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Problem Description

Robustness is very important in safety critical automotive applications, such as clutch actuation.
We must thus choose the control strategy giving the best tradeoff between accuracy and
robustness. In this project, the student is invited to design and test a sliding mode controller and
compare its performance to that of a simple PD controller and an observer backstepping
controller. Sliding mode control is interesting because of its robustness when faced with bounded
modelling errors. Sliding mode control is also likely to be well suited for the on/off type of control
we see when using on/off pneumatic valves to control the actuator.
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SUMMARY

In this thesis a Sliding Mode Controller (SMC) is designed da electro-pneumatic
clutch actuator controlled by two on/off valves with PWM.€élareas of application of
the clutch actuator is in Automated Manual Transmission TANMINd Clutch-by-wire
(CBW) systems in heavy-duty trucks. As with most automatedesns in the automa-
tion industry safety is the main priority, and in a cyberogtoint of view this means
that robustness of the control systems is very importandiryf Mode Controllers are
known for their excellent robustness properties and thedaé this thesis is to validate
these properties for this particular application.

The robustness properties of the SMC also indicates thahplsidesign model is ad-
equate and since the existing mathematical models for yisi®s are quite complex
some simplifications are introduced.

The controller design is performed in two phases. First @ali&MC is designed,
but since this introduces discontinuities in the contral &ny practical implementation
would give heavy chattering at the output from the controlleherefore a continuous
linear approximation to the discontinuity is introducedhis controller is known as

a boundary layer controlleand it will reduce the control chattering to an acceptable
level. The ideal controller is proven to be asymptoticatbbde, while for the boundary
layer controller ultimate boundedness is achieved andeatisation is performed for
the case of a constant reference and this analysis showhéatigin of the linearised
system is a stable focus. This indicates that the boundgey tontroller might also be
asymptotically stable.

Since only a position measurement is available to the cbeyrstem the rest of the
system states must be estimated. Velocity and acceleratesimply estimated as the
first and second order filtered derivatives of the positiomsaeement. The pressure is
estimated based on the equation of motion for the clutchagémtu

Through computer simulations and experimental testingti€ has shown satisfying
tracking performance and very good robustness with regpegarameter variations.
Comparisons with a PD and a Backstepping controller shoaifsthie performance of
the SMC is superior to the PD controller and absolutely carga to the Backstep-
ping controller, though they have different strengths aedkmesses and therefore yield
rather different results.
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| CHAPTER 1

INTRODUCTION

In this chapter an introduction to the system considereldigthesis is presented, along
with some background information supporting the need fatast control system for
clutch actuation. A short problem formulation is also preged to concretise the goals
of this thesis. Last an outline of the organization of thissik is presented.

}1.1 BACKGROUND

In recent years Automated Manual Transmission systems (Ah&Ve attracted more
and more attention from the automotive industry since tleeglmne the best properties
of manual and automatic transmissions. Manual transnmssice lighter and have con-
siderably less power loss than conventional automatistngssions. However, many
drivers still prefer automatic transmissions because @it ttonvenience especially in
city traffic with frequent starts and stops. This is also theecfor many professional
drivers who typically drive heavy duty trucks where the powesses suffered from

a conventional automatic transmissions means a consigdrigher fuel consumption

and hence less profit and are in practice not an option. Torer&MT systems in heavy

duty trucks are of special interest.

In a passenger car, the AMT system is often implemented usyadgaulic units for
clutch engagement. In most trucks pressurized air is @lailand therefore a pneu-
matic actuator will be a less expensive solution than a hytdrane. Another advantage
of pneumatics over hydraulics is a simpler maintenance amib@ environmentally
friendly solution because of the danger of leakage from adwlct system. However
pneumatic actuators are inherently difficult to controldnese of significant nonlinear-
ities in the models, mainly due to the compressibility of @llombined with a highly
nonlinear characteristic of most clutch compression ggrunsed in heavy duty trucks,
the pneumatic actuators makes the electro-pneumatichcadimiator a difficult system
to control.

In (Kaasa, 2003) an observer backstepping controller wsigded, and it was extended
to an adaptive backstepping controller by Lokken (2006)e frtajor drawback of the
backstepping control technique is that it is based on caim® of undesirable nonlin-
earities in the system and therefore depends heavily on gakdematical models and
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good parameter estimates to give high performance. Forldoér@-pneumatic clutch
actuator the mathematical models are well known, but tHerfablels are too complex
to be used in controller design. Combined with parametaatrans due to mechanical
wear and tear on the clutch, this requires the controlleetadry robust.

Another "problem” with the backstepping controllers whicdve been designed by Kaasa
(2003) and Lokken (2006) is that they require the full statetor to be available. Since,
because of economic and maintenance considerations th®pas the only measure-
ment available to the control system a full state observerldeen designed by Kaasa
(2003) and has been extended to an adaptive observer bywiWa[®06). There are
mainly two problems with the use of an observer in the corggsitem. Firstly the
complexity of the mathematical model and the parameternteiogy are causes of es-
timation error in the observer. Especially, as discussedahgvik (2006) the friction
modelling is the major problem in the observer design. Tloesé problem with the
use of an observer is that in a commercial implementatioh@fystem it is desirable
to use 10ms sample time instead of 2ms which is often usectitest lab.

\1.2 SYSTEM DESCRIPTION
|

The clutch actuation system used in this thesis is almosttichd to the system de-
scribed in (Kaasa, 2003), (Lokken, 2006) and (Vallevik, @00The major difference
is the use of On/Off valves in this thesis instead of the thwag proportional valve.
In Figure 1.1 a schematic drawing of the system is presenitéeé. main parts of the
system are a friction clutch, a pneumatic actuator, two fbwadves, a control system
and a position sensor. A more detailed description is givdovix

Friction clutch: The purpose of the clutch is to allow the driver of the car sedgage

the engine from the rest of the drive line. The friction chutonsists of two friction

plates and a diaphragm spring that push the plates togetieam no input is given to

the system. When the plates are pulled away from each otberaled less torque is
transferred from the engine to the drive line, and when fdlsengaged no torque is
transferred. This is required during start and stop anchduaigear change.

Pneumatic actuator: The pneumatic actuator is connected to the clutch spring and
can therefore be used to control the torque that is traresférom the engine.

Valves: Two on/off-valves are used to control the flow of air in and ofthe chamber
in the pneumatic cylinder.

Control system: The control system uses the measurement of the positior giston
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in a feedback controller to control the air flow rate into thember and therefore the
position of the clutch. It is implemented on a digital conmgiut

Position sensor: The only measurement in the system is a position sensorsheed
to measure the position of the piston and transmit the valtieet control system.

7Ps Soleroid
‘/’ WVahee Lini

| Valie Supply
{W5E]

Praumatic
clutch actuator

Wi

Wahva Exhaust
(VE}

v Exhaust

Figure 1.1: Clutch system overview

}1.3 PROBLEM FORMULATION

Robustness is very important in safety critical automo#épelications, such as clutch
actuation. The control strategy must therefore be chosgiveothe best tradeoff be-
tween accuracy and robustness. Sliding Mode Controllers slaown great robustness,
disturbance rejection and need only limited knowledge efdfsstem to be controlled,
and should be well suited for this application.



Therfore the goal of this thesis is to design an SMC for theéesgsdescribed in Sec-
tion 1.2. The focus for the computer simulations and the expntal tests of the con-
troller will be to check the robustness properties and togana the SMC to a simple
PD-controller and a Backstepping controller, since theseaieady implemented for
the clutch actuator.

| 1.4 THESIS OUTLINE
|
This thesis is organized in the following chapters:

Chapter 2: A literature review of some existing work and theory on slglimode
control.

Chapter 3: Descriptions of the mathematical models used for compuieulations
and controller design.

Chapter 4: Design and stability analysis of the sliding mode controlle

Chapter 5: Extensions to the controller designed in Chapter 4. Thensxtes in-
clude a pressure estimator, extended friction modellirdy amontroller with integral
effect. The chapter also include analysis of the effecth@fcontroller extensions.

Chapter 6: Results from computer simulations of the sliding mode aulgr. The
focus of the tests are the robustness properties of theatlemtrThe chapter also con-
tains some comments of the results obtained.

Chapter 7. Experimental results from test rig and car performed at Istvegy Au-
tomotive. Both a robustness test much like the computerlaiions and a comparison
with a backstepping controller and a PD controller are presk Comments of the re-
sults are also presented.

Chapter 8: Discussions of the results obtained through computer sitioms and ex-
periments. Also includes some concluding remarks conegrhie use of Sliding mode
control in the electro-pneumatic clutch actuator and somsemmendations for future
work that should be considered.

Appendix A: Presents mathematical results and proofs which have bewsidered
to be to detailed to include in the text of the thesis.

Appendix B: Some figures and plots from simulations and experiments.
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| CHAPTER 2

| LI TERATURE REVIEW

In this chapter a short review of existing work on control lefotro-pneumatic actuators
is presented along with some background theory concerranghle structure control
(VSC) with special focus on VSC systems with Sliding Mode €oi(SMC). A simple
design example for an SMC is also presented to illustratebti®ec concepts of the
design procedure and the stability analysis of such cdatsol

|2.1 CONTROL OF ELECTRGPNEUMATIC ACTUATORS
|

As discussed by Kaasa (2003) many different control degigmaaches has been ap-
plied to position tracking of electro-pneumatic actuatdrsthe following a short pre-
sentation of the most important contributions to solving ttontrol problem is pre-
sented. To structure the presentation the design appreacegrouped in three differ-
ent categories: Linear control, Feedback linearisatiah@liding mode control.

2.1.1 LUNEAR CONTROL

Since pneumatic actuators have inherent low stiffness@amdlamping, PD-controllers
have generally shown poor performance when applied torelgeteumatic actuators.
Therefore different approaches have been proposed wheyndeslinear controllers
for these systems. As Kaasa (2003) describes most of thpsesmbes are based on the
following 3rd-order normal form model (i.e. a forced magshsg-damper system)

1Y 0 1 0 Y 0
o gyl =10 0 1 y |+ 0 u (2.1)
U 0 —w? —2(wn U Kuw?

where y is defined as a deviation from an equilibrium pgint K is the steady-state
gain, w, is the resonance frequency agdis the damping coefficient. The inherent
difficulties of controlling pneumatic actuators are caulsgdow values for bothw,, and

¢, and the fact that both those parameters vary significantiyfaaction of y.

Given the model (2.1) the resulting linear control law wil b
U = _Kp(y - yr) _ Kvy - Ka?j (22)
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wherey, is the desired reference, aid,, K, and K, are the controller gains. The
feedback gains can be calculated in different ways usingri@tyaof different tech-

niques, e.g. pole placement and steady-state linear diadpimal control etc. The
application of the control law in (2.2) among with experirtaresults can be found
in (Virvalo, 1995), (J.Wang et al., 1999) and (X.Brun et #099).

The controller in (2.2) requires a full-state feedback udohg position, velocity and

acceleration. In the literature the two most common apgres@re using filtered nu-
merical differentiation or an observer approach. Most papis the numerical differ-

entiation mostly due to its simplicity, but a major drawbaifkthis approach is high

susceptibility to measurement noise particularly in the-2rder derivative. Another
approach is a state observer, and the most common observiridqurpose is the

Luenberger-observer, either a full-order or reduced+ootserver. Both the observer
and the differentiation approach is investigated by Vio\dl995).

To avoid the need for a full-state feedback an approach basetiscretization of the
system equation and the use of dynamic output feedbackatdrds been proposed
by Shih and Huang (1992) and Virvalo (1995).

2.1.2 FEEDBACK LINEARISATION

Since the models of pneumatic actuator systems contaiifisgrt nonlinearities, the
interest of research communities eventually turned toineal control design tech-
niques. The first pure nonlinear tracking controller apptie electro-pneumatic actua-
tors was annput-output feedback linearising controllen (E.Richard and S.Scavarda,
1989). The basis for the controller design was a 4th-ordelimear model as presented
by Kaasa (2003). The use of a feedback linearising contnatguires the nonlinearities
of the model to be differentiable which was particularlytnesing on the friction mod-
elling since many friction models contain discontinuiti&s most of the appliances of
this control design technique a pure viscous friction mades used, i.ef;(v) = Dwv.
Despite the limitations of the models used this control giesipproach, superior track-
ing performance was achieved compared to linear contsoll@ihe major drawback
of this approach is that the cancellation of nonlinearige®s the controller poor ro-
bustness properties, which can be very important in manjicagions of pneumatic
actuators.

As an alternative to the method presented above F.Xiang.¥iklahder (2004) presents
what is called &8lock-oriented approximate feedback linearisatidhe use of approxi-

mate cancellation allow the use of non-smooth nonliness;ie.g. discontinuous friction
models. Another alternative to the straight forward inputput feedback linearisation
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presented by E.Richard and S.Scavarda (1989 aut-state feedback linearisatias
considered by Kimura et al. (1997).

2.1.3 SIDING MODE CONTROL

Sliding mode control is known to yield very good robustnesspprties and is one of
the most popular approaches to nonlinear tracking contedeatro-pneumatic actuator.
Since this design technique is presented in detail latérischapter, only a presentation
of the previous work in the are is presented here. In (Bouwal.e1994) and (T.Acarman
et al., 2001) sliding mode controllers based on the 4th+ondedel that was used in
most feedback linearizing approaches as described eafler inherent robustness to
modelling errors of sliding mode controllers has inspiredign approaches based on
simplified 3rd-order models where the pressure states lesreplaced by one single
pressure state. Designs based on this model is presenteahdiaR et al. (1997a) and
further extended to an adaptive design in (Pandian et a@7ld)0 Paul et al. (1994)
proposes the use of a reduced order sliding mode contrditerecent yearsigher
order sliding mode$as been developed and it has been applied to electro-ptieuma
actuators in (Laghrouche et al., 2004, Lagrouch et al., 2006

!2.2 A BRIEF HISTORY OFVSC

Variable Structure Control (VSC) with sliding mode contveds a concept first devel-
oped by Emelyanov and his fellow researchers in the Sovi@iruin the early 1950's.
As described by Hung et al. (1993) the development of VSC eadiaded into three
phases

1. The early stage (1957-19700he VSC systems studied were linear systems with
a single input, the switching surface had a particular qaacform and the con-
trol law was a simple relay controller.

2. VSC for Multi-Input Linear Systems (1970-198M) this period the theory of
VSC was extended to linear systems with multiple inputdl ¥8C did not gain
too many supporters. The main reasons being the populdriipear control
system designs and the fact that the full robustness patesftivSCs was not
recognized yet.

3. State of the art VSC development (1980-presdntjhis period the VSC design
technigue was generalized to include a wide range of systedels such as non-
linear systems, discrete-time systems etc. VSC theory Isaslaveloped for sev-
eral control objectives including tracking, model followgiand state observation.
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Also the impressive robustness properties of VSC was fabpgnized during
this period leading to more interest from the general reteaommunity. Ap-

plications in a variety of engineering challenges also &éeline VSC technique’s
popularity.

The development of Variable Structure Control is still amvefield of research and one
of the most promising developments in recent years is theodesy of Higher-Order
Sliding Modes as described by e.g. Levant (2003). This tegclenpromises to solve the
problem of chattering, which is the most important problarpractically implemented
VSC systems while preserving the robustness features.

| 2.3 IDEAL SLIDING MODE CONTROLLER DESIGN
I

As described by Utkin (1977) the basic concept of VSCs isttiesystem is allowed to
change structure at any instant. The design problem in VS@erefore to find the pa-
rameters in each of the system structures and to design ttetnswg logic which decide
when the structure of the system should change. One of théekayres of Variable
Structure Systems is that the resulting system can showegrep not present in any
of the separate system structures. For instance a dessjedtary in the phase plane
can be constructed from parts of the trajectories of theragpatructures. The motion
described by these trajectories is knowrskding mode

The response of a system with sliding mode control can bisiga divided into two
parts

1. The reaching phasaVhens # 0, the system is said to be in the reaching phase.
The trajectories in the phase plane will in this phase mowatdS.

2. The sliding phaseOnce the system reach&ghe trajectories will move along the
surface described hy until it reaches the equilibrium point.

To illustrate some of the concepts and properties of the VB8R sliding mode control
mentioned earlier in this chapter a simple example is intced where a second-order
non-linear system is used as the plant for the control design

Considering the second order system

1:121'2

i = f(2) + gle)u+ 5(t) (2:3)

wheref(z) andg(z) are known (generally nonlinear) functions afid) represents any
bounded uncertainties, such as modeling imperfectiondandded disturbances. The
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sliding manifold,S could e.g. be defined by(z) = 25 4+ a;2; = 0. This yields the
following system behavior once the system has reached thdaotth

To = —a121 = [L:1 = —a1T

which implies that both:; andz, converges exponentially to zero.

The next step is to define a control law that ensures that ithegimanifold is reached
in finite time and remains there for all future time. First timee derivative of the sliding
functions(z) is found to be

§=a1x9 + Iy = a1z + f(x) + g(x)u + 4(t)

Suppose thai(t) satisfies the inequality| < D By defining the Lyapunov-like func-
tion' candidaté/ = 1s* we have

V = s
= slazs + f(2)] + s6(t) + g(x)su
< slayxe + f(x)] + |s|D + g(z)su (2.4)

Now, v needs to be designed to ensure thias negative definite. One controller that
yieldsV < 0is

U = Ueq — k - sign(s) (2.5)
wherek = £2t¢ wherec > 0 andg(z) > gy > 0. u., is known as the equivalent

control law and Is designed to cancel all known nonlinessitn the system under ideal
conditions.sign(-) is defined as

1, x>0
sign(x) =<0, r=0
—1, <0
For the system in this example
—f(x) — Q12
Ueg = (2.6)
! 9(z)
The control law (2.5) yields _
V < —cls]

Then by defining?V = +/2V = |s| we have that the upper right-hand derivathve 1V’
satisfies the inequality
DYW < —¢, V|s(t)] >0 (2.7)

1V (s) is only aLyapunov-likgunction since it is a function of, and not of x directly
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Combining the result from (2.7) with the Comparison Lemmadil, 2000, Chap. 3)
yields
s(@)] < [s(0)] = ct, V[s(£)| > 0

This means that all trajectories of the system reaches ithi@gimanifold.S in finite
time and will remain there for all future time.

Figure 2.1 shows the responses of the ideal controller Wiith = 2% + sin(z) and
d(t) = sin(t). The controller constants were chosen taipe= 5 andk = 50. The last
plotin Figure 2.1 clearly illustrates the reaching phasetae sliding phase. Although
the plot ofz; shows a good response the plotdfiustrates one of the major drawbacks
of variable structure control systems, namely chatterigthods of overcoming this
problem is discussed in the remainder of this chapter.

| 2.4 CHATTERING
|

One important drawback of the ideal sliding mode contrahe2.5 is that it leads to a
discontinuous control law which in any practical implensgitn of the controller will
result in a phenomenon known as chattefings described by Young (2002) there are
two mechanisms that produce chattering:

e The ideal switching required to implement the controlle2 i implies an infinite
switching frequency that is impossible to achieve in a pcatimplementation of
the controller.

e Parasitic dynamics in sensors and actuators that produme arhplitude, high-
frequency oscillation in the neighborhood of the switchingnifold.

2.4.1 GHATTERING HANDLING

Since chattering is the most significant problem in prattroplementations of sliding
mode controllers, chattering handling has become an irapbpart of the controller de-
sign. In the litterature several techniques has been peapimsovercome the problem,
and some of them are presented here. As described by boti g@dl0) and Slotine
and Li (1991), the most common approach to remove the chatethen implementing
an SMC is known avoundary layer control The chattering problem is overcome by
smoothing out the control discontinuity in a boundary lageyund the manifold$(t)
This technique is described in more detail later in this tdap

2Chattering in a control system is defined as high frequencilaions of the control signal
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In (Hung, 1993) two alternative methods for chattering daioice are described. The
first technique is based on a augmentation of the plant to biailed. The basic idea

of this method is to introduce a first-order "augmenting raki between the output of

the controller and the input of the plant, thereby removhegthattering at the input to

the physical plant. Next a Fuzzy Adaptive scheme is desgriveere an estimate of the
perturbation assumed to enter at the plant input and a fuzagidon maker is combined

to make the magnitude of the signum term in the controlleptda.

The most recent results concerning chattering handlirtieisievelopment of the theory
concerning Higher-order sliding modes described by Le{2003) and Dynamic slid-
ing mode (Koshkouei et al., 2005). This technique promisempletely remove the
chattering and still preserve the excellent robustnesktigsaof Sliding Mode Control.

2.4.2 BOUNDARY LAYER CONTROL

The boundary layer is used to smooth out the discontinuonsalas defined as
B ={x,|s(z)| <€}, €>0

In practice this is done by replacing the signum functiorib) with a saturation func-
tion. This yields

U= Ueqg — k- sat(f) (2.8)

€

wheree is known as the boundary layer thickness, and the saturfatrantion is defined

as
flyl <1
sat(y) = 1V of Iyl =
sign(y), — if [yl >1

For the system in (2.3) the boundary layer controller wib@r that all trajectories will
converge to the sét, = {\xl\ <z ls| < e}. The behavior inside the s@t is prob-

lem dependent and requires a more rigorous stability aisadysl good knowledge of
the dynamics of the system.

Figure 2.2 shows the responses of the boundary layer ctartvath the same example
system that was used to test the ideal sliding mode contrdllee plots clearly show
a response very similar to that of the ideal sliding mode rathetr, but without any
chattering.
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Plot of the first state variabl, X, Plot of the input, u
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Phase plane plot of X, and X,
0 T T T

Figure 2.1: Plot of 1, v and phase plane plot for the ideal sliding mode controllée dotted
line in the phase plane plot is the sliding surféte

Plot of the first state variabl, x, Plot of the input, u

2 4 6 8 10 0 2 4 6 8 10
Time [s] Time [s]

0.2 0.4 0.6 0.8 1 1.2 1.4 16 18 2

Figure 2.2: Plot of z1, u and phase plane plot for the boundary layer sliding modercthert
The dotted line in the phase plane plot is the sliding surface
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2.4.3 UMITATIONS OF THE BOUNDARY LAYER TECHNIQUE

Although the boundary layer approach to constructing atjmalcsliding mode con-
troller looks very promising at first, mainly because of itsiglicity, there are many
limitations that prevent it from being the optimal solutitmthe chattering problem.
As Young (2002) points out, the piecewise linear approxiomadf the switching con-
trol actually reduces the closed loop system into a systetmowt sliding mode. An-
other important limitation of this technique is that it coramises the robustness and
disturbance rejection properties that are actually thgdsgstrengths of Sliding Mode
Controllers.

13



| CHAPTER 3

‘ MATHEMATICAL MODELS

In most control design techniques mathematical models glesucial role. The most
obvious area of application is as a basis for the controksigh. In most classic, linear
design techniques (e.g. PID controllers) the model is ofteed to assist the tuning
of the controller gains, for stability analysis and for merhance evaluations. Modern,
nonlinear design techniques (Sliding mode control, Bagksing, etc.) often use the
model more directly to cancel out known nonlinearities ia fystem to achieve better
performance and improve the stability of the controllere3é&techniques often require
a more accurate model than the classic ones, as parts of thed maised directly in the
feedback. Another important area of application of matherabmodel is in computer
simulations to verify the properties and performance ofcivaroller. This is important
both during the design phase to check the validity of whatieses) done so far and is
also a useful tool for documenting the performance andlgtabf the controller.

An important aspect in mathematical modeling for contradkesign purposes is also the
need for different models in various areas of applicatioor. iRstance the model used
for computer simulations should generally be very accutat@imic the behavior of
the real physical system as accurately as possibly, whiernbdel is often too detailed
and complex to be used as basis for a controller design. fidreseveral mathematical
model of the clutch actuation system is presented in thipteha

3.1 SMULATION MODEL
|

The model that will be referred to as the simulation modehis thesis is the model
derived by Kaasa (2003). Since this is a very detailed moiddleophysical system it is
used to test and validate the controller before any experiahéesting is done. A short
description of the model will be provided in this section.

To derive the motion dynamics of the clutch actuation syst&ewton’s Second law
is applied to the actuator piston

Y= (3.1
. A A 1 1
0= 2pa = 5705 — 310 pa P yg) = 32() (3.2)

14



where y is the position of the actuator piston and v is theaiBlo A, and Ag are the
areas of the pistons in the two chambergsandpg are the pressures in chamber A and
B respectively. M is the total mass of the pistofy. is an expression for the friction
force acting on the piston anfl describes the clutch load characteristic.

The load characteristic is a nonlinear function of the diyposition and is modelled
by a parameter affine model using gaussian basis function as

fily) = o (1)6 (3.3)

Wheregb;f is a vector of basis functions aitg} is a parameter vector. The friction force,
fr(v,pa, oy, ys) is based on a two regime Elastoplastic friction model, buit mat be
discussed further in this thesis.

The model for the pressure and temperature in chambers A acahBye found in
Appendix A.1 together with the equations for the air flow irdaut of the two cham-
bers. In Appendix refsubsec:simmodparam the parameters@mstants used in the
simulation model is also presented.

| 3.2 FULL DESIGN MODEL
I

The model described in Section 3.1 is to complex to be useccanaoller design and
therefore a simplified design model was derived by Lokkei®@20

Y=
Mé = —fi(y) — fr(v,y5) + Alp — Py
. 1
p= W(—Avp + RTyw) (3.4)
Tow = —w =+ qy(p, Uy)
yr = gr(v,yr)

wherey is the position of the clutch; is the velocityp is the pressure in chamber &,
is an expression for the mass flow rate in and out of chambedA ars the pre-sliding
deflection used in the LuGre friction model. The constaht8 and7; are the area of
the actuator piston, the gas constant and the referencestatupe respectivelyf;(y)
represents the load characteristic of the clutch wfiile), y¢) is the friction force. The
friction forces in the system are modeled using the LuGriénh model:

fr(v,yp) = Dyv + Kyyp 4 Dygs(v, yy) (3.5)

K
95(v,y5) = v = 2oy (3.6)
d
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whereD,, D; and K ; are friction coefficients. To achieve a continuous derixeatf
gr(v,yy), the absolute value is replaced by a smoothed approximation

lv] = |v], = V2 + §2 (3.7)
whered > 0 is arbitrarily small. The volume of the actuator is
V(y) =V + Ay (3.8)

Herel is the dead volume when y = O[mm]. The functi@rip, u,) describes the flow
through the valves, ang, is the control input to the valves. The flow functigsip, u,)
is constructed on basis of the valves chosen in the physigdémentation.

\3.3 SMPLIFIED DESIGN MODEL
|

Since a Sliding Mode Controller does not depend heavily oacaurate system model,
a simplified design model was derived. The main purpose o$ithglification was to
reduce the relative degree of the system from 4 to 3. In théegbof SMC design,
this implies that only tha** and2"¢ derivatives of the output need to be known. The
following simplifications was made to the model in (3.4)

Assumption 3.1. Only viscous friction is considered, givinfg(v,ys) = ff(v) = Dv

Assumption 3.2. No valve dynamics, giving = ¢,(p, u,). This means that can be
considered as the input to the system singe, «,,) can be computed through an inverse
flow model.

This yields the following simplified design model

y=0
MD:—J;I(?/)_ff(U)+A[p_PO] (3.9)
)= ——(—Avp + RTyw
wherew is considered as the input variable. The functfgiy) is defined as
fily) = Ki(1— e ") — My (3.10)
In a more standard form the system in (3.9) can be re-written a
X = f(X)+ g(X)u (3.11)
v v 0
0| = | Hl-h@) = F+FAPp-P) |+ | 0 |u (312
. —A RTpy
p vy P V(y)
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with the state vectox = [y v p|] and the input variable = w.

3.3.1 NORMAL FORM

To achieve a system structure that can be used to designirggsiitbde controller the
system in (3.9) is transformed to thermal formas given in (Khalil, 2000)

e ]

{ . ] { o) ] bn(2)
R (R R - =T (z)
¢ o(a) )

| L) h(x) |

where¢ satisfy the equations

%g(x)zo, forit<i<n—p VzeD
T
For the simplified design model, the normal form represenatields
& =6
=& (3.13)

&= f(€) +g(&u
The expressions fof(£) andg(&) can be found in A.2.1,

3.3.2 TRACKING MODEL

Since the goal of this thesis is to design a tracking com@rdtr the clutch actuation
system, the following model is introduced

r & —r
R=|7],e=|&—7 | =¢—R
7 &3 — T

The change of variables= ¢ — Ryields

él = €9
ég = €3 (314)
€3 = f(&) +g(§u—7
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Now the tracking control objective = y, can be achieved by designing a controller
which ensures thaf(t) is bounded and converges to zero.

| 3.4 LOAD CHARACTERISTICS
|

The model for the load characteristic that is used in the Emyodel is given in (3.10)
and the parameters are found using a least-squares cuing figing the function
Isqcurvefiin MatLab. The data for the curve fitting are found using treeloharacteris-
tic model based on gaussian basis functions as describ8din To test the robustness
of the controller with respect to errors in the load modeééhdifferent sets of param-
eters were found, based on three different data sets fromeathesian load model. The
three data sets used were the nominal valuestaid0 N from the nominal values. The
corresponding parameters for the simple load model aredfoumable 3.4.

Nominal -1000N +1000N
K 3599 3289 3860
L 210 191 233
M, 25105 23092 24747

Table 3.1: Parameters for load model
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| CHAPTERA4

| CONTROLLER DESIGN

The goal of this chapter is to design a robust controllertierdlectro-pneumatic clutch
actuator by using Sliding Mode Control. SMCs are known to dimust to parameter
variations and modeling errors.

\4.1 IDEAL SLIDING MODE CONTROLLER
|

The Sliding Mode Controller has been based on the simpliftedrol model given in
(3.9). The design process is the same as described in Cl2apter

4.1.1 SIDING SURFACE
The sliding surfaces € R™ is defined by the scalar equatisfe) = 0, where
s(€) = aje; +azes + - -+ a,-1e(,-1) + €

anday, ...,a,_; are strictly positive constants apds the relative degree of the system.
Since the model in (3.9) has a relative degree 3, s(e, t) is given as

s(et) = aje; + ages + e3 (4.1)

If a control law can be designed to drive the system to thenglidurface and maintain
it there for all future time (i.es(e) = 0) the motion of the system is governed by

€3 =— —Q92€y — 1€1 (42)

sinceay, a; > 0, (4.2) implies that(¢) converges to zero d@gends to infinity, and the
rate of convergence can be controlled by choice,;andas;.

4.1.2 GONTROLLER DESIGN AND STABILITY ANALYSIS

Given the result from (4.2) the goal of the controller is tingrthe trajectory to the
surfaceS in finite time and maintain it there for all future time. Thédshg variable
s(e) satisfies the equation

§ = ég + asges + a6z
$=f(&) +g(§u— T+ azez + are (4.3)
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Considering the Lyapunov-like function candid&tés) = <s?, which satisfies the fol-

lowing conditions

1
2

i) V(s) >0, Vs #0
i) V(s) =0, s =0

i1i) V(s) — oo, ||s]| — o0
and the differential equation

V = s§
= s[f (&) + azes + areq — T+ g(€)ul

by choosing
U= teg — k- sign(s) (4.4)
where the equivalent control is defined as
eq — . —f(€) — ase; — ares + ¥ (4.5)
R

Wheref(ﬁ) is the an approximation of the dynamics described &) and the following
inequality holds

HGEN] e (4.6)
This yields

V

S[f(&) + azes + areq — T+ uey — g(€)k - sign(s)]
s[F(&) = f(&)] — g(&)kls|

—[9(&)k — Cp] |s]

IN

By choosingk = &£ + ko, ko > 0and0 < Gy < g(€), V¢
V < —Gokols| (4.7)
By using the Comparison Lemma (Khalil, 2000, Chap. 3) it carslown that
|s(t)] < [s(0)] — Gokot, ¥ |s(t)] >0 (4.8)

(Proof of (4.8) can be found in Appendix A.1) Therefore, épries starting outside
the surfaceS will reach the surface in finite time, and once the surface#hed, the
trajectory will stay on it for all future time, as seen fronetimequalityl” < —Goko|s|.
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The motion of the system now consists akaching phasevhen the trajectories start-
ing outside ofS converge to the surface in finite time, as seen from (4.8). eQhe
trajectory reaches the surface the system enterslitfiag phaseand the motion of the
system is now confined to the surface and the dynamics of 8tersyis reduced to the
second-order linear mode] = —aqey — aje;.

SinceV is only negative semidefinite, LaSalle’s invariance piheimust be applied
to the system to formalise the stability analysis of the adlgr. Defining the set
H = {x € R" | V = 0} which actually corresponds to the sliding surfseand
observing that based on (4.2) no solution can stay idettizalS other than the trivial
solutione(t) = 0. Then based on Corollary 4.2 (Khalil, 2000, Chap 4) the arafithe
system is global asymptotic stable.

\4.2 BOUNDARY LAYER CONTROL
|

As described in Section 2.4, chattering is a problem thahc®entered during a prac-
tical implementation of an ideal SMC. In this section a baamydiayer controller is
designed as

U= Ueq — k- sat(f) 4.9)
€

wherek andu,, is the same as for the ideal controller in Section 4.1.2.

4.2.1 EQUIVALENT CONTROL

The equivalent control is the continuous part of the contiplut u, and its goal is to
cancel some known nonlinearities to allow a lower switclgag of the discontinuous
component in the sliding mode controller. As defined in (4h&) equivalent control is

defined as .
Ueq = @ [—f(ﬁ) —agez —ajes + 1

wheref(¢) is an approximation of the functiof(¢). The expression used fgK¢) is

A

A 1 A “ N - R R .
f(&) = ; m& <M§3+Kl(1 — el —Ml§1+D§2+APo>
0 1
1 A A - . .
= [—Klngge—Llfl + NG — Dgg} (4.10)

wherek, L, M,, , Vi , Py D and)M are approximated values the respective parameters.
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4.2.2 SABILITY ANALYSIS

Considering the Lyapunov-like functiori = %sQ the time-derivative satisfies the in-
equality '
\%4 S —Gok}0|8|

when|s| > ¢, i.e. outside the boundary layer. Therefore, as shown 8) {#}s(0)| > e,
|s(t)| will reach the sets| < ¢ in finite time and remain in it for all future time. Inside
the boundary layer the behavior of the system is shown in Ah2refore all trajectories
will approach the set

0, = {|61\ < leal € 52— |s| < e} (4.11)
ay a; — aq

Givena, > ,/a; > 0. This means that the controller in (4.9) does not stabilmee t

origin of the system but it achieves ultimate boundednegh, an ultimate bound that

is proportional tce.

The stability analysis insid@, is done by studying a linearized model around the equi-
librium point of the system, and is only performed for a cansteference i.er = c.
The details of these calculations can be found in A.3, andsthiaility properties near
the equilibrium pointe = [0 0 0]” can be found by finding the eigenvalues 4f
(The expression forl; is given in Appendix A.3.2). Figure 4.1 shows how the three
eigenvalues ofd; moves when the reference value moves from 1mm to 20mm which
is the region of the reference used in the clutch sequencaheé\plots show the real
parts of the eigenvalues stay in the left half plane rendeitre equilibrium point of
the linearized system stable. Since two of the eigenvaltes@mplex conjugate the
equilibrium pointis in fact a stable focus. As described thakl (2000) it is reasonable
to expect that the trajectories of the nonlinear system imallsneighborhood of the
equilibrium point will be close to the trajectories of thedarized system. Therefore the
equilibrium pointe of the nonlinear system will behave like a stable focus.

| 4.3 ADDITIONAL CONTROL ELEMENTS
|

4.3.1 INVERSE FLOW MODEL

In the model in (3.9) the input to the system is defined to benthss flow ratey) in

and out of the actuator. Therefore the output from the cdetrdesigned in this chapter
is defined as desired flow. The inputs to both the simulatiodehand the real physical
system are control signals to the supply and exhaust vadrestherefore an inverse
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Figure4.1: Eigenvalues of4; in the complex plane, showing that all three eigenvalueg laav
negative real part

flow model is required to calculate the valve control sigriaét correspond to the de-
sired flow.

Since the output from the controller is the desired mass fhie, ithe first task of the
inverse flow model is to allocate the flow to the supply and eshaalves. This is done
simply by the following equations

Qus = St nry (Wa) (4.12)
Que = 5aL[0 ing) (—Wa) (4.13)

which only means that the positive part of the flow is allodédtethe supply valve and
the negative part to the exhaust valve. The next task is tdliedesired valve opening
based on the desired flow through each of the valves. Thisnie Based on the flow
model

Qv(phapla C, B> Uy, @v) = gv(piwpla C, B) : yv(um @v) (414)

whereg, represents the flow through one valyg,describes the flow capacity and
is the valve opening. The flow opening for a desired flow is nownfl through a

regularized inverse
Qv

maz { G, gu(pn, p1, C, B)}

whereGy, > 0 is a constant introduced to avoid division by zero (e(g, = 10~*
). The last part of the inverse flow model is concerned withifigdhe valve input

Yy = (4.15)
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corresponding to the desired valve opening, This is done using the inverse PWM
characteristich, *(y,, ©,). In practice the PWM characteristic (y,, ©,) is described
by a lookup table. The valve input signal is then found by

hy (Y0, ©0) 5 Yo >V
T R (4.16)
Oa yv<Y2b

whereY}, > 0 is a small constant introducing a dead band aroynd 0. More details
concerning the inverse flow model can be found in (Kaasa, 2003

4.3.2 RELAX VALVES

Relax valves is a logic block that is designed to calm dowrctrgrol signals when the
position approaches zero. Described in plain text the fanatity of the relax valves
block is that when the position, and the desired position,; are below predefined
thresholds and the desired velocity,is zero or negative the supply valve is closed and
the exhaust valve is fully opened fordpen seconds and then both valves remain closed
while the conditions above still holds. When the conditians not true the output is
simply equal to the input.

Figure 4.2 clearly shows the effects that relax valves hathercontrol signal, es-
pecially to the exhaust valve when the position approackes. ZThe reason that the
signal is very noisy without this logic is that the flow capggas very small, since the
pressure is low and therefore small variations in the déslosv causes large values on
the valve input.

4.3.3 REFERENCETRAJECTORY FILTER

The controller designed in this thesis needs the desirgzttoay and its first 3 deriva-
tives to be continuous and smooth, and given the clutch segue Figure 6.1 a refer-

ence trajectory filter is needed. Introducing-= [y, ¥, i, yT]T and defining the linear
system

o 1 0 0 0
s 0 0 10 po]

o 0 0 1 0

—ko —k1 —hky —ks ko

The characteristic polynomial of this system is

q = 5" + kss® + kos® + kys+ ko
The choice of the filter constants, i = 0,..,3 will decide the eigenvalues of the
filter. If all the eigenvalues are to be placeddat= —\,,, i = 0, .., 3 the characteristic

24



Uie without relax valves Uie without relax valves

0.8f
0.6
0.4
0.2
0
5 6 7 8 9 10
Time [s] Time [s]
u__ with relax valves u__with relax valves
ve VS
1 1
0.8 1 0.8f
0.6 1 0.6
0.4 B 0.4
0.2 1 0.2
0 0 s
5 6 7 8 9 10 5 6 7 8 9 10
Time [s] Time [s]

Figure 4.2: Plot of valve inputs with and without relax valves

polynomial of the filter should be
(5 4+ Ap)? = 8" +40,s* + 6252403 s + AL

which yields the following values for the filter coefficients

ko = AL
kp = 4)\3
ky = 6)2
ks = 4\,

making the filter Hurwitz with all eigenvalues placed)at and a time constart’ =
Ai As Lokken (2006) describes, experimental results showati® millisecond time
constant is appropriate for use in heavy duty trucks. Theesponding eigenvalues of

the filter is then\,, = 50.
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4.3.4 VELOCITY AND ACCELERATION

The position is the only measured variable in the system ara gshe controller re-
quires both velocity and acceleration, estimates must lmeileéed. For this purpose
a filter much like the reference trajectory filter was destyte estimate velocity and
acceleration. Introducing the state estimate vegter [z i,], and defining the linear

system
T = 0 L T+ v x
- —ky —kp ko 1Lm

wherez, ,,, is the measurement of the variable The characteristic polynomial is for
this system
q=5"+kis+ko

To place both the eigenvalues of the systemy;at — ) the filter coefficients are chosen
from
(s+ ) =35"+2\s + \°

This givesk; = 2\ andk, = \2. The value ofi, is now a filtered estimate of the
derivative of the measurement,,,.

The velocity and acceleration estimator is then constcufitem a cascade of two of
these filters.
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|4.4 COMPLETE CONTROLLER STRUCTURE
|

Equivalent controller
ref

Referancemodel
Goto-blocks
@
y State vector
eneration
K Switching Controller Flow Model Inverse:
Small valve pair Lower limit
Relax Valves
&
p
Choosing pressure feedback source
(Measurment or estimator)

Figure 4.3: Block diagram showing the structure of the complete corgystem

The block diagram in 4.3 shows the structure of the completgrol system when all
the components described in this chapter is implemented.
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| CHAPTERS

‘ CONTROLLER EXTENSIONS

In this chapter some extensions of the controller designéthiapter 4 are introduced,
and their effect on the controller performance is evaluated

|5.1 PRESSURE ESTIMATOR
|

In the present configuration the clutch actuation systentwasneasurements, position
and pressure. As usual in the automotive industry it is dbkrto remove non-essential
components to reduce the total cost of each unit, and sircprésssure measurement
is only used in the inverse flow model a very accurate estiobtke pressure is not
required. Since the physical laws governing the pressutiedartylinder is rather well
known a pressure estimator can be designed to allow the i@rmobthe pressure sensor.
The estimator is simply based on the following relation fd@mom (3.4)

Mo = —fi(y) — fr(v,ys) + Alp — Ry

giving the following expression for the pressure in the rogér

b= M0+ o) + (v up)] + P 51)

fi(y) is calculated using the load characteristic model basechasgian basis function
and is therefore rather accurate. For the friction forGéy, y,) both viscous and Lu-
Gre friction models were tested. Figure 5.1 shows a plot@htieasured and estimated
pressure during a typical clutch sequence when viscousofics used in the pressure
estimator. The same plot when the LuGre-friction model wsedun the pressure esti-
mator is presented in Figure 5.2.

Simulations of the system using both the friction modelswslatmost identical per-
formance of the controller when estimated pressure is usegbared to measured pres-
sure. Even when the sample time is increased to 10ms theetifes in performance
are practically non-existent. Though the pressure estinfas only been tested in
computer simulations these give good indications thatwiilisvork very good also on
a physical system and therefore the pressure measurenpeabably obsolete.
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Figure5.1: Measured and estimated pressure when using viscous frictio
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Figure5.2: Measured and estimated pressure when using LuGre friction
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|5.2 LUGRE-FRICTION MODEL
I

Since the viscous friction model used in the controller giesn Chapter 4 is very sim-
plified compared to the real friction in the system, an extan$o the more accurate
LuGre-friction model is considered. The model for the colér design would then be
extended to &-order model, where the dynamics of the new statis considered as
the internal dynamics of the system, which means that tlagiveldegree of the system
remains unchanged. The new model would then be

Y=
Mo = —fi(y) — f(v,y5) + Alp — R
P = %(—Avp + RTvqy) (5:2)
yr = gr(v,yr)

where the variables and expressions are the same as inr68&iadl he only difference
in the controller structure as a result of this new model Wdla different equivalent
control law and the introduction of a simple estimator fgr Figure 5.3 shows the
calculated friction force and its time derivative with wiets and LuGre friction mod-
els used respectively. These plots show a significant difiee between the two models.
Results from computer simulations of the controller reggonith the two friction mod-
els can be found in Appendix B.1. These simulations actisdllyw a deterioration in
the performance of the controller when the more accurateréutodel is used. This
can be seen as an indication of the sliding mode controllebastness properties with
respect to modelling errors, since better performancetiaciueved with a more realis-
tic model. Since friction often is one of the most difficultexfts to model in a physical
system it might be a big advantage to have a controller thed dot rely heavily on the
accuracy of the friction model.

|5.3 INTEGRAL EFFECT
I

As described by Khalil (2000) and Bouri and Thomasset (2004 sliding mode con-
troller can be augmented to include integral action by clmapthe following sliding
function

s(€) = apeg + are; + ages + €3
wheree, = [ eidt. The introduction of integral effect in the sliding mode toifler
will, as in a linear controller ensure zero steady-statereirhe resulting motion on of
the system in sliding mode (i.e(e) = 0) will then be governed by

€3 — —2€9 — a1€1 — Qp€y (53)
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given thatag, a;, as > 0 this implies that, (¢) converges to zero astends to infinity.
The stability analysis of this controller is rather similaithe controller without integral
effect and the details of these analysis can be found in Agige%3.3.

The plots in Figure 5.4 show the effect of the integral actidren applied to a constant
reference compared to no integral action. The figure clesdmbyvs that the introduction
of integral effect in the controller achieves what it wasigesd for, namely to ensure
zero steady-state error. Even though the integral actieldyithe desired performance,
the figure also shows that the steady-state error withoegiat action is actually a lot
smaller than the amplitude of the measurement noise andliglefimportance. The
reason that integral effect has still been introduced isgkperimental testing with other
controllers on the clutch-system has shown steady-stadewhen tracking a constant
or nearly constant reference near the slip-point of thechl(te. 7-11 mm). This error
occurs because the clutch discs actually expand causimgdysstate error. Since this
is an effect that does not occur in the simulation model, eststwith this kind of refer-
ence has not been tested on a physical test rig with the SMQirtgertain whether this
problem would occur also with this controller.
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Figure 5.3: Calculated friction force f;) and its time derivative—j; f#) with viscous friction
model and LuGre-friction model during a typical clutch seqce
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Figure 5.4. Simulation results from tests with constant reference @aneé= 0 andag = 100
respectively
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CHAPTER 6

SIMULATION

In this chapter results from computer simulations of thetiier designed in Sec-
tion 4.2 are presented. The model used for to test the ctertisldescribed in Sec-
tion 3.1. Both the simulation model and the controllers hagen implemented using
MatLab® and Simulini®.

Figure 6.1: Plot of a typical clutch sequence

Figure 6.1 shows the clutch sequence that was used as anedenden testing the
controller. The simulations were as mentioned earlier dan®imulink. They were
conducted using an ODE-5 (Dormand-Price) fixed-step s@htr2ms integration step
size.

Figure 6.2 contains bar graphs showing RMS and maximumseindhe different test
cases. The RMS-value is defined as

o 2511(%—7%)2
rms N

wherey; is the measurement at time step;iis the desired position at time step iand N
is the total number of available measurements.

The tuning of the controller constants were done by trial amdr and the following
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values were used in the simulatioris= 0.017 ¢ = 8,a; = 1050 andi; = 95. The eigen-
values of the velocity and acceleration filters designeddatiSn 4.3.4 are chosen by
trial and error and in the simulations, = 125 and )\, = 70 is chosen for the velocity
and acceleration filters respectively.

6.1 TEST PLAN
|

The main concern of this thesis has been to design a robusbtienfor the clutch-
actuation system. Therefore robustness has been the mosttant factor when de-
signing a test plan for the computer simulations.

1.
2.

No noise, nominal values used in the controller
Noise added to the position measurement, nominal vakess in the controller

Noise added to the position measuremétti;) is L000N lower in the controller
than the nominal value

Noise added to the position measureméitt;) is L000N higher in the controller
than the nominal value

Noise added to the position measureméitt;) is 1000N higher in the controller
than the nominal value and thg is increased by 50%

. Noise added to the position measureméitt;) is 1000N higher in the controller

than the nominal value and thg is decreased by 50%

6.2 SMULATION RESULTS
I

Figures 6.3 to Figure 6.8 show plots of positig)),(input to supply valve,,) and
exhaust valve,.).
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Figure6.3: Case 1: No noise, nominal values on controller constants
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Figure 6.4. Case 2: White noise added to position measurement, nomahaty on controller
constants

Position
20 T

- yre'

N
o

Position [mm]
=
o

Ysupply Yexhaust
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0

5 6 7 8 9 10 5 6 7 8 9 10
Time [s] Time [s]

Figure 6.5: Case 3: Load characteristic lowered 1000N in the controtbenpared to the nomi-
nal values
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Figure6.7: Case 5: Load characteristic raised 1000N in the controtiergared to the nominal
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Figure 6.8: Case 6: Load characteristic raised 1000N in the controtierpared to the nominal
values AND initial volume decreased by 50%
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6.3 COMMENTS
|

The simulation results shown in the previous section shoaoa gracking performance
of the boundary layer controller. The lack of tracking psemn in the start of the clutch
sequence is caused by physical limitations of the flow intanaber A. Better perfor-
mance in this region cannot be achieved with a differentrobstrategy, but requires a
larger supply valve. The lack of precision in the last parthef clutch sequence is also
a system dependent problem, since the flow through the eixtalve is dependent on
the pressure in chamber A, and therefore when the pressype do does the potential
flow out of chamber A.

The rather noisy input signals to the valves is not a big mebsince PWM is used
to control the valves. This only means that the duty cyclehefRWM signal changes
between two consecutive PWM periods and this does not caysmare mechanical
wear and tear.

The very distinct ramp on the input of the exhaust valve aéetitkof the clutch sequence
occurs because of thielax valvegart of the controller as described in Section 4.3.2.
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| CHAPTER 7

‘ EXPERIMENTAL RESULTS

In this chapter results from experimental testing of thetilers from Chapter 4 are
presented. The tests were carried out in the test lab at Keng#\utomotive.

}7.1 THE TEST RIG

Most of the tests were performed on a test rig at KA's test Tdie test rig was consists
of a KA PCA (Pneumatic concentric actuator) with a pneumatia of 0.0235n2,
two 4mm On/Off valves and a Valeo push type clutch. The cdletravas implemented
on a dSpace MABX DS1401 unit. Additionally a driver circuigsed on a modified
H-bridge was used to achieve a faster discharge of the cadhatpen and close the
valves.

}7.2 ROBUSTNESS TESTS

Since the main focus of this thesis is to test the robustresSbding Mode Controller
for the electro-pneumatic clutch actuation system a serfi¢ssts were conducted to
evaluate the performance of the controller with ratherdgrvgrameter variations. The
following test plan was derived for this purpose

1. Nominal values used in the controller

2. fi(y) is 1000N lower in the controller than the nominal value

3. fi(y) is 1000N higher in the controller than the nominal value

4. fi(y) is 1000N higher in the controller than the nominal value dw&llf is in-
creased by 50%

5. fi(y) is 1000N higher in the controller than the nominal value drellf, is de-
creased by 50%
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7.2.1 TESTS WITH2MS SAMPLE TIME

The results from the robustness tests with 2ms sample tienprasented in Figures 7.2
to 7.6. Figure 7.1 contains bar graphs showing RMS and manietors in the differ-
ent test cases.
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Figure 7.1: Comparison of maximum and RMS values of the tracking errohéndifferent test
cases
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7.2.2 TESTS WITH10MS SAMPLE TIME

The controller was also tested with a 10ms sample time simsad the desired sam-
ple time in a commercial implementation in a truck. The gsaphFigure 7.7 show
the RMS and maximum errors in the different test cases. Tédteeare presented in
Appendix B.2
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Figure 7.7: Comparison of maximum and RMS values of the tracking errohédifferent test
cases
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| 7.3 COMPARISON WITHPD AND BACKSTEPPING
|

Since both a PD-controller and several Backstepping ctetschave already been de-
signed and implemented for the clutch actuation systemngpadson between them
and the Sliding Mode Controller was also important. In ti&ste®n results from com-

parison tests performed at the test rig are presented.

7.3.1 Q.UTCH SEQUENCE

First the three controllers were tested with a typical dlutequence. The results are
presented in Figures 7.8 t0 7.10
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Figure 7.8: Clutch sequence tested with Sliding Mode Controller
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7.3.2 RANDOM REFERENCE

The controllers were also tested with a random referenckdolcthe performance with
a more general reference e.g. from a clutch pedal in a CBWesysi he results are
presented in Appendix B.3.

| 7.4 CAR TESTING
|

To test the controller in an even more realistic enviromsoine tests were performed
in a Scania Truck at KA. The performance of the sliding modet@dler and a PD
controller for comparison are presented in Figures 7.117ah?l
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Figure 7.11: Results from car testing of the Sliding mode controller
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}7.5 COMMENTS

7.5.1 RG TESTING. ROBUSTNESS TESTS

The results presented in Section 7.2 show a rather goodinigaplerformance of the

SMC in experimental tests. Compared to the simulation tesulSection 6.2 there are
some differences in the performance of the controller, lBd emany similarities. The

differences may be caused by several things, but the masfisant factor is that the

simulation model used for verification is based on a systeti another load character-
istic and different valves than in the rig at KA. Other fastonay include unmodelled
dynamics, external disturbances etc.

Despite these differences the experimental results al®o stany of the same features
as the simulation results indicated, including the robessrproperties with respect to
parameter uncertainty and modelling errors. As the grapkRgyure 7.1 show, the RMS
and maximum errors are only slightly affected by rather ificgtnt parameter changes.
As Figure 7.2 shows, an acceptable tracking performancésaseachieved in the rig
testing with the Sliding mode controller.

The controller was also tested with 10ms sample time sinsegithe sample time used
in most automotive computers. As the results in Appendixd@w, rather good track-

ing performance is also achieved with this sample time. Tbidd almost be expected
since the duty cycle period of the PWM signal is 20ms, whiclansethat a change in

the output at a higher frequency than 50Hz will not be of agpificance. The fact that

there still are differences between 2ms and 10ms sampleisipm®pably caused by a
difference in the velocity and acceleration estimates.ubinthe tracking performance
is rather good at 10ms smaple time, an unacceptable overappears in some of the
test cases. This is propably caused by less accurate yetoatacceleration estimates,
and could possibly be avoided by a different tuning of thetiier

7.5.2 RG TESTING. COMPARISON TESTS

As mentioned in Section 7.3 tests were performed in the igdbrcompare the per-
formance of the sliding mode controller to the performanickath a PD and a Back-
stepping controller. The figures in Section 7.3.1 show théopmance of the three
controllers during a typical clutch sequence. An importaot to mention about these
tests is that the backstepping controller was tested wiglaver” referance trajectory
filter (A, = 50 for the SMC and PDJ,, = 30 for the Backstepping controller) than the
other two controllers. This is done because the backstgpgontroller yields a poor
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performance with a faster reference. The reason for thigdtian in the Backstepping
controller is that the derivatives of the reference are Weid heavily in the feedback,
and a "faster” trajectory filter will give larger referencertatives which compromise
the smoothness of the Backstepping controller. Thougmtigéit not be a very severe
limitation of this controller, it is still an important défence from the SMC and PD
controller and must be adressed in comparison between them.

The comparison with the Backstepping and PD controllers edgeals many similari-
ties, but also some severe differences in the tracking padoce. The biggest differ-
ence between the performance of three controllers is whepdhition approaches the
slip point, thatis between 1,5 and 2,5 seconds after thieddtdre clutch sequence. Here
the SMC yields a smoother trajectory for the position, batgb gets negative overshoot
when compared to the reference trajectory, while the Bagishg and PD controllers
does not give the same smoothness in this region. The Baghstecontroller is the
fastest in reaching the reference in the slip-point aredgevihe PD-controller actually
suffers from a steady-state error.

The control signals produced by the three controllers ae ah issue that must be
considered when comparing different control strategies.nfentioned earlier a noisy
control signal is not a severe problem when PWM is used, éxgbpn the signal os-

cillates around zero duty cycle of the PWM. For instance thitbe supply and exhaust
valve is commanded to open for 30 % of the duty cycle pericglwuuld give the same

result as to keep them both closed, and such oscillatioms leaincreased wear and
tear of the valves. At this point the Backstepping contraBesuperior to the other two

control straregies, as it produces a very smooth output.S\W€ yields the most noisy

control signal, which is not very surprising since contrieéttering is the biggest prob-
lem in practical SMCs.

The three controllers were also tested with a random reterganerated from a joystick
to emulate a reference trajectory that could be generataddutch-by-wire applica-

tion. This is done because a problem when tuning and tesbimigadlers is that only one

kind of reference is used and then the controller is tunealtow this reference per-

fectly, but when applied to a different reference trajegtibve controller may perform

poorly. Results from these test are shown in Appendix B.8, tAough the reference
trajectories used for the different controllers are notilsinthey can give an indication
of the performance differences. These results clearly shaithe SMC's performance
is at least as good, if not better than that of the Backsteppamtroller. The biggest

advantages of the SMC compared to the Backstepping caetraié first a faster re-
sponse, i.e. it tends to handle faster variations in theeate trajectory. Secondly the
Backstepping controller gives bigger steady state eriam thith the SMC.

51



7.5.3 (AR TESTING

As mentioned in Section 7.4 tests were performed in a ScaniekTat KA. An impor-
tant remark concerning these tests is that the clutch inctiriss close to the stability
limit and is therefore inherently difficult to control. Thesults in Figure 7.11 and 7.12
show a rather poor tracking performance of both the PD- aadstii-controller. The
"negative overshoot” experienced when engaging the clagezin after disengagement
(i.,e. 1.3-2 seconds into the clutch sequence) is typicatligsiches with a load char-
acteristic on the border of instability, and is experiencechost controllers applied to
this system. Despite the poor performance of both contsyltee SMC yields a much
better tracking than the PD-controller.
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| CHAPTER 8

| CONCLUDING REMARKS

In this chapter, discussions of the results achieved throutthis thesis are presented.
Also some concluding remarks regarding the contributidrikie thesis to the problem
of position tracking control of the electro-pneumatic clutctuation system produced
by Kongsberg Automotive ASA. Finally some recommendationguture work on the
subject of Sliding mode control for this system are presknte

\8.1 DISCUSSIONS
|

The results from computer simulations and experimentalligepresented in Chapter 6
and 7 show good tracking performance and robustness piepeftthe Sliding Mode
Controller, yet there are some issues that must be addressed

As the plots of the control signals generated by the SMC slase are quite noisy.
Based on the theory in Section 2.4 this is not a surprisingt,esnce control chattering
is the biggest problem with practical sliding mode congdl Though the results in
Section 6.2 show the noise on the control signals disappdaga the measurement is
free of noise, indicating that the reason for this chatgersmnot mainly caused by the
switching term in the controller. The use of theundary layer techniquier chattering
avoidance actually reduces the control law to a linear PDBtroller with feedback lin-
earisation inside the boundary layer, and thus the robsstwe. measurement noise is
compromised. Combined with the use of filtered derivatiggsstimating the velocity
and acceleration, the boundary layer controller produai®r noisy control signals. To
avoid this effect, either less noisy estimates of the vejamnd position must be found
or a different chattering avoidance technique must be egpli

Even though the control signals are very noisy it is not asaboblem as it might
seem, because of the use of PWM control. First as discuss8ddtion 7.5.2 when
combining PWM with on/off-valves noise on the control sipdaes not necessarily
lead to any more wear and tear of mechanical componentsn8kgdbe sampling time
of the controller is 2ms while the period time of the PWM is Z)mneaning that only
10% of the values of the controller output actually leadsdbange in the valve opening.

Since PD and Backstepping controllers have already beesiaed for the clutch ac-
tuation system, comparisons with these is also an impoidane when evaluating the
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sliding mode controller. Considering position trackingfpemance both the Backstep-
ping controller and the SMC yields rather good results, ¢fowhen evaluating the use
of control action the Backstepping controller is supernothie SMC. These results alone
would indicate the Backstepping controller as the bestaghdiut there are also other
factors which must be discussed when comparing contrdkgjies:

Robustness: Since the main focus of this thesis has been robustness cbtiteoller,
this is an important factor when comparing the SMC to othetmd strategies. The ro-
bustness properties of the sliding mode controller have deszussed earlier, and have
been shown to be very good. On the other hand the performdribe 8ackstepping
controller depends heavily on correct values of the modedpaters, in particular a
correct load characteristic is crucial.

Observer: The backstepping controller depends on a full state feédaad therefore
a state observer has been designed. In the SMC only the tyebowl acceleration is
needed, and these could be found through derivation angb&ss-filtering. The intro-
duction of an observer might not seem like a problem, butatdg poor performance
when the sample time is increased to 10ms as is desirablanmeccial implementa-
tion. This again compromises the performance of the bapgstg controller.

Size of the control law: A typical "problem” for backstepping controllers is the siaf
the control law. This is a problem theoretically since it htige difficult to understand
for others than the designer and it might complicated thengusince it is not always
intuitive to understand the effect the controller paramget@&he size of the control law
also causes difficulties in a practical implementationgesgly in an automotive sys-
tem since it is desirable to have as cheap components ablgosSombined with an
observer the backstepping controller yields a computetampntation that requires a
lot more space than an SMC, requiring the use of a computérmare memory and
more calculation capability.
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|8.2 CONCLUSION
|

As stated in the problem formulation in Section 1.3, robessis very important in the
clutch actuation system considered in this thesis. Thdtseeptesented show that the
sliding mode controller have very good robustness progewtiith respect to parameter
variations and modelling errors. Combining the robustmegssatisfying tracking pre-
cision the controller achieves the goals of the problem tdatmon.

Comparisons with the backstepping controller revealsebfiit strengths and weak-
nesses of the controllers, and these are discussed in 5&ctio This thesis does not
attempt to decide which is the best choice of controllerfierélectro-pneumatic clutch
actuator, but concentrates on presenting the sliding mod&adller as an alternative
control strategy. Through tests it is shown that a contrddésed on this technique is a
feasible choice. In addition, the results from Section %sb aliminates the need for a
pressure measurment in the control system. As mentionddreapst of the compo-
nents is often the most important issue in the automotivastigt and the removal of
the pressure measurment will contribute to a lower cost per u

| 8.3 RECOMMENDATIONS FOR FUTURE WORK
|

In Section 8.1 it is argued that the most severe problem dflitdeng mode controller is

the noisy control signals. One possible improvement of treroller presented in this
thesis si the use of a different strategy of estimating tHeciy and acceleration for

instance by using a robust sliding mode differentiator ascdieed by Levant (1998).

Application of a different chattering handling techniqught also be worth investigat-
ing. As presented in the litterature review different meihdor chattering avoidance
have been developed, though many of them are still in an gadge of research and
might not be ready for a practical implementation yet. $i§ is an important issue,
and alternatives to the boundary layer technique shouldJsstigated.

The model used for the control design is very simplified coragdo the simulation
model, and even though the results from tests with the Luftcgeon model instead of
only viscous friction indicates that more accurate modekssohot improve the perfor-
mance of the controller, it is worth looking into using a mooemplex model.

More experimental testing should also be performed bothtiadd! robustness tests

and a more extensive comparison with the backstepping targbetter understanding
of the differences in performance of the two controllers.
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| APPENDIX A

| MATHEMATICAL RESULTS

In this Appendix some mathematical results are presentelbliding
e Details of the simulation model
e Table of parameters used in the simulation model
e Conversion to normal form of the simple design model

¢ Details of the stability analysis of the ideal, boundaryelagnd integral controller

|A.1 SIMULATION MODEL
|

A.1.1 PRESSURE AND TEMPERATURE

As Lokken (2006) and Kaasa (2003) describes the pressurteangerature in the two
chambers are described by the following dynamic models

. KAV kRT;, 4 kRTy (k= 1)HyAu a(y)
- + , Win + > 5 Wou + , Tw - T
PAZ T AT Vo) A T ) e Valy) e T
T _ (/’i — 1)AAU (/’iirm,A — TA)RTAw
A Valy) paVa(y) A
— 1)RT4? — )T H,A,
- (K; ) 4 wout,A (K; ) 4 7A(y) (Tw - TA)
paValy) paValy)
. kApgv kRT;, B kRTg (k= 1)Hy,Aw 5(y)
=~ Iy N + %win + ——Wey + : Tw - T
Pp == P T Valy) P T Uty Valy) )
T o (Ii — 1)1431) (/{Tin,B — TB)RTBw
& Vs(y) 7 Ve (y)
k — 1)RTg? kK — \TgH,A,
B ( ) B woutB ( ) B ,B(y) (Tw . TB)
PBVB(?/) PBVB(?J)

wherep, andpg describes the pressure in the two chambers A and B, wWhiland
Ty represent the temeperatures. The air is considered angdsaWwithx as the ratio
of spesific heat and R as the gas constdpt., and7;, 5 are the tempereatures of the



air flowing into chambers A and B., is the temperature of the actuator cylinder wall,
while H,, is the empirical convective heat coefficieil,(y) andV(y) are the volumes
of the two chambers and,, 5(y) and A, 5(y) represent the effective wall area of heat
transfer. They are given by the following equation

Valy) = Vao + Aay
A ay) = Aw,a, + Loy

Ve(y) = Vo + Ay
Auws(Y) = Aw.p, + Luwy

whereA, andAp are the areas of the chambe¥s,, and A, 4, represent the values of
Va(y) and A, 4 wheny = 0 respectively, and the same for chambetB.is the inner
perimeter of the cylinder wall.

A.1.2 CHAMBER A: FLOW AND VALVE MODELING
For a single valve the steady-state flow rate is given by

Wy = QU(phapbuv; C; B, @v) - gv(phaplaum 07 B) : yv(um @v) (Al)

where the flow capacity;, (pn, pi, w,, C, B) is given as

Gu (phapb Uy, C B) - p00¢ (p ) Ph, Pn Z b
h
A multi-regime pressure ratio function is used

¢0(T, B*) - ¢0(T, 0) s B Z 0

, € [0,1]
¢0(T,0)+T—1 , B<0

Y(r, B) = o(r,0) + B {

whereB* = (.528 is the critical pressure ratio function and the nominal pues ratio
function is given by

1 s ’I"<Bo

Yo(r, By) = 2
o) 1= (E2) . r<B

The normalized valve opening can be parametrized in various forms, and a general
representation for these are
Yy = hv(uva @v)

whereu, is the duty cycle of the valve’s PWM input afd], is a parameter vector.



In the model used for the simulation model in this thesis,aklop table with linear
interpolation is used to paramtrize the PWM characteriéticu,, ©,). The vectors in
the look-up table is defined as follows

Uy char = [0, Ro.ips Ro.ub, 1]
Yochar = (0,000, 00,1, 1]
To find the complete flow model of chamber A the following relatis used
Wy = Wy,in — Wy,out
Combined with the previous results this yields the follogvflow model for chamber A

Wy = gv,in(psa PA, Uys, OUS? Bvs) : yvs(uU57 @vs) - gv,out(p/h PE,; Uye, Oer Bve) : yve(uUw @ve)
pa p
= pOOUS¢ (_7 Bvs) psy’US(U/US7 @vs) - pOOUe¢ (p_ja Bve) pAyve(uvea @U6>

S

A.1.3 CHAMBER B: FLOw MODEL

The flow through the actuator restriction of chamber B is nfledaén the same fashion
as in (Lokken, 2006)

PB PE PE PB
Wy = Wy in — Wrout — Tcr'wr - | /== Tcr'wr o
et = () B (1) 2
wherew, ;,, andw, ,,, describes the flow in and out of chamber B respectivélyis the
flow conductance for the restrictiony and7y are the pressure and temperature outside
the exhaust restriction.

The flow rate model forw, are also the same as described by Lokken (2006) and is
given by
wr(r) = Qo(r) + by - Q(r,sgn(by)),  be € [—1,1]
where r describes the ratio between low and high pressute;-. The functiong2y(r)
0g Q2 (r, sgn(b,)) are defined as

Qo(r):{\/l_ﬂ’ r € [0,1]

0, r>1
17 re [0730]
2
O (r,+1) = —Qo(r) + 4 J1 - (;;gg) . 1€ (B 1]

0, r>1



1—r, r e [0,1]
0, r>1

Ql(’f‘, —1) = Qo(’f‘) — {
whereB, is the critical pressure ratio.

A.1.4 SMULATION MODEL PARAMETERS
The table below show the parameters used in the simulatiatemo

PARAMETER VALUE UNIT DESCRIPTION

Reference values

T 293 K Enviromental temperature

Py 10° Pa Enviromental pressure

Pr P, Pa Exhaust pressure

P, 9.5-10° Pa Supply pressure

R 288 %@ Gas constant of air

Po 1.185 X4 Air density

Clutch actuator

Ay 12.3-1073 m Area of chamber A

Ap Asg m Area of chamber B

Vao 0.8-1073 m? Volume of chamber Aaty =0

Vio 0.57-1073 m? Volume of chamberBaty =0

M 10 kg Mass of the piston

Flow parameters

By 0.528 - Critical pressure ratio

C, 2.1173-10°8 1;’58 Flow conductance of the exhaust restriction
b, -0.7596 - Parameter in the flow rate model of chamber B
Valve parameters

Cos 77-1079 - Flow conductance for supply valve

Chre 9.2-1079 - Flow conductance for exhaust valve
By 0.6 - Critical pressure ratio of supply valve
By -0.8 - Critical pressure ratio of exhaust valve
Friction parameters

o7 3.07-10° m? -



D, 1.39 - 107
K 3.26 - 10*
Dy 1.14 - 102
Fo 1.72 - 102
Fs 3.52 - 102
Vs 0.2254

“lf Z Zg|ela |2

Viscous damping coefficient
Deflection stiffness

Deflection damping coefficient
Coloumb friction level

Stiction force level

Striebeck velocity

Temperatur and air dynamics parameters

Lw 2-\/7T-AA

K 1.4
Aw, A 0.078
Awp, 1.00-1074
H, 10.16
Ty 293

§§§'3

)

3
=

Inner perimeter in actuator

Value of A, 4 aty =0

Value of A, 4 aty =0

Empirical convective heat coefficient
Temperature of cylinder wall




|A.2 DESIGN MODEL
I

A.2.1 NORMAL FORM OF SIMPLIFIED CONTROL MODEL
For the model in 3.9

h(z) =y andp =3
Thus

Pi(x) = h(X) =y
oy

¢2(X)=th(X)=5—X:[1 0 0]f(x)=uv
%(X):L?h(X):g—z:[o 1 0]f(x)

= [=hly) — f1(0) + Ap = R)

The new normal form state system is given by
&=&
& =& (A.2)
&= f(&)+g(&u

The expressions fof (£) andg(&) are found from

d d
Ef:s == %¢2(X)
_al
CdtM
1 d d
=37 —Efz(fl) - Eff(&) + Ap(§)

[—fily) — fr(v) + Alp — Ro)] (A.3)

where
d
%fl(fl) = K Li&e 1150 — Mg,

d
aff(&) = D¢&3

X (A.4)
p(§) = 1 [M& + fi(&1) + fr(&)] + Fo
#6) = gy (~Atw+ RTin)

Vi



Inserting A.4 into A.3 yields the expressions

1€ = —% %@ (Mg + Ki(1 — ™) = Mi&y + D& + ARy)
R (A5)
_ ART,

\A.3 STABILITY ANALYSIS
|

A.3.1 IDEAL CONTROLLER

Proof A.1 (Proof of equation 4.8)Suppose that the scalar differential equation
s = fs(z), s(0)=sg
has a unique solution of), ¢;) for somet; > 0 and f(z) is locally Lipscithz. Given
V = 1%, and choosingl’ = V2V = |s| then
. d o1 |
W=—V2V=2V——==—=—
dt 2V2V V2o s

D*W < -Gy

Letting W, be the solution to the differential solution

Wo = —Gofo, WO(O) = ‘5(0)|
then

T
Wo(t) = / —Gofodt
0
Wo(t) - Wo(O) - Goﬂot
then by the comparison lemma
W(t) S W()(O) - Goﬁot

and sinceV = |s|
()] < |s(0)] = Gofot [

Vil



A.3.2 BOUNDARY LAYER CONTROLLER

Proof A.2 (Proof of equation 4.11)Given thatss < 0 in the set{|s| < ¢}, and the
linear system

61:62

€y = —agey — a1€] + S

wheree = e, ¢ = e, ande = [e; ey]”. Choosing the Lyapunov function

1
Vi(e) = 5eTPe
=z [ €1 €2 } [ 1 T } [
2 o €2
1 1
= _(2 = -
2( 61—|—&26162—|— 162)
TR
=€ —e€1€ —¢€
! a9 e 2(11 2
The time-derivative of V is then given as
2
. a as; —a 1 2
Vi(e) = ——e? — 2 —Le2 4 o154+ —eys
a9 a1as a9 ay
2
a a; — a € €
< ——ef = Z——e} + —le1| + —les
Q9 a1a Qs ay

To prove stability of the system the following conditionsstrhwold for the Lyapunov
function candidate

The first three conditions are satisfied if the maifixs positive definite, which will be
the case if the leading principle minors are positive. Tlngg the following inequalities

1)2>0

ra
2) Aoy > El

viii



To achieved’ < 0 the following inequalities must hold
jer] > —
aq

€d9

a3 — ay

a2>\/a

lea| >

Thus, by the comparison lemma

e1(0)] € — = |ey(t)] < —, V>0
ay ay
les(0)] < = Jes(t)] <

~ ag — 2 ~a3—a;’

and the set

& EQa
Qfﬁmsammgg,M§%
ay a5 — ay

2
IS positively invariant.

Proof A.3. Inside(2, the inputu is reduced to

s k
U= Ueg — k; = Ueq — 2(63 + ases + arey)

The closed-loop system is then given by

€1 = ex(= f1)
€y = 63(: f2)

(A.7)
s = J(€) = ¥+ 9(8) [eg — (s + ares +aer)| (= fy)

Then, by setting, = é; = ¢é3 =0

€y = = {2:6:7“

es=0 = 5_3:1_):7“

o UE-f@
kaig(€))

The closed loop system in A.7 then has an equilibrium goiate; 0 0]
For simplicity only a constant refernce is considered irstiieis, thus
r=c = 1r=7Ff=7=0

iX



The assumptions above means that the system in A.7 has awagqibrium point in
e=1[000"T = y=cuv=0,0=0. Since the sef, is positively invariant all trajec-
tories converge to this set and therefore only a local stgbénalysis is performed. As
described in Section 2.3 in (Khalil, 2000) the qualitatiehbviour near an equilibrium
point can be approximated through a linearization around éguilibrium point. First
a new set of variables are defined

A61 e — €
Ae = Aeg = €y — €9
A€3 €3 — 6_3

The linerazed model arouslcan the be written as

a11 12 13
Aé = A(;Ae = a91 A9 493 Ae
a3 a3z 433

whereA; is the linerized system Matrix defined as

of1 9h Ofr
Oe1 Oes Oes

_ | ofz of2 9f2
As=| e ae[2 Bes (A.8)

Ofs Ofs Ofs
Oei1 Oea Oes 5

where f1, f> and f; are found from A.7. After some calculations the followingres-
sions are found for the elements.4f

a1 =0, a2 =1, a;3=0

az; =0, ag =0, a3 =1

o k - aq CAQRTO . ART()
e M- (Vo+ Ac)2 M- (Vy + Ac)
k-a
az2 = — 29(5)
k
ass = —29(5)

For simplicity it is assumed in the expressions above thateituivalent control law
cancels out all the non-linearities perfectly. (= f(£)).



A.3.3 CONTROLLER WITH INTEGRAL EFFECT

Given a Lyapunov-like functio’(s) = s and the sliding surface(e) = ageo +
aie1 + azes + e3 the following result is obtained

V= ss
= s[f(E) + ases + ares + apgep — 7""— g(E)u]
then by choosing the equivalent control law

Ueq = @ —f(€) — azes — ares — ager + 7 (A.9)

the analysis of the system in the reaching phase will be atpnt to the analysis in
Section 4.1.

The motion on the sliding surface is goverened by
€3 = —a2€9 — a1€1 — Qp€p (AlO)

which means:(t) will converge to zero once the sliding surfaégis reached. The rest
of the stability analysis will also corespond to Sectiondntl therefore the SMC with
integral effect will render the system globally asymptalig stable.
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| APPENDIX B

‘ PLOTS FROM SIMULATIONS AND
EXPERIMENTS

|B.1 CONTROLLER IMPROVEMENTS SIMULATIONS
|

Position

1 1
Viscous Visco
— LuGre — LuGre

0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2 i

0 0

5 6 7 8 9 10 5 6 7 8 9 10

Figure B.1: Comparison between controller performance with viscouslarGre friction mod-
els
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|B.2 RIG TESTING WITH 10MS SAMPLE TIME

Position
20 T T

Position [mm]
= =
o o

a

0
Time [s]
Ysupply Yexnaust
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
1 2 3 4 5 1 2 3 4 5
Time [s] Time [s]

Figure B.2: Case 1. Nominal values in the controller
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Position
20 T

ref

Position [mm]

1
15 2 25 3 35 4 45 5 55 6

Time [s]

Ysupply Yexnaust
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0

2 3 4 5 6 2 3 4 5 6
Time [s] Time [s]

FigureB.3: Case 2: Load characteristic lowered 1000N in the contralbenpared to the nom-
inal values
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Position
20 T T T

e/

~ Tref

i
o

Position [mm]
[
o

0
Time [s]
"'supply Yexhaust
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 . 0
1 2 3 4 5 1 2 3 4 5
Time [s] Time [s]

FigureB.4: Case 3: Load characteristic raised 1000N in the controtierpared to the nominal
values
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Position
20 T T

Position [mm]
= i
o o

&

0
Time [s]

Ysupply Yexnaust
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0

2 3 4 5 6 2 3 4 5 6
Time [s] Time [s]

Figure B.5: Case 4: Load characteristic raised 1000N in the controtierpared to the nominal
values AND initial volume increased by 50%
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Position
2077 T

e/

“ Jref

Position [mm]
= =
o o

5

0
Time [s]

"'supply Yexhaust
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
; L

1 2 3 4 5 1 2 3 4 5
Time [s] Time [s]

FigureB.6: Case 5: Load characteristic raised 1000N in the controtierpared to the nominal
values AND initial volume decreased by 50%
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‘5.3 COMPARISON TESTS WITH RANDOM REFERENCE

Position
20 T

.
a

Position [mm]
I
o

0
0 5 10 15 20 25 30
Time [s]
Ysupply Yexhaust
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 i ﬂ HH 0.2
0 ’ ” 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time [s] Time [s]

Figure B.7: Random reference tested with Sliding Mode Controller
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Figure B.8: Random reference tested with PD controller
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Figure B.9: Random reference tested with Backstepping controller

XiX



