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Abstract

Mechanohydraulic systems with a degree of freedom for each
hydraulic actuator are osclllatable systems on account of the
01l column of the hydraulic actuator, e.g. of the hydraulic
cylinder, which acts in the same way as a spring and may have a
pronounced oscillation behavior. Such systems therefore place
high demands on the contrpl i1n order to stabilize such systems
over the entire operating range and, at the same time, to
improve the oscillation behavior without restricting the
dynamics of the system. The 1invention describes a control

method and a controller, 1n which the desired pressure p,

(e.g. as a function of a predetermined position desired wvalue
and the mechanical loading system), preferably as the term (p,

- pn), 1s taken 1into account in the hydraulic system, and/or
the speed v, of the hydraulic actuator is locked onto a control
circult as damping, e.g. 1in combination with a general transfer

function C3, the stationary equilibrium pressure p, and/or the

hydraullic actuator speed vy being determined by an observer.
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CONTROL METHOD AND CONTROLLER FOR A MECHANOHYDRAULIC SYSTEM

The present invention relates to a control method for a

mechanohydraulic system with a degree of freedom for each

nydraulic actuator functioning as a controlled element and a

device for i1mplementing the method.

I
—

Mechanohydraulic systems with a (mechanical) degree of freedom,

that 1s to say systems in which, for example, a mechanical part

with a degree of freedom (load system) 1s actuated via a

hydraulic cylinder (actuator), occur, in practice, in the most

diverse possible configurations, such as, for example, as a

cage roller of a winch, as a loop lifter between two stands of

a mill train or as a hydraulic adjuster of a stand of a mill
train, but also 1in general applications, such as positioning

tables, vibrating tables, etc. What is common to these systems

ls that they are basically oscillatable on account of the
hydraulic oil column 1in the hydraulic cylinder or in other

reslilient elements 1in the load system. Mention may be made

here, as representative examples 1in no way restricting the

general validity, of applications in which, for example, a

hydraulic linear cylinder moves a rotatably mounted mass, for

example a cage roller, loop lifter, etc. In systems of this

type, a pronounced oscilllation behavior is exhibited due to the

hydraulic o1l column which acts in the same way as a spring.
This 1s reflected in an undesirable tendency of the overall
system to oscillate at specific points in the frequency

response. The resonant frequencies occurring in this case are

determined essentially by the equivalent mass of the mechanical

system, the gelOmetric conditions and the equivalent sSpring

P

rigidity of the elasticities occurring, such as, for example,

the compressibility of the 0il column, and/or the elasticity of

a roll stand, etc. It is typical, then, of such systems with

pronounced resonant frequencies that they are inclined to

(damped) oscillations in the event of regulating actions from

1

outside. In control operations which are aimed, for example, at
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moving to a new operating polnt, or the leveling out of a fault
introduced from outside, these oscillations 1n the control
operations glve rise to extremely undesirable transient

variations of physical variables. In the abovementioned example

of loop 1lifters, this has the effect of strip tension

fluctuations which 1lead, 1n turn, to undesirable contractions

of the strip. Where cage rollers are —concerned, these

F

fluctuations of the pressure of the cage roller on the strip

may lead to surface damage caused by 1ndentations.

In current practice, therefore, controllers are often set only
very slowly, 1n order to keep the excitations of these

undeslrable oscillations as low as possible. One possibility,

known from standard literature, 1s to use what are known as

"notch filters", narrow-band band-rejection filters, which are

aimed at avoiding the excitation of oscillations due
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to the controller by the directed "tuning out” of the frequency

range around the resonant frequency of the system to be

controlled, 1in terms of the controlled variable. A serious
disadvantage of this method, especially 1n the applications
mentioned, is that the characteristic of the mechanical system
remailns unchanged and, even though the controller itself avoids

an excitation of oscillations, undetectable faults acting from

-.outside give rise, as before, to oscillations of the systemn.

Also, the resonant frequencies are dependent on the selected

operating point.

g—
—

What has a more serious effect 1n such systems, however, 1is

that they generally have, as mentioned, a nonlinear behavior.

gpr—

The known methods, such as the use of notch filters, are

methods of linear control technology and, in the case of
nonlinear systems, have validity only 1in the vicinity of the
operating polnt, for which the nonlinear element has been
approximated by a linear system. It 1s immediately clear,

however, for example in hydraulic linear drives, that, with a

*

varlation in the position of the piston of the hydraulic drive

and consequently of the o1l column, the resonant frequency also

changes. In the method described above, there 1s the

possibility of selecting a very broad notch filter, which, in

turn, conslderably restricts the dynamics of the overall

system.

An object of the invention, then, 1is to develop a control

method or a controller which stabilizes mechanical systems with

a degree of freedom for each hydraulic actuator, that is to say
a generally nonlinear overall system, over the entire operating

range and, at the same time, improves the oscillation behavior

of the mechanohydraulic system and, in particular, reduces the

tendency of the mechanical system to oscillations by virtue of

the introduction of active damping.

Thls object 1is achieved, for the control method, by means of
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the features of claim 1 and, for the controller, by means of

the features of claim 10. In the control method, the desired
pressure of the hydraulic system pPp,, preferably as the term

(Pr - pPn), 1s taken into account in the control (for example,

o~

position control) and/or the speed vy of the hydraulic
actuator, for example the piston of a hydraulic cylinder, 1s

taken into account 1n the control as damping, for example 1in

combination with a general function C3, for example via a
damping factor kg (that is to say, 1s locked onto a control
(with the effect of parametrizable additional damping)), the

desired pressure p, and/or the hydraulic actuator speed vy

being determined by an observer.

The <controller according to the invention has a measuring

sensor for measuring the pressure pp 0f a hydraulic system, for

example a hydraulic c¢ylinder, and a measuring sensor for

J—

measuring the position x, of the hydraulic actuator, for

example the piston o0of a  hydraulic cylinder, and  1s

characterized 1n that a control unit with the
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hydraulic pressure pp, and hydraulic actuator position x, as
input variables 1is provided, an observer for determining the
desired pressure p, and/or the speed vy of the hydraulic
actuator being 1implemented in the control unit, and, 1in the

control 1law of the controller, the desired pressure py,

preferably as the term (p, - pr), 1s taken into account in the

.

f the hydraulic actuator 1s taken

control and/or the speed v, 0:

into account as damping, that 1s to say in combination with a

general transfer function C; (for example, 1in the simplest
instance, a proportional term kg) (for example, can be locked
onto the control). In addition, there may be provision for the
measured acceleration ap, o0of the hydraulic actuator in relation
to the container (for example, hydraulic cylinder housing),
surrounding the hydraulic medium applying a force to the

hydraullc actuator, to be locked onto the control, as a rule in

comblination with a general transfer function Cj.

There 1s therefore no need for a direct measurement of p, or

P

Vh, but 1f such 1s present, it may, of course, be used.

In the 1invention, either only the desired pressure p, in the

hydraulic system or only the speed vy, of the hydraulic actuator

or both variables may take effect in the control.

This control method or this controller stabilizes the overall

mechanohydraulic system with a degree of freedom, irrespective

F F

of the choice of the controlled variable, such as, for example,

position or pressure (or regulating force). In addition, they

are capable of damping the system effectively in that they
extract energy from the oscillatable system in a suitable way.
They therefore actively reduce the tendency of the controlled
system to oscillations or, ideally, largely suppress the

oscillation of the system. The control method affords the

possibility of introducing active damping into the system to a

differing extent, with the result that the effective damping of

the system can also be set in a flexible way.
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The control method i1is distinguished, further, by particular
robustness. Even 1in the event of variations in the physical
conditions, such as, for example, the compressibility of the

-

hydraulic o1l column, and during the occurrence of certain

leakages 1n the hydraulic actuator, the controller 1is capable

P

of stabilizing the overall system (load system plus hydraulics)

reliably over the entire range restricted only by the
mechanical design. Consequently, undesirable variations of
controlled variables, such as, for example, strip tension or
force on the strip i1n rolling mills, which, in turn, would be
reflected 1n quality losses, are effectively reduced or
avolded.

Further, the control circuilts optimized by virtue of the active

damping introduced can be set markedly more quickly, which, in

turn, may bring about quality improvements or
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production increases, since, on the one hand, faults can be
leveled out more quickly and therefore more effectively and, on

the other hand, desired values are reached more quickly.

Further particularly advantageous refinements may be gathered

from the 1ndependent claims and from this description of the

invention.

The present invention is described below, first, for general
mechanohydraulic systems wlth a degree of freedom for each

nydraulic actuator, and then, with reference to two special

unrestricting and exemplary applications, with the aid of the

diagrammatic, unrestricting and exemplary figures 1 to 5 in

which:

fig. 1 shows a roughly diagrammatic illustration of a cage

roller,
fig. 2 shows the abstraction of the «cage roller as a

spring/mass system,

fig. 3 shows a diagrammatic illustration of the geometric

relations on the cage roller,

fl1g. 4 shows a diagrammatic illustration of the observer, and
fig. 5 shows a diagrammatic illustration of the control
concept.

General i1llustration

In general, mechanohydraulic systems with a degree of freedom

may be considered, from the point of view of modeling, as pelng

composed of a sometimes nonlinear mechanical load system (for

example, cage roller, robot arm, spring/mass damper system,

r—

etc., but, for example, also only the cylinder mass of the

actuator 1itself) and of a mostly nonlinear actuator system

g

(build-up of the pressure or pressures) which is supplied via

one or more hydraulic valves. In order, then, to impart the

desired behavior to the overall system, the fluid gquantity
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located 1n the actuator 1s stipulated in a suitable way and 1is

supplied via one or more hydraulic valves. For this purpose,

the elastic behavior of the hydraulic fluid is suitably taken

P

into account. If the physical conditions of the load system and
therefore pp, are not known sufficiently accurately, for

-

example an unknown external generalized force takes effect, the
fluid quantity cannot for the time being be stipulated
directly. For this reason, .an observer 1is designed for the
fluid quantity which is required for the desired state of the
load system. This generally nonlinear observer may even be

designed without a measurement of the generalized speed of the

load system, 1n this <case without its functioning being

impalred. The controller itself, then, uses the known

information, or the information obtained from the observer, on
the required fluid quantity, 1in order to set the desired state

of the overall system.
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If the mechanical damping of the load system 1is not sufficient
or is to be suitably stipulated, this may be combined with the
methods described above. For this purpose, a signal dependent
on the generalized speed of the load system 1s sulitably added

to the regulating signal of the above controller or controller

part. This influencing of the damping may also be carried out,
with an approximation of the generalized speed, from the above

Oobserver or from another suitable observer.

Unified proof of the stability of the overall controlled system

1s available for all the control wvariables listed.

Correcting term for taking into account the desired pressure

Pn

The fundamental eqguation of a (single-acting) hydraulic

cylinder activated by a servovalve is sufficiently known and,

on certain physical assumptions, occurs, for example, as

An = Y

. E(_—-v,,A +q,,--C,pk)
Py =- —

act

with pn as the pressure in the servo-actuated chamber of the
cylinder, A as the piston area, vy, as the piston speed, g, as

the flow from the servovalve into the hydraulic cylinder, C; as

T

the leakage 1in the hydraulic cylinder, E as the modulus of

elasticity of the hydraulic o0il and V.. as the o0il volume 1in

the actuated chamber. The above equation may also be extended

to other variants of hydraulic actuators (such as, for example,

a double-acting cylinder), as is likewise sufficiently known

from the relevant 1literature. In order to illustrate the

1nvention, however, it is sufficient to describe this solely 1in

ﬁ

terms of a single-acting cylinder. As is evident from the above

equation, therefore, pressure changes arise from changes in the

volume due to piston movements, changes in the oil compression
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due to the supply of o1l (in the case of a constant piston
position) and possible leakages in the cylinder. The change

1tself 1s dependent on the current chamber volume or on the

piston position.

As can easily be seen, the above fundamental eguation 1is
nonlinear. Further, thls equation 1ncludes the piston speed
which, 1n contrast to the piston position, 1s not usually or
cannot usually Dbe measured directly. In addition, the

differentiation of the measured piston position on the basis of

quantization and measurement noise gives a result which is

m

virtually unusable. Thus, in typical applications, only the

actual position and the actual pressure of the actuated

hydraulic chamber are available as direct and usable

measurement varilables for linearization.
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By means of nonlinear methods o©of control technology which are

known from the literature, then, an exact linearization can be

found which manages with this restricted measurement data
record. In such a control law, then, the relative error of the

hydraulic pressure of the actuated chamber in relation to the
desired pressure (p, - pn) may occur (this desired pressure

belng defined by a stipulatable desired position and the load

system) .

These methods and such a control law are described in detail in

the followlng publications.

® G. Grabmair, K. Schlacher, A. Kugi (2003): "Geometric Energqgy
Based Analysis and Controller Design of Hydraulic Actuators

Applied 1n Rolling Mills'", ECC03 CD publication, 421.pdf,

Cambridge, Great Britain.

e Kugl A.: "Nonlinear Control Based on Physical Models",

Lecture Notes 1n Control and Information Sciences 260,

Springer, 2000.

Further, this 1S also described in the applicant’s

pr—

EP 992 295 A2 which is part of this disclosure.

[ —

If hydraulic adjustment is conducted in position control, then
this desired value p, is typically not known a priori (since

1t may, for example, be highly dependent on externally acting

forces unknown a priori or on elasticities, the exact numerical
value of which is not known). If this desired value Pn 1s not

known, the term (p, - p,) must be disregarded.

Investigations carried out by means of the applicant by
simulations and theoretical deliberations have yielded the
fact, however, that this disregarding has a destabilizing

F
prwr.

effect. If this term is taken into account, by contrast, the

closed control circuit has a better damping behaVior, with the
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result that the controller can also be set markedly more

quickly. This can also be seen from a consideration of the
energy of the overall system, where the mechanical damping 1S

reduced without this term.

b

The followling description of the invention, then, shows ways of
determining the variable p,.

For this purpose, first, a mathematical model (or a state

description) of the controlled element, that is to say the

mechanohydraulic system with a degree of freedom, 1is set up in

the most general form. Such a general model may be derived, for

example, from the sufficlently known Lagrange formalism

regularly employed 1in control technology, that is to say via

energy terms. The known Lagrange function L can 1in this case,

for a mechanohydraulic system with a degree of freedom, be

written as the difference of
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1 . . .
kinetic and potential enerqgy, L = —2-m(q) (qr)2 - V(g). m(g) 1s 1n

this case the generalized mass matrix, g 1s the generalized
coordinates, g 1s the time derivative of this, and V(g) is the

potential. With the hydraulic force F, as the input, general

state equations of the controlled element are obtained, with

the generalized coordinates g and with the momentum P as state

1)

variapbles which constitute the basis for all applications o:

mechanohydraulic systems with a degree of freedom for each

hydraulic actuator.

_ P

A e

m

. 1 . '
P=—=3,m(g)v' =3,V ~d@v+3 x,@F,

The symbol 04 in this case means the partial derivative

according to the generalized coordinates q.

This general illustration of the state equation of a

mechanohydraulic- system with a degree of freedom is to be

adapted correspondingly for the respective application, that is

Lo say some assumptions must be made which are to be adapted

for different applications. The following example is intended,

without any restriction of generality, to outline such an

adaptation and to 1llustrate the algorithm for the
determination of p,.

EXAMPLE

——

Hydraulic (single-acting) adjustment of a roll stand:

A hydraulic system is assumed below which acts counter to a

linear spring/mass system. This gives rise to the following

assumptions:
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e Mass and damping are movable.

e The general potential V(g) can be divided expiicitly into a

2
spring potential ¢; %, the potential of a constant load

force F;.g and a remalning term V also formulated generally

here.

This is followed, inserted into the general state equation for

the controlled element, by

R
q = —
m

. P ~
P=F —~d—-cq—dV +d x,(q)F,
m
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This state equation, then, 1is the basis for belng able to
determine the desired pressure p, via an observer. For this

purpose, then, a state transformation 1s formulated, so that

the model for the observer becomes linear, with the result that

a linear observer design becomes possible. The components

resulting from gravity and hydraulic force are comblned as

state transformation, into the new 1nput Ugps;, Uops = -

0qV +0gxn (q) Fn. Consequently, .then, as described below, an

—
e

observer <can be designed for the stationary state oI

P

equilibrium of ueps. For the state oL equilibrium, of course,

P =g = 0 must apply. The transition from g to the deviation g

v — S’

(with § = g - g) gives a consistent set of state equations.

The third state equation for u,,, 1is also written 1n formal

cerms.

me_ﬂpmuabs ......ch- +uabs'
m
uobs -~
.1
g=—2Pp
{{
c; as the spring constant of the load system (for example, the

elasticity of the material) can thus be 1ncorporated explicitly

into the observer (which, of course, can be formulated as

desired). Consequently, the observer Dbecomes robust with

respect to fluctuations/uncertainties, for example the material
elasticity. The load force 1s assumed here to be constant, so

that a linear observer can be designed. At the same time, an

r‘-
d
e

"integral effect" of the observer 1s consequently achieved,

which causes the error to approach zero.

This state equation of the observer with the transformed state

Uops can then be solved by means of conventional methods of

control technology, for example by means of the observer

equation 1n continuous form and the known Ackermann formula,
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for the sought-after stationary state ot equilibrium of Ugps-
These general control methods do not have to be dealt with 1n

detail here, but they may be presumed to be known. From this,

then, the sought-after stationary equilibrium pressure Pr can

be determined, taking 1into account the selected state

transformation. Variables determined Dby the observer are

designated below by means of a roof, for example Prh With
CUpps = -8q17+6qxh (q) Fy and Fyy - = ADh, then, Pn follows

immediately, with the result that the sought-after variable 1is

determined in general form. In addition, however, as 1s clear

from the fundamental equations, the observer also supplles the

- momentum which may 1likewise be used, as 1s also explalned

below.
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EXAMPLE

Hydraulic adjustment of the cage roller of a winch

In order to illustrate the use of the equations written down 1n

general above and to demonstrate general validity, a further
concrete example is explained with reference to a

mechanohydraulic system with a degree of freedom in the form of

a cage roller of a winch. In addition to outlining the
determination of pP,, the active introduction of damping 1s

presented. To press down the metal sheet during the winding
operation on the winch of a hot strip mill, cage rollers, as

they are known, are employed (typically, three to four cage

rollers around the circumference), as 1llustrated roughly

diagrammatically in fig. 1. The cage roller 1 presses the metal

sheet against the winch 2 via a hydraulic cylinder 3, the

servovalve not being illustrated here. In this case, both the

hydraulic c¢ylinder and the cage roller arm 4 are mounted
rotatably. The piston on the hydraulic cylinder 3 1s likewilise
mounted rotatably on the cage roller arm 4. Fig. 2 shows the
same system 1n abstracted form as a mechanical spring/mass

system with a lever arm, salid system beling used as a model for

the following deliberations.

In contrast to the previous example, with the cylinder
coordinates being selected as generalized locus coordinates g,

a nonconstant mass matrix will be obtained. There 1s, then, the

general possibility of carrying out a coordinate transformation

which, because of the flatness of the mass metric (the metric
induced by the mass matrix), always exists and can also be

calculated, so that the mass matrix appears as a constant 1n

the transformed coordinates. In the present example, this 1s
achlieved 1n a simple way by a purely geometric transformation

to o, the adjustment angle of the cage roller.
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In general, however, this coordinate transformation (and the
regulating variable transformation to u,,) does not have to be

carried out explicitly if it is taken into account implicitly

in a nonlinear form of the observer, this being possible since

a closed differential equation system with a nonlinear observer

is present 1in general coordinates. In this form of the

observer, work may also be carried out with a nonconstant mass

matrix.

In this example, however, the coordinate and regulating

variable transformation are illustrated explicitly.

Assumptions wvalid for the concrete application are made with

P
—

regard to the general state equations of the controlled

element:
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—_ 10 —
e g = a, the adjustment angle of the cage roller is used as a
locus coordinate (cooidinate transformation), from which
g = w follows, with ® being equal to the angular speed.

e m(g) corresponds to a mass matrix which in the general case
is dependent on the locus coordinate g and which may Dbe used,
in principle, for the observer design. As mentioned above, in
this example however, with g = .o the adjustment angle 1is
advantageously (and for reasons of clarity) selected as the
locus coordinate, with the result that m(g) corresponds to

the moment of inertia ® of the cage roller and 1s constant,

from which d;m(g) = 0 follows.

]

e d(g) = d const., damping 1s consequently position-

1ndependent.

P
=

¢ The patential V is composed of a (constant) load moment M

and of gravity. In principle, here too, 1t 1s possible

(similarly to above) to take into account an elasticity c¢;

e V(gq) = -M; - gtV (q)... |+ ¢y —

These assumptions lead to the followiling equations:

L

L b, 0,7 0,5 @, 4, g

From the geometric relations on the abstracted spring/mass

system, further relations can be derived and the above equation

can be converted further. Fig. 3 shows one possible wvariant,

including the geometric variables which may be adopted.



CA 02618143 2008-02-08

- 10a -

e 0,V (q): V (q) corresponds, as mentioned, to the potential of

hgravity.

As shown 1in general above, then, a regulating wvariable
transformation to a new input Usbs of the form
Uops = —6q17+5qxh (g)F, 1s carried out, which 1n this concrete

application example leads to Ueps = —6q17+6qxh (q) Fn = My + M,. The
state of equilibrium again becomes p =g =0 U, = M or, 1n

more general form, with an elasticity C1 becomes

Uobs — Ml + Cl'q.
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With the formal introduction of the new state u,,, and with the

transition to relative coordinates for g, the following

ultimate state equations for the observer are then obtained

d - _
megpmuobs = Crd + Uy,
Uops —
L
q )
The state 4,,., can then be determined again from this equation.

By the generalized coordinates being reverted to measured
coordinates, here x,, Pn can agaln be determined.

With this method, i1llustrated first 1n general and subsequently
with reference to a concrete example, 1t 1s shown that the
stationary equilibrium pressure p, can be determined by an
observer and a preceding state transformation. This method can
be applied 1n a similar way to all mechanohydraullic systems

F
p—

with a degree of freedom for each hydraulic actuator, and only

the geometric and mechanical relations of the respective system

have to be taken i1nto account.

As already mentioned above, however, the observer not only

supplies the stationary equilibrium pressure jamr.but also the

~

momentum P, from which the nonmeasurable speed o0of the

hydraulic piston can then be determined in a simple way by the
i p
m

|

relation v, and 1s then likewlise available and can

likewlise be used, as required.

In fig. 4, the relations described above to the observer are

described once again with reference to an observer diagram. The

observer 1tself uses 1input and output wvariables which differ

from those actually measurable or required. On the one hand,

the measurable input variable in the form of the position x, is

transformed to an angle a via the geometric relations.
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Furthermore, an observer state transformation to the new state

——p

Uops 1S necessary. From the variables d® and ugs determined in

this way, the observer determines the state Eobs and the

o~

momentum P . The stationary equililibrium pressure ff;h follows by

inverse transformation from U.,s, and the speed Vv, can be

Fa S

determined in a simple way from the momentum P.
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Introduction of (parametrizable) active damping

A hydraulic cylinder with a servovalve as activation has,
considered in a known way as a controlled element, an 1ntegral
behavior. It is likewise known that, in a mechanical system, a
damping term 1is proportional to a speed. In order, therefore,
to introduce damping into an integral element, an acceleration-
proportional variable must consequently be 1locked onto. the
element. This may take place directly, 1in that the acceleration

is measured and 1is locked onto an actuator (servovalve) via a

damping member with a damping kq°, as is sufficiently known.

While the present invention was being prepared, however, it was

it

‘ound that damping 1s also established when a speed-

proportional variable 1s locked onto a controlled hydraulic
element with an integral behavior. To be precise, 1t was shown
that, under specific parameter restrictions, a "differentiating

effect" 1s established. What 1s critical for this 1s the ratio

——

P
p—

between the damping kg and the proportional amplification of

the controller ky,. In this case, 1n general, kg > k, applies,

and kp 1s to be selected such that specific stability criteria

P g —
—

are fulfilled. Of course, no absolute, generally valid ratio of

Ka to kp, can be specified, since this depends, of course, on

-

the actual conditions of the element. These parameters are

therefore to be adapted to the element, for example by means of

tests or via simulations with conventional programs, such as,

for example, MATLAB. However, since the speed 1s likewise an

H

output variable of the observer, by virtue of this knowledge an

additional damping can be introduced into the system very

simply, this having a highly advantageous effect on the control

P

of the system.

These relations, then, will be explained by means of the

diagrammatic illustration of the control concept according to

fig. 5.
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The controlled element is formed by the mechanohydraulic system

with a degree of freedom for each hydraulic actuator, of which

fig. 5 illustrates the hydraulic cylinder 3 with activation via

a servovalve 5. The servovalve 5 may activate a single-acting

cylinder or, as indicated in fig. 5 by the dashed double line,

also a double-acting cylinder. Other forms of construction of

hydraulic cylinders or other actuators based on the hydraulic
principle may just as well be envisaged. A pressure sensor o,
an acceleration sensor 7 and a position sensor 8, which supply

suitable actual-value measurement signals for control, are

provided on the hydraulic cylinder 3.

As described in the applicant's EP 992 295 A2, control 1s based

on an above-described state transformation for the desired,

actual and regulating variable, so that a linear controller can

be implemented. As 1s known from control technology, the

controller R
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may be, for example, any desired transfer function (in the
simplest instance, for example, a proportional member with
proportional amplification ky). A servovalve 5 has a typically

nonlinear behavior which could be compensated by means of known

servocompensation. The control law for this conventional

control has already been described above. When the control 1is

to be operated in this way in the form of position control, the

switches S, and S, must be opened and the switch S3 must be

closed. The switches S; to S, do not, of course, have to be

actual electromechanical switches, but could, of course, also

be implemented only 1n software.

In force control of the hydraulic force F,, the transformation

of the desired and actual value is unnecessary for a possible

pra=—

embodiment of the controller and can simply be activated by

changing over the switch S; to force 1input, by closing the
switch S, and by opening the switch S3. That 1s to say the

position deviation is switched away and the pressure desired

values and pressure actual values can be stipulated directly.

The elements C;, C;, C3 and C4 make it possible to adapt their

respective 1nputs and, 1in their most general form, i1llustrate

F

functions, with the input and, if appropriate, other variables

as parameters. They may be simplified (linear) dynamlc systems

or, 1n the simplest 1nstance, a proportional factor.

This already known control, then, ‘can be extended in a simple
way, 1n that the term (p, - pn) 1s taken into account, for
which purpose the switch S; 1s changed over.to pressure input

and the switches S, and S3 are to be closed. In this case, the

observer supplies the stationary equilibrium pressure fﬁh, as

descrilibed above 1n general and by means of concrete examples.

Additional damping 1is consequently introduced into the control.

A further additional damping can be introduced into the system

in that the  switch Sq 1s changed over either to
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speed-proportional or to acceleration-proportional damping via
C3 or C4. In speed-proportional damping, the observer supplies
the speed v,. C3 makes it possible, for example, to have a
dynamic adaptation of the observed signal both in terms of an
optimal signal characteristic and 1n terms of an adaptation of
the extent of the introduced damping (in the simplest instance,
C3 corresponds to a proportional term kg as described above).

In acceleration-proportional damping, the acceleration sensor 7

supplies the required acceleration. C; has the same task as Cj
(again, 1in the simplest instance, a proportional term kg%). If
such an acceleration sensor 7 is not present, this part of the

control may also be absent.
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It follows from this that the controller can be operated 1n a

plurality of different modes, as required. The transfer

‘functions C;, C,, Cs, C4, R may, of course, likewise be

| —

different for the various modes.

AL control described above may, of course, be implemented
particularly advantageously 1in a control unit, such as, for
example, a computer. The necessary variables, such as hydraulic
pressure pp, cylinder position xn, or the stipulatable desired
variables, but also a hydraulic force (for force control), are
detected by the measurement sensors and made avallable to the
control unit as 1nput Variables. The output wvariable of the

control unit 1s typically an activation signal for the

servovalve, such as, for example, the servovalve flow g, or the

servovalve piston position Xs.

U B

Basically, . by means O the control described, any
mechanohydraulic system with a degree of freedom for each
hydraulic actuator can be controlled with increased stability
and damping, and the 1nvention 1s not restricted to the

applications described here.
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Patent claims

A control method for a mechanohydraulic system with a

degree o0f freedom <for each hydraulic actuator, as a

controlled element, characterized in that the desired
pressure of the hydraulic system p,, preferably as the

term (pPn, - pn), 1is taken into account in the control and
the speed vy 0of the hydraulic actuator (3) 1s locked onto
a control as damping, the desired wvalue pP; and the
hydraulic actuator speed vy being determined by an
observer, and the hydraulic actuator speed vy being locked

F

onto the output signal of the controller (R).

The control method as claimed in claim 1, characterized in

that, for the observer, a mathematical model of the

controlled element is used, in which the input variable is

subjected to requlating variable transformation to a new

input variable ugps, so that the mathematical model of the

controlled element becomes linear for the observer.

The control method as claimed in «claim 1 or 2,

characterized 1in that the mechanical load system 1is

represented as a mathematical model, the equation system

ﬁ

being 1llustrated, for example, by means of methods of

analytical mechanics, in this case, for example, with the

ald of the Lagrange formalism

. F
g=yv=—
m

4 i o , *‘
P= }“{(m )= ”“jaem@vz ~d,V —d(g)v+0 x,(g)F,

The control method as claimed in claim 3, characterized in

#
p—

that, 1n the <case of a nonconstant mass matrix, a

AMENDED SHEET
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coordinate transformation and regulating variable

transformation

(such as,

AM

END!

for example,

D SHEET

to the new 1input
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Upps = —aq?+6qxh (q) Fn) take place for the observer design,

such that the mass matrix is presented as a constant in

the transformed coordinates.

The control method as claimed in claim 1, characterized in
that, 1n the <case o0of a nonconstant mass matrix, a
nonlinear observer 1i1s used, 1in which the coordinate and

regulating variable transformation as claimed in claim 4

1s taken into account implicitly.

The control method as claimed in one of claims 1 to 5,

characterized 1in that the desired ©pressure p, 1is

determined by inverse transformation by means of the state

e’
”~

U op s determined by the observer functioning as a

disturbance variable observer.

AMENDED SHEET
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The control method as claimed 1n one of claims 1 to 6,

characterized in that the momentum P and, from this, the
speed Vv, are determined by means of the observer.

The control method as claimed in one of claims 1 to 7,
characterized 1n that the speed vy, o©of a hydraulic
actuator, 1n combination with a general transfer function
(C3) (forx example, in the simplest  1nstance, a

proportional term Kkg), 1s locked onto a closed control

clrculit.

The control method as claimed 1in one of claims 1 to B8,
characterized 1in that the measured acceleration ap of a
hydraulic actuator, in combination with a general transfer

function (Cy4), 1s locked onto the control.

A contreoller for a mechanohydraulic system with a degree

of freedom for each hydraulic actuator, as a controlled

element, and with a measuring sensor (6) for measuring the

pressure pp 0f a hydraulic system, for example a hydraulic

cylinder (3), and with a measuring sensor (8) for
measuring the position xp 0f the hydraulic actuator, for
example the piston of a hydraulic cylinder (3),
characterized in that a control unit with the hydraulic
pressure pp and hydraulic actuator position X, as input
variables 1s provided, an observer for determining the
desired pressure p, of the hydraulic system and the speed
vh 0f the hydraulic actuator (3) 1is implemented in the
control unit, and the desired pressure p,, preferably as

the term (p, - pp), 1s taken into account in the control

in the control law of the controller, and the speed v, of
the hydraulic actuator can be locked onto a control as
damping, this taking place at the output of the controller
(R) .

AMENDED SHEET
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The controller as claimed in c¢laim 10, characterized 1n
that the measured acceleration a, of the hydraulic
actuator, 1n combination with a general transfer function

(Cq4), can be locked onto the control.

The controller as claimed in claim 10 or 11, characterized

in that the speed vy o©0f a hydraulic actuator, in

comblnation with a. general transfer function (C3), can be

locked onto a closed control circuit.

The controller as claimed 1n one of claims 10 to 12,

characterized 1n that the controller can be switched to
and fro between a plurality of control modes in which

various dampings are locked on.

AMENDED SHEET
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