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(57) ABSTRACT

A method for compensating for a mechanical oscillation
which has a frequency spectrum which can be approxi-
mately represented by a number of discrete frequency
components, at a machine shaft via at least one actuator
acting directly or indirectly upon the machine shaft. At least
upon one of the discrete frequency components of the
mechanical oscillation 1s superposed by the actuator, inde-
pendently of the other frequency components, at least one
substantially harmonic torque of the same frequency having
a specilic amplitude and phase in such a manner that the
amplitude of the oscillation of the machine shaift at the this
frequency 1s reduced.

19 Claims, 1 Drawing Sheet
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METHOD FOR COMPENSATION FOR
MECHANICAL OSCILLATIONS IN
MACHINES

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

BACKGROUND INFORMATION

The present mnvention relates to a method for compensat-
ing for a mechanical oscillation, 1n particular for a rotational
oscillation, which has a frequency spectrum which can be
approximately represented by a number of discrete ire-
quency components, at a machine shait, in particular 1n a
printing unit or in a printing machine, via at least one actua-
tor acting directly or indirectly upon the machine shaft.

Moreover, the present mvention relates to a printing unit
having at least one machine shaft driven by an actuator and a
measuring device for picking up the mechanical oscillation
of the machine shatft.

A mechanical oscillation 1s to be understood both as peri-
odic changes of one or more coordinates of the machine
shaft, for example, rotational oscillations, vibrational oscil-
lations or the like, and superpositions of a plurality of peri-
odical changes. The term machine shaft chosen hereinafter
denotes a mathematical axis of rotation and, 1n this context,
can be, 1 particular, any shait, axle, machine axis, roll,
cylinder, or the like, of a machine. In this connection, the
term machine shait will include hereinafter also a virtual
axis of rotation, that 1s a signal calculated from coordinate

values of one or a plurality of axes of rotation, 1n particular
the difference between coordinates of two real machine

shatts.

In the case of machines having speed or positional control
of at least one machine shait, 1t 1s possible that changing
torques act upon the controlled shaft because of cam discs,
imbalances, or other constructional conditions. Depending
on the transmission ratio between the shaft of the original
torque and the controlled shafit, oscillations are superposed
on the latter whose frequency is proportional to 1ts rotational
speed, 1.e., has a fixed machine order. Moreover, excitations
having a fixed frequency which 1s independent of the speed
of the controlled shaft can be superposed upon the rotary
motion. In both situations, the frequency spectrum of the
mechanical oscillation of the position, speed and accelera-
tion of the controlled shaft contains disturbing discrete ire-
quencies which will be referred to as disturbances
hereinafter, independently of their origin. I the intention 1s
for the machine shaft to rotate at a constant speed, then
disturbances give rise to deviations from the setpoint speed
or from the rotational setpoint angle which cannot be com-
pletely corrected but only reduced to a sullicient degree with
increased outlay in connection with the driving mechanism.

Especially 1n the case of printing machines, whether they
are sheet-fed printing presses or web-fed printing presses,
the accuracy with which the speed of the controlled shait 1s
maintained or with which a rotational setpoint position 1s
followed, has a decisive influence on the quality of the prod-
uct. Disturbances having an integral frequency ratio to the
rotational frequency of the controlled shaft of a paper guid-
ing cylinder are generally negligible since they are equal for
all print 1images or print sheets. However, all other frequen-
cies are disturbing because they can give rise to the so-called
“ohosting” when, 1n other words, successive sheets are
printed at an offset relative to one another.
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If a sheet-fed printing press 1s composed of a plurality of
separately driven, mechanically decoupled parts such as
printing units, printing unit groups, or the like, then varia-
tions 1n the angular difference between two successive paper
guiding cylinders, that 1s two controlled shaifts, at the sheet
transier between the parts of the printing machine become
directly noticeable as variations in the circumierential regis-
ter. In this context, it 1s desired for the transfer angle to be
identical from sheet to sheet; however, the transfer angle 1s
impaired by oscillations of non-integral order.

Diverse devices and methods for damping mechanical
oscillations, in particular rotational oscillations, in printing
machines are already known.

European Patent EP 0 592 850 B1 describes a device and a
method for damping mechanical oscillations of printing
machines. This device features at least one actuating mem-
ber and one vibration sensor; these can be arranged in a
control loop as well. In this context, the damping of printing
quality impairing mechanical oscillations 1 the stock-
guiding system of a printing machine 1s directed to the com-
pensation for asynchronous oscillations, that 1s only for
oscillations which occur non-periodically with the revolu-
tions of the rotating parts.

German Patent Application DE 44 12 945 A1 discloses a
device and a method for damping mechanical oscillations of
printing machines which also allows integral oscillation
orders to be compensated for. The data for driving the actu-
ating members 1s determined either by calculation or by
measurement 1n a test run of the printing machine.

German Patent Application DE 199 14 627 Al relates to a
method and a device for compensating for a rotational oscil-
lation 1n a printing machine, the method being designed 1n
such a manner that at least one intrinsic oscillation shape of
the printing machine 1s determined and that a specific
counter-torque for compensating for the torques that excite
oscillations 1n the intrinsic shape i1s applied to at least one
location at which this intrinsic shape does not have the
amplitude O.

Further related art 1s constituted by German Patent Appli-
cation 197 49 134 Al, wherein an active oscillation damping
device and a method for identifying the transfer function 1n
an active oscillation damping device are disclosed. A control
device reads 1n a residual oscillation signal from a residual
oscillation detector of the active oscillation damping device
synchronously with a predetermined input sampling timer.
Subsequent to reading the residual oscillation signal as a
time series for each frequency, an FFT (Fast Fourier
Transtformation) 1s carried out for each time series to obtain
a frequency component of the original sinusoidal wave. A
calculation of the mverse FFT 1s then carried out for the
result of the composition of each obtained frequency compo-
nent i order to derive a pulse response as a transier func-
tion.

Furthermore, European Patent EP 0 425 352 B1 describes
a device for actively damping oscillations whose energies
are concentrated 1n frequencies including a fundamental and
the harmonic thereof. The device, which 1s used for damping
oscillations of a mechanical part, includes vibration pickups,
which pick up characteristic electrical signals, 1n amplitude
and phase, of the vibration at a point of the mechanical part,
at least one actuator which 1s capable of exerting a force on
the mechanical part against the vibration, and an arithmetic
unit which 1s connected to the vibration pick-up and to the
actuator. The output signals of each vibration pick-up are
subjected to a synchronous detection with the aid of refer-
ence signals which correspond to the different frequencies
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which include an energy concentration. To this end, each
output signal, after being suificiently amplified, 1s subjected
to a sampling and to an analog-to-digital conversion for each
frequency generated by a synthesizer. The random samples
experience a synchronous demodulation including a multi-
plication and a passage through a low-pass filter and for each
retained frequency. The reference signals are obtained with
unaltered phase utilizing a linear relation with the funda-
mental frequency. For each frequency at which energy 1s
concentrated 1n the mechanical oscillation, a recursive adap-
tation algorithm 1s carried out by the arithmetic unit 1n such a
manner that each actuator recetves a signal of 1ts own which
includes the sum of the contributions of the different fre-
quencies.

German Patent Application 196 14 300 Al discloses a
method for the self-regulating compensation for the effects
of the 1rregular concentric runming of a roller or a reel for
collar eccentricity compensation 1n a reel system or the
winding up or unwinding of sheet-like material. In this
context, the roller rotates at a changed speed due to the vary-
ing collar radius or roller radius. The actual draw value 1s
approximated by at least one rotary-harmonic sine function
of exclusively integral order whose argument 1s the rota-
tional angle of the roller, the sinusoidal approximation being,
carried out according to the orthogonal correlation or 1n
accordance with the harmonic analysis according to Fourier,
and estimates being calculated for the amplitude and phase
of the sinusoidal signal caused by the irregular concentric
running. An additional torque which 1s calculated from the
estimates 1s added to the setpoint torque value for the roller.

The determination of suitable compensation data, 1n par-
ticular for printing machines, constitutes a problem of com-
pensation methods and compensation devices heretofore,
which impedes the broad application thereof. If a storage
device 1s used for the compensation data, then, in common
compensation approaches heretofore, a calculation or a test
run for measuring suitable compensation data are required in
advance. Both methods turn out to be difficult, time and cost
intensive. Typical compensation approaches in printing
machines consider oscillations including a plurality of fre-
quencies as a whole. Because of this, it 1s possible only with
difficulty to adapt the compensation 1n a differentiated man-
ner as a function ol the machine dynamics, control,
disturbance, or the like. In particular, an adaptation to oscil-
lation shapes which vary strongly over time or to a changed
machine dynamics can be implemented only with difficulty.

When calculating the oscillations, there 1s a risk of sys-
tematic errors if simplifying or even false assumptions are
made. An approach of that kind implies that only oscillations
which are accessible to calculation can be compensated for.
Moreover, conventional test runs for determining the oscilla-
tion 1mvolve the risk of measuring errors due to different,
turther disturbances. When utilizing the determination of the
intrinsic shapes of a machine, a machine-specific design 1s
required.

SUMMARY OF THE INVENTION

An object of the present invention 1s to reduce unwanted
oscillations, also referred to as disturbances, at least one
shaft or virtual machine shaft of a machine rotating at a
substantially constant speed.

The present invention provides a method for compensat-
ing for a mechanical oscillation (2), 1 particular for a rota-
tional oscillation, which has a frequency spectrum which can
be approximately represented by a number of discrete fre-
quency components, at a machine shait, in particular 1n a
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printing unit or 1n a printing machine, via at least one actua-
tor (11) acting directly or indirectly upon the machine shaft.
Upon at least one of the discrete frequency components of
the mechanical oscillation (2) 1s superposed by the actuator
(11), independently of the other frequency components, at
least one substantially harmonic torque (14) of the same
frequency having a specific amplitude and phase 1n such a
manner that the amplitude of the oscillation of the machine
shaft at this frequency 1s reduced.

The present invention also provides a printing unit having,
at least one machine shaft driven via an actuator (11) and a
measuring device (3) for picking up the mechanical oscilla-
tion (2) of the machine shaft, wherein the printing unit fea-
tures a filter (7) or a correlator (7) for the purpose of deter-
mining the amplitudes and phases of a number of discrete
frequency components of the frequency spectrum of the
mechanical oscillation (2).

The present mvention further provides a printing unit
group having at least one machine shaft driven via an actua-
tor (11) and a measuring device (5) for picking up the
mechanical oscillation (2) of the machine shatt, wherein the
printing umt group features a filter (7) or a correlator (7) for
the purpose of determining the amplitudes and phases of a
number of discrete frequency components of the frequency
spectrum of the mechanical oscillation (2).

Existing disturbances 1n the form of mechanical oscilla-
tions at a shaft exhibit a frequency spectrum which can
approximately be represented by a number of discrete fre-
quency components. The frequencies developing in the pro-
cess are typically discrete and approximately constant but
depend on the machine speed, thus having a fixed order, or
are independent thereof As mentioned before, excitations
corresponding to just the rotational frequency or to multiple
thereof are generally not disturbing in printing machines but
can also be eliminated using the method according to the
present invention. The equivalent applies to virtual machine
shafts, that 1s to a signal which 1s calculated via a (preferably
linear) relation from the position, speed, or acceleration of
one or a plurality of real shafts, the signal being in particular
the difference of the coordinates of two real shafts.

The method according to the present invention for com-
pensating for a mechanical oscillation or for a disturbance,
in particular for rotational oscillations, which has a fre-
quency spectrum which can be approximately represented
by a number of discrete frequency components, at a machine
shaft, in particular 1n a printing unit, via at least one actuator
acting directly or indirectly upon the machine shait 1s char-
acterized 1n that discrete frequencies of this mechanical
oscillation are compensated for separately. These can be
both fixed frequencies and fixed orders, 1n other words, ire-
quencies which bear a fixed ratio to the rotational frequency
of the shait. The actuator, which acts directly or indirectly
upon the machine shatt, superposes upon each discrete fre-
quency component of the mechanical Em oscillation, inde-
pendently of the other frequency components, at least one
substantially harmonic torque of identical frequency having
a specific amplitude and phase in such a manner that the
amplitude of the oscillation of the machine shaft 1s reduced
for this frequency. In other words, the compensation 1s car-
ried out 1n that, for each frequency component to be compen-
sated for of the frequency spectrum separately, a substan-
tially harmonic torque determined by amplitude and phase,
that 1s a sinusoidal or cosinusoidal torque of the same fre-
quency having a specific amplitude and phase 1s superposed
to a driving torque in such a manner that the component of
the oscillation having this discrete frequency i1s reduced at
the machine shaft. In this context, the compensation torque
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can be exerted by an arbitrary actuator, 1in particular by a
motor which acts directly or indirectly upon the machine
shaft anyway.

The method according to the present invention also per-
mits a compensation for frequencies which do not bear an
integral ratio to the rotational frequency of the machine shaft
(asynchronous oscillation) by treating them as synchronous
oscillations referred to a frequency which 1s 1n a fixed ratio
to the rotational frequency of the machine shait. As a rule,
the fixed relation 1s fractional rational, that 1s a number from

the rational numbers 11 the disturbance 1s caused by a
machine part which 1s coupled via a gearing.

The method according to the present invention, together
with the printing unit according to the present invention have
a number of advantages.

Since the method in each case compensates for specific
discrete frequency components, measurements of the ampli-
tude and phase of the mechanical oscillation of the machine
shaft at least one specific point 1n time are required only for
one particular frequency. Because of this, the method 1s vir-
tually unatfected by other frequencies or also stochastic dis-
turbances of the mechanical oscillation. Via the iteration of
measurements related to a discrete frequency over time, the
in each case instantaneous amplitudes and phases of the dis-
crete frequency component of the mechanical oscillation are
determined so that a compensation which 1s close 1 time
and adapted to the respective prevailing situation is made
possible.

The method according to the present invention permits a
simple compensation for anharmonic periodic oscillations
with an associated angular frequency o from the relation
w=27/T. where T denotes the oscillation period, 1n that, 1n
cach case separately, the harmonic oscillations of angular
frequencies nxm, with n being a natural number, which have
specific amplitudes and phases and represent the anharmonic
oscillation, are compensated for. Likewise, the method
according to the present invention makes 1t possible to take
into account the amplifications and phase shifts of the differ-
ent frequency components used for compensation from the
actuator to the compensation shaft. Known compensation
methods heretofore which work with non-harmonic com-
pensation torques, as are usually stored 1n storage devices,
can take 1nto account this dependence of the transmission on
the machine dynamics only with difficulty since the curve
shape stored in the storage device defines the amplitudes and
phases of the harmonic waves with respect to the fundamen-
tal wave. However, the determination of the amplitudes and
phases of individual frequency components 1s flexible. Thus,
the method according to the present mvention eliminates
diverse limitations of existing compensation methods and, 1n
this manner, makes a compensation easier 1n practical use.

Moreover, the method according to the present inventions
makes do without calculating the mechanical oscillation of
the machine shaft. Because of this, the risk of systematic
errors 1n the case of simplitying or false assumptions 1is
averted; an extensive modeling of the machine or a compu-
tational effort by specialists are dropped.

The method according to the present invention has the
further advantage of being usable both for unsteady
oscillations, that 1s oscillations which vary over time, for a
machine state which varies over time, for synchronous and
asynchronous oscillations, or also for oscillations having a
constant frequency. Individual frequency components which
are 1n a complex relation to the machine frequency, whether
they are sidebands of oscillations or oscillations resulting,
from modulation, can also be compensated for using the
method according to the present invention.
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In principle, 1t 1s possible for an arbitrary or a necessary
number of different frequency components to be compen-
sated for using the method according to the present invention
since the compensations do not mutually influence one
another. For instance, only the dominating, largest disturbing
frequency components or orders have to be known or to be
measured 1n amplitude and phase to permit the compensa-
tion therefor. Such a concentration on the compensation of
the most disturbing frequencies permits considerable
improvements already with little effort. Since different
orders or frequency components can be compensated for as a
function of the machine speed, 1t 1s advantageously possible,
for example, to always compensate for all oscillation fre-
quency components near the resonant frequency of the
machine or of parts of the machine.

Knowing the transier function, 1t 1s also possible to feed 1n
at least one compensation torque at a large distance from the
machine shait to be balanced. Generally, the method 1s rug-
ged with respect to changes 1n the machine dynamics such as
the transition from the uncontrolled to the controlled
machine or the selection of different control parameters or
controls.

Using the method or the printing unit according to the
present invention, 1t 1s possible for the quality of the prod-
ucts to be considerably increased since an improved, from
rotation to rotation identical curve of the speed or position as
a Tunction of the angle of the machine shaift 1s possible. The
method according to the present invention allows the separa-
tion points of mechanically decoupled sheet-fed printing
presses to be positioned with considerably greater repeat
accuracy than with conventional methods.

BRIEF DESCRIPTION OF THE DRAWING

Further advantages and expedient embodiments of the
present invention will be depicted by way of the following
FIGURE and the description thereof. Specifically,

FIG. 1 shows the principle of the compensation for a fixed
compensation frequency w. while a disturbance 1s acting.

DETAILED DESCRIPTION

The principle of operation of the method and of the print-
ing unit according to the present invention will be described
in detail by way of FIG. 1 and the following explanations.
The description of the compensation for a mechanical oscil-
lation or disturbance of a machine shait 20 of a printing unit
21 having a specific angular frequency m. or an order r rela-
tive to the machine frequency, with r being from the real
numbers, will be given without limiting the universality.
Since the compensation 1s carried out for a specific angular
frequency w. of the mechanical oscillation or disturbance
independently of other angular frequencies or orders,
so-called superposition principle, it 1s possible, in particular,
to compensate for an arbitrary number of different angular
frequencies m.,, with 1 being from the natural numbers, or
orders r,, with 1 being from the natural numbers, when mul-
tiply using the method, whether in parallel or successively.
In this manner, 1t 1s achieved that a machine shaft 20 rotates
at a constant speed, even when acted upon by irregular
torques.

The real or virtual machine shait at which the oscillation
or disturbance 1s compensated for, will also be referred to as
compensation shaft hereinafter. If constant orders r are to be
compensated for, one prerequisite 1s that this compensation
shaft does not perform any significantly large variations om.
(t) about the mean rotational frequency w., that i1s that it
rotates at a relatively uniform speed. This can be achieved,
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for example, by a speed control or angle control of this shaft
or ol another machine shait coupled to the compensation
shaft. Such a case 1s especially given 1n printing machines.

Such a restriction 1s necessary since the process acting
between the compensation and the machine shait as well as
the filter required for the measurement generally transmit
different frequencies having different amplifications and
phase shifts. If frequency variation 0w, (t) 1s too large, then
this results 1n a modulation of the order r to be compensated
for, both 1n the case of the disturbance at the compensation
shaft and increasingly when measuring the filtered signal,
which 1s unfavorable for a complete compensation. In order
to further increase the quality of the compensation, 1t 1s even
possible to further reduce speed variations of the compensa-
tion shatt using the method or the printing unit according to
the present mvention. In a printing machine, 1t would be
possible, for example, to compensate for the first machine
order to 1mprove the components for disturbing asynchro-
nous orders.

FIG. 1 shows the compensation principle for a compensa-
tion frequency w.. In this context, the compensation fre-
quency can be fixed, that i1s w=2mf ~=const. or be a fixed
compensation order, that 1s

de(t)  dem(t)
d (1) BT

= (s + 0w, (1),

where ¢ (t) denotes the phase angle of the disturbance, r
refers to the order of the disturbance, that 1s the transmission
ratio between the possibly hypothetical disturbance shaft
and the compensation shait, and ¢, ,1s the angle of the com-
pensation shait dw (t) denotes the deviation of the angular
frequency from the mean frequency of the disturbance. If the
speed of the compensation shaft 1s constant, for example,
because all occurring disturbances are completely compen-
sated for, then 1t applies that o t=r®d, (t). The differences
between the signals occurring 1n both cases in the event of
small vaniations in speed hardly impair the compensation for
fixed orders. Therefore, the principle of operation of the
method according to the present mvention can mainly be
described on the basis of a disturbance having a fixed com-
pensation frequency w.. However, in the two mentioned
cases, differences arise in the implementation since when
compensating for fixed frequencies, all oscillations are time-
dependent but when compensating for fixed orders, they are
angle-dependent.

In FIG. 1, 1t 1s schematically shown 1n the form of a con-
trol loop how the principle of compensation 1s carried out for
a fixed compensation frequency m. while a disturbance 1s
acting. A disturbance or mechanical oscillation 2 which
originates at a disturbance source 1 and has an amplitude a,
and a phase a acts upon a summing point 1n a manner corre-
sponding to a measured quantity. Signal 4 1s picked up by a
measuring device 5 (for example, a sensor for shaft 20 of a
print unit 21) whose measured signal 6, after passing
through a filter 7 or a correlator 7, brings about measured
signal 8 having an amplitude ¢, and a phase v. Without lim-
iting the universality, it will be assumed that measuring
device 3 has a transfer function of 1. If i1t has a transfer
function not equal to 1, then the disturbance can also be
modeled as acting downstream of measuring device 5. This
measured signal 8 serves as mput of an arithmetic unit 9. The
output of arithmetic unit 9 1s a control signal for manipulated
variable 10 which has an amplitude b, and a phase {3 and
which 1s fed to an actuator 11. Signal 12 emanating from
actuator 11 brings about a torque which, imnfluenced by pro-
cess 13, 1s used as a harmonic torque 14 having an amplitude
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K, b, and a phase P+¢, to generate a compensation for
disturbance 2 at summing point 3. The torque 1s substantially
harmonic.

The starting point of the consideration of FIG. 1, 1s a
sinusoidal disturbance a(t) which, without compensation,
arises at the compensation shatt and which can have a cause
that 1s not decisive here for the discussion. In the case of a
fixed frequency, it has the shape a(t)=a, sin(w t+c.), where a,
denotes the amplitude of the disturbance and a denotes 1ts
phase. In the case of a fixed order, the disturbance has the
shape a(¢,(t))=a, sin(r¢, (t)+a), where ¢, t) denotes the
angle of the compensation shait which 1s time-dependent,
with t denoting the time. The order of the disturbance 1s
denoted by r, 1n other words the ratio between the frequency
ol the disturbance and the rotational frequency of the
machine shatft.

This disturbance acting upon the compensation shaft can
be calculated from the measured signal of a sensor at the
compensation shaft. In this context, 1t 1s unimportant which
concrete type of sensor 1s selected; 1t 1s only required for the
sensor to measure the angle, the speed, or the acceleration of
the shaft. In particular, rotary transducers which are
employed at the shaft for machine control anyway can be
used for the measurement as well. The acceleration, the
speed, or the angle of the compensation shait can be the
basis for carrying out the compensation. If one of these sig-
nals 1s compensated, the others are compensated as well.
Preferably, the signal 1s selected depending on the sensor.
When using a rotary transducer, for instance, the angle or the
speed are advantageous because they can be determined with
relatively little disturbance. Possibly, the signals of the sen-
sors are to be converted mto one another by integration or
differentiation.

Amplitude b, and phase 3 of the harmonic oscillation for
compensation, that 1s of the substantially harmonic torque
for compensation, can then be determined from the so
obtained signal having an exact amplitude ¢, and phase v.
This 1s possible both 1n the frequency domain and in the time
domain. In the frequency domain, for instance, amplitude c,
and phase v can be directly calculated for angular frequency
m . via a fast Founier transformation (FFT) over a short time
interval. In this simple case, 1t applies that a,=c, und a.=y. In
the time domain, 1mitially, the harmonic oscillation having
angular frequency . can be 1solated via a narrow-band
bandpass filter 1f the mechanical oscillation 1s a general
oscillation having a specific frequency spectrum and, for
example, phase v can be determined on the basis of the zero
crossings of the resulting signal. Amplitude ¢, can be
determined, for example, by way of the detected maximums
and minimums of the harmonic oscillation signal or by mul-
tiplying the mean value of the unidirectional oscillation by
/2.

Alternatively to filtering and subsequently determining
the amplitude and phase of the oscillation selected via the
filter by way of the extremes or zero crossings, 1t 1s also
possible for the oscillation parameters (amplitude and phase)
to be determined via a correlation method, 1n particular, via
an orthogonal correlation method. The orthogonal correla-
tion mvolves diverse advantages since, for example, correla-
tion parameter T, . a provides a parameter which permits a
selection between high measuring accuracy and short mea-
suring time 1n small steps, 1n particular, 1n multiples of the
period duration. This makes 1t possible for relatively large
oscillations to be imitially quickly reduced by using small
correlation periods and, subsequently, to be eliminated dur-
ing larger correlation periods. The effect of the orthogonal
correlation 1s very similar to that of the measuring method
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with a suitable bandpass filter. In particular, the damping has
a tendency to increases disproportionally with increasing
distance of a frequency from the measuring order or measur-
ing frequency.

It 1s the goal of the filtering via the bandpass filter to very
slightly damp the frequency to be measured and to damp all
other frequencies as highly as possible. According to
tendency, this goal 1s attained better with decreasing filter
bandwidth but, at the same time, the transient recovery time
increases, the transient recovery time corresponding to the
duration from which the error of the filter output signal no
longer exceeds a selected value, for example 1%, subsequent
to a change 1n the oscillation at the filter input. This 1s inher-
ent 1n the principle since changes 1n the mput signal corre-
spond to high frequencies which are damped to a greater
degree because of the smaller bandwidth. The transient
recovery time limits downwards the period of time from the
beginning of the measurement until the first compensation
step and thereby also the minimum sampling time of a com-
pensation control.

If the 1intention 1s for the oscillations to be compensated
for as quickly as possible, then correspondingly small tran-
sient recovery times and, consequently, larger filter band-
widths are required. Because of this, the output signal of the
filter still contains other frequencies which superpose them-
selves as a disturbance upon the determination of the ampli-
tude and phase of the measuring frequency. The effect of the
disturbance of a frequency on a measuring frequency can be
considerably reduced by averaging the measuring values
over an approximately integral number of period durations
of the beat frequency. In this context, the averaging must not
be applied to the calculated amplitude and phase of the mea-
suring frequency but has to be applied to the complex repre-
sentation of the oscillation of the measuring frequency, that
1s to the real component and to the imaginary component
(the components which are orthogonal to each other). The
total time required for the measurement of the compensation
frequency for a filter 1s composed of the transient recovery
time and the beat period duration. In an orthogonal correla-
tion measurement, this time can be shorter than a measure-
ment with comparable accuracy via a narrow-band filter
since the beat period duration approximately corresponds to
the mimimally attainable sampling time of a compensation
control.

When using a filter, an averaging via the beat period
which 1s quite long 1n the case of a closely neighboring
frequency, and even a correlation can be dropped 11 the dis-
turbance frequency 1s measured as well and its signal com-
ponent 1s eliminated by subtracting the error term which 1s
caused by the disturbance frequency and calculated there-
from. This procedure can be also applied to a plurality of
disturbances. The mutual elimination of repercussions of the
measuring frequency on the disturbance frequencies 1s also
possible.

In general, 1t should be mentioned with regard to the com-
pensation according to the present invention that a harmonic
oscillation or a harmonic torque 1s superposed upon a driv-
ing torque, which acts upon the compensation shaift, in such
a manner that ¢,=0. In other words, the amplitude of the
oscillation at the frequency w . 1s eliminated at the shaft. This
1s the case, when for the phase and amplitude of the oscilla-
tion used for compensation or for the used torque it 1s apply-
ing that b,=a,/K, and p=0~¢,. In this context, K, 1s the
amplification and ¢, 1s the phase shiit of the process from
the manipulated variable, for example the setpoint torque of
the motor, to the compensation shatt, for example with the
speed as the basis of the compensation, for the fixed fre-
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quency m.. It should be taken into consideration, that in the
case of controlled machines, K, and ¢, are also dependent
on the structure and parameters of the controller since the
process 1s relevant 1n the case of a closed-loop control cir-
cuit.

Frequency w. of the substantially harmonic torque which
1s used for compensation can be determined as a function of
the natural frequency of the machine or of the speed of the
machine. In this context, the frequency of the substantially
harmonic torque can bear a fixed ratio to a natural frequency
of the machine, and have, in particular, the ratio 1 or an
integral multiple thereof.

Phase o of the disturbance ot the form a=a, sin(¢g,+0),
phase 3 of the compensation signal of the form b=b, sin
(Oror+p) and phase y of the measured signal of the form c=c,
sin(¢, +y) refer to a reterence angle signal of the form sin
(Prop) Of 1dentical frequency. For compensating for a fixed
frequency, 1t 1s possible according to the method of the
present invention to calculate the reference angle as ¢, =
wt, or, for compensating for a fixed order, as ¢, =r ¢,,{rom
angle ¢,, ol the compensation axis. To compensate for inte-
gral orders r=1, 2, . . ., 1t 1s suilicient for this purpose to
measure angle ¢M 1n a value range of one revolution, for
example, ¢, 10 . .. 2x}. To compensate for non-integral
orders, 1t 1s required to distinguish an angular range of more
than one revolution. To compensate for rational orders q=n/
m, with n and m being natural numbers, 1t 1s sufficient to
distinguish an angular range of m revolutions, for example,

Pro/ =10 . . . 2 mm}. Alternatively to calculating reference
angle ¢, - from the angle ot the compensation axis, the
method according to the present mvention permits also a
direct measurement of the reference angle, for example, at
an axis which causes the disturbance.

In an advantageous embodiment of the method according,
to the present invention, compensation parameters b, und,p
are fixedly set, depending on the speed of the compensation
shaft, 1n such a manner that the disturbance 1s compensated
for at the compensation shait as best as possible. That 1s, that
the measured amplitude ¢, becomes as small as possible via
the interaction of the disturbance and the compensation
which 1s transmitted to the machine shaft by means of the
process. In the simplest case, this can be done by systematic
trials but can also be automated, as 1s rendered possible, for
example, using the 1identification method described hereinat-
ter. The preferred values can be determined for different
machine speeds and stored, for example, 1n a table. For
speeds which are not included in the table, it 1s possible for
the parameters to be mterpolated during the operation from
the table values for the next higher and next lower speed by
way of a suitable method, for example, 1n a linear manner or
via splines. It 1s a special advantage of this embodiment that
it 1s no longer required to measure the disturbance during the
operation of the machine and that complex calculations are
dropped so that the method according to the present mven-
tion can be implemented with simple means and even be
integrated 1n existing controllers. However, 1t should be
mentioned that this embodiment can be used with the
desired result, 1n particular, 1n the case of steady-state distur-
bances as well as steady-state processes. In other words, the
changes 1n the amplitude a, or phase o of the disturbance as
well as 1n the amplification K, or phase shift ¢, of the pro-
cess during the course of time result in an 1imperiect compen-
sation. However, 11 the disturbances and process change only
slightly, 1t 1s possible for disturbances to be reduced to a
great extent even with imperfect compensation.
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In an advantageous refinement of the method according to
the present invention, mitially, amplitude ¢, and phase v are
determined without compensation while the machine 1s 1n
operation 1n order to calculated the optimum compensation
parameters b,=c,/K und, B=y-® . therefrom. These com-
pensation parameters are finally used to carry out the com-
pensation. For calculating the compensation parameters,
constants K=K K. and ¢.=¢,+¢~ are required. In this
context, K, and K. are the amplification and ¢, and ¢, the
phase shifts of the process or filter at an angular frequency
¢.. These can be obtained, for example, from the transfer
function of the controlled machine at angular frequency o,
the transfer function being obtained by modeling. K - and ¢,
can also be determined 1n a test run. To this end, the param-
eters can be directly calculated as K z=c,/b, and ¢ o=y, for
example, from the measurement of amplitude ¢, and phase vy
without compensation as well as from compensation param-
eters b, and {3 determined 1n the test run at optimal compen-
sation. As an alternative, the identification of K and ¢ 1n a
test run, which will be described hereinatter, 1s also possible.
It 1s an advantage of this embodiment of the present mven-
tion that no assumptions on amplitude a, and phase o of the
disturbance are required. In particular, disturbances which
vary very slowly over time can be compensated for with
these means. Using this advantageous embodiment, a com-
pensation can be attained even 1f the phase of disturbance ¢
1s unknown when switching on the machine because the
disturbance 1s caused, for example, by a shait which has no
integral revolution ratio to the compensation shait and
whose angle 1s not measured. In an optimum compensation
control, 1t can be achieved that only one measurement and
one control step are required for a substantially complete
compensation.

In a further advantageous embodiment of the present
invention, a compensation control 1s implemented which
uses the parameters of the compensation with b, and f3
which 1s currently carried out and the disturbance with mea-
sured amplitude ¢, and measured phase vy remaining at the
compensation shaft in the case of this compensation to cal-
culate therefrom updated optimum compensation param-
cters for a complete compensation for the disturbance and to
carry out the compensation therewith.

After each change of the compensation parameters b, and
3, the process and filter need a certain time for reacting to
these changes. The time until which a new equilibrium
develops can amount, for example, to several seconds. The
sampling time of the compensation control, in other words,
the time span between two control steps, should therefore
correspond at least to the reaction time to changes i a
manipulated vanable. If, since a first control step, a compen-
sation having an amplitude b, and a phase [3, 1s active, then,
in a second control step, imitially amplitude ¢, and phase v,
of the remaiming disturbance at the compensation shaft are
measured, and amplitude b,,, and phase 3, of the compensa-

tion are calculated from b,,, p,, ¢;, and v, and from con-
stants K .=K K . and ¢ =0 ~+¢ ~. Subsequently, the compen-
sation 1s carried out with parameters b, and {3, until the next
control step. The new compensation parameters can be
calculated, for example, via the auxiliary quantities
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Car =Ca/Kg

Ya2 =2 — dG
Z = Cgosin(yg2) + by sin( )
N = C2COS(yg2) + bicos(fy)

as follows:

b2 = \/Czaz +b; + cazboicos(yar — Bi)

(arctan(/Z. /N) for N>0
arctan(Z /N)+n for N <0

P2 = 7/ for N=OnrZ =20
k —-7/2 for N=0aAZ <0

It 1s clear to one skilled in the art that this procedure
between a first and a second control step can be generalized
in simple analogy to the procedure between a (k—1)” and a
k™ control step, with k being a natural number.

The calculation of these quantities can be mterpreted as a
vector addition 1in a complex representation. The magmitude
ol the vector representing the oscillation corresponds to the
amplitude, and its orientation represents the phase of the
oscillation. The vector of the new compensation corresponds
to the sum of the vector of the last compensation and the
vector of the disturbance measured during this compensation
in relation to the process mput. Since the resulting vector can
take any angle between 0 and 2m, a differentiation of cases
for 3, 1s necessary according to the quadrants of the coordi-
nate system. The present representation, in particular with
amplitudes and phases, was primarily chosen because 1t 1s
highly 1llustrative for depicting the method according to the
present ivention. It 1s also possible and quickly obvious to
one skilled 1n the art that representations for 3, without case
differentiation can be used as well.

A consequent use of a complex notation for the involved
disturbances, process parameters and compensation param-
eters can result 1n a simple and equivalent representation of
identical connections. In this notation, complex amplitudes
of disturbance a*, measurement ¢c* and compensation b*
with the complex amplifications of filter G-* and process
G,* will be spoken of hereinafter. The complex amplitudes
are the representation of the complex numbers calculated
from the oscillation parameters amplitude and angle. The

complex amplifications are the complex values of the trans-
ter functions at the oscillation frequency under discussion.

The complex amplifications of the process and filter can
be summarized as G,*=G,*G.*. In the k” sampling step it
applies that ¢, *=a,*G . *-b,_,*G_.* and in the (k+1)” sam-
pling step 1t applies that ¢, _,*=a,_, *G-*-b, *G*. If the dis-
turbance 1s identical in both sampling steps, that 1s
a,*=a, ,* the requirement of complete compensation
(.., *=0) results directly 1n the equation of the compensa-
tion control
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In a k™ control step, initially, the complex amplitude of
the oscillation can be calculated form the oscillation param-
eters ¢, and y measured via the filtering method according to

cf =cg-e'Y

or Irom the orthogonal correlation method according to

Cp =Cx + ] Cy

In this context, j denotes the imaginary unit with j*=-1.
Thereupon, 1t 1s possible to calculate the complex amplitude
of b, * of the compensation signal. Subsequently, compensa-
tion parameters b, and 3 can be obtained form complex
amplitude b* of the compensation signal via absolute-value
generation b,=b*| and phase determination P=arctan(b*),
with arctan being the main value of the argument of b* 1.¢.,
the angle 1n the range —180°<3=180°, between the positive
direction of the real axle and the position vector

Ob*=(Re{b*} Im{b*1).
In the (k-1)" sampling step, it is applying that

# Lk $ #
k-1 = a1 GF — by 1 Ga.

If the disturbance 1s 1dentical in two successive sampling
steps, that 1s a,_,*=a,*, then i1t ensues that

an

*
Cx —Cx1

Gy =~ &1
N bk—i_bk—l

This equation 1s directly suitable for calculating the com-
plex overall amplification G ;* required for the control.

This embodiment of the method according to the present
invention has the particular advantage that the compensation
1s 1mplemented as a closed-loop control circuit. Thus, 1t 1s
also possible for unsteady disturbances, 1n other words those
having a variable amplitude and phase, to be well compen-
sated for provided that the changes take place slowly enough
in comparison with the sampling time of the compensation
control. Moreover, the feedback in the control loop results 1n
that a relatively good compensation 1s possible even 11 con-
stants K, und ¢, are not precisely known since the method
of the compensation control converges under the condition

2cos(par — da) 2 Kg/Kar 2 0

for the steady-state disturbance and the steady-state pro-
cess while disregarding measuring errors. In this
context, K. und ¢, are the real process parameters
and K and ¢, are those being used in the compensa-
tion control for calculating the compensation. This case
1s given, for example, 1n the case of small variations 1n
amplification K, and phase shitt ¢, of the process dur-
Ing operation.

In an advantageous refinement of the present invention,
the method according to the present invention includes an
optimum compensation control 1n which process parameters
K=K K, und ¢.=¢.+¢, required for ensuring optimality
are 1dentified at the beginning and/or during the compensa-
tion control.

For identification, 1t 1s required to carry out at least two
measurements of the resulting disturbances at the compensa-
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tion shaft at different points 1n time with different compen-
sation parameters. When using in each case two measure-
ments during the i1dentification, parameters ¢,, and vy, are
measured at a first instant t, with active compensation
parameters b,, und {3, and, at a second 1nstant t,, parameters
C,, Und vy, with active compensation parameters b,, and f3,.
Using the following calculation instruction, it 1s possible, for
example, to directly calculate amplification K., and phase
shift ¢, from these eight values at the second 1nstant t,:

2 2
C = \/Cm + ¢y — 2¢o1Co2008(y2 — Y1)

L = —co81n(y1) + co2sin(y?)

N, = —corcos(y;) + copc0s(y2)
( arctan(Z./N.) for Ng > 0
arctan(/Z. /N.) + 7 for Ne <0
7= 7/2 for N.=0AZ. =0
—n/2 for N, =0a7Z, <0

)

b =/ b3y + b3, — 2booboscos(By — fo)
Zy, = bgosin(By) — boysin(B) )

L, = boosin(fy) — by sin(fy )

(arctan(/Zy, /Ny)  for Ny >0
arctan(Zy, / Ny) + & for Ny <0
p= 7/ for Ny =0nAZ 20

k —n/2 for Ny =0A7Zp <0
Kgz =c¢/b
pa2=y—p

Thus, during a compensation control, updated process
parameters K., and ¢,,, which for a basis for the further
control, can be calculated 1n each of the control steps at
instants t,, where 1 1s a natural number and which 1 counts off
instants. In this context, 1t 1s unimportant whether the peri-
ods between the individual measurements are equally dis-
tributed or accumulated. An identification from only two
measurements 1s possible under three conditions: Firstly, the
process parameters should not have changed between the
two measurements. Since the filter and the machine control
remain substantially unchanged between two control steps,
changes of the process parameters can only be caused by
changes in the machine dynamics. Since these changes 1re-
quently take place very slowly, this requirement i1s essen-
tially fulfilled. Secondly, the disturbance should not have
significantly changed essentially between the two measure-
ments. The rate of change of the phase and amplitude of the
disturbance depends on the cause thereol. No general state-
ments can be made on this. Along these lines, 1t 1s required to
take measurements at instants t,, appropriate periods of time
lying between the individual consecutive measurements.
Many disturbances have construction-inherent causes such
as 1mbalances, cam discs, or the like. Disturbances of that
kind are essentially steady. Thirdly, the measurement should
not be influenced by further stochastic disturbances. In the
method according to the present invention, the identification
1s essentially not influenced by stochastic disturbances since
the measurements concentrate only on one specific Ire-
quency. I the stochastic disturbances are, for instance, white
noise, then only a small part of the total energy of the distur-
bance has an eflect for the specific, currently measured fre-
quency o . since only this one 1s not filtered out. Since mea-
surements are carried out at different instants t,, the method
according to the present invention 1s essentially less sensitive

to stochastic, disturbing influences which are limited 1n time.
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As mentioned earlier, the calculation can be carried out by
way of orthogonal correlation alternatively to the determina-
tion of the oscillation parameters from zero crossings and
extremes. The parameters of an oscillation having a complex
amplitude can also be determined by a method which 1s
based on correlation calculation.

To determine the real component c¢_, and 1imaginary com-
ponent ¢, of the complex amplitude of an oscillation ¢(¢)=
C.1 sin(r,,¢)+c , cos(r;,¢) one calculates the cross-correlated
of the measured signal for the reference angle signal for
angles 0° und 90°. In the case of a correlation over an 1nte-
gral multiple of half oscillation periods, 1.e., from ¢, to
¢, =¢,+07t/1,, 1t applies for the estimate of the real compo-
nent of the oscillation obtained via the orthogonal correla-
tion that

1
2y = f (1 @)sin(r1 ) dp =
gﬁ "?ﬂ @0

2 1
1 — ¥o @0

— Cxl(l —

cos(2ry o) — cos(2ry ;)
2r (@1 — @o)

(Cx1810(r1 ) + cyjcos(ri@))sin(rip) d ¢

sin(2ry ¢y ) — sin(2r) o) ] .
2r1 (@1 — o)

Cyl = Cxl1

For the estimate of the imaginary component, it correspond-
ingly applies that

. 2 1
1 = fu c(r1@)cos(rip) d g

- ¥1 — o ©0

2 1 , .
= fw (Cx18In(ry @) + Cyy cOS(r1@))sin(r; @) d ¢

cos(2r;g) — cos(2r; @) N
2r1 (@1 — @o)
sin(2ry 1) —sin(Zrygo) )
2r1 (@1 — @o) ] B

= Cx1
C},I(l +

In the case of discrete-time systems, the calculation equa-
tions then read

9) ky
N = o )kkzﬂﬂ c(ksin(ry (k) (g(k) — @k — 1))
and

) k|
= g @(kﬂ)kz c(k)eos(r (k) (k) - ¢k - 1))

Zk0+l

In this context, ¢p(k) 1s the angle and c(k) 1s the compensa-
tion signal appertaining to sampling step k, and 1t applies
that

k) ~ ko) + —
5]

if differential angle ¢(k)-¢p(k-1) remains constant or, as an
approximation, it 1s also possible to use

k)

2
Cy] = — E c(k)sin(r; ¢(k)) and
B0l +1
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-continued
A
G = P, cKeosre(k)
L 20+

Since ¢z Ak)=r,¢p(k) 1s calculated for the compensation
anyway, only two trigonometric functions and two multipli-
cations need to be calculated in this connection for the corre-
lation 1n each sampling step so that the computational outlay
1s relatively small.

If the compensation signal contains further orders, then
systematic errors arise in the calculation of the correlation, it
being possible for the errors to be estimated. I, 1n addition to
compensation order r,, a turther order r, 1s contained 1n the
compensation signal, then the compensation signal has the
shape

() = cxS1(ry - @) + Cy1 COS(ry - P) + CxpsIN(T - P) + CyrCO8(r2 - P)

For the estimate of the real component of the oscillation
obtained via the orthogonal correlation, when integrated

over ¢, to ¢, =¢,+nm/r,, 1t applies that

Cx] =

2 1 .
[T etrisintg e =

¥1 — %0 @0
2 1

Cx1 + (Cx281n(1y - @) + Cypc0s(ry - ))sin(r ) d ¢
sin((r; —rp)e;) — sin((r; —1r2)¢g)
(r) —12)(e01 — 0)
cos((r; —12)¢o) — cos((r; — 1‘2)55’1)] N
(r; —12)(¢01 — ¥0)
( sin((r; + 12 )@o) — sin{(ry + 12)¢; )
Cx2 +
(r) +12)(¢01 — o)
cos((r; + 12 )pg) — cos((r; + I‘z)sﬂf’l)]
(r) +12)(¢01 — o)

= Cx] + (CKZ

C},z

C}Q

The equivalent applies to the estimate of the imaginary
component of the oscillation obtained via the orthogonal
correlation, when integrated over ¢, to ¢,=¢,+nsm/1,

_ 2
T ol — o

C

I
jv c(ryp)cos(rie)do =
%0

2 1 _
i+ oo | (Exasinly ) + eppcos(ny - g)eosrip)dy
#0

C

cos((r; — 1)) —cos((r; —r2)¢g)
(ry —2)(¢1 — o)

sin((r) —rp )1 ) — sin((ry — 1"2)‘#‘0)]

(ry —12)(91 — @)

cos((ry — 1)y ) —cos((r; —r2)¢o)
(rp —2){¢1 — ¢o)

sin((r) —r3 )1 ) — sin((ry — fz)ﬁff”ﬂ)]

(ry —12)(¢p1 — o)

= Cy1 + (CKZ

C}rg

= Cyl + (CKZ

C}Q

The denominator of the fractions contains the factor (r; -
r,) 1n the first parenthetical expression, respectively. Their
contribution to the error 1s therefore large especially for
orders r, which are close to compensation order r,. To
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improve the quality of the measured values, it 1s useful to
reduce this error as far as possible. In the following, different
methods for this purpose will be presented which can be
used individually or 1n combination with one another.

It the correlation 1s carried out over angles from ¢, to

2nm

(r; —rp)°

@) =@o T

1.e. multiples of the beat period, then the first parenthetical
expression yields 0. Therefore, one way to largely reduce the
error 1s to select only multiples of the half oscillation period
as the correlation period which multiples are as close as
possible to multiples of the beat period.

Another way consists 1n calculating the disturbing error
terms

sin((r; —r2)ep) —sin((r; —r2)¢0)
(r; —2){91 — o)

cos((r; —12)pg) — cos({r; —12)¢)
(ry —12)(1 — o)

Clx =

E:l}; —

and, via the equations

h.ﬂ'\. P
Cxl = Cx1 —Cx2"C1x —Cy2°Cly

M

M
Cyl =Cyl —Cx2Cly —Cy2Cx

to subtract the errors from the estimates ¢_, and c_, of the
oscillation which were calculated via the correlation.
Required parameters ¢, and ¢, of order r, can also be
estimated for this purpose using the correlation method.
The repercussion of order r, on order r, can also be
eliminated in this manner. Thus, mutual disturbances
can be 1teratively eliminated.

It 15 also possible to solve the system of equations

Cxl 10 e ey Cxl
E}’l 0 1 —Cly Cix (%},1
EKZ - Cax E:z}, 1 0 éxz
E},z | —62}, Cax 0 | A
| Cy2
with

sin((ry —rp)eq1) — sin((r; —r2)¢o;)

15 =
: (r; —12)(¢11 — @o1)
. cos((r; — 12 )@or ) —cos((r; —12)¢11)
v =
y (r; — 2 )11 —@or1)
o sin((ry — r2)e@12) — sin((ry — r2)¢o02)
o (1] —12)(9012 — @o2)
o cos((r; —r2)poz) —cos((ry —r2)er12)
%y (r1 —2)(¢12 — @02)
which yields
5 _ Cra
: Ay Ay Ay Aq ] | I
G | 1 | =Aa A —Ag Ay | | G
(:332 detK| A;z  Axz Ay Ay | | &
. —Axs Az —Aa Al | g,
| Cy2
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-continued
with cofactors and determinant

Al =1 —exex +eryeny
Ao =€e1x€2y + €2x€1y

2 2
Azy = (efx + ey )ex — €ix

2 2
Agp = —(ef + elyJEZy —Cly
2 2
Apz = (@3, + €3, )e1x — ex
2 2
Agg = —(E:zK + ez},)el}, — C2y

2 2 \ya2 2
detK =1 —2ejxe2x + 2eryery + (], + ey, + e5y)

If correlation angles ¢,, and ¢,, of order r, and correla-
tion angles ¢,, and ¢, of order r, are equal, then the calcu-
lations are considerably simplified since it then applies that
e,.=€,, and e, =-e, , and because the resulting symmetrical
matrix can be mverted more easily.

It 1s particularly advantageous in the i1dentification of the
compensation parameters in the method according to the
present mvention that no assumptions are required on the
dynamics of the process as, for example, the number of poles
and zero values of the process transier function. Instead, the
amplification and phase shift are required and also 1dentified
for a specific frequency of the process.

In advantageous refinement of the present invention, it 1s
also possible for the process parameters to be calculated
using statistic methods such as a sliding averaging from a
larger number of measurements or the like, istead of only
from two measurements. In this context, to keep the 1dentifi-
cation error, 1.e., the deviation between the calculated and
the actual compensation parameters, arising due to time-
related changes of the process parameters and, above all, of
disturbances as low as possible, it 1s 1n each case possible to
initially calculate process parameters K-, and ¢, as speci-
fied above from two measurements which are successive 1n
time, and to calculate from the so determined values final
process parameters K .. * and ¢* at different points 1n time
using statistical methods.

The less the used compensation parameters of the two
measurements differ, the lower 1s also the quality of the 1den-
tification. If the process parameters were calculated rela-
tively well, then a compensation control working with these
parameters can substantially eliminate the disturbance. In
the case of a steady-state disturbance and steady-state
process, this will result 1n approximately constant compen-
sation parameters b, and p. This problem 1s typical of adap-
tive controls. This can be solved by a monitoring which
switches the 1dentification off in the case of too small differ-
ences of the compensation parameters which are active dur-
ing the measurements. In this case, the process parameters
are known anyway, and no further calculation 1s required.

The calculation 1nstruction specified above of the method
according to the present invention includes in particular also
the case that one of the two measurements 1s carried out
without compensation. This produces, inter alia, two advan-
tages. Firstly, the computational outlay 1s only half as high
and, secondly, 1t 1s possible for the process parameters to be
well calculated 1n only one 1dentification step already at the
second measurement 1f an appropriate compensation 1s used
since the compensation parameters differ suificiently during
both measurements.

During the identification of the process parameters, the
compensation of a specific order r or frequency m. can also
be carried out completely without knowing the disturbance
and the process 1itself. To this end, mitially, a measurement
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can be carried out without compensation and one with com-
pensation settings which differ therefrom for a first identifi-
cation of the process parameters. Using these values, 1t 1s
possible to carry out a compensation with variable param-
cters or with a control. Extensive calculations during the
operation ol the machine are then dropped. An adaptive
compensation control with online identification has the spe-
cial advantage 1n addition to the advantages of the simple
compensation control that a good compensation 1s achiev-
able even with process parameters which strongly vary dur-
ing the operation of the machine. Since the complex calcula-
tion of the 1dentification 1s not time-critical, 1t can be carried
out on mexpensive hardware and, possibly, even on existing
controller hardware along with the normal machine control.

It should further be pointed out that, when using a filter,
the use of defined filter transient recovery times 1s variable.
In other words, via the selection of the transient recovery
period, 1t 1s possible, for example, to attain a rapid reduction
of large oscillation amplitudes or, 1n the case of a compara-
tively longer transient recovery time, to reduce the oscilla-
tion increasingly better or to eliminate 1t.

It 1s clear to one skilled 1n the art that the method accord-
ing to the present ivention can also be used, although with
restrictions, even 1n the case ol non-linear processes in
which certain different orders or frequencies mutually 1ntlu-
ence one another. When taking measures against distur-
bances 1n a non-linear process, 1t 1s an 1important point that
concurrent changes 1n the compensation signals of orders
which mutually influence one another are prevented in a
controlled manner during the process 1dentification or that
the identification 1s limited to measuring points at which
signals which mutually influence one another do not signifi-
cantly vary at the same time.

The method according to the present invention can be
implemented at a specific real or virtual machine shait 1n a
printing unit or 1n a printing unit group, 1.€., In a machine
part containing one or a plurality of printing units. The
method according to the present invention can 1n particular
also be applied to the oscillation compensation for the rela-
tive position, relative speed or relative acceleration between
different machine parts. The machine shait 1s directly or
indirectly driven via an actuator, and the printing unit or the
printing unit group has a measuring device for picking up the
oscillation of the machine shaft. Using at least one filter
associated with the measuring device, 1n particular a band-
pass filter or the like, the amplitude and phase of a number n
of discrete frequency components with angular frequency
w, 1s determined, with 1=1 to n being a natural number. This
measurement 1s used to electronically generate a control sig-
nal therefrom so that a compensation upon the machine shaft
1s possible via the actuator. It 1s clear to one skilled 1n the art
that the method according to the present mvention can also
be applied to a plurality of machine shaits within one or a
plurality of printing units or printing unit groups. A printing,
machine according to the present invention has at least one
printing unit or printing unit group of that kind.

An harmonic torque as defined herein includes substan-
tially harmonic torques.

List of Reference Symbols

Source of disturbance

Oscillation a having an amplitude a, and a phase «
Summing point

Signal

N

10

15
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60

65
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-continued

List of Reference Symbols

Measuring device

Measured signal

Filter

Measured signal ¢ having an amplitude cq and a phase ¥
Arithmetic unit

Manipulated variable b having an amplitude b, and a phase p
Actuator

Process

Harmonic torque having an amplitude Kyb, and a phase f + ¢p
Printing Unit/Press

» W= OO0~ W»

What 1s claimed 1s:

1. A method for compensating for a mechanical oscilla-
tion at a machine shaft via at least one actuator acting
directly or indirectly upon the machine shatt, the oscillation
having a frequency spectrum capable of being approximated
by a number of discrete frequency components, the method
comprising the steps of:

measuring the amplitude and phase of at least one of the
discrete frequency components at at least one specific
point in time;

calculating at least one pair of amplitudes and phases of
the harmonic torque 1n a closed adaptive control loop,
wherein process parameters required for the calculation
are updated during the control on the basis of at least
two measurements of resulting disturbances at the
machine shait at different points in time with different
compensation parameters; and

superposing upon the at least one of the discrete frequency
components of the mechanical oscillation, via the
actuator, independently of the other of the discrete fre-
quency components, at least one harmonic torque of a
same frequency having a specific amplitude and phase
in such a manner that an amplitude of the oscillation of
the machine shait at the same frequency 1s reduced.

2. The method for compensating for a mechanical oscilla-
tion as recited in claim 1, wherein the harmonic torque has a
frequency independent of the time.

3. The method for compensating for a mechanical oscilla-
tion as recited 1n claim 1, wherein the frequency of the har-
monic torque 1s at a fixed ratio r, with r being a real number,

to the angular speed of the machine shatt.
4. The method for compensating for a mechanical oscilla-

tion as recited 1n claim 1, wherein the amplitude and phase
of the harmonic torque for compensation are independent of

a machine speed.

5. The method for compensating for a mechanical oscilla-
tion as recited in claim 1, wherein the amplitude and phase
of the harmonic torque for compensation are a function of a
machine speed.

6. The method for compensating for a mechanical oscilla-
tion as recited 1n claim 1, wherein the amplitude or phase of
the compensating harmonic torque are determined from at

least one of a measurement of the amplitude and phase of the
corresponding frequency component of the mechanical
oscillation of the machine shait and of a signal calculated
from a signal of one or a plurality of machines shatts.

7. The method as recited 1n claim 6 wherein the signal 1s
the differential signal of one or a plurality of machine shatts.

8. The method for compensating for a mechanical oscilla-
tion as recited in claim 1, wherein the parameters required
for calculating the amplitude and phase of the corresponding
harmonic torque are at least partially determined from mea-
surements of the amplitude and phase of the corresponding
frequency component of the mechanical oscillation of the
machine shatft.
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9. The method for compensating for a mechanical oscilla-
tion as recited 1n claim 1, wherein the frequency of the har-
monic torque 1s determined as a function of a natural fre-
quency of a machine having the machine shaft.

10. The method for compensating for a mechanical oscil-
lation as recited in claim 1, wherein the frequency of the
harmonic torque 1s determined as a function of the speed of a
machine having the machine shaft.

11. The method for compensating for a mechanical oscil-
lation as recited 1in claim 1, wherein the oscillation 1s a rota-
tional oscillation.

12. The method for compensating for a mechanical oscil-
lation as recited 1n claim 1, wherein the machine shaft 1s 1n a
printing unit or in a printing machine.

13. A method for compensating for a mechanical oscilla-
tion at a machine shaft via at least one actuator acting
dirvectly or indivectly upon the machine shaft, the oscillation
having a frequency spectrum capable of being approximated
by a number of discrete frequency components, the method
comprising the steps of.

superposing upon at least one of the discrete frequency

components of the mechanical oscillation, via the
actuator, independently of the other of the discrete fre-
quency components, at least one harmonic torque of a

same frequency having a specific amplitude and phase
in such a manner that an amplitude of the oscillation o

the machine shaft at the same frequency is reduced,
wherein the frequency of the harmonic torgue is at a
fixed ratio v, with v being a real number, to the angular
speed of the machine shaft.
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14. The method for compensating for a mechanical oscil-
lation as recited in claim 13, wherein the amplitude ov phase
of the compensating harmonic torque are determined from at
least one measurement of the amplitude and phase of the
corresponding frequency component of the mechanical
oscillation of the machine shaft and of a signal which is
calculated from the signal of one or a plurality of machine
shafts.

15. The method for compensating for a mechanical oscil-
lation as recited in claim 14, wherein the signal is the differ-
ential signal of one or a plurality of machine shafts.

16. The method for compensating for a mechanical oscil-
lation as recited in claim 13, wherein the mechanical oscil-
lation is a votational oscillation.

17. The method for compensating for a mechanical oscil-
lation as vecited in claim 13, wherein the machine shaft is in
a printing unit or in a printing machine.

18. The method for compensating for a mechanical oscil-
lation as recited in claim 13, wherein the at least one of the
discrete frequency components of the mechanical oscillation
is superposed as a function of a veference angle.

19. The method for compensating for a mechanical oscil-
lation as recited in claim 13, wherein at least a pair of
amplitudes and phases of the havmonic torque is calculated
in a closed control loop in such a manner that the mechani-
cal oscillation is reduced.
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