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Nonlinearities in Industrial Motion Stages - Detection andClassification

David Rijlaarsdam, Bas van Loon, Pieter Nuij and MaartennBtech

Abstract— Detection and classification of nonlinearities in signal to a sinusoidal excitation. Finally, a comparison of
motion systems becomes of increasing importance with high poth methods and views on future research are presented.
demands on (closed loop) performance. In this paper two  Note that multisine method provides tiestlinear ap-

methods are compared that aim to measure both the in- roximation in a stochastic sense for the class of Gaussian
earized dynamics and the influence of nonlinearities. Firsta P

broadband Signal is used to measure a linear approximation EXCI'[atIOH S|gnaIS Part Of the reSU|t Of the Second metb@d |

of the systems dynamics. This method uses multisine signals Linear Approximation (LA) of the systems dynamics as well.
with identical amplitude spectrum, but randomly distributed  However, this LA does not incorporate possible frequency
phases. Averaging over multiple periodic responses to th@me  miving phenomena Therefore, the obtained linearization is

signal and over multiple realizations of the random phase not necessarilv the best or optimal one for the class of
multisine allows the computation of the level of nonlineariies y P

and external disturbances separately. This yields both afiear ~ Sinusoidal input signals. This difference also becomearcle
approximation of the systems dynamics and the amount of from the analysis of both methods that follows in the sequel.
nonlinear ’'disturbance’ as a function of frequency. Second
single sine based measurements are used to measure the Highe
Order Sinusoidal Input Describing Functions (HOSIDF) of the
system under test. HOSIDFs describe the response of the sgst
by describing not only the 'direct’ response (gain and phase
shift) of the system at the input frequency, but by describimg
the response at higher harmonics of the input frequency as vie
This yields a quantitative measure of the power generated by
nonlinearities at harmonics of the input frequency as a funton

of this frequency and the signal amplitude. In the paper thes
methods are utilized to acquire a non-parametric model for &
industrial high precision stage. The effects of and sourcefor
nonlinear influences are discussed for this particular cases
well.

Il. MEASUREMENT SET-UP

. INTRODUCTION

In system identification, linearity is often assumed a prior
If nonlinear influences are small, such assumptions may be
justified. However, the extend to which nonlinearities pday
role in the system dynamics (and thus in possible control)  Fig. 1. System under test: an industrial high precisionestag
should be assessed when performing system identification.
This paper addresses two methods that combine the measurer},o system under test in this study is an industrial high

ment of the linearized sys?em Qynamics with tools to_ dete?recision stage (Figure 1). At the high resolution and repro
the level and type of nonlinearities. In [10] an overview ofy,qinijity that is required in this case, nonlinear effestart
methods that allow the detection of nonlinear behaviour 1&) effect the dynamics of the system to such an extend that
provided. After the introduction of the industrial applie® 4 qard measurement techniques are no longer sufficient.
tested in this paper, a method based on the results in [7], [8}s motivated the measurements presented in this paper.
[9] is presented, WhICh uses multisine signals to compu_te?ne stage is a SISO system with the motor voltage as the
Best Linear Approximation (BLA) of the systems dynamic§p,, ¢ and the position of the stage as its output. The system
and detect and classify possible nonlinearities. The sBCoR, o\ ited and the response is measured using a Sigoab
m_ethod_ is based on [4]_, [5] and measures the Higher O.rdgi dynamic signal analyzer providingp [dB) aliasing pro-
Sinusoidal Input Describing Functions (HOSIDFs), relgtin v ction and synchronized measurement channels. To measure
the magnitude and phase of the harmonics in the outpifs response of the system an industrial measurement system

This work is carried out as part of the Condor project, a migjmder the is used that_ allows high resolution position measurements
supervision of the Embedded Systems Institute (ESI) anld & company OVeEr the entire stroke of the set-up.
as the industrial partner. This project is partially s rby the Dutch
nesra b 's project is partially suedrby the Dutch | 5N INEAR DYNAMICS IN THE FREQUENCY

Ministry of Economic Affairs under the BSIK program.

D.J. Rijlaarsdam, S.J.L.M. Van Loon, P.W.J.M. Nuij and MeiBt DOMAIN
buch are with the Departement of Mechanical Engineeringhef Eind- The di . in thi is limited he cl f
hoven University of Technology, Den Dolech 2, 5612 AZ Eindm, e discussion In this paper Is limited to the class of sys-

d.j.rijlaarsdam@ ue. nl tems consisting of all stable, causal, time invariant, imaar



systems which have a harmonic response to a harmonic ingtscitation Signal
signal (see also [6]). A system is said to have a harmonic A muyltisine signak®(¢) is defined as a signal consisting of

response to a sinusoidal input frequency if its responsg narmonic components with frequen¢y [Hz], amplitude
contains only spectral componenis, (n € N), that are ;b and phase shifp®:

harmonically related to the input frequengy. In this paper,
attention is focussed on this property which is exploited in
both measurement strategies.

In [3] the author presents a way of systematically detect-
ing nonlinearities that provides indications with respert where® denotes results and parameters related to broadband
possible model choices. This method is based on one of tR¥Citations. This type of excitation signal is fully defined
fastest ways to detect the presence of nonlinearities,hwhi®Y its harmonic contenf? € F* C R, it's amplitude
is the estimation of the frequency response function fo#Pectrumaf, € A® C R, and the related phases), <
different levels (power) of the excitation signal. Usingila ®° C [—7 7).
limited white noise with three different root mean square Next, consider a subset of the signals defined in Eq. (1),
(rms) values, a preliminary experiment was performed. Th&hich consists solely of odd harmonics of a certain base

results are depicted in Figure 2 and clearly indicate nealin frequencyfo and randomly chosen phases. This signal type
behaviour. is referred to as the random odd multisine [9] and is defined

rigorously below.
Definition 1 (Random odd multisine)the ni" realization
of a random odd multisine is defined as:
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stant over different realizations. The phasge&"® ¢ @lml.b
are randomly selected from the intervialw 7) for each
realization and the odd harmonic frequency liffésc F° =
{2k = 1)f8| k € N1, fo € R} are selected identically
for all realizations. The random odd multisine is particiyla

useful for detection of nonlinear effects when a frequency
line is removed approximately every 5 odd frequency lines
[8]. For convenience the same lines are removed for all
realizations.

A more detailed analysis of the properties of these signals
and the signal processing is presented in the next paragraph

Fig. 2. Best linear approximation measured using bandéunithite noise
input signals with different power.

Signal Processing and Analysis

IV. BROADBAND EXCITATION When using multisines as defined in Definition 1, there

Two types of excitation signals are investigated in relatioare two ways to detect nonlinearities in the spectral repre-
to the detection of nonlinear effects. This section deatk wi sentation of the measured response. First of all, energy may
broadband excitations, while the next section provides appear on non-excited lines in the output spectrum. Segondl
analysis based on single sine excitations. In the followlreg a variance, larger than is to be expected based on stochastic
broadband excitation signals used in this paper are definditortions, is observed on the measured output spectrum,
and the signal processing and analysis required to deterting different realizations of the multisine.
nonlinear effects are introduced. Finally, these methads a For the first detection method, a single measurement
used to analyze experimental data. suffices. This method allows for the classification of the

A variety of broadband excitation signals exists, for exnonlinear effects (odd or even) since energy may appear on
ample (white) noise and multisine excitations [7]. Thedatt non-excited odd lines, on even lines or on both [8]. However,
consists of a sum of sinusoidal signals and is used in thisrequires an extrapolation of the effects observed at non-
paper. Multisine signals allow for leakage free measurdémenrexcited lines to those at excited lines. Furthermore, this
as opposed to (standard) noise excited measurements, whaethod does not provide a distinction between the variance
windowing is required to counteract the leakage. Furtheof the output spectrum due to noise and the variance due to
more, when the multisine is correctly selected [1], [8],,[9] nonlinearities. To accomplish this, multiple experimeaits
it is possible to identify the variances on the measured lirrequired with different realizations of the multisine sign
earized dynamics due to stochastic distortions and naading[1]. In this paper these detection methods are combined to
effects separately. Finally, it is possible to detect tipetpf  both quantify the extend of nonlinear effects and classify
nonlinearity in this way as well. them.



Consider an experiment with/ realizations of the multi- occurs at these frequencies. A distinction is made between
sine signal defined in Definition 1. Furthermofeperiods of energy occurring at odd and even lines for classification of
the input signak(¢)!-* and output signaj(¢)!™1-* are mea- the nonlinearities:

sured. This yields? x M periodic responses and the same 1 M 5
number of estimates of discrete Fourier spectra of the dutpu Py (4,,.) = —— Z (5 _ym (fo/e)) .
Y (w)l"™. The superscript is omitted for the remainder of M—1 .=

this section, to increase readability. Averaging over iplét here/,, . denotes the odd and even non-excited frequency
periods of the same realization yields the variance on thgeg respectively. The average valads small, since the
average spectrum measured with this particular realizatiophases ot/ [m! (£./,) are randomly distributed in the interval
This variance will consist of stochastic distortions (®)js [~ 7) and the average therefore tends to zero.
but does not yield nonlinear effects since these occur in the Summarizing, by conducting measurements withpe-
same way in each of the measured periodic responses t0 Qfjs of M/ realizations of the random multisine (Defi-
particular realization. niton 1), the Best Linear Approximation (BLA) of the
P Frequency Response Function or of the part of the output
yiml — 1 Zy[m] (3) spectrum generated by this BLA, is obtained using Eq. (5).
szl P Furthermore, the variance on this BLA due to stochastic

1 P ) disturbances is computed according to Eq. (4). The influence

gf,,["fL] I — Z (Yp[’”] — Y[‘m]) (4) of nonlinearities can be computed as a variance of the output
o P(P—1) =1 spectrum or FRF by Eg. (6). Finally, an estimate of nonlinear

_ i ) ] effects as well as a classification of these effects is obthin
The average spectr&!”™ consist both of the excited lines from Eg. (7).

and a possible response on non-excited lines. Excited lines

are the frequency lines that are present in the spectrum BXperimental Results

the input signal. Therefore, the analysis splits into twdpa  The method described in the previous section is applied
First, the response on the excited lines will be analyze®d measure the BLA and the level of nonlinearities in
and second, the computation of the response measurié industrial high precision stage described in Section I
on non-excited lines will be discussed. For the frequendyleasurements are performed using a SigLab measurement
points where the system was originally excited, the part afystem with a measurement frequency fof= 2560 [Hz]

the output spectrum that is generated by the Best Lineand a block length ofVy,.. = 8192 measurement points.
Approximation (BLA) of the system and the correspondinghe multisine signal is defined according to Definition 1,

variance are calculated. with f = 5L— = 0.3125 [H2]. Sufficient waiting time
L Myl 1 is allowed to assure that transient phenomena have damped
Yara il Z {_} y [m] (5) out, avoiding leakage phenomena (no windowing is applied).
M = [|Utm]| M = 10 realizations of the odd random multisine have
2

Mo?, ni + OF . oise been generated and the response has been measu_liéd:for _
’ Y 10 periods (approx. 32 seconds). Furthermore, this experi-
_ 1 Z (Y[m] _ YBLA)2 (6) ment is repeated fA0 different rms values of the multisines,
M—1 &~ logarithmically scaled betwee6.3 [V] and 5.0 [V]. This
leads to a total 020 x P = 200 input-output measurements
where(U[m]/|U[m]|)_1 in equation (5) corrects the phasesconsisting of 10 sequential periods each. After applyirgy th
of the output spectra with respect to the correspondingtinpabove described signal processing and analysis to each of
spectrum, prior to averaging. Furthermo@BLAmise is the measurement sets, a typical output spectrum is depicted
the average of the variance induced by stochastic diststioin Figure 3.
on the individual measurements of the different realizatio Figure 3 shows that nonlinear effects have an average level
as computed from Eq. (4). The variance on the averagedat is10 [dB] lower than the power generated in the output
spectrum over all realization which is due to nonlinear influspectrum by the BLA of the system. These nonlinearities
ences is denoted byy_ . This variance is calculated have both an odd and even nature, but the odd components
by analyzing the variance over different realizationssitiie  dominate since they appear at a level that is alr@6gtB]
nonlinearities are excited differently for different reations higher than that of the even nonlinearities. Furthermdre, i
of the multisine. Note that the calculations above may bbecomes clear that the variation due to nonlinearities is of
performed on the Frequency Response Function (FRF) #&& same order of magnitude as the odd nonlinearities that
well as the measured output spectra. In case of stochasfiee detected. Finally the variation due to process and / or
analysis of the FRF, no phase correction is required. measurement noise is almo¥ [dB] lower than than the
The response at non-excited lines is obtained by calculatariation due to nonlinear effects.
ing the variance of the power in the output spectra, measuredFigure 4 depicts the BLA of the system as a function
at the non-exited lines. The spectrum has random phaseddtboth the rms value and frequency of the input. Figure 5
these lines, but calculating the variance yields the poheatr t shows three cross section of Figure 4 at high, medium and
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Fig. 5. Best linear approximation, measured and calculatsidg the
broadband excitation approach, for various values of thveep@f the input

) ) o ) ) signal (rms value). Measureli 1, o (—), standard deviationo(y 5, , NL)

Fig. 3.  Output spectrum of a typical multisine experimertiowing  due to nonlinear effects{—) and standard deviationrfr,; , noise) due

the effects of nonlinearitiesof;, ,,nr) and noise €y, 4 noise) 85  to measurement and / or process nhoisg (

variances on the best linear approximation of the spectrum,( =

3.72 [V)).

energy to appear in the output spectrum on frequency lines
dthat are not present in - but harmonically related to - the

l(?c\),\r/rénspl:)tnrc)j?r\],ve\:é:i-gt?oﬁlféﬂeE;iilznesﬂ:ﬁecggnpeur;[ggn?;l_g mair; u&put spectrum. This phenomenon was investigated in the
P 9 P P y Wfevious section as well, when analyzing nonlinear inflesnc

ower as well. From Figure 4 and 5 it becomes clear thgt . . . .
?or high input power thg response of the system becom using broadband signals. However, in this case the energy

: . served on non-excited lines was due to a mixture of all (or
more linear. This becomes clear from the fact that the bota subset) of the excited frequencies. This section will ocu
the gradientvH/du.,s and the value of the variation due q ’

) . . in particular on describing how this energy is generated at
to _nonllnear influences decreases_relatlve_ to the BLA of thr?on—excited lines as a function of the (single) frequenay an
gain of the system decreases for increasing.

amplitude of the input signal.

The principle used to visualize and measure the influence
of nonlinearities in the frequency domain is that of the High
Order Sinusoidal Input Describing Functions (HOSIDF).
This section starts with the definition of the HOSIDFs and
the excitation signal used. It continues with a descriptbn
the analysis and processing of the measured signals and the
computation of the HOSIDFs. Finally, experimental results
"< _180 are presented that illustrate this method in an industrial

2 200 - ::1 :‘N application.
o ‘ Higher Order Sinusoidal Input Describing Functions

A variety of describing functions exist of which the
Sinusoidal Input Describing Function (SIDF) is a well known
Upms [V] 0.3 10 e example [2]. The SIDF describes the response of a nonlinear
system to a sinusoidal input signal by only considering the
response at the input frequency. For linear systems the SIDF
Fig. 4. Best linear approximatiofl measured and calculated using there-fore reduces-to the well known frequency resp_onse
the.brloadband excitation approacr?,L;s’a function of inpyplitude and function. For nonlinear SySt_emS the SIDF "_"ISO COﬂS.IdeI’S
frequency. only the ’direct’ response (gain and phase shift) at the inpu
frequency and assumes that no harmonic content is generated
at frequencies other than the input frequencies.
V. SINGLE SINE EXCITATION In order to model systems with levels or types of non-
Apart from broadband excitations, single sine based eXnearities that do not satisfy this assumption the concept
citations signals provide means to detect nonlinear effecof Higher Order Sinusoidal Input Describing Functions
as well. Rather than using the variance on measured outfttOSIDF) was developed [4], [5]. HOSIDFs describe the
spectra, this method exploits the fact that nonlineartgasse response of the system by describing not only the response

-120
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of the system at the input frequency, but by describing thgignal powersu,,,s = a°/+/2, ranging from0.07 [V]
response at harmonics of the input frequency, generatem 1.41 [V] (logarithmically spaced). For each frequency-
by nonlinearities, as well. In order to accomplish this, themplitude combination,0 experiments are performed which
concept of the harmonic generator is introduced. This &irtu allows calculation of the mean and variance of the mea-
nonlinear element receives a single harmonic sine wavs at gured value. All measurements have been performed using a
input and generates an infinite number of output signals witBigLab measurement system with a measurement frequency
equal amplitude but frequencies that are harmonicallyedla of 5120 [Hz] and a block length 02048 points. This results

to the spectral content of the input signal. More specifjcall in leakage free measurements since sufficient waiting time
these output signals have frequencies and phases that @rallowed for the transient response to damp out.

exact multipleskwy, ke, k& € N of the frequencyw, and A typical series of HOSIDFs is depicted in Figure 6. Since
phasey, of the input signal. For each of these channelthe even HOSIDFs are very low in most cases, only the
the response is described separately by the correspondodd HOSIDFs are considered in this paper. From Figure
HOSIDF Hy.(a®, f§), which may be a function of both the 6 it becomes clear that the system becomes more linear
input amplitude and frequency. The systems output is a sufor increasing value ofu,,,s. This can be observed from

of all k£ responses. the combination of a decreasing gradiéit{; /0u,.,s and
The K" order HOSIDF is defined as: a decreasing value oH; V ¢ € N, for all measured
Y (kfs frequencies.
o, )| = I © |
U3l Magnitude [dB] Phase [°]
LHi(a®, f5) = ZY(kf5) —k ZU(f3), 9) ~140

where® denotes results and parameters related to single si_ —160
excitation signalsy (kf§) € C is the output spectrum at the®

k™™ harmonic frequency line an@(f§) € C the spectral -180
content of the input signal at its fundamental frequenc
5 € Ry. HOSIDFs are generally a function of both the
input frequencyf; and amplitude:® € Ry o, where the input
signal is defined as:

u®(t) = a® sin(27 f§t). (10)

The aim of this part of the paper is to measure and descril —180
the HOSIDFs by conducting a series of experiments wit,,
varying input frequency and amplitude. The related sign& -200
processing and analysis is discussed in the next paragrag

0.1 1 0.1 1
Urms [V] Urms [V]

Signal Processing and Analysis
In order to measure a single HOSIDW, (a®, f§) for a

given frequgncy / ampl.ltUde c_omblnatlon, an input sign ig. 6. HOSIDFs aR0 [H z] calculated froml0 experiment per amplitude.
as defined in Eq. (10) is applied and the spectrum of thgean value 1) of the HOSIDF () and standard deviation;;, (—-).
response is computed using standard DFT algorithms and

Egs. (8) - (9). By repeating the experimeRttimes the |5 Figure 7|74 | is depicted as a function of input power
average and variance on the measured HOSIDF can Qgq frequency. The results depicted in this figure may be
evaluated according to: compared to those depicted in Figure 4.

R
Mt f§) = 5 S HP AR 1) V1. COMPARISON |
erl The methods discussed in this paper both result in a
1 R B 5 linear approximation of the systems dynamics. In general
g%k(as,fg) RE-T) Z (HL’”](-) — Hk(-)) (12) these results will differ, since the multisine based method

r=1 results in a statistical best linear approximation, whhe t

By repeating the experiments for different amplitudes and#OSIDFs provide a linear approximation (LA) that does not
frequencies the HOSIDFs are obtained. In the sequel, exp#tcorporate frequency mixing. Furthermore, the LA gerigral

imental results are presented that illustrate these esult depends on the signal type that is used for identification
and Gaussian multisine signals have a different amplitude

Experimental Results probability density function (pdf) than single sine signal
Measurements have been performed by exciting the systamhich in general leads to different linearizations as well.
introduced in Section I, with frequencies ranging from The methods also differ in measurement time and compu-
5 [Hz] to 300 [Hz] in steps of5 [Hz]. Furthermore, tational costs. The single sine measurement requit@do
each response has been measured for a variety of inpueasurements vers@90 measurements using a multisine.
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Fig. 7. Linear approximation?{;), measured and calculated using the
single sine approach, as a function of input amplitude aedufency. Fig. 8. Comparison of the best linear approximation (forhhixcitation

amplitude), calculated using the broadband excitatiorraagh ¢rms =
5.0 [V] and the single sine excitation approaeh-s = 1.41 [V])). Top

Therefore. the measurement using multisine signals migf?ure: (black) results obtained with broadband excitati¢r) m_agnituc_ie
’ . . . Hpra, (=) 0Hpp4,NL, (") OHg; 4 noise @nd (grey) single sine
appear more appealing at first sight. However, althougij(citations ¢) magnitude ofH1, (——) ¢z, .
the nature and level of nonlinearities may be estimated '
using this method, it lacks detailed information provided
by the HOSIDFs, about how frequency content (phase and Future research will focus on further comparison of these
amplitude) is generated as a function of input frequency andethods. Finally, for industrial purposes, the multisiigmal
amplitude. Furthermore, the time argument depends on tige currently more appealing than the HOSIDFs, since the
ratio between the required effective measurement time amglel of nonlinear distortion may be used in robust control.
time constants of the system. The usage of HOSIDFs in control and particularly in nonlin-
The LAs that are computed using both methods arear controller synthesis will be addressed in future resear
depicted in Figure 8. As becomes clear the linear approx-
imations are similar for high excitation power, except for a ' _
high frequency roll-off (single sine measurement). Thermai [ D’haene, T., R. Pintelon, J. Schoukens, E. v. Gheem (POériance
; L . e . analysis of frequency response funtion measurements y&rigdic
reason for this similarity at h_|gh excitation power, is .tha}t excitations,Proc. ISMA2002vol. 2, pp. 1241-1256.
the system behaves close to linear with respect to exaitatio[2] Gelb, A., Velde, W.E. van er (1968)Multiple input describing
signal type, pdf and the generation of harmonic conten functions and nonlinear system desidvicGraw Hill, New York.

t
. 3] Lauwers, L., J. Schoukens, R. Pintelon, M. Engvist (20@&immary
However, both methods indicate a dependency of the BLA Orji and comparing overview of techniques for the detection oflinear
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