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Resumeé

This thesis threats the phenomenon of friction and how it affects hydraaiio systems. A short
review of the problems which friction induces in servo systems was givengalith a review of
the characteristics of the friction phenomenons and how these can be mtthéyneodelled.
From this review, the motivation of the thesis was clarified and the initiating problas stated
as: "What is the friction in a hydraulic cylinder?".

In order to experimentally investigate the friction in a hydraulic cylinder a skeitast facility
was necessary. This test facility had to be constructed as none exisbeehasd. A number of
concepts were developed which suggested how the cylinder testing eopéaformed. A concept
was chosen from which the test facility was developed. A concept catlad-by-Cylindemwas
chosen. Load-by-Cylinderwas assesed to contribute with the greatest experimental flexibility
for testing. The concept was based on using a hydraulic cylinder taderdle load acting on
the cylinder to be tested. This concept results in a more complicated systemegaita to the
necessary components and measurements, but the greatest advemtageeiflexible test facility
with a load that can be controlled and manipulated quite accurately. Fronotherdest structure
was designed acting as the base of the test facility. A design of the tesustrwas proposed
from a set of initial requirements. These requirements were related tonceai@meters of the
hydraulic system, and they were:

Maximum cylinder stroke500 mm

Maximum piston velocity0.5m/s

Maximum flow: 501 /min

Maximum hydraulic pressur@00 bar

From these requirements a new set of requirements, which were applicabke design of the
test structure, was derived. This new set of requirements were rdtatbe forces generated
by the hydraulics, which the test structure should withstand, and a dimehsezuirement of
the structure with regards to cylinder lengths, strokes and diametersden tor ensure that the
design was satisfactory, a structural analysis was carried out. The@naoved the design to be
sufficient, and it was finalised in drawings and sent on to be processiee work shop.

Next, the hydraulic system was designed. A cylinder for generating el ahiosen, and a
cylinder to be tested was found. Furthermore, servovalves of the kin@® 0633, were chosen
for each hydraulic subsystem (Load- and Test-subsystem). Thexremfixed displacement pump
was chosen which could deliver the necessary flow. This pump wagoosedi with a appropiate
pressure-relief valve achieving an ideally constant supply pressure.

Finalizing the hydraulic design, led on to the design of the experimental sSBtepearlier analysis
of the different concepts made it clear, what was required in the setupt tb be capable of
running the tests required for determining the friction. In order to run teststermining friction,
the motion of the test cylinder must be controlled very accurately. As mentitmelbad acting on
the test cylinder is generated by another hydraulic cylinder. In ordekéoadvantage of the load



cylinders ability to generated a wide range of forces, the output of thisdeiimad to be controlled
as well. This implied, that a control system had to be implemented in the experirsetupl Both
determining the friction and implementing the controllers, required measurirggetiff states in
the system. The friction was not measured directly, but instead determimadhfieasurements
of the fluid pressure in the cylinder chambers, load force and acceledtimass. In addition,
the control strategy consisted of primarily feedback control loops whdghired measurements
of velocity for the test-subsystem and force for the load-subsystem. |ddusto a experimental
setup consisting of a realtime PC running LabVIEW for data acquisition (irgmat)control signal
generation (output). Pressure transducers, an accelerometere aémsor (loadcell) along with a
position sensor (incorrporated in the load cylinder) were the measurincegenf the system. An
appropiate loadcell satisfying the requirements was not found, wherédgdcell was designed
for this special application. Hence, the system was now defined.

In order to make the system capable of running the required friction tetmgecessary feedback
controls were designed. This was done by mathematically describing thenabgaf the system,
from which a linear model was created. This model was used to desigmBbtier with velocity
feedback for the test-subsystem while a Pl-controller with force feddbad a velocity feed-
forward compensation was designed for the load-subsystem. The ltenstiwere designed to
make the systems as fast and accurate as possible. A specific requiveasdntmake the load-
system 5-10 times faster than the test-system. Meeting this requirement, weute eobustness
of the load-system towards the velocity disturbances from the test-systathefmore, stability
and bandwidth were analyzed using the linear model.

A friction test, with the purpose of determing the parameters of a specific frintiodel, should

have been a part of the report. The result of the test, would have bestteanpt at establishing
a valid friction model of the friction in the test cylinder. Unfortunately, theigiesf the test

structure was finalised too late in project, for it to be completed in the work, $fedpre deadline.
Too compensate for this, setup of the test facility and execution of theimgras will be done

after the deadline when the test structure has been completed. Hopefsiiltmake the results

available to be presented along with the presentation of the project.
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Preface

This report, documents the work completed, from mid September 2009 till stauady 2010,
in the Master’s Thesis by Daniel Henriksen during 1" semester of the Electro-Mechanical
Systems Design (EMSD) at the University of Aalborg (AAU). The Masténesis is the final
project which finishes off the ten semesters of projects and courses wagtio become a Masters
of Science in Engineering.

By completing and submitting this project, | thrust and hope it will qualify me to gméel from
AAU with a Master’s in Mechanical Engineering.

The subject of this thesis was proposed to me by my advisors, Torbendergen and Henrik C.
Pedersen. As will soon be apparent, the main subject of this thésistisn andHydraulics The
main motivation is an investigation of friction in hydraulic cylinders. But befeging capable of
pursuing this idea, there had to be established a basis, a facility to work Troisicircumstance
widened the scope of this thesis as preliminary tasks, such as designirgpmsiducting the
necessary test facilities had to initially be completed. Therefore, the worksithibsis covers a
wide number of engineering subjects which are all documented. Unfoetyna lack of time and
an incompleted test-facility before the submissions date, have meant thatiahexperimental
investigation of friction in hydraulic cylinders have not been completedalubst everything in
order to do so has been prepared, which is documented by this report.

The time leading up to this point has been filled with many hours and late nightsdyireguand
working on the "project”. Since | began this education back in Septemld&; 2Bave many times
felt like quitting. Along with almost every semester a crisis emerged at some painiyickily,
every time things got better before my aspirations to become an engineer beostchngled. A
lot sacrifices and comprimises have been made along the way, but now afmstetd and looking
back, I'm happy and proud that | got this far. This, | not only owe to myaetermination but
also to the people around me, who have helped and supported me alongthe wa

Therefore, | would like to thank the teachers I've had along the way véwe mspired me in
every kind of way, my fellow students who have helped me stay awake in atggsroject group
members for good discussions and laughs about everything else thimmeeny, the Danish
Study System for the help i received to study in Hawaii at the Universityadfaii and, last but
not least, my friends and family for being there.

Practical information regarding this report follows. Referencing is dasirg the well known
Harvard Method A CD containing various material accompanies the report. The CD will contain
data sheets, SIMULINK and SolidWorks models, a digital version of thertegnd a collection

of articles abouFriction in hydraulicsandcontrolsamong other things. The literature of friction

is quite extensive iribologyandControlsand a wide array of articles and studies are out there
to be found.

- Daniel HenriksenJanuary 2009
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Introduction

This chapter will be an introduction to this thesis. At first, a short introduatidinbe given to
the iniating problems whereafter a review of friction in controls and modellifgaifon will be
carried out. At last, the thesis will be formulated and defined with respecéforévious sections.

Hydraulic actuators are used in a lot of different mechanical applicatioms/ikd mills, industrial
production such as robots and processing machinery, constructionnascuch as cranes and
excavators, just to name a few. The tekygdraulic actuatorscovers a group of components
in machine design which can create a rotating or linear motion by utilizing a pisssdu
fluid. Actuators generating rotation are called motors while linear hydrauliatars are called
cylinders. The focus in this thesis will be on hydraulic cylinders.

Hydraulic actuators are widely applied in hydraulic servo-systems, whiglsystem that is made
up of several individual hydraulic components such as pump, valetisatars, sensors and the
connecting elements in-between. These components are interconnedhey @an perform a
pre-defined task through the hydraulic transfer [Jelali and [Kroll 3200

The biggest advantage of fluid power is the power to size and weight ré&ém wompared to
other types of power-systems. The generation of a wide range ofsfarwttorques in the same
system makes direct drive constructions possible and thereby avoidséhef gearboxes and
such, which simplifies the construction and reduces the chance of lorgaldlie to wear in the
power transmitting components.

As with most mechanical systems, friction is a factor that has to be dealt withdiahcs. The
greatest source of friction in a hydraulic system is most often the hyd@etli@tor which delivers
the output. As with hydraulic cylinders the primary friction is caused by this ggahe cylinder
is not sealless) around the piston and rod. This friction leads to wear aiytimeler affecting
life expectancy while at the same time complicating the process of mathematically mgdellin
the system. For control purposes a mathematical modelling of the hydraulo-Sgtems is
often required which demands knowledge of the phenomenas occudrth@parameters of the
system. A linear system is always preferred as this makes the modelling atrdl @ralysis
easier but the presence of friction creates non-linear characteristigs, friction complicates the
task of modelling and applying controls to the sytem. Furthermore, friction st influence
on the performance of a given system and leads to problems such asdraalors, destability
at low velocities, imprecise force control and undesired stick-slip mthnALm:el_aJJ,LlS_QB]
causing limit cycles. As it is impossible to totally remove the friction, by mechaniesipd, in
any system which has contacting surfaces controls can be used to catgéor the effects of
friction. In order to do this, it is required to either know the friction directlyberable to predict
it mathematically in order to design a compensation. Predicting the friction by maticama
approximations can be a difficult task, and this is where friction models aseuseful. By
having a good model of the friction in the servo-system, the friction foraesbe estimated and
compensated for, by the control. Therefore, it is important to have a pooie! of the friction so
a satisfying performance of the system can be achieved.

As investigation of the friction phenomenom is the main motiviation for this work) tiee nature




1 Introduction

of the friction phenomena and ways to describe it mathematically will be furéveewed in the
following sections.

1.1 Friction modelling

This section will give an introduction to the friction phenomena and presethiaus useful in the
mathematical modelling of friction.

As mentioned earlier the derivation of a friction model, which is a good apmation of the
actual friction in the system, is important in order to secure a good perfaenainthe servo
system. Different methods to model friction have been proposed in the liter&ame models are
very detailed and try to capture most of the effects and properties of friafiile the more classic
models describe only the most characteristic proporties of the frictionaiophena. Friction
is a general phenomena that is always present in mechanical systemspinytieal interface
between two surfaces in contact [Olsson etal., h997]. This propestyits in many of the existing
friction models being very general whereby they are usable on a widstywaf applications. In
some cases though, a model might not be appropiate or modification is aigdessrder to it be
suitable.

1.1.1 Friction characteristics

The total friction in a given situation can be divided up in different typedriation which
are characterized by the velocity state at which they act and their dependé this state.
Furthermore, certain phenomenons exist which characterize the néfriction. These frictions
and effects according tb_[ALmleo_ng;l:LéIQd\Ju._l|991] are:

Static Friction (Sticktion) The force necessary to iniate motion from rest.

Kinetic Friction Friction independent of the magnitude of velocity. Also referred to as @alulo
friction.

Viscous Friction Friction directly dependent of velocity as this friction is zero at zero velocity

Dahl Effect A friction phenomenon which arises from the elastic deformation of bondteg s
between two surfaces which are locked in static friction.

Stribeck Effect or Stribeck Friction A phenomenon occuring when using fluid lubrication
where the friction is decreasing with increasing velocity at low velocities.

Break-away Force The amount of force required to overcome static friction.

In figure[I.1EI.1 three different friction models are presented. Thegt®h models are made up
of three different combinations of the above mentioned friction components.

8
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Figure 1.1: Kinetic __and __ Viscous friction. Figure 1.2: Static, Kinetic and Viscous friction
Armstrong-Hélouvry, [1991]] combined.
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Figure 1.3: Kinetic and Viscous friction with the Figure 1.4: The generalized Stribeck curve illus-
Stribeck friction. trating frictions dependence of velocity
for low velocity. -Hé

1991]

As seen in figure1I[-11.3, friction is considered a function of velocity. Astioeed earlier the
kinetic friction is independent of velocity and always present. On the apnthe viscous friction
is proportional to the velocity and it occurs in fluid lubricated interfacesi(éi@.1). As figur€1]2
illustrates, in some cases the break-away force, which is the forcesaegde iniate motion, is
larger than the force needed to sustain motion because of the static fridtierstatic friction and
the Dahl effect are closely correlated as the Dahl effect is a corseguof the stacic friction and
the asperities of the surfaces in the interface. Static friction is the greatess to stick-slip motion
which is explained later. Another consequence of correlation betwe&uathiesffect and the static
friction is position-dependence of the static friction. An in depth explanatitmedDahl effect and

static friction can be found in [Armstrong-Hélouvry et al., 1994]. The 8tibeffect is illustrated

in figure[1.3 which suggests that the drop from the static friction doespjtdrainstantaneously




1 Introduction

whereby the friction decreases with increasing velocity for low velocitigge Stribeck curve in
figure[1.4 gives a closer look at friction at low velociy and show the thred@mgaegimes, of the
four in total, which contribute to the dynamics a controller confronts as thtersyaccelerates

away from zero velocity [Armstrong-Hélouvry, 1991].

The Stribeck curve is a representation of the friction in a system which ig&atbd with grease or
oil, as is the case in most mechanical systems. The curve illustrates how #remiffegimes of
lubrication change according to velocity and how this affects the frictioe.lUibrication regimes
provides a physical explanation for the friction phenomenons, but thisiaiilbe covered in depth

here. For more information sele [Armstrong-Hélouvry, 1991; Armstrdétpuvry et al., 1994]

From figurd TI=1}4 it is apparent that all the different kinds of frictiercept viscous, are
discontinous when the velocity is zero. This property along with the Stribffektecauses non-
linearity and the consequences of this, with respect to servo systems,ewdisbussed in the
following section.

1.1.2 Friction in servo systems
Upper and lower bounds

Friction brings both positive and negative traits into a servo system. Friciioiing damping
into a system which otherwise would be unstable. This damping is providdtfeg¢cuencies
both under and over the bandwidth of the control. Besides playing a role idytamics of the
system, friction affects the speed and power and thereby limiting the overédirmance. Most
often systems are assessed at their upper performance bounds \&itthsregymaximum speed,
maximum force and so on. Just as much as friction affects the upper afimerformance,
it affects the lower bounds, as very small displacements and corrésgologv velocities can
be unobtainable because of friction and its non-linear nature at low veldtitg non-linearity
causes a periodic process of sticking and slipping motion called stick-slignwihis the lower
bounds with regardsLtJ(-)g_éninimum achievable displacement and minimum sustairedddéeyw
-Hé 1]

Hunting

Stick-slip may arise during low speed motion with any control design and anctinsequence
of the non-linearity of friction, when using integral control, is a phenomecated Hunting
Hunting is a integral-induced periodic oscillation around the referenciigoas According to
m 2], the static and coulomb friction form a dead zone isytsiem because of
the earlier mentionetireak-away forcewhich is the force necessary to create motion. Integral
control eliminates the steady state error caused by the dead zone, buttiteaigiho hunting as
the friction becomes larger at low velocities, as illustrated by the Stribecledtigured 1.#). The
increased friction at low velocity might cause the mechanism to stop befackirg the desired
point. As the error accumulates in the feedback control system the mechaiiistart moving
when the break away force is exceeded. This motion reduces the frictimrtie maximum static
friction to a sliding level and the overdriven control input results in dveos whereby the desired
point is passed and the system has to reverse. This repeats and thedtitikie motions results
in oscillations around the desired position.

10
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Frictional Lag

So far, friction have been assumed to have a steady dependence dfyvak shown by the
Stribeck curve. It has been assumed that if the velocity changes thendienfwill change
simultaneously. Though, experiments by [Hess and Soom, 1990] hawnghat there is a lag
in the change of the friction, which is designated as frictional lag. Frictitagals illustrated in

figure[1.5.

=
(=}
é Friction vs Velocily Curve
i
~ + . a
Friction a > <
. b
Friction b > =
(a) - -
A -
Velocily b Yelocity
Velocity a
Time Lag
Friction and Velocity vs Time u,| |_‘f

Friction a Friction 3
Mclion b Mmion b
Nlucily b ﬂlucily b

Velocity a Velocity a

(©

Time —-» Time —-»

b)

Figure 1.5: a and b) Friction as a function of velocity (the Stribeck curve) independent of time; ¢) The friction

lags behind as the velocity changes. |Armstrong-Hélouvry, [1991]

Furthermore, frictional lag creates hysteresis, which is the separatimedre the friction levels
during acceleration and deceleration. The hysteresis loop is shown ie[fighiand it is greatly
affected by the oscillatory frequency, as the hysteresis is greatest thibeoscillating period
is short relative to the frictional lag. The existence of frictional lag anstdngsis indicates a
necessity for dynamic friction models which describe these phenome -Hé ,

11991, Olsson et al., 1997]

Mechanical considerations and experimental measurement of frt@n

The total friction in a given system may be the result of similar friction levels infiates between
the parts which makes up the mechanical system. If that is the case, it candssibi@to separate
the different contributions and an overall friction model is necessargsoribe the friction in the
entire mechanism. In other cases, the primary source of friction might orgfr@am a single
interface as can be the case when using a hydraulic cylinder.

11
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A Friction

N\
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-

Figure 1.6: The friction-velocity hysteresis loop reported in [Hess and Soomn, [1990]. The shorter the period
of the oscillation the wider the loop. [Olsson et all, [1997]

Besides locating the main contributors of friction in a system before estalgish@ friction
model, experiments are often necessary in order to determine the paraofd¢tersnodel. For
some systems the friction varies depending on position and direction whieiigbyecessary to
perform experiments in both directions and for many positions in order teaserthe accuracy

||Arm51rQng-HéIqurL/l 1991].

1.1.3 Mathematical models of friction

This section will give a review of both classic and modern friction models. gurpose of the
mathematical friction models is to capture and describe the effects of frictiorthvdthecessary
degree of detalil, for it to be a valid and useful representation. Mangrdiit friction models exist.
There are the classic models which are characterized by being simple bt mitior degree of
detail. Then there are the more advanced static and dynamic models whiamaigedetailed
descriptions by including the Stribeck effect and other phenomena. &tii®s will present the
classic models for the static friction, Coloumb friction and Viscous friction,tarédvanced static
models ofArmstrong’s seven parameter mo@tmstrong-Hélouvry et dll, 1994], the exponential

model [Bo and Pavelescu, 1982] and the dynamic LuGre mbdel [de Wit ¢085].

Classical models

The classical models of friction deal with describing the Coulomb friction,otisdriction and
the static friction. A combination of these three are the most commonly used friotalels in
controls as they are described by simple expressions. Especially then@ofriotion has often
been used for friction compensation. The general notion for the clhgsateon models is that
friction opposes motion. Furthermore, the Coulomb frictions magnitude is indepé both the
velocity, v, and surface area. The Coulomb friction is described by,

Fo = pFnsgn(v) (1.1)

12
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whereF is the Coulomb frictionFy is the normal force angd is the coefficient of friction. The
model of [1.1) does not specify Coulomb friction for zero velocity wheeeftittion force can be
anything in the interval between F- and F». Therefore the complete model for the Coulomb
friction is:

—Fe if v>0
Fo =4 [-Fc,Fc] if v=0 (1.2)
Fe if v<O

The viscous friction is dependent of the velocity both in magnitude and direckioe expression
is derived from theory of hydrodynamics and is normally given ag1id (1.4)

F, = fyv (1.3)

WhereF, is the viscous friction forcef, is the viscous friction parameter ands the velocity.

A better fit to experimental data is sometimes found when using the expres{ba)in

Fy = folv|sgn(v) (1.4)

Whered,, depends on the geometry of the application.

The static friction occurs when at rest and is therefore clearly not@itumof velocity. Instead it
is a modeled using the external force as showfid (1.5).

F - { F.. if v=0and|F.| < F;s (1.5)

Fysgn(Fep) if v=0and|F.,| > F;

Fg is the static friction whilef,, is the external force. The expressions[in(1.0).1(1.3) (1.5)
are the classical friction components and they are combined in differeyg t@aestablish an
overall model. Any combination of these components are referred to assacelemodel and the
combination of all three is illustrated in figure1l.2. The classical models are simglapt very
detailed in their description as effects like the Stribeck friction, frictional lagd kaysteresis, is
not captured at all. This limits the models applicability at zero and low velocity evitation is
recognised to be most destabilizilJng_[_d_eJMl_dt[aL_i995]. In order to cape Stribeck effect,
and provide a general description, more advanced static friction modeteeded. Attempts at
this are presented hereafter along with the LuGre model, which is a dynaaticrfrmodel that
includes rate dependent friction phenomena like frictional lag, hysteardisarying break-away

forces. [Olsson et al., 1997]

13
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Armstrong’s Seven Parameter Model

Armstrong’s model from/[Armstrong-Hélouvry et al., 1994] is made up a expressions, one
for when in the state of sticktion, and one describing the sliding regime. Thelnoodsists of
seven parameters represented in the expressions (1.6) and (1.7).

Not sliding (Pre-sliding displacement):

Fi(x) = =k (1.6)

Sliding (Coulomb + viscous + Stribeck curve friction with frictional memory):

Fy(i,t) = — | Fo + Fol@| + Fo(v, t2) —————~ | sgn(@) 1.7)
1+ (I(t—.TL))
Ts
Rising static friction (friction level at breakaway):
t
Fs(% t2) = Fs,a + (Fs,oo - Fs,a)ﬁ (18)

Where,

Fy(-) the instantenous friction force

Fe: the Coulomb friction force

F,: the viscous friction force

F magnitude of the Stribeck friction (frictional force at
breakaway i + Fy)

Fs . maghnitude of the Stribeck friction at the end of the previous
sliding period

Fs ! magnitude of the Stribeck friction after a long time at rest
(with a slow application of force)

ky: tangential stiffness of the static contact

Tgt characteristic velocity of the Stribeck friction

TL: time constant of frictional memory

: temporal parameter of the rising static friction

to: dwell time, time at zero velocity

As the model consists of two expressions, a logical element requringearegith parameter is
presumably necessary, if the model is to be implemented. Compared to theatlassiels,

this models captures the Stribeck effect but in contrast has a lot of pama@mehich must
be determined or estimated. For approximate ranges for the parameters wioted see

[Armstrong-Hélouvry et &ll, 1994].

14
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The Exponential Model

The Exponential friction model appears often in friction literature and is meaddy [Armstrong-Hélouv fy,

| Bo and Pavelesdu, 1982; Olsson et al., 1097; |Rutra, 2004{caatbers. The exponential
model does not require much explanation as it is a straight forward em@xpeession which

relates friction and velocity;, as shown in equatiofi (1.9).

Fy(i) = Fo + (Fs — Fo)e @) 4 Fi (1.9)

Where,

Fy(-): the velocity dependent friction force

Fe: the minimum level of the Coulomb friction force
Fy: the viscous friction parameter

Fy: the level of the static friction

I empirical parameter

0 empirical parameter

For the value of§, Bo and Pavelescu [Bo and Paveléscu, 1982] found it rangeing G:&rd,
mstrong-Hélouvry, 1991; Armstrong-Hélouvry et al.94Pusess = 2, while

Tustin mﬂ suggesﬁs_ 1. The exponential model is static, as it is a mathematical

representatlon of the Stribeck curve, whereby the friction is a functitineo$teady state velocity.

It captures the Stribeck effect, but it lacks descriptions of dynamicah@menons like frictional

lag.

The LuGre Model

The LuGre model [de Wit et al., 1995] is a dynamic model which captureSttieeck effect as
well as rate dependent effects such as frictional lag, hysteresisaayidy break-away forces. The
LuGre model is established by assuming the contact between the surfaeesrigid bodies to
be like that of elastic bristles, as shown in figure 1.7.

7

7

Figure 1.7: The interface of two surfaces in contact is modeled like bristles in contact to simulate the surface
asperities. For simplicity the lower bristles are shown as rigid while the upper are elastic.

de Wit et al., 1995]

If the displacing force is sufficiently large a number of bristles will deflevbigh to cause
slipping. This phenomenon is quite random due to the irregularity of the caefaln the

LuGre model the surface irregularities are neglected and the model isdrixiead on a average
behaviour of the bristles. The average bristle deflection is denoted by madeled by equation

(1.10).

15



1 Introduction

&l
at g(v)z

(1.10)

v is the relative velocity between the two surfaces. The funciias positive and depends on
factors such as material properties, lubrication and temperaguienot necessarily symmetric
which makes it possible to capture direction dependent behavior. Thinigeaf the bristles
results in a friction force”, which is described by (1.11).

d
F =09z + U1£ + oov (2.12)

oo is the stiffnessg; is a damping coefficient and, is the viscous friction parameter. The
functionogg + o9v can be determined by measuring steady state friction force when the velocity
is held constant. A good approximation of the Stribeck effect is given bpdna@meterization of

g in (.12).
o0g(v) = Fo + (Fy — Fo)e /)’ (1.12)

F¢ is the level of the Coulomb frictionZ is the level of the static friction and, is the Stribeck
velocity. This makes the model characterized by the six parameitgrsi, o2, Fc, Fs andw,.

With the presentation of the LuGre model the mathematical modelling of friction bas b
concluded and this introduction will be finished off with the motivation, formufatiod definiton
of the thesis.

1.2 Motivation and project description

The motivation for this project, comes from the desire to be able to design athehn@ipt better
control in hydraulic servo systems which incorporates hydraulic cyl;dés mentioned earlier,
hydraulic cylinders can be a great source of friction, which in mostoseystems causes the
performance to suffer. In the future, requirements to the performahsereo systems will
only be higher with regards to performance parameters such as preagability and energy
consumption. In order to insure the competitiveness of hydraulic sesterag every aspect is
worth investigating. At the moment, friction is one of the greatest challenges ithcomes
too fulfilling the requirements. At present time, friction in most applications ardathed using
simple classical models which provides a low degree of detail and a poooxamtions. If
good friction approximations can be made with friction models, either basethssic friction
theory or more advanced models, then better performance parameteesseftb system might
be achievable. Most friction models are derived from empirical dataretyet is necessary to
back the specific model up with thorough and extensive experimental dataén to ensure a
reliable output. The consequence of this with regards to hydraulic cySradef servo systems, is
the need for a facility fofriction testing of hydraulic cylinders. The design and construction of
this facility, along with the design and analysis of a hydraulic system andiexgatal setup for
the testing of friction in hydraulic cylinders, will be the major tasks of this ptojec

On a side note, the test facility could be used for other test purposesbdsittion, such as
life expectancy. Hydraulics is widely used in reneweable energy applisasioch as windmills
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and wave energy plants. As mentionedmr@ 2008] these kiagpl@fations have high
operationel requirements and testing would be beneficial for lifespafriatidn concerns as the
last mentioned induces wear which, when all comes to all, affects the lifespan

1.3 Problem formulation and definition
As mentioned in the previous section, the main tasks of this project will be:

e Design and construction of a test facility
e Design and analysis of hydraulic system for testing

e Design of the necessary experimental setup
With these tasks in mind, the main problems constituting the thesis can be formulated as

1. How should the facility be designed in order to perform friction tests dfdmylic cylinders?
2. What is required of the hydraulic system in order to perform frictiotPtes

3. What is necessary in the experimental setup for performing the désataoh tests?

This project will deal with the design of an overall system which can be tseletermine the
friction of a hydraulic cylinder. This system will consists of a test structarehe mounting of
components, a hydraulic system and an experimental setup. Every sydtdm designed in
detail and build in reality. When designing, attempts to use existing parts will be,raad when
that is not possible finished parts or parts produced in the workshopeniised instead. Finished
parts will be ordered while produced parts are processed in the vaplahtheDepartment of
Energy Technologwt Aalborg University Each design will be analysed to ensure it meets the
requirements. In addition, a linear control system will be developed ditpio the system
requirements when testing for the purpose of modelling the friction. Theaaystem will be
based on a mathematical model of the system, and it will be analysed usingslyséam theory.

If time allows it, and the building of the overall system finishes before thelueaof the project,
a program for data acquisition and control signal generation will belolesd on the LabView
system used in the experimental setup. The controls will be implemented @aathsyss will be
performed, for model verification and tuning of controllers. Thereatésting will commence of
the chosen cylinder, with the purpose of determining the friction paramdttire chosen friction
model.

1.4 Overall system requirements and definitions

A number of requirements are specified for the system beforehand. e Tegairements are
divided into two groups, which argeneral requirements (qualitativend specific requirements
(quantitative)
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1.4.1 General requirements

The general requirements which the system must meet are:

1. Must be able to directly or indirectly measure the friction ocurring in a cglind
2. Must be able to test a wide variety of hydraulic cylinders

3. Must be able to control the load and load cyclus.

1.4.2 Specific requirements

The specific requirements constrains some of the general requirembatsare:

=

Maximum cylinder stroke500[mm]
Maximum piston velocity0.5[m /s]

Maximum flow:50[1 /min]

A LN

Maximum hydraulic pressure00[bar]

From these requirements, other specifications used in the design prnatéssderived along the
way.

18



Concepts for determining the
friction in hydraulic cylinders

This chapter describes the initiating development of concepts for deterntiménfyiction of a
hydraulic cylinder. The issues with measuring the friction in a hydraulic cglimdll be threated.
By taking these issues into consideration a number of concepts for detegrtiiiririction will
be proposed through preliminary conceptual designs. A final conedipbe chosen from an
evaluation of their properties with regards to a number of design corrgdaragneters.

2.1 Issues of determining friction in hydraulic cylinders

The atual determination of friction in a hydraulic cylinder brings up importatds which has to
be considered when developing the test setup.

2.1.1 Direct measurements of friction

Friction is a phenomenon which is only noticable when motion is induced or attemgdadde of
the dependence upon the velocity generated by relative motion. As frictioa is a consequence
of relative motion, measuring it demands induced motion and circumstancels arfbles the
acting forces to be distinguished and measured. For some types of motimeahanisms
it can be difficult to measure the friction force directly and it is instead measindirectly by
measuring other quantities. A small example can be given with the tugging otk bler a
tabletop. If the motion is characterised by a constant acceleration andttipepsescribes only
use of a accelerometer (to measure the acceleration of the block) are &résrsducer to measure
the force of which the block is being tugged with, then the friction will be meaburdirectly as
it is determined from the measurements of the acceleration and tugging fotice.motion was
characterised by a constant velocity then the friction would be measuetdigias it would be
equal to the tugging force needed to maintain the velocity. In the case dhoorEceleration,
the friction force could have been measured directly if the setup was etldngisolating the
table from external forces except the friction between block and tahbb tleereafter measure
the displacement force acting on the table as a consequence of the fri&idinthough, this
setup would ideally be impossible to achieve. This emphasises, that whenrimgdisation it is
important to carefully evaluate the setup and behaviour of the operatitepspefore proceeding
with friction tests.

This leads to the fact, that measuring the friction of a hydraulic cylinder is a&uiffiask. Most

hydraulic cylinders are constructed such that the piston is encased wiititeec housing which is
mounted to a stiff structure. As mentioned in [Meikandan et al.,|[1994], thiofiof a hydraulic

cylinder is most often measured indirectly as it is determined from measurewfeptessure

in cylinder chambers, external forces and/or acceleration. In moss casasuring the friction
directly, if not being impossible, complicates the test-setup, whereby this hasaking account
when developing concepts and designs of the test setup.
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2 Concepts for determining the friction in hydraulic cylinders

2.1.2 Load dependent friction

So far, friction has been viewed upon as only dependent of velocityorime applications this is
true, but in other cases where the load changes this might not be trueautigccylinders are
often used in applications which leads to a varying load on the cylinder. Episrdiency on load
is mentioned byl [Bonchis et al., 1999; Dupont, 1993]. Especially [Bisnetal.| 1999] treats this
with regards to hydraulic cylinders by modelling frictions dependency oprtegsure and thereby
indirectly the load. As friction depends on the load, and in some cases this leagling, this calls
for the need to be able to perform friction tests of cylinders for varyinddod hereby, another
requirement has been established to take into consideration when designtagt setup.

2.2 Concepts

This section presents a five different concepts for the design of a tedatiiigy for hydraulic

cylinders. A short description and illustration of each concept will beergiwhereafter the
concepts will be compared and one will chosen to be used in the desigrse Thacepts are
characterised by the way load is applied to the cylinder in test, and how tlierfris determined

from the testing. |[Aderikha et al., 2002; Bernzen, 1999; BQnghljgehﬂaj) Krutz et al., 2002;
Mﬂmmﬂlu&@mmmwm 2@08]ieen used as inspiration

in the development of the following concepts.

2.2.1 #1 - Load-by-Spring

In figure[Z.1 the principal idea of this setup is shown. The test cylinder ishmdtap against a
spring. When the piston is moved it either compresses or elongates the whitigleads to a
reaction force. Thus, the reaction force becomes the load on the pistorDepending on the
compression or elongation of the spring the load varies, but it is limited by thegsmnstant and
deflection.

mc
\ }—» x
P
mp
A/v k

Figure 2.1: The test setup using a deflected spring as load.
From first principles it is shown that the friction force in the hydraulic cyéindan be determined

using this setup. If the spring rate is linear, the load force when the spriteflected from its
equilibrium is given by:



2 Concepts for determining the friction in hydraulic cylinders

where,
Fr: load force or spring force i)
k: spring constant ([N/m])
X deflection of the spring from equilibrium 1)

The pressurepP, in the chamber on the piston side creates a force on the piston, while the load
force from the spring acts on the piston rod. A friction force acts on thempiand rod as well,
whereby the equation of motion is given by,

7npi’:PA—FL—FF<:)> (22)
Fr=PA—kx—mi (2.3)
where,
mp: mass of piston ([kg])
Fr: friction force between cylinder and piston NI
A: area of piston ([m?))
Z acceleration of piston and rod i /s])

As seen in equatio_(2.3) the friction force can be determined if the pessspiing deflection
and acceleration of piston is measured. The limitations for controlling the loadretkes this
setup not suitable when it is desired to test the cylinder under load conditiangiffer from the
characteristic of the spring.

2.2.2 #2-Load-by-Mass

The most simple way to provide a load on the test cylinder is by using a fixed Massoad will
depend on the movement and orientation of the mass. For simplicity, it is easiestédhe mass
translational in either a horizontal or vertical direction as shown in figute 2.2

In the case where the mass is translated horizontally, the inertia of the magistamds utilized
as the load. In the vertical case, both inertia and gravity of the mass and gisteed as the load.
Using a fixed mass simplifies the setup, but limits the loading characteristic as thegloaot be
varied during cycles, etc.

2.2.3 #3-Load-by-Cylinder-1

This concept suggests using a hydraulic cylinder to provide the loacdassh figurd 2.8 where
the test-cylinder is matched up against another hydraulic cylinder.

The load cell determines the applied load to the test-cylinder, which is negéssdetermining
the friction. In addition, the measurements of the load cell are used to ctimrolutput of the
load-cylinder. Without the load cell it would be impossible to distinguish the fricitiothe load-
cylinder from the test cylinders friction. This is best illustrated by the egnatfanotion of the
mechanical system. The free body diagram of the two connected pistosiscava in figuré 214.

21



2 Concepts for determining the friction in hydraulic cylinders
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Figure 2.2: Test setup using a fixed mass translated in either a horizontal (a) or vertical direction (b).
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Figure 2.3: The test setup using a hydraulic cylinder to provide the load.

From the free body diagram in figure P.4 the following equation of motion iveldr

(MTp + mLp)i' = PTAT — PLAL — FFT — FFL =
Fpr + Fpr = PpAr — PLAL — (mqp +mpp)E

where,
mrp: mass of the piston in load-cylinder
mrp. mass of the piston in test-cylinder
Frr: friction force in test-cylinder
Frp: friction force in load-cylinder
Pr: pressure in the test-cylinders piston side chamber
Pr: pressure in the load-cylinders piston side chamber
Arp: area of test-cylinders piston
Ar: area of load-cylinders piston
I acceleration of test and load piston
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Test pistonnyy, Load pistonnp,

Figure 2.4: Free body diagram of the connected test- and load-pistons.

From equation[{2]5) it is clear, that the friction of the test-cylinder caneodidtermined from
measurements of the acceleration and pressures alone. Thé'loadeasured by the load-cell, is
given as,

Fy, = PLA;, + Frpp, = (2.6)
Frp =FrL — PLAL (2.7)

Applying (Z.17) in [2.5) leads to the elimination &f-; whereby the friction in the test-cylinder,
Frr, is expressed as:

Fpp + (Fr — PLAr) = PrAr — P A — (m7p + mpp)i = (2.8)
Frr = PrAp — (mgp +mpp) — F, (2.9)

The loading forcef7, is generated because of the reaction force between the test and loaeéicylin
By measuring this force it is possible to decouple the effect of the frictionghoéd-cylinder and
thereby determine the friction in the test-cylinder. In addition, by applyingbdaek control it
should be possible to vary the load as desired with good precision.

2.2.4 #4 - Load-by-Cylinder-2

This concept is almost similar to #3 explainedin 2.2.3. Where the concépt inta8.a load
cell between the test- and load-cylinder this concept has the load cellsl jplebid each cylinder
housing as shown in figute 2.5.

By placing the load cells behind each cylinder housing, the friction can tegrdimed from the
measurement of the pressures in the cylinder housings and the forceretehy the load cell.

If the force measured by the load cell&3 -, then the friction in each cylinder can be expressed
as the difference between the force, from the pressure acting withirylineer, and the force
measured by the load cell. Using figlire]2.5, this can be expressed asloénfy for the test-
cylinder,

Fpr = PrAr — Frc (2.10)
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Figure 2.5: Test- and load-cylinder with load cells mounted behind the cylinder housings.

Where Frr is the friction in the test-cylinder. By having a load cell behind each cylindakes
it possible to determine the friction force of each cylinder independentlpdi ether.

This concept brings the same advantages as in #3, as it would be possiletrtol the load

and thereby create varying loads and cycles. Because the placentbatlo&d cells are in the
mountings of the cylinder housings, higher requirements for the desige atinder mountings
has to be specified in order to ensure good measurements for a wide ehggiynders.

2.2.5 #5-Load-by-Cylinder-3

The idea of this concept comes from [Meikandan et al., 1994]. In #B#hthe friction was
measured indirectly as it was determined from the measurements of othéitigeaihe idea of
this concept is to design a special load-cylinder, which makes it possiblegsumeethe friction of
this cylinder directly. The direct measured friction makes it possible to awiitguoad cells to
measure the load in between the cylinders or behind the cylinder housinggohcept is shown

in figure[2.6.

Force transducer
S -
T e L R
m

F | &AL~y ML | mr
| L | i
LX)
a) b)

Figure 2.6: Test setup using a special load cylinder. a) Load cylinder. b) Test cylinder.

The load-cylinder is designed so there is two separate pistons inside theecytiodsing. As
seen in figur€2]6 the pistom, , is fixed while piston,mn, is free to move. In addition, the
cylinder housing is mounted in a way allowing low friction (i.e. negligible friction)verment in
the horizontal direction. Furthermore, the cylinder is designed to hayelasrfriction between
the fixated piston and housing, whereby this friction can be neglectedfrithen between the
moving piston and the cylinder housing is not necessarily low but this friconbe measured
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2 Concepts for determining the friction in hydraulic cylinders

by a suitable force transducéLLM_elka.nda.n_étLaL_ll994]. The measuteof the load-cylinders
friction works like this:

When the pressuré’;, builds inside the cylinder housing it forces the moving piston to move.
With the movement of the piston, friction will occur between the cylinder housidglae moving
piston. As the cylinder housing is free to move, the friction drags it along wéhmtbving piston.
The force displacing the cylinder is the friction and as mentioned it can beumneshssing a
suitable force transducer.

To illustrate how this concept works, the equations for equilibrium and mot®métten for the
bodies of the load-cylinder. The free-body diagrams for the fixed andngistons and housing
of the load cylinder is shown in figute2.7.

| Fr—

I

Fr —> mpg PLAL mr, — F,
— [}y

Figure 2.7: Free-body diagram for the bodies of the load-cylinder.

Using the free-body diagram in figure P.7 the equation of motion for the @ihdusing is,

meic = Fpp, (2.11)
where,
me: mass cylinder housing 147
Io acceleration of the cylinder housing AD
Frr: friction between the cylinder housing and moving piston N

As the friction force is measured by a force transducer the dynamics ofyliveler can be
neglected. Using the measured frictiafy;, , the load on the test-cylinder is determined by
writing the equation of motion for the moving piston,

mL.’:lf':PLAL—FL—FFLi (212)
FL:PLAL—mLfC'—FFL (213)
where,
mp,: mass of the moving piston 1)
i acceleration of the moving piston i)
Pr: pressure in piston side chamber Pd))
Ar: area of piston ([m3))
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If the pressures and accelerations are measured, then the frictiontestioylinder is determined
by using equation[{2.13) along with the test-pistons equation of motion whichtgds an
equation identical td (219).

This concept is more complex and it demands that a special cylinder is buittef@urpose. The
need for a special cylinder limits the setup, as a new load-cylinder has toilbd the existing
cannot provide the required load. Furthermore, if neglecting the fricteiwden the cylinder
and fixed piston is not possible, the acceleration of the cylinder housththarioad of the fixed
piston must be determined. This leads to more measurements and an indinentrasten of the
load-cylinders friction, whereby the idea of this concept collapses.

2.2.6 Choice of concept

In order to choose a concept to create a real design from, the fiveptsnare evaluated with
regards to five correlated parameters of the design and function, wigich a

Flexibility - The designs usability for a wide range of cylinders and load charaatsridHigh
flexibility is great.

Complexibilty - The complexity of the design. Low complexity is great.

Cost - The cost of realising the design. Low cost is great.

Robustness- The designs robustness towards use. High robustness is great.

Quality - The quality and precision of the designs output. High quality is great.

The five concepts will be subjectively assessed according to thesagtara. Each concept will

be given a score between 1 and 10 for each parameter, where 1@tiagdel is poor. The concept

with the highest score, will be chosen as the concept that will be caverdo@the design phase.
The result of the evaluation is shown in tablel 2.1.

Concept|| Flexibility | Complexibility | Cost| Robustness Quality | Total score

#1 1 7 7 8 8 31
#2 1 7 7 8 8 31
#3 10 5 5 8 7 35
#4 9 5 4 7 7 32
#5 6 2 2 7 6 23

Table 2.1: Evaulation of the concepts.

Concept #3 Load-by-Cylinder-Iscores highest and is thereby chosen to be used in the following
design af an actual test setup.

2.3 From concept to design - continuing work

As the concept has been chosen, the real design of the test facilitg cvéloped. The concepts
were rough ideas for a real design, and is only the starting point foregbkigm process to work
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2 Concepts for determining the friction in hydraulic cylinders

from. As mentioned in sectidn_1.3, a working test facility is one of the main ojectifethis
project, whereby the concept must lead to a overall system which coosisis following parts
and subsystems:

e Mounting frame
e Hydraulic system

e Experimental setup

The purpose of the structure is to create a backbone for the mountinggyfdteens components in
an way which ensures that the desired test will run. The componentsdesthand load-cylinder,
the servovalve and the sensoring equipment. The structure createstitgocs necessary for the
system to perform as required.

The hydraulic system is the collection of hydraulic components which aeseary in order make
the system perform the required tests. This system must be designediiagly with the purpose
of the friction tests, by choosing components which meets the requirements.

The experimental setup consists of the components necessary to reeopartbrmance of
the system. This is done, by using the appropiate sensoring devicesifgy tth@ necessary
meaurements and a PC for data acquisition.

The continuing work from here, is thereby creating the design of the testtgre, design the
hydraulic system and create an experimental setup.
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Design of the mounting frame

This section describes the design of the mounting frame which is the backiffotte overall

system. The purpose of this structure is to be a rigid frame on which the tipdsystem is
mounted. The primary concern is the mounting of the hydraulic test- and idimdier, as these
generate great loads which must be absorbed by the mouting frame.

In sectio_L.}¥ several requirements were listed. A number of these requsrian@ addressed to
the design of the mounting frame with regards to dimensions. The geneuilergnts specify
that it should be possible to test a wide variety of cylinders. Hydraulic cgtimdomes in many
shapes and sizes, and the ways to mount them are numerous. Designingtanghfsame which
would accept any kind of hydraulic cylinder without customisation is close tm#siple. The
underlying theme during the design has therefore been to make the setepesal@s possible,
whereby requiring little customisation in order to fit the cylinder. The earliertimeed general
requirement is constrained by the specification that the maximum stroke ofiitngecs tested are
500[mm].

As the cylinders are securely fastened in the mounting frame, the foroesaged by the cylinders
will be directly transferred to the frame. This requires the mounting frame $sg33 a certain
strength. The requirements do not directly specify the maximum loads of stensybut these
can be derived from the specific requirements mentioned in sdctiod 1.4.2ZomBining the
maximum flow and velocity requirements, a maximum cylinder diameter is deriwtdefined.
Using the maximum cylinder diameter, along with the rated system pressur®[b2Dleads to
the load acting on the mounting frame. Using the correlations between flowedoaty and the
definition of pressure leads to the following cylinder diameter and loadifsaion:

e Maximum piston diameteri6[mm]

e Maximum load on structure34 [k N]
With all the requirements in mind, the following problems could be formulated:

1. What design is most flexible with regards to differences in mounting type8, e
2. How should the cylinders be mounted?

3. How should the cylinders be connected?

4

. What dimensions are needed to ensure the necessary strength?

By analysing these questions it is possible to propose a design.
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3 Design of the mounting frame

3.1 Design proposition

Analysing the requirements and problems, led to a design which was modelledidVsrks.
From here, the design was analysed and iterations were made in orddinbdisepgthe design.
The primary objective of the mounting frame, was to securely fasten antecbthe hydraulic
cylinders during testing. Investigation and analysis was therefore dawtie with regards to
existing cylinder- and mounting types and ways to connect the cylinders.

Cylinder types

Many different types of hydraulic cylinders exits, and they can ovéeliiivided into two major
groups,

o Differential cylinders

e Symmetric cylinders

Differential (asymmetric) cylinders are characterised by having a redssid piston side, whereby
there is only a rod extending from one end of the cylinder-housing. Yimengtric cylinder on
the other hand have two rod sides as the rod goes all the way throughlitislecy The rod can
thereby extend from both ends of the cylinder-housing. The mountingefraust allow for both
differential and symmetric cylinders to be tested, whereby space musvée @i the for rod
through the symmetric cylinder.

Mounting of cylinders

The easiest way to mount the cylinders, is to use the existing mounting method.eAvarigty
of mounting methods are used on hydraulic cylinders. A well known way to tntneylinders is
by using a clevis or eye located in both ends of the cylinder. Other mountieg g trunions,
lugs, flanges and more, whereby it is neccesary to create a flexible mpepsitem which can be
changed according to the mountings of the cylinder to be tested.

Connection of cylinders

The ends of the test- and load-cylinder has to be connected for them totbkeehaip against
each other. For the connection to be satisfying, it must be able to transféorttes between
the cylinders appropriately so the cylinders are loaded as specified td bBuokling and

misalignments. The forces must be transferred in a way which maintains tedod doesn’t
interfere with measurements.

3.1.1 Initial design

By taking the above considerations into account an initial design was dreblés, was further
developed, and the result is the design illustrated in figude 3.1.
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Figure 3.1: The design of the entire mounting frame showing the slide, frame and cylinder attachements.

The design consists of a frame, a slide and cylinder attachements at eacA description of
each is given as follows.

Frame

The frame consists of two horizontal TPS beams S355 J2H 160x160xiLfbanvertical UNP
S355 J2+AR 160x65 beams which are bolted together with preloaded M&)ibaach end
to create the structure of the frame. The bolted connections, along with thlaatid holes
along the length of the horisontale beam, allows for the configuration of &neefto be changed
depending on the stroke of the cylinders. Furthermore, holes are driltbe wertical beams for
the attachements mounting the cylinders. The overall dimensions of the frenderared from
an assessment cylinder sizes. From empirical studies it is assumed tithhalizycylinder with
a stroke of 500[mm] has a total length of 800[mm] when the rod is fully retradredddition, it
is assumed that a cylinder with a 50[mm] piston diamater, has a 100-120[mm]edtaitieter.
This assumptions will not be true for every cylinder, but in many caseswiiklye valid.

Slide

The slide in figuré3]2, serves the purpose of connecting and guiding theytimders to avoid
misalignment. In addition, the load cell frdm 4.2.2 is integrated into the slide in betwhere
the two cylinders are connected. The slide is based on two sets of lineaehalhd guides, on
which eye-brackets are bolted for mounting of the cylinders. The lineaeguade placed on a
level machined plate which is bolted to the lower beam of the frame. On eack guid two
linear ball bearing which are connected through the strain-element ofabecéil.

Mountings

The mountings or attachements are used to fasten the cylinders securelyftantiee In this
project two differential cylinders mounted through eyes in both ends sed.uTo make the
mounting more general, it is made out of 3 spacer plates and 2 mounting platés achilike
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3 Design of the mounting frame

Figure 3.2: The slide through which the load and test-cylinder is connected.

lamellas as shown in figute_3.3. These plates are bolted together betweentita heams with
preloaded M16 bolts.

Figure 3.3: The mountings through which the hydraulic cylinders are mounted to the frame.

Design criteria
For the design to be valid for construction, the following criterias must be met:

e The design must be strong enough to withstand the maximum load{/alV].

e The design must withstanid)” load cycles.

The design is validated by doing a structural analysis.

3.2 Structural analysis of the frame

The structural analysis is carried out to make sure the design is suffiecyding to the
requirements. The analysis deals with determining the forces acting on thenedemtie design.
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3 Design of the mounting frame

When the normal and shear forces along with the bending moment are kiiese will be used
to determine the stresses in the structure using the classic formaulaslMJL&lGJZi Norton,
]. Furthermore@@l%] has been used for the code ofiggdn the use of structural
steel.

The loads acting on the structure is calculated by doing a load analysis. adishalysis can
be found in appendikJA. The following elements have been checked witlrdedo structural
strength. Calculations have been performed by hand using the classiddsras mentioned. To
verify these calculations, FEM-calculations have been carried out @&iigWorks Simulation
(CosmosWorks). The beams of the frame are made of steel S355 with atyéelgth 0f355M Pa.
According to 8], the yield strength of the material has to be divigetl 17 before being
compared with the effective Von Mises stress. The results of the straneblisis will be summed
up in the following.

3.2.1 \Vertical beam

The vertical beam is analysed with regards to shear stresses anddgamatitents. The nominal
\Von Mises stress is used as the criteria towards yielding and the point of theshistress in the
beam is shown in figuile3.4.

O o

O O

Warst case
O €

o O

Figure 3.4: The point of the critical stress in the vertical beam.

In the illustrated point, the maximum Von Mises stress is:

Onom = T4.5M Pa (3.1)

The stress in this point is used to determine the frames fatigue strength. Astlearo welds in
frame, the elements can be treated as machine elements. Calculating the fatiggh sif the
vertical beam by drawing a Woehler diagram shows that the structureaw#! infinite life against
the required load.

3.2.2 Lower beam

The stress in the lower beam is due to normal force and bending moment. Kimaumatensile
stress is found at the outer fibres on the underside of the beam as shivgure[3.5.
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3 Design of the mounting frame
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Worst case

Figure 3.5: The point of the highest stress in the lower beam.

The maximum stress in this element is found to be:

Omaw = 17.26M Pa (3.2)

Furthermore, the elongatio#, of the beam due to normal forces are:

0 = 0.046mm (3.3)

It is assessed, that this elongation is not large enough to have an ifloerticere measurements
which have to performed within the frame.

3.2.3 Bolted connections

The bolted connections in the real structure will be preloaded to improvetigeié strength. In
the static calculations the bolts have been assumed as not being prelohdeasstimption leads
to pure shear loading of the bolts. This assumption is very conservativeadculations showed
that the bolted connections are strong enough to resist the maximum load&iloatding without
being preloaded. As this structure will experience many load cycles, tredlmmnnection will be
preloaded up to 75% of their proof strength to improve fatigue strength.

3.3 Final design

The structural analysis showed that the structure had sufficient statidatigue strength to
withstand the required loads. The design was therefore finalised by nthkitgchnical drawings
necessary for it to be manufactured by the work shop. The final desiljustrated in figuré 316.

The drawings of the parts of the structure can be found on the attached CD
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3 Design of the mounting frame

Figure 3.6: The point of the highest stress in the lower beam.
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Hydraulic system and
experimental setup

This chapter gives an introduction to the hydraulic system and the expealsetup with regards
to components and transducers.

4.1 Hydraulic system design

This section describes the design of the hydraulic system with regardsd¢bhdken components.
All of the components have been found in the hydraulics lab.

Specifications for the hydraulic system are given in se¢fion]1.4.2.

4.1.1 Hydraulic components

The following components are chosen to be used in the hydraulic system:

The datasheets of the test-cylinder and servovalve are found on tHeeakted. The test-cylinder

is bigger than the systems rated cylinder size, which6ism. The mazimum velocity of the
chosen test-cylinder 33 m /s which results in a flow 086 [ /min. This exceeds the rated flow of
the system, which i80 [/min pr. cylinder, but as the load-cylinder is smaller than rated, it should
be possible to run the test-cylinder at maximum velocity if a suited pump stationdgisde A
pressure relief valve and a pump station will be specified, when the osgséim is constructed,
as these are not important in the following analysis of the hydraulic system.

4.1.2 Hydraulic system diagram

The configuration of the hydraulic system is shown in fiquré 4.1.

Component Type

Test-cylinder: LIM NH30-1-SD-63/30x-100S
Load-cylinder: Hydra Tech 8054202 Cyl 40/25x400 Regal CC
Servovalve: MOOG D633-313B

Pressure relief valve: Unspecified

Pump station: Unspecified

Table 4.1: Components of the hydraulic system.
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4 Hydraulic system and experimental setup

Test-subsystem }_> x Load-subsystem

& o [ &
5 :
Wi T

A
\i T
Test-servovalve
Load-servovalv

9

Figure 4.1: Hydraulic systems diagram.

State | Sort | Transducer type ~ Make
Acceleration| Piezoelectric Accelerometer 471 Briel & Kjeer
Pressure Pressure transducers SCP/SCPT Parker

Table 4.2: Commercial transducers used in the experimental setup. See data sheets on the attached cd.

4.2 Experimental setup

This section gives an introduction to the experimental setup of the systenisahisoposal to the
setup, as a lack of time made it necessary to downgrade the actual aneartge the experimental
setup. As this is a proposal, the experimental setup will not be designethih tat suggestions
will be given of the components of the system.

4.2.1 Commercial transducers

The experimental setup, is the part of the system which measures thetkspaites. As mentioned
in chaptef2, the chosen concept from which the test facility is desigmpdres measurements
of the acceleration, pressure and load. Furthermore, friction measuieneguires the position
to be known. Transducers are therefore chosen which can pesfatisfying measurements of
the states of the system. Commercial transducers are used for measuidegdlezation and the
pressures The transducers are in tab:
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4 Hydraulic system and experimental setup

The load-cylinder in table 4.1 has a built in position transducer, which will oveake position of

the pistons. Using a commercially available load cell was looked in to, but it etagassible to

find a suitable load cell which could measure the required range of loddsety it was chosen
to design a custom load cell for the system.

Mounting of accelerometer and pressure transducers

The mounting of the pressure transducers must be as close to the cyglivasebers as possible, to
minimise the loss of pressure between the transducer and the cylinderexhdimd accelerometer
will be mounted on the centerslide, which connects the two cylinders.

4.2.2 Load Cell

The load cell is used to measure the load of the test-cylinder. This load isafethéy the load-
cylinder whereby the load-cell is mounted in between the cylinders on therskde. To have
a steady setup, with a load cell that can measure the whole range of loztsagy with good
accuracy is required. The requirements to the load cell are:

e Range of [-34,34]kN

e Must be able to measure tensile and compressive axial loads.

The basic idea of the load cell, is a well-defined element which is mounted witttaarcstrain
gauge configuration. When the cell is loaded axially the strain gauges rasdka strain of the
element, from which the axial load can be calculated. The strain element isatedstn figuré 4.2.

))!)3
e’_ 2
> ) ' d )

Figure 4.2: The strain-element of the load cell.

The narrowing section of the strain-element in figuré 4.2 will be the areatefeist when
dimensioning the strain- element, as the cross-sectional area of the rection determines
how much it is strained.

The factors determining the the dimensions of the strain element are the maximdrarda
minimum load, yield strength of the applied material and the desired measuressehition.
The load cell is required to measure a wide range of loads and even me&siis of small loads
must be done with good accuracy, if possible. Strain gauges can megsime as small x 106
and this is decisive for the resolution of the load 002]. Tide wange of the load
cell, limits its resolution, whereby it might not be possible to design a load cellhnikiprecise
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4 Hydraulic system and experimental setup

enough for all loading-application within the defined range. Using theessgons for normal
stress and strain from [Gefe, 2d)02] yields the cross-sectional &tba strain-elements narrow
section (strain-section):

P,
Ag = e 4.1
Sl — (4.1)
Where,

Pres: load cell resolution (IND
Ag: cross-sectional area of strain-section mi))
E: E-moduli of the material (FPa))
Emin. minimum measurable strain [Pa))

To avoid overloading, the stress of load-cell must not ex%eﬂthe materials yield strength:

P
Omaz < gayy Omax = ;Z:m (42)
(4.3)
Where,
Oma. maximum normal stress in the strain-element MPa))
oy yield strength of material [/ Pa))
Pz maximum load ([M Pa))

To ensure the strain-section against buckling under a compressive tloacritical load is

calculated a@rOZ]:

Ar?ET
P, = 73 (4.4)
Where,
P, critical load for buckling )
I: moment of inertia (Im?])
L: length of strain-section {dPa))

The material is TOOLOX44, a high strength steel (see data sheet on €Dyhich o, =
1300[M Pa). Other values arel,,o, = 34[kN], emin = 1 x 107 and E = 200[G Pa]. Using
(@.1)-(4.2) and assuming the cross-section must be squaré and/A, leads to the results in
table[4.B.

As seen in tablg413, a higher resolution (smalker,) of the load cell demands a smaller cross-
sectional area of the strain-section. In addition, it is seen that it is impossifite the used
material, to design a load cell with a high resolution that covers the whole &reygplication.
Therefore different load cells are necessary depending on the apiglioad range. As a starting
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4 Hydraulic system and experimental setup

Pres[N] | Ag[m?®]  L[mm] omae [MPa] P [kN]
1

0.000005 2.2 6800 3184.6
5 0.000025 5 1360 16449.3
20 0.0001 10 340 65797.3

Table 4.3: Dimensions of the load-cell with respect to resolution.

point, a load cell has been designed which can be used in the requirechtagel This load cell
has a strain-section length = 9[mm/| which leads to a resolution df7[/V], and it meets the
requirement stated i (4.3). It leaves plenty of room for mounting of thaengjeuges but it might
not have a high enough resolution, whereby a different would have tiebigned.

Mounting of strain gauges

The strain gages are mounting on the strain-element using a full bridgggama&nt. The full
bridge is very advantageous when axial loads have to be measuregljmiiates the contribution
by bending. The load cell and fixture are designed to avoid bending dftthm-element, but
should it occur for some reason, then it will not affect the measurements.

4.2.3 Data acquisition

For data acquisition and generating control signals the plan is to use a realfinmenRing
LabVIEW.
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Dynamic model of the
fluid-mechanical system

This chapter will describe the mathematical modelling of the dynamics of the systgmestion.

At first the modelling detail with regards to the system will be defined by bimgnthe region

of importance in order to establish a sufficient model. Thereafter the assmspreceding
the mathematical descriptions will be mentioned and finally the mathematical modelsewill b
presented.

The purpose of this model is to describe the dynamics of the system and bs& dignamics
affects the output when a specific input is given. Further on, this modebwiihearized and the
linearized model will be used to evaluate system behaviour with regardshititgtand design

specific closed-loop controllers.

The dynamic part of the system consists of two interconnected hydradir@eys which are
mounted in a rigid frame. The cylinders are controlled by two servovalvesfar each cylinder,
which controls the fluid flow supplied to the cylinders. The fluid is supplied bydraulic pump,
and by designing the hydraulic system appropiately the supply presdumetialmost constant by
using a pump which at all times can deliver the demanded flow. This reduedgiiamics within
the system which has a real influence on the output whereby the modellinigac:do create a
sufficient model is reduced. For this system it will be necessary to idesttre dynamics and
properties of the servovalve and cylinder with regards to flow, pressu force..

The overall system contains two subsystems which are defined by thautigdeylinder. The
test-cylinder and the connected components is calledésesubsystenvhile the load-cylinder
and connected components is calledltbad-subsystem

The following assumptions have been made in order to simplify the modelling of$tens:

The frame and cylinder mountings are completely rigid.
The supply pressure is constant.
No leakage flow is present in the cylinders or valves.

Constant Bulk Modulus.

o W npoE

Tank pressure is constant.

In figure[5.1 an illustration of the parts in the system, which have to be dederibthematically,
are shown. The designations indicated by figuré 5.1 will be used to seewgthations for the
system.
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5 Dynamic model of the fluid-mechanical system

Test-Subsystem Load-Subsystem

Pl;PSPt P|t_>Pspt

Figure 5.1: lllustration of the connected servovalve and cylinder, with leakage flow, of each subsystem.
Models will be set up for the servovalve and cylinder.

5.1 Modelling of Cylinders

Modelling of the cylinders refer to determining the pressures in the cylirfteambers along with
describing the motion of the pistons. The pressures are expressed fiiaticentinuity equations
while the motion of the system is given by Newtons 2. law of motion.

5.1.1 Continuity flow for the cylinders
Test-subsystem

Changes in the control volumen and the compressibility flow for the test-cylis@xpressed by
the flow continuity equations given by (5.1) abd {5.2).

dVry _ VrpdPr,

Qrp — Qi = o R ; Virp = Virpo + Arp (5.1)
dVr, V. dPp,
Qr — Qrr = d: + ; dtT s Vor = Vrpo — Ay (5.2)

Where,
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5 Dynamic model of the fluid-mechanical system

Q1p: flow into the test-cylinder on the piston side mt/s])
Q1 leakage flow over the cylinder piston P /s])
Qrr: flow out of the test-cylinder on the rod side n(t/s])
Vi volume on the piston side 1))
V.- volume on the rod side M)
Virpo: initial volume on the piston side 1t3))
Virvo: initial volume on the rod side @3]
Ary: piston area ([m?))
Ap,: rodside piston area ([m?))
Pry: pressure acting in the piston side chamber m¥)
Pr,. pressure acting in the rod side chamber mA]
x displacement of the piston from the initial position m()

Z velocity of piston ([m/s])
B: bulk modulus of the fluid tiar])

By neglecting the leakage flow)r;, the pressure gradient of the rod- and pistonside can be
expressed from(5.1) and (5.2) which is dondinl(5.3) (5.4)

: B
Pr,= ——7——
Tp VTp() + ATpx
p

Virro — A7z

(Qrp — Arp) (5.3)

PTT‘ (ATT‘:t - QT’I") (54)

Load-subsystem

The load-subsystem is modelled in the same way as the test-subsystem befdesmall
differences because of cylinder orientation. The equations are givl) and[(5.5).

dVL7' VL7' dPLr

Qrr —Qu = prai 5 a Vir = Viro + A (5.5)
QL —Qrp = dgtLp Vgpdgfp s Vip = Vipo — Arpz (5.6)
Where,

Qrp: flow into the test-cylinder on the piston side m(f/s])
Qi leakage flow over the cylinder piston il /s])
Qrr flow out of the test-cylinder on the rod side n(t/s])
Vip: volume on the piston side 3]
Vie: volume on the rod side X))
Vipo: initial volume on the piston side 1t1°))
Viro: initial volume on the rod side ')
ALy piston area ([m?))
Ap,: rodside piston area ([m3))
Pry: pressure acting in the piston side chamber m¥)
Pr, pressure acting in the rod side chamber s ()
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5 Dynamic model of the fluid-mechanical system

Hence, the pressure gradients in the load-subsystem are:

___ B
Viro + Apyx
B

VLpO - Apr

PLT (QLr - Aert) (57)

Pr, (Arpd — Qrp) (5.8)

5.1.2 Equation of motion of Test- and Load-cylinder

The systems equation of motion s is given by Newtons 2. law of motion from thed@cting on
the interconnected pistons:

meqfv' = PTpATp + P, A, — Pr.Ap, — PLpALp — FFsign(:b) (59)
Where,
Fp: the total friction in the system 3/ s])
& acceleration of masses n{l/s?])
Meg: total mass of the moving bodies kd)

Friction model

A simpel friction model will initially be applied. It will be based on the classicaitfon models
of sectiofI.I.B and consist of the viscous friction and the Coulomb frictitwe. fiiction model
will be expressed as:

Fr = (frv+ fro) |2 + (Frc + Fre) (5.10)
fro: the viscous friction parameter of the test-cylinder Ng/m])
fro: the viscous friction parameter of the load-cylinder NE/m])
Fre: the Coulomb friction of the test-cylinder N)
Fro: the Coulomb friction of the load-cylinder XD

Equation [[5.ID) concludes the modelling of the cylinder.

5.2 Servovalve

As mentioned, both subsystems utilises a MOOG D633 servovalve. The flougththe orifices
in the servovalve are determined from the valve-input, which is equivedeatdisplacement of
the valve spool, and the pressuredrop over the valve. The input is @B voltage (10V
corresponds to 100% valve opening) where a positiv voltage comdspo a displacement in the
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5 Dynamic model of the fluid-mechanical system

positive direction and vice versa.

For both subsystems, the modelling of the servovalve is almost similar and thavifwgjlo
expressions are therefore written in a general manner. The only variatithhe modelling is
a reversed configuration of the equations[in (b.11)- (5.14) with redartise sign ofu, when
modelling the load-servovalve.

For an input voltage:, > 0 the static flow through the valve is given as:

2
QP:KT.uU-,/;.(PS—Pp) (5.11)
2
Qr=Kr-u, - S (P. — P,) (5.12)
Whenu,, < 0 the flow is given as:
2
Qp=Kr-uy - o (P, — P) (5.13)
QT—KT-uU-,/i-(Ps—P,«) (5.14)
where,
Qyp flow at the inlet orifice of the valve 3/ s])
Q- flow at the exit orifice of the valve 63/ s])
Kr: static valve gain T-D
Uy input voltage to the servovalve ()}
p density of the oil ([kg/m?))
P;: supply pressure ([Pa))
Py tank pressure ([Pa])
Py pressure acting between the orifice, and the piston side Pa])]
P pressure acting between the orifice, and rod side Pa))

The equations in{5.11) and (5]113) are static models for the flow througlabe \The valve gain,
K is calculated from the rated flow, which is found in the data sheet for MO®&3DThis data
sheet can be found on the attached CD. The data sheet contains thBovalgiagram illustrated

in figure[5.2. The data sheet states that the rated pressure dk@p/is= 35bar per metering land
for the rated flowQ y = 401/min ((figure[5.2) at 100% command signal (i.e. 10 VDC = 100%
valve opening).

Applying these values in equatidn (5111), and the valve @ainis found to be:

Kr — % (5.15)
Uroo%/ =7

(401 fmin) - (1’”3'””'") 2

- OO/ — 7.43. 10*7’”7 (5.16)

Kr = /2:70-105 Pa
10V 870kg/m3
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Valve flow diagram
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Figure 5.2: Valve flow diagram from the data sheet of the MOOG D633 servovalve. ]

The dynamics of the servovalve is determined from its frequency respghih is also to be
found in the data sheet [MOOG-Conttols]. The frequency resporseisn in figuré5.3.

Frequency response
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Figure 5.3: Valve flow diagram from the data sheet of the MOOG D633 servovalve. M]
The frequency response indicates that the dynamics can be estimatethdpyaisecond order

tranfer function. Signals used, are considered small indthe% range. For performing the
estimation, the transfer function of a second-order system is considered
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5 Dynamic model of the fluid-mechanical system

K
G(s) = 5.17
O =3y (5.17)
Where,
K: gain ([-D)
¢ damping of the system dynamics (I-D
Wn! eigenfrequency of the system dynamics ([rad/s])

From figurd 5.B it is clearly seen that the gairkis= 1 as the amplitude is zero for low frequencies.
Furthermore, the lack of a resonans peak indicates that the damping is itetivalio.7 < ¢ < 1.

¢ is estimated to be 1, which is also the most conservative, with regards toefdstrpance.
The eigenfrequency of the system is found as the frequency at gd@afephase lag. As seen in
figure[5.3 the eigenfrequency is approximately = 2% - 90H z. The second order model for
the dynamics of the servovalve is thereby given as:

1

Gv(s) =
=524 25+ 1

(5.18)

This concludes the mathetically modelling of the system. This model is highly nomn-lazea
several of its equation are non-linear. In chapter 6, a linear model willdmted by linearising this
non-linear model. Though, before that will happen, the non-lineaiorersill be implemented in
SIMULINK in order to carry out simulations.

5.3 Simulation model using SIMULINK

The mathematical expressions from sedfioh 5.1afd 5.2 are implemented in 8\MiH.order to
create a simulation model. The simulation model is illustrated in figuie 5.4 with voltaye{if)
of the servovalves and the different outputs right from fl@y o position ) and velocity ).
The implementation is straight forward and will not be described further, foeit the SIMULINK
and MatLAB files of model can be found on the attached CD.

5.3.1 Model verification

Delays in finalising the design resulted in the construction of the test facilitypeing completed
before the deadline of the project. A consequence of this, was the laattwdl sampled data
from the experimental setup which could be used for verifyng the modelstyaliurthermore,
the lack of a test facility and experimental data meant that identification ofrsysé&ameters,
such as friction (the main subject of this project), was not possible. Ttra@ders needed to
be identified for modelling are instead estimated by a qualified guess, andytesses are used
until the real system, is up and running. To replace a real verificatiomssgssment of the models
validity will be carried out based on the general behaviour of the modetrandforementioned
estimated parameters.
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Figure 5.4: SIMULINK model of the fluid-mechanical system.

Model behaviour and scenarios

The model will be assessed by running the simulations for certain scemneittoshe aim of
showing specific system properties such as pressure buildup and flow.

The simulations will be run with a constant input so the model will reach a résalgle steady
state. The scenarios will be defined by the applied inputs. The followintasics wil be run:

Pressure buildup To test the models capability to simulate the buildup of pressure, simulations
are run where the input of either the test or load-subsystem is zero waitghkr input is
held at a constant non-zero value.

Flow and piston velocity To verify the relation between flow and piston velocity in steady state,
simulations are run where both subsystems receive the same input. Tbarprgsthe
load-subsystem is set to the tank pressure to minimise the load on the testicylinde

By comparing the behaviour of the models output with what is expected frermtithematical
expressions, an indicattion will be given of the models of the validity. In npwil this verify the
model as a valid representation of the real system, but it will show if the matluatexpressions
have been implemented correct.
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5 Dynamic model of the fluid-mechanical system

Pressure buildup

As mentioned, simulations are run where the input of either the test or |deystem is zero
while the other input is held at a constant non-zero value. Doing this, imitag¢®itie of the
servovalves are closed while a flow is led through the other open sévgovehe flow into the
open cylinder will initiate motion of the connected pistons whereby pressilirstart building
pressure in the cylinder which chambers are cut of by the closed sdveovT his pressure keeps
rising until equilibrium of the forces in the cylinders are reached, witrethe motion stops.
A simulation run is shown in figule 3.5 where a constant input is given to ttvesve of the
test-cylinder while the servovalve of the load-cylnder is closed.

Pressure on the piston side in test and load—cylinder

140 Position of the test—cylinder piston
0.055 : :
120r
0.054F
100+
= 0.053F
8 sof T
& =
60t 0.052f
401 0.051
200 0‘5 1 1.5 0.05 . ;
T time [sec] ' 0 0.5 1 15

time [sec]

Figure 5.5: As the piston is moved by the test- . . -, . .
cylinder, pressure builds up on the Figure 5.6: The position keeps changing until the

piston side of the cut-off load-cylinder piston side pressures in both cylinder
' creates equilibrium.
(Ps = 50bar)

As seen from figurEBl5, the pressure builds as expected in the pistoohsidier of the load-
cylinder. Furthermore, the piston position becomes stationary after ashotint of time due to
equilibrium of the forces in the cylinders as given by:

PLyALy = PryAr, (5.19)
A
Prp= 75 "Pry (5.20)
Lp

The area of the pistons arer, = 0.0031m? and Az, = 0.0013m?2. Using equation{5.20) and
the steady-state value é%,, Pr, is calculated as:

Pr), = 2.48 - 50bar (5.21)
= 124bar (5.22)

The calculations shows agreement with the model, and taking the behavithe ofodel into
account it is assessed that the continuity and equation of motion is modelledrireetcoanner.
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5 Dynamic model of the fluid-mechanical system

Flow and piston velocity

This case investigates the validity of the servovalves and the correlatioedr®fiow and piston
velocity used in the continuity equations. When the pressure reacheslg-state, the correlation
between flow and piston velocity is given as:

B
Voo — Apz

Qp = Ayi (5.24)

P, = (Api — Qp) =0 = (5.23)

The servovalves are given a constant input/of 1V while the supply pressure is kept8f =
50bar. The results of the simulation are shown in figurd 5.7 and figuie 5.8.

Flow into the piston side chamber of the test and load-cylinder. Velocity of the cylinder pistons
5 T T T 0.025 T T |
0.02r
0015
)
£
>
0.01
0.005
0 : : ; 0 : : :
0 0.05 0.1 0.15 0.2 0 0.1 0.2 0.3 0.4
time [sec] time [sec]
Figure 5.7: The flows Qr, and Q, for the input Figure 5.8: The velocity of the pistons from the
U = 1V to the servovalves. flow given by the servovalves.

Using the steady-state valuewt= & = 0.0225m /s from figure[5.8 in[(5.24), yields the following
steady-state flows:

Qrp = 4.21/min (5.25)
Qrp = 1.81/min (5.26)

As seen, the simulation results show agreement with the steady-state catisigderand it
is assesed that the model works as intended and that validation will be di¢awaen
measurements from the real system are available.
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Linear model of the system

This chapter describes the creation of theear model The describtion will contain the
linearisation of the equations from chaier 5. The linearised equationsaiidjplace-transformed
and used to create the block diagram from which the transfer functiotie dinear system will

be derived. Along with the linearisation will follow an assessment of theatipey point around

which the linearisation of the systems equations will be done. Furthermaoe)@acison between
the output of the linear and non-linear mode will be made in order to shoveeggnt between
the two models.

6.1 Linearisation of the equations of the system

This section will deal with the linearisation of the equations for the linear moddaist the
equations of the test-subsystem will be treated whereafter the loadsseimswill be linearised.
A T in the subscripts refers to the Test-subsystem dndeders to the Load-subsystem.

6.1.1 Test-subsystem

The following set of equations from chapkér 5 will be linearised.

Pr,p=——"— — A 6.1

Tp Vipo + Aqpz (QTp Tpf’?) (6.1)

Pr,=—————(Ap, o — - 6.2

T VTro—ATrfE( & — Qrr) (6.2)
/2

QTp = KT : UvT : ; : (Ps - PTp) (63)
2

Qrr = K1 - Uyr r (Pry — Py) (6.4)

First off, equation[(6]1) and[(8.2) are linearised by neglecting the dordhames dependence of
the position £) of the piston. Doing this, can be justified by the assumptiontthg >> Ar,x

and Vg >> Ap.x asx is only a small displacement difference around the operating point
(small signals). Using lower case letters to imply differences from the tpeehpoint instead of
absolute values (i.er, = Q1 — Q7, - sSmall signal variable), the linearised equations are:

pry = s ary — Aryi) (65)
Tp0

bro = To—(Art — ar;) (6.6)
Tr0
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6 Linear model of the system

Equations[(6.3)and (8.4) are linearised by using Taylor series expaftgi@ system with two
inputs and one outpuf) = f(u, P). By Taylor series equations (6.3) and {6.4) are written as:

QTp - @Tp = K’l)Tp(UUT - UvT) + Kpr(PTp - FTp) (67)
QTT - @T?‘ = KUT’I‘(UUT - UvT) + KpTT(PTr - PTT’) (68)
where,
@Tp: operating point of the flow on the cylinders piston side ~ m{Js])
Qr,: operating point of the flow on the cylinders rod side mi[/s])
Koryp flow-input piston side /v - s))
Kyrp flow-pressure gain piston side nf /N - s])
Ko, flow-input gain rod side @3/V - s))
Ky, flow-pressure gain rod side P /N - s])
Uyr: operating point of the servovalves input voltage VI
Pry: operating point of the piston side pressure Pd)
Pr,: operating point of the rod side pressure Pd])
Kyrp, Kprp, Ky and K, are given by:
aQTp aQTr
Kva = aUUT UUTZUUT,PT:D:FT:,J KUTT = 8UUT UvT:UvTvar:ﬁT'r (69)
aQTp aQTr
Kpr = aPTp UvTZUUT,PTp:ﬁTp KPTT = aPTT Uq;T:UvT7PTr:ﬁTr (610)
Using [6.9) and[{€6.10) the expressions for the linearisation gains are:
2 — 2 —
Kva - KT ;(Ps - PTp) KvTr - KT ;(PTT‘ - Pt) (611)
— KU, KrU,
Kyrp = — Kyrr = Shih (6.12)
2p(Ps — Prp) 2p(Pry — Pt)

Writing (&.4) and [[(6.B) with small-signal variables completes the linearisation efteft-
subsystem:

(6.13)
(6.14)

qrp = Kva Uy + Kpr *PTp
qrr = KUTT‘ “UyT + KpTr *P1r

6.1.2 Load-subsystem

The load-subsystem is linearised in the same manner as the test-subsyséeeguations to be
linearised are:
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6 Linear model of the system

P,=— r— ALy 6.15
L Viro + Ay (QL L x) ( )
. B [3 -
Py = g g (AL — Q) (6.16)
/2
QL?" = KT . UUL . ; . (Ps - PLT‘) (617)
/2
Qrp = Kr-Uyp - ; . (PLp —P) (6.18)

The linearised equations ¢f(6]15), (4.16), (6.17) and {6.18) with smalkkigriables are:

i = o (any — Aur) (6.19)
Lr0
) B .
PLp = T(Apr - QLp) (620)
Lp0
qrr = Ker “ Uyl + Ker *PLr (621)
qrp = Kva S Uypr, + Kpr *PLp (622)
Where,
2 — 2 —
Kyrr = Kr ;(Ps - Pr,) Kyrp = Kr ;(PLp - F) (6.23)
—KpU KU
Kprr = TU”j Kprp = jU”L (6.24)
2P(Ps - PLT) 2p(PLp - Pt)

6.1.3 Linearised equation of motion

The equation of motion[(5.9) will be linearised by neglecting the static contritaitadrthe
Coulomb friction as, only changing variables are considered in the lineaelmothus, the
equation of motion becomes:

meq«% = PTpATp + PLTALT' - PT?"ATT‘ - PLpALp - feqjj (625)

Where, foq, = frv + fro is the equivalent viscous friction parameter of both cylinders. The
equations of the linear model are thereby determined.
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6 Linear model of the system

6.2 Block diagram and transfer functions

6.2.1 Laplace transform of the linear model

Before constructing the block diagram, the linear model will be laplace wemsid from the time
domain to the frequency domain. Laplace transforming the set of equadiotieftest-subsystem
and suitably arranging them, gives:

Pryfs) = g (@nyls) =~ Ary -5 X() (6.26)
Pr,(s) = VTBD : S(ATT s X(s) = Qrr(s)) (6.27)
Qrp(s) = Kurp - Uur(s) + Kprp - Pryp(s) (6.28)
QTT(S) = Kyry - U’UT(S) + KpTr : PTT(S) (629)

The set of Laplace transformed equations for the load-subsystem are:

Pr,(s) = VLBU : S(QLT(S) — Ay s-X(s)) (6.30)
Puyls) = vmi (AL s X(5) ~ Quyl(s)) (6.31)
QLT’(S) = Ker : UvL(S) + Ker : PLT(S) (632)
QLP(S) = Kypp - UvL(s) + Kprp - PLp<3> (6.33)

The Laplace transform of the equation of motion are:

Meq - 52+ X(8) = Pry(s)Arp + Pr(s) ALy — Pr(s)Ary — Pry(s)Arp — feq -5+ X(5) =

(6.34)
5. X(s) = M (Pry(s)Ary + Pir(s) Ay — Pro(s) Ay — Prp(s)ALy)
(6.35)

The linearised and Laplace transformed equations ffaml(6.26) 0 (6iB®ewised to construct
the block diagram of the system. The block diagram representing the linesgl iscshown in
figure[6.1.

The block diagram will be used later in chagdiér 7 in the linear analysis artcbendesign.

6.3 Operating point of linearisation

This chapter will deal with determining the operating point of the linearisati@thA linear model
is only valid within close proximity of the operating point, choosing the right afieg point is
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6 Linear model of the system

1
T’Leq'5+feq

IuinL
—>

> AL'r

» ALp

ALp

A

Load-subsystem

Figure 6.1: Block diagram of the linear model with valve-dynamics. The inputs are the voltage-signals (wnr
and u;»z) to the servovalves and the output is the velocity of the masses (V(s)).

very important. The right operating point is found as the most critical pdioperation, i.e. a
worst case scenario, with regards to system performance. If therspstéormance is satisfying
around the most critical point of operation it is most likely that performanitidoes satisfying for
all points of operation. The operating point will be chosen by assessingigenfrequencies of
the hydraulic cylinders and the effect of valve-input on the systemswelstiability.
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6 Linear model of the system

6.3.1 Minimum eigenfrequency of cyinders

When the cylinders are operating at their minimum eigenfrequency they atdikebgsto cause
resonans in the system and thereby instability. The operating points oflthéerg are therefore
chosen to be where their eigenfrequencies are minimum.

The eigenfrequencies of the double-acting differential cylinders, efdystem, is given by
(6.38)(derived in appendixIB).

oy = (6.36)
Meg
(6.37)
Whereky, is given by:
A% A2
kp=pB(GE + 22 6.38
h B(VR + VP) (6.38)
(6.39)
Where,
Ap: area of piston ([m3/s])
Ag: area of piston on the rod side nf /s])
Vp: volume on the piston side 13/ s])
Vk: volume on the rod side %)
B bulk modulus (Im?)

As the volumes are dependent of the displaceméntf(the piston, this makes the eigenfrequency
dependent of the piston position as well. By using (6.36) the eigenfremssior the entire stroke
of the test- and load-cylinder is calculated and plotted in figure 6.2 and f&g8re
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6 Linear model of the system

Eigenfrequency of Test-cylinder Eigenfrequency of Load-cylinder
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Figure 6.2: The eigenfrequency of the test- Figure 6.3: The eigenfrequency of the load-
cylinder with regards to piston cylinder with regards to piston dis-
displacement. placement.

As seen in figur€6]2 and figure 6.3 the minimum eigenfrequency of the tesoad-cylinder is
respectivelyw,r = 1536 rad/s @ xp = 62mm andw,;, = 500rad/s @ x, = 276mm.

6.3.2 Effect of Valve-input on the relative stability

To determine the operating point of the servovalve the effect on the systéamige stability, by

the servovalves input;,, is studied. The study is done by determining the systems gain- and
phase margins for values of the input in the intervallof 10]V'. By doing this, it is possible to
determine for which value, of the servovalves input, the system will be &alske. In figuré6l4

and figurd 6.6 the gain- and phase margin for the test- and loadsubsysteowis fer different
values of the servovalve input.

45 Gain margin s Phase margin
— Test-Subsystem —— Test-Subsystem
—— Load-Subsystem ] —76| —— Load-Subsystem /
-50+ / 1 77 //
I
S 78
© 78
=
—60////////////////////”'////////(,/////, -80r ]
—81/
% 2 4 6 8 10 8% 2 4 6 8 10
Ui, [V] Uin [V]
Figure 6.4: The gain margin of the test- and load- Figure 6.5: The phase margin of the test- and
subsystem for differing values of the load-subsystem for differing values of
servovalve input, w;y,. the servovalve input, w;s,.
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6 Linear model of the system

First off, figure[6.%4 and figurle 8.5 shows that both subsystems areblmsisthe gain and phase
margins are all negative for all values ©f,. However, the values of the pressures which has
been used in the calculation are purely fictive. With regards to determiningpirting point

of the servovalve, figule 8.4 and figlirel6.5 show that the smaller the vélug, othe further
away from stability the system moves as the gain and phase margin becomaaeenegative.
This means, that the critical operating point of the servovalves is a smadl gathe input-signal
which physically corresponds to a small displacement of the valve spoadheis is a limit for
how small a signal the valve will be fed,,, = 0.01 V will be chosen as the operating point of the
servovalves.

This concludes the determination of the operating point of the linearisation.
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Control system analysis and
design

This chapter treats the analysis and design of the control system for théadégy. The
measurement of friction parameters specifies a number of requiremergadilgp on the
configuration of system which performs the tests. First 3 ,|_19_9Jl]
recommends the implementation of a stiff velocity-servo as the system must b gglgdorm
a range of constant velocity motion tests where the friction is measured.dltioag studying
the stick-slip phenomenon requires the system to perform quasi-comstanity motions where
the commanded velocity is reduced ever slightly until it reaches the poinevetiek-slip motion
can be observed. Furthermore, a force-servo must be implemented imthsubsystem in order
to precisely control the load which is applied to the cylinder undergoing tesbth&r objective
of the constellation of a feedback controlled load-cylinder is the optione#titrg specific load
cycles or loading curves. This property, along with the velocity-sereates the possibility for
the test-cylinder to be subjected to test conditions and cycles which imitates & eptrating
conditions.

The controllers must be designed according to certain requirementsrhibis system it will be
impossible to specify a set of specific requirements which the system musanadidtmes for all
cylinders. Different test cylinders, causes different systems whachathds different controllers.
In addition, operating conditions of the hydraulic cylinders differ widelyoas cylinder might
operate doing high cycles with velocities aroudd m /s while a another cylinder might be
doing small position adjustments with low velocity close to zero. The operatinditcams
determines the cylinders motion profile which is closely related to the frictionlgrofithe
cylinder. This underlines the need of planning friction testing and modelliegrding to the
operating conditions of the test subject in order to get the best experindatdaand modelling
results. This leads to the fact, that one control design is not sufficiergttditeerent cylinders for
different conditions. Every cylinder test must be carefully assesgbdeference to the operation
of the cylinder, and from this assessment a set of specific controlleireagents can be defined.

A set of general requirements to the system are as follows:

General requirements to the velocity-servo and test-subsystem

e Maintain constant velocity
e Perform quasi-constant velocity reduction
e System performance as fast as possible

e Achieve specified velocities froth— 0.5m/s

General requirements to the force-servo and load-subsystem

e Achieve the specified force

e 5-10 times faster than the velocity servo
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7 Control system analysis and design

As mentioned above, these general requirements can be further spbyifissessing the actual
configuration of cylinders and their operating conditions. This will lead toeopmance
specification in terms of transient response and steady-state requirefrmntswvhich the
controller can be developed. As mentioned sedtioh 4.1, the test cylindgirusieis project is
a LIJM NH-30S with the following data:

e Stroke:sp = 100mm

e Piston diamterDy = 63 mm

e Rod diameterd;r = 30 mm

e Maximum operating velocCityt,,q, = 0.3m/s

e Maximum operating pressuré,,.. = 250 bar

The manufacturer classifies this cylinder as robust and for use in thauliof ships and such.
From these data, more precise performance specification are defined.

Unlike a motor, the distance and thereby the time a hydraulic cylinder has toaggeen velocity

is limited by its stroke. For testing frition, it is necessary run the cylinder atnstant velocity
which requires the system to accelerate within a distance that allows this vetképt for most

of the cylinders stroke. To express this requirement in a more preciseemaith a numerical
value, it is assessed, beforehand, that if maximum 20% of the the cylistteke is used for
acceleration, such the velocity can be kept constant for 80% of theesttb&n this will be
sufficient for testing. For the specific cylinder, this means that the systeshlmsuable to reach
the maximum velocity 0f).3 m /s within 0.066 seconds. The most important transient-response
specification is therefore, that the settling timgyy, is no larger than 0.066 seconds. Other
transient-response specifications, such as rise time and maximum oveasht®ss important as
friction tests of hydraulic cylinders require a fast occuring steady. stbady-state requirements
are more or less given by the general requirements. The generakraguts specify zero steady
state error for step inputs for both the velocity servo and force setvelast general requirement
states that the force-servo needs to be 5-10 times faster than the vetoeihyfey it to compensate
fast to track the velocity. This requires the force-servo bandwidgy ] to be 5-10 times higher
than that of the velocity servo.

The specific requirements for designing the control system is theremededind they are:

e A maximum settling timet, 55, = 0.066 s of the velocity-servo.
¢ No steady state errors for step inputs of the velocity- and force servo’s

e Force servo bandwidthuiz;) 5-10 times higher than the bandwidtbhgr) of the velocity
servo.

7.1 Control strategy

Based on the performance requirements and system types a strategy destn of the control
system will be made.
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7 Control system analysis and design

By analysising the linear model derived in chapier 6 the control system witldsigned. The
approach of the analysis will be to disconnect the load-subsystem frertesrsubsystem, as
shown in figuré_Zl1, and instead apply a disturbance for each systemdiSthenance of load-
subsystem will be the velocity, while the disturbance of the test-subsystenbevilhe force
generated by the pressures in the load-cylinder. The analysis will staavbtith subsystems,
to be controlled, are of type 0 which results in a steady-state error fopdrgiats. To remove
the steady-state errdieedback with a Pl-controlleare designed for both subsystems using the
frequency responses. Values for the parameters of the Pl-cordratieproposed by using Ziegler-
Nichols rules for tuning PI-Controllers. In order to meet the performapeeifications these
values are modified if necessary. Furthermore, a velocity-feedfdreaanpensation, for the load-
subsystems force-servo will be designed, to compensate for the velstiybdnce applied by the
test-subsystem. These control designs do not affect the bandwidt efstem directly, but if the
bandwidth requirment are not met, other controllers sudteasl-compensatiomay be proposed
and analysed.

Finally, the relative stability of the controlled system will be analysed usingugacy response
whereafter the control designs will be implemented in the non-linear modefdication.

UinT T

—> GTest (8) >

Figure 7.1: lllustration of the disconnection.

7.2 \elocity-servo

The development of the velocity servo is based on the block diagram oéf@li. The open-loop
transfer function of the test-subsystem will be determined from the blockatia whereafter the
system will be modified with regards to feedback and controller.

7.2.1 Open-loop transfer function of the test-subsystem

The block diagram of the disconnected test-subsystem is shown inffigure 7.2

By closing the inner loops, the diagram is reduced as shown in figure 7.3.
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7 Control system analysis and design

UinT

Meg S+ feq

Figure 7.2: Block diagram of the disconnected test-subsystem.

Fr(s)

UinT T

K

Figure 7.3: Reduced block diagram of the test-subsystem.

Gy (s), in figure[Z.3, is the valve-dynamics given by equatlon (5.18)@in¢s) is given by [Z.11):

_ KT])(TT'I’S + 1) + KTT(TTpS + 1)

G 7.1
r(s) (Trps + 1) (Trps + 1) (7.1)
Where,
- Ar —Vrpo
K Ty Trp = -2 7.2
Tp Kpr Tp 5Kpr ( )
KUTT’AT’I‘ VTTO
K r = T r = 73
4 KpTr T ﬁKpTr ( )
While,
1 AT KvTr + AT'/‘KUT
= Kipp=—2 b 7.4
Gp(S) Meq * S + feq T Kva - Ky ( )
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7 Control system analysis and design

Closing thekK;,-loop, and the overall open-loop transfer functiéhy,;, of the test-subsystem
becomes:

GTol(S) = Gv(s) : GT(S) : Gpcl(s) (7-5)
Where, G, (), is the closed-loop transfer function of thé-(s)-G,(s)-K; s,-loop:

_ Gyl(s)
1 + Gp(S)KibeT(S)

Ghpei(s) (7.6)

As none of the transfer functions making up the overall transfer funtiégsra free integrato%ﬁ,
this will be a type 0 system. This leads to a steady-state error for a steptartpetunity-feedback
system, whereby the system would not meet the specified requirmentsidHoaitticular system,
the static position error constarit,s, is given by:

_ KTp + KTr
feq + Kifb(KTp + KT’I‘)

K5 = lim GTOZ(S) (7.7)
s—0

This leads to the following steady-state error of the unity-feedback systean given a unit-step
input:

= 0.9785 (7.8)

€ss =

1+ K

Clearly, the system exhibits a very poor performance towards steamyegt@ration and therefore
is a controller necessary to improve the performance of the system. Itdes dhosen to
implement a Pl-controller, as the integral parts (I) primary advantage isriove steady-state
errors, while the proportional part (P) can e used to improve the respone.

7.2.2 PI-Controller with velocity feedback

Introducing feedback of the piston velocity and a controller to the testystdos, results in the
modifications shown in figufe1.4.

Gr¢(s) is a Pl-controller which can be written as [n{7.9):

1
Gre=Kp(1+ ﬁ) (7.9
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7 Control system analysis and design

Fr(s)

8-

Uref, T

Gre(s) PP Go(s)Gr(s) Gpcl(8> >

Figure 7.4: The test-subsystem with feedback control. Gr.(s) is the controller.

Tuning of controller parameters

For the Pl-controller to be implemented, the paramekéssand’’; needs to be determined. These
are found using the second method of Ziegler-Nichols tuning rules, luast critical gaink,,
and the critical period... The critical gain and critical period is found from the root-locus plot of
Gror(s) at the points where the plot crosses the imaginary axis. The root-locusfglato, (s)

is shown in figuré_715.

Root Locus
3000
2000 \4/* - ]
_— u ———
System: G_OL
8%} 1000+ // Gi?n?gso B 1
é 3’ Pole: —8.77e-006 + 1.53e+003i
Damping: 5.73e-009
% | Overshoot (%): 100
c oF--® ® Frequency (rad/sec): 1.53e+003 i
(o]
©
E
—1000
—2000
-3000 L L i L L
-1500 -1000 -500 0 500 1000 1500

Real Axis

Figure 7.5: The Root-locus plot of Gror(s), showing the point of where the critical gain and critical period
is found.

As seen, the critical gain is found to .. = 250, while the critical period isP,, = 2 =

Wer
0.0041s. For a Pl-controller, Ziegler-Nichols tuning rules are stated as:

Typeof controller] Kp | T; |Tp
PI | 045K, | 75Per | O
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7 Control system analysis and design

Whereby the values recommended by Ziegler-Nichols are:

Kp=112.5 T; = 0.0034 (7.10)

A step response of the system with and without the Pl-controller implementeaovgnsin
figure[Z.6 and figure 7.7.

Unit-step response without PI-Controller Unit-step respons with PI-Controller

0.025 1.4 ‘
1.2f
0.02f
1
@ 0.015f @ I
E £ 8
= 5
2 o1l _E 06/
0.4
0.005 —— System with PI-Controller
0.2 —— Unit—step reference |
0 : ; ‘ : : 0 : : ‘ : :
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
time [sec] time [sec]
Figure 7.6: Unit-step response of the system with Figure 7.7: Unit-step resonse of the system with
unit-feedback. The large steady error Pl-controller using the parameters
is very distinct. found from K., and P.,.

As seen from figure_717, the Pl-controller removes the steady-stateasrexpected. But, at the
same time it introduces an maximum overshoot of 35% while the settling titggys= 0.0110s.
The performance specifications do not specify any direct requireretite allowable overshoot,
but fine tuning the values il (7.110) may give an even better response, silolershoot and
a faster settling time. Manipulating the value Bf within the range of50, 130], changes the
unit-step response as illustrated by figuré 7.8.

From figurd_Z.B its clear that a higher value &> results in a faster response but with more
overshoot, while the respons of lower value is slower with less overshibetbest way to evaluate
the responses in figure 7.8, is to compare the settling time of each, as thedaptais doesn't
necessarily lead to the shortest settling time. Analysing the settling time of epcmse¢eads to
ts 29, = 0.0099s for K, = 90, as the shortest of all.

The controller can further be tuned by manipulating the valud;ofwhich is illustrated in
figure[Z.9.

By manipulating the value df7, it is illustrated how the low-pass filter characteristics of the PI-
controllers integral part influences the system. As seen in figure 7.%higlues ofl; reduces
overshoot but leads to a slower system as the high frequencies aredamoped as the corner
frequency has been decresed. Furthermore, a lower value of theairtiege 7 leads to more
overshoot as a lower value @f increases the integral gain which is givenfdg = % The
shortest settling time is found fdr; = 0.0036 which leads to a settling time 55, = 0.0099s and

a maximum overshoat/p = 19.94% whenKp = 90.
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Unit—step response with different Ko values

15

K750
| —K,=T0
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Figure 7.8: The step respons for different values of K, in the range [50, 130].

Unit-step response with different T, values
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Figure 7.9: The step respons for different values of 77 in the range [0.002, 0.007].
Table[7.1 sums up the results of the fine tuning while figurel 7.10 shows theesigpase of the
controlled system with modified values. The fine tuning of the Ziegler-Nichalises shows an

improvement by decreasing the settling timegy,, and maximum overshodt/p, but a longer rise
timet, indicates a slower respons.
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7 Control system analysis and design

Parameters | Kp | Ty | toon | Mp |
Ziegler-Nichols| 112.5| 0.0033s| 0.0136s| 39.05%| 0.0013s
Modified 90 0.0036s| 0.0099s| 19.94%| 0.0016s

Table 7.1: The fine tuning of the Ziegler-Nichols values shows an improvement in the settling time ¢ »¢; and
maximum overshoot Mp while the longer rise time ¢, indicates a slower respons.

Unit —step response of the modified system Ramp-response of the modified system

1.4 4
1.2¢ A 1 3.5¢
1 3
— 2.5
1]
E 0.8- .
E 2 2
3 0.6 >
> 157
0.4 1l
0.2+ —— Step-response of the system 05 —— Ramp-response of the system
— Unit-step reference ’ —— Ramp-input reference
0 ‘ ‘ ‘ : ‘ 0 : : :
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.1 0.2 0.3 0.4
time [sec] time [sec]
Figure 7.10: Unit-step response of the con- Figure 7.11: Ramp-response for a ramp-input of
trolled system, with the modified PI- Uref = 102zt tO the system with
controller values. modified controller values.

In figure[Z.11 a ramp-response from the system is illustrated. It shotesdysstate error, which
is expected as the uncontrolled system is of type 0, whereby the Pl-tedtsystem will still
exhibit a steady-state error towards ramp-inputs. Though, this copstdm has been designed
according to a step-input, as this is the type of input the real system wilVesicethe preliminary
tests.

This concludes the design of the control system for the test-subsysteatysinshowed that a
Pl-controller could elimnate the steady state error when the system was @istep-input. In

addition, the values of the Pl-controller was chosen such that the syateendettling time which
met the requirements, as it was shorter than the specified settling time. BdsiieEnigg the

settling time, the fine tuning of the values of the controller led to reducing the maxowarshoot

t0 19.94%.

Bandwidth of the test-subsystem
Before the analysis of the load-subsystem begins, the bandwidth of théiedddst-subsystem
will be determined from the frequency response of the closed-loopféraiusction.

The bandwidth of the system is found at the frequency where the magrifuttee closed-
loop system is-3dB. From figurd 7. 1P this frequency, and thereby the bandwidth of the test-
subsystem, is found to begr = 217 H z.
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Frequency response of the closed-loop system
10 T T

System: CLT_c
0 Frequency (Hz): 217
Magnitude (dB): -3
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Figure 7.12: Frequency response of the magnitude of the closed-loop system. The bandwidth is found at
—3dB.

7.3 Force-servo with velocity feedforward compensation

The approach to the control system analysis of the load-subsystem is gimifeat of the test-
subsystem. The analysis will be based on the block diagram in figure @&rh.tRis block diagram,
the open-loop transfer function of the load-subsystem will be determineekeafter the control
system analysis can begin.

7.3.1 Open-loop transfer function of the load-subsystem

The block diagram of the load-subsystem, from which the transfer funigtiderived, is shown in

figure[Z.I3B.

Closing the inner loops reduces the block diagram to figurd 7.14, vihereis the velocity from
the test-subsystem which acts as a disturbance in the load-subsystéi(ahis the force-output.

G (s) is the plant of the load-subsystem and it is given[by (7.11):

a (8) _ KLT(TLpS -+ 1) + KLp(TLrS + 1)
L (Tprs + 1) (Tpps + 1)

(7.11)

Where,
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UinL

Figure 7.13: Block diagram of the disconnected load-subsystem.

UinL

Figure 7.14: Reduced block diagram og the load-subsystem.

_KULTALT _VLTO
Kr,=——7F7—— T, = 7.12
L KpL'r L BKpL'r ( )
KyrpAL VLpo
Ky, = —2P P Tr, = P 7.13
Lp Kpr Lp 6Kpr ( )
Ky is the disturbance gain and it is expressed as follows:
AL K Lr — AL K L
Ky = =27 e 7.14
v KvaKer ( )
The open-loop transfer function of the system is giver(by (7.15).
Groi(s) = Gy(s) - GL(s) (7.15)
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As it was the case with the test-subsystem, this system is a type 0 system asowallurfit-step
input this system will exhibit a static position error of the unity-feedbackesgs The steady-state
error of the unity-feedback system when given a step-input is threrefo

S 1 1

o 1 7.16
¢ 51—I>I(1)1+GLOZ(S)S 1+KLp+KLr ( )
—6.2-10~7 (7.17)

The steady-state error of this system is very small, which indicates a vgeydain on the system
and possible a unstable system. Once again, a Pl-controller will be implenienteér to acheive
a satisfying performance.

7.3.2 PI-Controller with force feedback

Implementing feedback of the measured cylinder force and a PI-Controtidifies the block
diagram of the system, as illustrated in figlre ¥.15.

KyV(S)

Uref, L FL(S)

Figure 7.15: The load-subsystem with feedback control. G .(s) is the Pl-controller.

7.3.3 Tuning of controller parameters

The PI-Controllers parameters, integral tiffieand proportional gain will be tuned using the same
method as il 7.212. The critical gait.,, and critical period?., is found from the root-locus plot
of Gr.o(s) in figure[Z.16.

From figurd_Z.1b the critical gain i&.. = 0.00364 while the critical period isP,. = 5%5.
Applying Ziegler-Nichols second method tuning rules leads to the followinggmt@nal gain
and integral time:

Kp = 0.00168 T; = 0.0093s (7.18)

The step-respons of the load-subsystem with the PI-controller is illustrafepire[7.17.

The step response in figure 7.17 for the load-subsystem with Pl-carsirg values determined
from Ziegler-Nichols shows a response which exhilsits3% overshoot and a settling time
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Root Locus
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Figure 7.16: Root-locus plot of G'1.;(s) showing the critical gain and period.

Step response of load-subsystem with PI-Controller
2 ‘

1.8¢ 7
161 1

1.4y 1

1.2
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0 0.05 0.1 0.15 0.2 0.25
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Figure 7.17: The step response of the load-subsystem with PI-Control implemented.

of t;99%, = 0.166. In addition the response shows decreasing oscillations. By fine tuning
the controller parameters like [n_7.B.2 a step response of the system with madifiedller
parameters are found, as seen in fiqure]7.18.

For the system in figule ZL& » = 0.0006 andT; = 0.0161. These values are found by iteration
according to the settling time. The maximum overshoatflis = 45.5% and the settling time is
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Step response of load—subsystem with modified PI-Controller
15 ‘ ‘

FN]

0.5

0 Il Il Il Il Il
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
time [sec]

Figure 7.18: The step response of the load-subsystem using PI-Controller with modified values.

Parameters | Kp | Tr | teon | Mp | &
Ziegler-Nichols| 0.00168| 0.0093s| 0.1658s| 94.3% | 0.0029s
Modified 0.0006 | 0.0161s| 0.0301s| 45.5% | 0.0058s

Table 7.2: The fine tuning improvemed the settling time ¢, »% and maximum overshoot M p while the longer
rise time ¢, indicates a slower respons.

ts.29, = 0.0301s, which is an improvement over the response given by the initial parameterd f
using Ziegler-Nichols. The values are compared in table 7.2.

To assist the PI-Controller, feedforward of the velocity will now be asedy

7.3.4 \elocity feedforward compensation

Velocity feedforward is another control scheme which will be implemented irfdiee servo.
Velocity feed forward helps to reduce the error in the system by estimatindishebance and
feeding it forward. Velocity feedforward implemented in the block diagrath@load-subsystem
as shown in figure_7.19.

Gr¢(s) is found by analysing the signals in the block diagram. The inp(s) to the plantGr,(s)
of the load-subsystem consist of the actuating sig(&l and the disturbance:

m(s) =a(s) + Ky (7.19)

The actuating signal(s) is given by:
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Uyef, I 6(8)
—>

T

Figure 7.19: The load-subsystem with velocity feedforward implemented.

a(s) = Gy(s) - h(S) (7.20)

Whereh(s) is,

h(s) =c(s) — Gys(s)a (7.21)

By combining [7.1P),[(Z.20) an@{Z]21) the input to the plant can be written as

m(s) = Gy(s)(C(s) — Gyf(s)t) + K (7.22)

From [Z.22) itis seen that & ¢(s) is chosen as,

Gr1(5) = Gty (7.23)

leads to the disturbance being removed from the input signal to plant, as:

m(s) = Gy(s)c(s) (7.24)

Ideally, this will be the case if the velocityandGs¢(s) is known exactly.

Though, it isn’t possible to directly implemeat;;(s) on the form given inm3Men,
] as the system would have more zeros than poles. An approximatiersduto take the
static DC-gain of the expression in_(7123) and neglect the dynamics. Asatheofjthe valve-
dynamics is 1, the feedforward gain therefore becomes:

G =K, (7.25)
The velocity feedforward will be implemented in the non-linear model and téstsettior 7.b.
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7.3.5 Bandwidth of the load-subsystem

The bandwidth of the modified load-subsystem is found from the frequeisponse of the closed-
loop system.

Bode Diagram of the closed loop system
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System: CL_c
Frequency (Hz): 51.8
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=270 -2 0 ‘ 2 4
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Figure 7.20: Bode plot of the PI-Controlled closed loop system.

As seen from figure_Z.20, the bandwidth of the load-subsystem with thignéesPI-controller
iswpr = 51.8Hz. The bandwidth of the test-subsystem was earlier found t@16&7z. In
the beginning of the chapter it was listed as a requirement that load-seimsghould be 5-10
times faster than the test-subsystem which was expressed by their barsdwidtilen designing
the controller for the load-subsystem, it was attempted to make the bandwidtihassipossible
while still having a reasonable step response with regards to maximum owvéeestd settling time.
The reason for the high bandwidth of the test-subsystem, is due to the smaleohmass in the
system.

7.4 Stability analysis

In this section the stability of the closed-loop systems of the velocity servoaand $ervo will
be checked. The relative stability will be investigated from the gain andepiasgin of the two
systems open-loop frequency responses. For a satisfying perfoerttaigain margin (GM) must
be greater thafid B while the phase margin must be betw&8f and60° m 1].

7.4.1 Stability of test-subsystem

The open-loop frequency response of the load-subsystem is shdigone[7.21. The margins are
as required whereby the closed-loop system is stable.
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Bode Diagram
Gm =7.79 dB (at 220 Hz) , Pm = 47.7 deg (at 103 Hz)
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Figure 7.21: Bode plot of the open-loop test-subsystem.

7.4.2 Stability of load-subsystem

The open-loop frequency response of the load-subsystem is shdignne(7.22.

Bode Diagram — Load-subsystem
Gm=13.6dB (at 79.4 Hz) , Pm = 35.9 deg (at 28.3 Hz)
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Figure 7.22: Bode plot of the open-loop load-subsystem.

As seen the margins meet the statbility requirements, whereby the closed#demss stable.
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7.5 Test of the controllers in the non-linear model

This section will present the results of implementing the designed controllerg indai-linear
model. The controllers will be tested with regards to the requirements statedhbegiming of
this chapter.

The PIl-controller of the test-subsystem is tested by subjecting the systerst&p reference. The
load-system is given a constant reference which it has to follow in dodeeep the load on the
test-cylinder konstant. The Pl-controllers will be tested for a high and éerence value. The
maximum velocity of the test-cylinder (63m/s while the low velocity is chosen to le01m/s.
The maximum rated load of the load-cylindeRisk NV while a load oflOk N is chosen as the low
value.

7.5.1 Velocity servo

In figure[7.28 and figure 7.24 the system is given a step input refedrc8m /s for a load of

10N and25kN. The response with the small load is characterised by a settling fige= 0.02s,
which is faster than required. Furthermore, as required, the resgbose no sign of a steady-
state error. For the load @bkN the system shows signs of saturation as there is a significant
steady-state error @¢f.0098m/s. The Pl-Controller should remove the steady-state error, but if
the system saturates this will not happen.

Velocity servo response 10[N] load Velocity servo response 25[kN] load
0.3 ‘ ‘ ‘ ‘
0.3}
0.25f 1 0.25- W
0.2f 1 0.2}
o 0 L
E, 0.15 E, 0.15
> >
0.1
0.1f
0.05f
System response System response
0.05f = —
Vet~ 0-3[M/s] 0 v, = 0.3[ms]
o ‘ ‘ ‘ ‘ ] -0.05t ‘ ‘ ‘ ‘ ‘
0.1 0.11 0.12 0.13 0.14 0.15 0.1 0.15 0.2 0.25 0.3
time [sec] time [sec]
Figure 7.23: Reference step of 0.3m/s and a load Figure 7.24: Reference step of 0.3m/s and a load

Fr, =10N. Fr, = 25kN.

The PI-Controller must be able to give good performance at both higtoandelocities. For a
step reference di.01m/s the response of the system is shown in figurel7.25 and figure 7.26 for
a load of 10N and25kN respectively. From both responses the settling timg 3§, = 0.06s

and there is no steady state error. Furthermore, it is seen that the sysiditsea much greater
overshoot when the load is great, but the settling time remains the same which isypagant.
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-3
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Figure 7.25: Reference step of 0.01m/s and a
load Fr, = 10N.

Figure 7.26: Reference step of 0.01m/s and a
load Fr, = 25kN.

7.5.2 Force servo

The performance of the force servo is tested with and without velocitydegdrd. First, the servo
is tested without the feedforward for a velocity step to the test-subsystedsatin figuré 7.27 and
figure[7.28 the load-subsystems respons is shown for a stepfV] at at velocity of0.01[m/s]
and0.3[m/s] respectively. The response infiglire 7.27 shows a settling tintg.9f = 0.097s
and no steady state error. The response in figuré 7.28 shows a settlingd time o= 0.212s and
a slowly decreasing error of less than 2%. In addition, its clear that the f@rvo has difficulties
keeping up with the velocity servo especially at greater speeds.

Load tracking at 0.01 [m/s] Load tracking at 0.3 [m/s]

200 . ;
——Fre 710IN] 1000}
—— System response
100 y ponse
0
0 19 -1000
Y \/\/\/V
=3 =3
= = —-2000f
% —100} .
-3000¢
-2001 —F_=-10[N]
-4000¢ ref
—— System response
-3007 -50001
0.1 0.15 0.2 0.25 0.1 0.15 0.2 0.25 0.3
time [sec] time [sec]

Figure 7.27: Reference step of —10N. Figure 7.28: Reference step of —10N.

For a tracking reference ef25[kN| the load-subsystem gives the responses shown in figure 7.29
and figurd_7.30 for velocities @£.01[m/s] and0.3[m/s] respectively. In figure7.29 the response
shows a settling time of, o5, = 0.02s and a steady-state error ®90[N]. In figure[7.30 the
steady-state error is very large Zt00[ N| whereby the settling time can’t be properly defined.
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The steady-state errors for when the load is great indicates that thexteiiat®n in the system,
or else the PI-Controller would remove the errors with time.

%10 Load tracking at 0.01 [m/s] % 10" Load tracking at 0.3 [m/s]
T T T T 21 . T .
-2.41 F o= ~25[kN] 1 ——F o ~25[kN]
—— System response 22| —— System response |
-2.45) 1 24l
Z /\ /\ Z 2.4}
LL 25 Lo
TLoT
V J -2.5
-2.55} ] —267
; ; ; ; 270 ‘ ‘ ;
0.12 0.14 0.16 0.18 0.1 0.15 0.2 0.25
time [sec] time [sec]
Figure 7.29: Reference step of —25kN. Figure 7.30: Reference step of —25kN.

7.5.3 Velocity feedforward

Finally, the effect of the velocity feedforward (vff) will be shown byreparing it to the responses
without the feedforward implemented. Responses of the system for highwavalues of velocity
and load, is shown in figuie 7181-7134. As seen, implementing the velocityoieeatd improves
the system ability to track the reference more og less. The best improvemeritaiad at low
speed and load, where the system is far its saturation limits.

Load tracking at 0.3 [m/s] x 10 Load tracking at 0.3 [m/s]
/\ ol ——F = ~25[kN]
0 —— without vif
29 — with vff
-2000¢1
-2.3 =S
= -400071 =
LL (18
-2.4
-60001 ——F 7 ~10[N] 4
— W?thout vff 25
-8000f — with vff
-2.6
—10000¢
0.1 0.15 0.2 0.25 01 0.12 0.14 016 018 0.2 0.22
time [sec] time [sec]
Figure 7.31: Reference step of —10[V]. Figure 7.32: Reference step of —25[kN].
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Figure 7.33: Reference step of —10[V]. Figure 7.34: Reference step of —25kN.

7.5.4 Summary and suggestions

By analysing the linear model it was possible to design a control system gbratel load-
subsystem. Before the design proceeded, requirements to the perferofahe control systems
were specified. As the preliminary friction test will be carried out for ¢tantsvelocities and loads,
it was chosen to make the settling time and steady state errors the primary desigrefers.
A control strategy was made, which stated that PIl-Control was to be impleth@ntboth
subsystems. In addition, a velocity feedforward compensation shouldgigned to help reduce
the velocity disturbance in the load-subsystem. The controllers were @dsign implemented
in the non-linear model in order to test the design. The test were carrtdéd bath ends of the
performance spectrum as both great and small loads and velocites steck fEhe velocity servo
of the test-subsystem showed satisfying performance for all caseptexgh velocity and load,
where the system meet its saturation limits. Already before implementation of e dervo,
this was not meeting the requirements. Even though the Pl-controller hadtineed as well
as possible by optimisation of the parameters, it was not possible to make ¢bestavo 5-10
times faster than the velocity servo. This showed in the tests, as as the doroenss too slow
compared to tracking the changes of the test-subsystem. This meant thejuired forces were
not achieved or achieved at too slow a rate, which can be ssen in tlmmsegplots. On the bright
side, the implementation of velocity feedforward in the force servo improvegénformance,
where the biggest improvements were found at low velcities and loads. the iperformance of
the load-subsystem is not satisfying whereby the system must be funthigsad and a different
control system designed. Propositions for improving the performanteedbad-subsystem are
to use Lead-control for improving the bandwidth, using a bigger cylinddr siegards to piston
area in the load-subsystem and develope the feedforward to includendys
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Conclusion

Friction and hydraulics were the main topics of this project. Both of the topécslasely related in
mechanical engineering and it is well known that friction exits in almost adyaujic application.
Especially, the operation of hydraulic cylinders are prone to be subjecyteat deal of friction,
which harms the overall performance of the application.

As an introduction to the project, friction in general was reviewed. Amongrdttings, the art of
mathematically modelling friction was treated. This was done, as the use of lcygtems along
with modelling of friction can enhance the performance of a friction inflictesesy, if performed
appropriately. This introductory analysis, led to defining the problems girtbject.

It was decided to investigate the friction in hydraulic cylinders by perfomiiwgidn tests. The

result of the tests should lead to the parameters of a chosen friction moadetleinto do this, an

appropiate testing facility was necessary and therefore this had to beel@sig preparation for
running tests.

Based on the specfied requirements, five conceptual ideas for atigstvees developed. The
concepts were compared and E8ad-by-Cylinderwas chosen to be carried on to the design
phase. This concept utilised a the idea of matching two hydraulic cylindaiasagach other,
where one would be the test-cylinder while the other would be designatea &satih-cylinder.
The primary advantages of this concept was the variable load which ceulgterated by the
load cylinder. This property was assessed to lead to the most flexible tigst se

Realising this concept, required the design of a hydraulic servo systém experimental setup
for measuring the states of the system. Furthermore, a load bearing ®€raonsisting of a
mounting frame had to be designed. The primary objective of the mounting fraseovestablish
a secure fixation of the cylinders used for testing. Especially the fixatitieafylinders required
many considerations, as the use of a wide variety of cylinders was rdafitee structure. After
analysing mounting types of cylinders, and dimensional requirements andeagproposed. In
order for this design to be constructed, its validity as a load bearing steulsaut be analysed.
A structural analysis was carried out, and it verified that the structurkel eaithstand the acting
loads. The design was thereafter completed in detail and finalised in dsgwihgreafter it was
sent to be constructed in the work shop.

For the concept of doad-by-Cylinderto be realised it would be necessary to implement a
control system. The objective of the control system was to ensure thdfisgevelocity and
load is maintained during testing. In order to design the control system, it e@sssary to
mathematically model the system. A non-linear dynamical model based on fluichmieal
considerations was derived for the system. In order to verify the valiflttyeanodel, isimulations
would have be compared with measurements performed on the real systdartublately, the
construction of the mounting frame was delayed, whereby it was not cordletere the deadline

of the project. This meant the model could not be validated with empirical measumts. Instead,
the behaviour of the model was assessed and it was found to be realistic.

From there on, the model was linearised in order to establish a linear moddin&éar model was
used to analyse the system with the purpose of designing the beforemdrt@neol system. The
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control strategy was to create a velocity servo based on a Pl-contrattev@locity feedback.
Furthermore, a force servo would be designed for controlling the lodwd fdrce servo would
utilise a Pl-controller like the velocity servo, and a velocity feedforwardensation in order to
reduce the velocity disturbances coming from the velocity servo. This gyréd to the overall
system being split up in two subsystems designated load and test. The twsteuis would
initially be connected, but in order to design the controllers, a disconnestiuid be carried
out. This disconnection meant, that the load-subsystem would have a velstitgbance while
the test-subsystem would experience a force disturbance. By doin@ tRls;controller for each
subsystem was developed according to the requirements. The requisenere based on the
tasks of the system. It was decided that the preliminary friction tests showdrbed out with
constant velocities along the stroke of the test-cylinder while the load-cylgibeild manintain a
constant load. For the specific cylinders this led to a maximum settling time@f= 0.066(s] So
the maximum velocity could be reached within a distance less than 20% of the.smaddition,
no steady-state error was allowed. Furthermore, it was required obtbe $ervo to 5-10 times
faster than the velocity servo. With these requirements in mind, inital Pl-damtpmarameters
were found by using Ziegler-Nichols tuning rules. The initial parameters fee tuned and the
final values of the PI-controllers along with the bandwidth of each systera:w

Subsysted Proportional gain Integral time  Bandwidth
Test 90 0.0036]s] 217[H 2]
Load 0.0006 0.0161[s]  51.8[Hz]

As seen, it was not possible with the use of the mentioned control to meet tiusvioish
requirement. The remaining requirements were met in the linear analysis ardkimno test the
controllers, implementation in the non-linear model was carried out. Testingfiteters in both
ends of the performance spectrum showed that the velocity servo hatsfying performance
while the force servo was less satifying. The results showed that the $@rwvo was too slow
for the system to track the force reference precise enough when ld@tyevas changing. The
implementation of velocity feedforward in the load-subsystem improved theettfierpance, but
not enugh for it to be satisfying. The force servo needs redesiginéorequirements to be met
and suggestions with regards to improving the performance were given.

84



Bibliography

V.N. Aderikha, V.A. Shapovalov, Yu.M. Pleskachevskii, V.V. Zagorshiil-. Verbitskii, and S.M.
Pilipenko. Evaluation of effiency of hydraulic cylinder seals by resultsashparative bench
tests.Journal of Friction and Wear23(4):p. 1-5, 2002.

Brian Armstrong-HélouvryControl of Machines With FrictionKluwer Academic Publishers, 1.
edition, 1991. ISBN: 0-7923-9133-0.

Brian Armstrong-Hélouvry, Pierre Dupont, and Carlos Canudas de Wiur&ey of models,
analysis tools and compensation methods for the control of machines withrfridtibomatica
30(7):p. 1083-1138, 1994.

Werner BernzenZur Regelung elastischer Roboter mit Hydrostatischen Antriehl Verlag
GmbH, 1999. Fortschritt-Berichte VDI Reihe 8 Nr. 788. ISBN: 3-18-878-x.

L.C. Bo and D. Pavelescu. The friction-speed relation and its influentleeocritical velocity of
the stick-slip motionWear, 82(3):p. 277-289, 1982.

Adrian Bonchis, Peter I. Corke, and David C. Rye. A pressureehaselocity independent,
friction model for asymmetric hydraulic cylindersl999 IEEE International Conference on
Robotics and Automatigpages p. 1746-1751, 1999.

C. Canudas de Wit, H. Olsson, K.J. Astrém, and P. Lischinsky. A new nfodebntrol of systems
with friction. IEEE TRANSACTIONS ON AUTOMATIC CONTR®@Q(3):p. 419425, 1995.

DS. DS412 - Norm for stalkonstruktioneDansk Standard, 3. edition, 1998.

Pierre E. Dupont. The effect of friction on the forward dynamics pnoble€lhe International
Journal of Robotics Research?(3):p. 164-179, 1993.

James M. GereMechanics of MaterialsNelson Thornes, 5. edition, 2002. ISBN: 0-7487-6675-8.

D.P. Hess and A. Soom. Friction a a lubricated line contact operating at tagillsliding
velocities.Journal of Tribology 112:p. 147-152, 1990.

Mohieddine Jelali and Andreas KrollHydraulic Servo-systems - Modelling, Identification and
Control. Springer, 1. edition, 2003. ISBN: 1-85233-692-7.

Jill E. Krutz, David F. Thompson, Gary W. Krutz, and Randall J. Allemabdesign of a hydraulic
actuator test stand for non-linear analysis of hydraulic actuator sysfarttanation Technology
for Off-Road Equipment, Proceedings of the July 26-27, 2002 Corderpages p. 169-183,
2002.

85



BIBLIOGRAPHY

N. Meikandan, R. Raman, and M. Singaperumal. Experimental study ¢ibfricn hydraulic
actuators with sealles pistondlear, 176:p. 131-135, 1994.

MOOG-Controls. D633 and D634 Series Direct Drive Servo-Proportional Control Valwath
integrated 24 V Electronics ISO 4401 Size 03 andData Sheet.

Dirk Nissing. Identifikation, Regelung und Beobachterauslegung fir Elastische
Grosshandhabungs-systemeVDI Verlag GmbH, 2002. Fortschritt-Berichte VDI Reihe
8 Nr. 939. ISBN: 3-18-393908-8.

R. L. Norton. Machine Design, An Integrated Approadiearson Prentice Hall, 3. edition, 2006.
ISBN: 0-13-148190-8.

K. Ogata.Modern Control EngineeringPrentice Hall, 4. edition, 2001. ISBN: 0-13-043245-8.

H. Olsson, K.J. Astrom, C. Canudas de Wit, M. Gafvert, and P. Lischinskigtion models and
friction compensation. 1997.

Devi Putra. Control of Limit Cycling in Frictional Mechanical SystemBhD thesis, Technische
Universiteit Eindhoven, 2004. ISBN: 90-386-2636-3.

Peter Windfeld Rasmussen. Hydraulik stabi  Teknisk forlag A/S, 1. edition, 1996.
ISBN-13: 87-571-1325-4.

Eskil Sgrensen. Hydraulikcylinder klarer 160 millioner slag. Ingenigren
june 2008. http://ing.dk/artikel/88723-hydraulikcylinder-klarer-160-milliene
slag?highlight=vindm%F8lle+hydraulik.

Pi-Cheng Tung and Ruh-Hua Wu. Studies of stick-slip friction, preslidiisgldcement, and
hunting. Journal of Dynamic Systems, Measurement, and Cqritgsl:p. 111-117, 2002.

A. Tustin. The effects of backlash and of speed-dependent fictidheostability of closed-cycle
control systemslEEE Journa) 94(2A):p. 143-151, 1947.

Hideki Yanada and Yuta Sekikawa. Modeling of dynamic beahviors didricMechatronics18:
p. 330-339, 2008.

86



Load analysis

The objective of the load-analysis is to determine the forces acting on therateoighe frame.
In figure[A.] it is shown how the force$y,, from the hydraulic cylinder are acting on the frame.

e 0 06 0 @ @ © © © © ® © © © 0 0 0 0 0 0 C
e o o o o o o o @ s o o 8 & o o o o
2 ¢ ¢ ¢ @ ¢ © © © © ® ©¢ ©¢ © 0 0 0 0 0 0O G
Fr, Fr, b
o 0
6 0 0 0 © ®© © © ©0 © ®© © o © 0 0 0 O 0 O
¢ e & o o o e & o e o e 8 & o & e @
0 60 0 0 0 © © © © ¢ © ¢ © 06 0 0 0 O O O
]

Figure A.1: The frame with the applied cylinder forces.

As the frame is symmetric and equally loaded the same forces and moments willropount A
and D which is also true for point B amd C. This simplifies the analysis as it is @uggsary to do
determine the reaction forces and moments of point A and B. Furthermoreehiss the vertical
beams are loaded similar whereby their results are equal. In addition, ¢aleslfor the vertical
beam will show that the lower beam, which is identital to the upper beam, is |@aotesitlerably
more whereby analysis will only be carried out for the lower beam. Thatgreontribution will
be neglected as this is mall compared to the forces applied by the hydratémsys

A.1 Vertical beam

The vertical beam is modelled as a statically indeterminate, as shown in[figure A.2

From @@2] the reaction forces and moments are given[as inWRe2eL; = a + b.

Pab? PV (L + 2a)
My =—— Ry=—-"-""+ (A.1)
Ly L}
Pa?b Pa?(L + 2b
1 1

As it is assumed that the total load®f[k N] from the cylinder is equally shared between the two
vertical beams in each end thef: = 17000[N], a = 0.33[m] andb = 0.23[m]. These values
leads to:
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A Load analysis
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Figure A.2: Model and free-body diagram of the vertical beam.

M4 = 950Nm Ra = 6250N (A.3)
Mp = 1360Nm Rp = 10750N (A.4)

The shear force and bending moment can be found from the freedhagsam in figuré AR and
the reaction moments and forces.ylis the distance from point B to a another point along the
beam, then the shear foré&(y)) and bending moment{{ (y)) along the beam is given as:

For0 <y < b:
V(y) = Rg (A.5)
M(y) = Rpy — Mp (A.6)

ForO <y < L:
V(y)=Rp— P (A.7)
M(y) = Rpy — Py — Mp + Pb (A.8)

The plots of the shear force and bending moment in the vertical beam ateatibin figuré A.B
and figurd A K.
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A Load analysis

Shear force in the vertical beam Bending moment in the vertical beam
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Figure A.3: Shear force in the vertical beam. Figure A.4: Bending moment in the vertical beam.

As the bending moment and shear force have been determined the vesticalib ready to be
analysed with regards to stresses.

A.2 Lower beam

The lower beam is statically indeterminate as well, and the reactions are fasityg as they are
given by the reactions of the vertical beam. The free-body diagranedbtier beam is shown in

figure[A3.
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Figure A.5: The free-body diagram of the lower beam. The reactions are double as there is a contribution
from the vertical beam on each side.

As shown on figur€“Al5 the reactions are double as there is a contributiortliie vertical on each
side of the lower beam.

As mentioned earlier the reactions in point A are equal in size but opposge th@oint D. The
same is the case for point B and C. The reaction of the lower beam aréotieaga/en by:

Rp = Re = 10750N (A.9)
Mp = Mg = 1360Nm (A.10)

As there are no external forces acting on this element, the shear foremjswhile the normal
force and bending moment are given directly by the reactions as:
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A Load analysis

N =2Rp (A.11)
M = —2Mjp (A.12)

As the forces and moments have been determined, it is possible to calculateefisesin the
beam.
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Hydraulic eigenfrequency of a

differential cylinder

This appendix contains the derivation of the hydraulic eigenfrequeihaylidferentialcylinder.
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Figure B.1: Sketch for deriving the expression for the eigenfrequency of a hydraulic differential cylinder.

Mpi = PyA, — PA, — Fy,

Vi = Vio+(L—2x)A,
Vo = Viot Ape
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K=p(=r P
_ K
Wp = M,
V. .
Qp = Api—FF=0
Qr = A@+Yh1=o
B
. A,if3
p, = 2=
! Vo
A
sP, = éfsa:
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B Hydraulic eigenfrequency of a differential cylinder

A
P, = AP z(s) (B.11)
Vo
A,
P.=— VTB x(s) (B.12)
A2p A2
Mps*z(s) = VL ~x(s) + ‘;ﬁ ~x(s) — Fr(s) (B.13)
P r
A23 A28
Fr(s)= | =2 + =25 — Mps* | a(s) (B.14)
S
x(s) 1
= B.15
Fr(s) —Mps?+ A?;%,B + Av%ﬁ ( )
P T
1
- (B.16)
AZB | A2
~(8 + ) (g gy )
Vp TV
1 My,
22 = =5 T (B.17)
V, v,
ARB | A28
_|_ T
v, vV,
= £ B.1
Wn M, ( 8)
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