch of electromechanical positioning system (EMPS)
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Mathematicalmodelling of the EMPS resultsin a fifth order state-spacenodel
with nonlinearities resulting from friction in the balirewdrive, tachoripple, and
encoderguantization Servoamplifier andtachonoiseaswell asan offseton the
tacho output voltage are addedfor a more realistic descriptionof the system.
Figure 2 shows the associatedSIMULINK block diagram for nonlinear

simulation.
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Fig. 2 Block diagram of EMPS model

Simulationis carriedout for the controlledsystemthe EMPSin closedloop with
a P-PI cascadecontroller consistingof an inner auxiliary Pl-feedbackfor the



tacho signal and an outer proportional feedbackloop for the encoderoutput.
Figure 3 showshe SIMULINK block diagramwith the EMPSfrom Figure2 asa
subsystem,the controller, and additional blocks for reference profile and
disturbancesignalgeneration)/O, and|/O scaling.A subsystenior tachosignal
conditioning is also included in the block diagram. The importanceof this
subsystem for precise position contralhis topic of this paperandwill be shown
in the following.
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Fig.3 Block diagram of EMPSwith controller and tacho signal conditioning

Intergrated development(CAE) tools have been extensively used for the
subsystem design. Block-oriented modelling and simulation including the
completeoperationalenvironment,as given in figure 3, provide all meansfor
advanced feasibilitgtudies Rapidprototypingby automaticcodegeneratiorwas
usedfor the final conceptproving at the real EMPS. It took only minutesto
proceedfrom an idea over modelling, design,and simulationto the experiment
with the EMPS, i.e. through the complete system development cycle.

Before we present the results let's explain the need of the tacho signal
conditioning subsystem and how it works.



2. Conditioning of analog velocity measurement from tacho gener ator

Why is signal conditioning required for the tacho signal? The tacho output voltage
usedasa measuref the angularvelocity is usuallyaffectedby noise,offsetfrom

the measurementelectronics, and commutation ripple. In addition, due to
manufacturingolerancesthe tachogeneratoitransduceigain may deviatefrom

the nominal value in the datasheet.While the control systemcan be designed
robustagainstnoiseandripple by simply limiting the control systembandwidth,
thusreducingthe effect of thesedisturbance®n the positioningaccuracy offset

and transducergain deviation may lead to considerableposition errors during
reference profile tracking.

With a proportional position feedback,as it is consideredhere with the P-PI

cascadecontrol, the tachooffset will producea permanensteady-statgosition

error, sinceit hasthe sameeffect as an equivalentconstantreferenceposition

commandA PI-Pl-cascadeontrollercould be a remedyfor that, but it hasthe

disadvantag®f a reducedclosed-loopsystembandwidthand thus an increased
decay time for transient errors.

Regardlessf the selectedcontrol structure the transducegain deviation(which
is up to 15% of the nominaltachogeneratogain for the EMPS) may producean
unacceptable tracking error.

Thus, especiallyin high-speedand high-precisionposition control applications,
measuresre necessaryo correctboth, the tachooffset voltage and transducer
gain deviation. Since manualadaptationof controller parameterdo individual
measuremensetup and tacho generatorpropertieswhich vary with operating
conditions and age is not desirable, suitable pieces of software have been
developed for automatic compensation of offset voleagkgaindeviation.These
can be addedto the digital position control algorithm as ready-to-useblocks
which only haveto parametrizedy the userfor the specific mechanicakystem
configuration.The correspondingalgorithmsare subsequenthdiscussedor the
EMPS.

2.1 Compensation of offset

Offset can be observedon the tacho output voltagein all phasesof operation.
However, the best situation to extract it from the biased tacho measurement signal
tacho_bb is whenreferencevelocity zerois commandedo the controller(ref_dot
= 0) and the systemhas settledto standstill after sometime. Since for zero
velocity the tacho generator gain deviation becomesnot effective to the



measurementye are only dealingwith the offsetin this case.Due to the noise
addedto the measuremerthe offsethasto be determinecasthe meanvalueover
a certain time horizon which can be accomplished by a simple first ordpaksv
filter. By substractinghe offsetfrom the measuremente thengetthe offset-free
signal tacho_b with the remaining gain deviation bias for non-zerovelocity.
Figure 4 showsthe correspondingolock diagramwith the inputs condition and
tacho_bb and the outputacho b .

condition tacho_bb

0 —»t—e 1 offset tacho_b

S + —
> Ts -

Fig. 4 Block diagram of offset compensation

If the inputcondition is true (ef_dot is zero and a certain waitinigne haspassed
for the settlingof tacho_bb), the meanvalue offset of the signaltacho_bb will be

updated athe integratoroutputby feedbackof the differencetacho_bb - offset to

its input, building a first orderlow passfilter with time constantT. Otherwisethe

current valueoffset will be held by switching the integrator input to zero.

The aboveoffset compensatioasbeenimplementedas a discretetime system.
Discretization by backward-rectangulartransformation of the integrator
(replacings=(z-1)/(Atz) in the continousfirst orderlag transferfunction and

usingthe shift operationx,_, = z‘lxk for a singlesamplingperiod At ) yieldsthe
difference equations

offset, = offset, , + AT (tacho_bh, - offset, ,)
tacho_b, =tacho_bb, — offset, : (2.1)

offset, =0



Together with the switching operation they have been programmeldng@age
asa SIMULINK S-Functionblock. To saveexecutiontime during simulationand
real-time execution,the quotient At / (At+T) is evaluatedduring the respective
initialization phasesAs mentionedabovea certainwaiting time hadto be added
to the codeto allow the systemto settle before the discreteintegratorinput is
switchedfrom zeroto the difference (tacho_bb, — offset,_,) andoffsetupdating

commencesThis time hasbeenimplementedas a so-calledrelative time by the
aid of a counterwhich is incrementedeachsamplingstep, starting at the time
instantthe conditionref_dot = 0 becomesandremainstrue, andsettingthe input
condition true when the count correspondingto the waiting time has been
reached. The relative timensandatoryfor real-timeexecutionwhich runsfor an
infinite time, to avoid accuracy problems due to the limited floating-point
precisionof the real-timehardwarewhenaddingsmall samplingperiodsto large
absolute times.

Assumingthat offsetcompensations appliedto the tachosignal,we now turn to
the second bias due to transducer gain deviation.

2.2 Compensation of gain deviation

As alreadymentionedthe deviationof thetransducegainfrom its nominalvalue
becomes effective to the tacho signal for non-zero velocity. The formula

d.
—incr
r=dt o (2.2)
tacho_b k,

Is usedto measurethe gain error as the ratio of the derivative of the position
measuremer(encoder)signalincr andthe offset-freetachosignaltacho_b, both
scaledto a common level by the correspondingtranducergains. Since the
positionmeasuremerghouldbe sufficiently precisefor positioncontrol, the gain
ky is consideredto be exactly known. For the tacho signal producedby a

deviatingtransducegainthe nominalgain k, from the datasheets used.Thusr

is a numberdifferentto one,while for a correcttransducegain it would become
equal to one.

If the measurementransducersare mountedin such a way that they are not
rigidly coupledbut separetedoy compliancy,as it is the casefor the EMPS,
vibrationaltransientswill appearin both the velocity and position signals.Since
the formula is not valid for this, we haveto excludethe correspondingiime



intervalsfrom the aboveconsiderationThis is doneby restrictingthe evaluation
of (2.2) to the caseof constantreferencevelocity (ref_dot = const) and again
introducing an appropriate waiting time for the decay of transients.

Dueto the noisytachosignalandencodemrquantizationy will alsobe affectedby
noise and quantizationwhen calculatedfrom the measuremensignals. Thus its
meanvalue 1 is of betterusefor the tachogain correction.As for the offset
compensation a first order lag filter is applied to providenkeanvalue.Now the
product r lacho_b reprensentshe tachosignal with its overall tranducergain
correctedo the nominalgain. Figure5 showsthe completeblock diagramfor the
tacho gain correction.
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Fig. 5 Block diagram of tacho gain correction

If theinputcondition is true (the absolutevalueof ref_dot is constantandgreater
than a given threshold,and a certainwaiting time has passedor decayof the
transients) the meanvalue r of the filter input r will be updatedfor the gain
correction.Otherwisethe currentvalue will be held by switching the integrator
input to zero.

Discretization of the tacho gain correction by backward-rectangular
transformation of the integrator for a sampling pedsdyields



_ At _
k=Nt AN+ T (rk - rk—l)

tacho, =1, (acho_b, (2.3)
=1

=

where the differentiation of the encodersignal in r, from equation(2.2) is
approximated by the difference quotidiricr, —incr,_;)/At.

All otherissuegelatedto the implementatiorasa SIMULINK S-Functionblock
correspond to what was said for the offset compensation.

3. Results from simulation and real-time implementation

The offset compensatiorand transducergain correction from the preceeding
sectionhavebeenaddedas S-Functionblocksto the conditioningsubsystenfor
the tachosignalas shownin Figure 6. This is the contentof the corresponding
block from Figure 3.
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Fig. 6 Sgnal conditioning subsystem for biased tacho signal

Functionblocksare usedto generatebooleanoutputsfor the expressionsef dot
= O andref_dot = const from the referenceprofile generatooutputstatus, which
are neededto build the respectivecondition variablesinside the S-Function
blocks.



To show what is achievedfrom introducing the above signal conditioning

subsystento the control system simulationwas carriedout for a tachogenerator
outputoffset voltage of 0,0045V anda gain deviationof +12%. The reference
signalsappliedto the controlledsystemby the referenceprofile generatomblock

are shown in Figure 7.
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Fig. 7 Carriage reference position (ref), velocity (ref_dot) and
acceleration (ref_dotdot)

Figure 8 presents the resulting time responses of the position error with and, for
comparison, without conditioning of the tacho signal.
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Fig. 8 Smulated position error before (1) and after (2) tacho signal adaptation

The simulation results are very close to what has been achieved in
experimentatiorwith the real EMPS. For this the control was implementedby
automaticcodegeneratiorusingthe Real-TimeWorkshop(RTW) andthe Real-
Time Interface(RTI) for the dASPACEDS1102controllerboard,which are real-
time extensions to SIMULINK [1].

The software tools TRACE and COCKPIT for data captureand display and
experiment control have beesedto acquirethe following time responsesduring
real-time execution of the controller [2].

Figure 9 showsthe experimentakesultscorrespondingo the simulationresults

from Figure 8. For zero velocity (time > 0.3sec)the effect of the offset
compensations not apparentwith this particular control, but it becomesmore
effectivefor largeroffsets,andwhencontrollerswith smallerfeedbackgainsare
applied.Without tachosignaladaption(1) the positionerror of about120um due

to the tacho generator gain deviation is unacceptable. With the signal conditioning
subsystenafteradaption(2) it is reducedo the rangeof 5um duringthe constant
velocity tracking phase.
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Fig. 9 Measured position error before (1) and after (2) tacho signal adaption

With the tachosignalconditioning,the positionerroris at its optimumin respect

to the applied controller structure.Better resultscan be attainedwith a more
sophisticatedLQG approach[3]. For this approachthe signal conditioning
subsystemis even crucial to provide the observerwith proper measurement
signals,becauseisuallythe observelis not ableto recognizeoffsetandhasbeen
designed for nominal error-free transducer gains. The signal conditioning supports
the observerto produce good estimatesfor missing satesvariables,a pre-
condition for a well-working LQG control.

Figures 10 and 11 show how the offset compensatiornvoltage and the gain
correctionfactor for the tacho signal adaptwith different low passfilter time
constants.This adaptationcoincides with a continuousdecreasemenbf the
positionerrorto thefinal resultsfrom time response in Figure9. Clearly visible
with the horizontalcoursesn the time historiesof Figures10 and11 arethetime
intervallswhen updatingof the variablesoffset from equation(2.1) and r from
equation(2.3) is skippedbecausehe correspondingondition variablesare not
true. The filter time constantsT determinethe approachof the individual
variablesto their steady-statevaluesover different time horizons.A reasonable
selectionof thetime constantss tentimesthe largesttime constanof the closed-
loop system.Also the waiting timesto allow the systemto settle shouldbe far

11



enoughbeyondthis systemtime constantto preservethe closed-loopdynamics

from control design.
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Fig. 10 Measured offset voltage (waiting time 0,1 sec)
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Fig. 11 Measured gain correction factor r (waiting time 0,1 sec)
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4. Conclusions

A signal conditioning subsystemto compensateoffset and bias from gain
deviation on an analogtacho signal usedfor auxiliary feedbackin a position
control application has been succesfd@signedandimplementedThereal-time
CAE-environmentSIMULINK, RTW, RTI, DS1102, TRACE, and COCKPIT
allow for awell documentedsystematicandseamlessipproacHrom the ideato
the final conceptproving in the experiment.Due to the modular designand
validation process in the complete operati@ralironmentfor simulationaswell
as for experimentationthe presentedanalogtacho signal conditioning block
becamepart of a library of reuseabléblocks for high precisionposition control
applications.
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