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Abstract

Automotive active suspension, advanced seismic testing, and force/torque emulations of space
manipulators are examples gfdications, where thieydraulicactuator force control is required.

In doublerod hydraulic actuatorsyhere the piston area is equal in both the actuator chambers,
theactuator force is the differential pressure across the actuator multiplied by tregifsttive

area. Having this proportional relationship between the actuator force and the differential
pressure, the focus of this work is to control the actuator force of a emableydraulic actuator

by controlling the differential pressure across #ttuator. The doubl®d hydraulicactuator of

this study is run by two independent circuits: 1) elebtydraulic actuation, where a flow control
valve and high supply pressure are employed, and 2) eleptirostatic actuation, where a
fixed-displacemat pump and variable speed electric motor are empldgegkneral, dveloping
controllers forhydraulic actuatorss challenging due tthe presence giarametric uncertainties
and uncertain nonlinearitiesn these actuatord-or electrehydraulic actuaton, the hydraulic
function becomesighly nonlinear whichadds to the complexity of the control problem.
electrehydrostatic actuatiorhigh inertia of rotational parig electricmotorlowers the dynamic
performance of the systerAlso, a specific chdenge n force controlof hydraulic actuatorss
thelimiting effect of environment dynamia@s the maximum achievabl&acking bandwidth
Considering the above challengesthis researcior the first time quantitative feedback theory
(QFT) is emplogdto control the hydraulic actuator forddsing QFT, a robustlinear, fixed

gain, and loworder controlletis designedor each actuation systewhich: (i) keefs the closed

loop responseavithin desired tracking boundsi) guaranteg the closedoop stdility around
desired operating pointsiiij rejecs disturbance within desired tolerances, ai échieve
desiredtracking bandwidth, despite the presence of parametric uncertainties in the hydraulic
system and environment. Among the performanceri@jtgspecial attention is paid to achieve
high tracking bandwidthTradeoffs between different performance criteria towards achieving
high tracking bandwidth, are discuss&kperimenal resultsare presented twalidatethat the
performance criteriaresatisfiedby the designe@FT controlles.

The QFT controllers are synthesized basedtlm families of frequency responses of the
hydraulic actuation systesnFor the electrdnydraulic actuation system, the family of frequency

responses is obtained bydarizing the hydraulic nonlinear function around operating points of
[



interest. For the electfoydrostatic actuation system, the family of frequency responses is
derived by applying an advanced form of fast Fourier transforraxperimentainput-output

data. This means that the design@FT controllers guarantee the stability of the clekesgph
system, only for thee families of the frequency response® this thesis, to investigate the
nonlinear stability of the closddop systens with QFT controllersfor the first time, Takagt
Sugeno (¥S) fuzzy modeling and its corresponding stability theory are uEkd. stability
conditions are presented in the form of linear matrix inequalities (LMIs). As a rdsailt,
nonlinear stability of thelesigned QFT conthers forboththeactuation systems proven in the

presence of parametric uncertainties
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Chapter 1

Introduction

1.1 Motivation

Hydraulic actuators haveigh forceto-weight ratio,capability of producindinear movement,

and fast responselydraulic actuators have higher stiffnéeanelectrical motorswhich means

little drop in speed when loads are applied (Merritt, 1967). Hydraulic fluid provides an
exceptional characteristic for hydraulic actuators by taking the generated heat out to a heat
exchanger, and due to lubricant characteristic of thil,fthe components have longe.
Hydraulic actuators can hold a loagter anextended time, without generating excessive ,heat
which is a usual case for electric actuators (Merritt, 196fAgse advantagenake hydraulic
actuatorsappropriate choices for a vadange of industrial applicationslérritt, 1967. Some of

these applications are crane operatidMelk-Gaikazov et al., 1975), aircraft flighicontrol
surfaces (Bowers et al., 1996), automotive active suspension (Hrovat, 1997), injection molding
devices Newton, 1969, and force/torque emulation of space manipulatons @hdPiedboeuf

2005. In these applications, one of thelfoling variables is controlledi)(actuator position(ii)
interacting force, andiii) actuator forceThe difference between the actuator force and the
interacting forcas explained as followsA typical hydraulicactuationsystem controlshe flow

of fluid into and out ofthe actuator chambers. As a result, a pressure differesisal known as

the output pressures built-up between the two chambers. This pressure acts on the piston
effective area and generates the actuator fdqsme Figure 1.1)In doublerod hydraulic
actuatos, the actuator forces the output pressure multiplied liye piston effective area, and


http://www.engineeringvillage.com.proxy2.lib.umanitoba.ca/controller/servlet/Controller?CID=expertSearchCitationFormat&searchWord1=%7bMelik-Gaikazov%2C+V.I.%7d+WN+AU&database=8195&yearselect=yearrange&searchtype=Expert&sort=yr
http://www.engineeringvillage.com/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bWen-Hong+Zhu%7d&section1=AU&database=8195&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bPiedboeuf%2C+J.-C.%7d&section1=AU&database=8195&yearselect=yearrange&sort=yr

thereforehas a proportional relainship with the output pressurehe actator force accelerates

the actuator itself and deals with the friction between the piston and the cylinder walls. The rest
of the actuator force is applied on environment and deals with external forces. This force is
cdled the interacting force and can beeasued by a force sensor. In relfe applications
attaching dorce sensor at the end of the ah be challenging\abulsiet al., 2007)

Actuator displacemenft

h
Interacting force Actuator force Pressure in chamber 1
w
D VA bl
Force sensor Pressure in chamber 2 M

Figurel.1. Doublerod hydrauliccylinder.

In this thesis, the control variable is the actuator force of a deatlléydraulic actuator, and

due to the proportional relationship between the actuator force and the output pressure in double
rod hydraulic actuators, the actuator force is cdleloalternativelyby controlling the output
pressure. As a result, here the two terms of the actuator force and the output pressure are

interchangeably used.

Developing controbystems for hydrauliactuatorshas beerthallenging(Niksefatand Sepehri,
2001). Hydraulic actuators are subjedito a great deal olncertain nonlinearities, and
parametric uncertaintie€xamples otincertain nonlinearitieare leakagefriction, and external
distubancesThe values of the parameters of hydraulic actuatistesys(e.g. bulk moduluand
viscous coefficientchangewith time and with variatiors in environmentakonditions such as
temperaturgYao et al, 2000; Chinniah, 2004 Turolla, 2013. For electrehydraulic actuators,
where the control valve directs tHeidl flow, the hydraulic function becomésghly nonlineay
which adds to the complexity of theontrol problem.Another challengspecificallyassociated
with the force control of hydraulic actuatoesther the actuator force or interacting forisethe
limiting effect of environment dynamics on theaximum achievable tracking bandwidibyke
et al.,, 1995 The eavironment dynamicsappeari n t he force dynamics
vel oci t y patheédytitadic dysterm (Alleyne and Liu, 1999 Lamming 2009. This



phenomenon causdbe magnitude of the force resportsedrop significantlyat the natural
frequency of the environment, preventitite actuator from properly applying force at this

frequency Alleyne andLiu, 1999;Sivaselvan et al., 2008).

Stability is another importantriterion in the develomg of actuator force control systems.
Guaranteed nonlinear stabilitgr the control systemslevelopedbased on Lyapunov theory has
been achieved at the cost of complexitygh computational burderand need forvarious
sensory datalfu andAlleyne, 2000. On the other hand, outptegedback linear controllers with
low computational burden provide only smsiljnal stability around operating pointdiksefat
andSepehri2001;BanosandHorowitz, 2004.

In addition to force control in electioydraulic actutors, force control of electrbydrostatic
actuatorshas been a new topic in recent literafutdee to higher energy efficiency, easier
maintenance, and lower prioé electrehydrostaticcounterpartshanelectrehydraulicactuators
(Truong et al., 2007Ahn et al., 2008 Lovrec and Kastrevc, 2011 The @ove advantagein
electrehydrostatic actuators have been obtained due to a different flow control mechanism than
that inelectrehydraulic actuators. Electioydrostatic actuators utilizeariable rotabnal speed
motors and fixed-displacementpumps to control the flow instead oflow control valves
connected tdigh supply pressurg¢Habibi and Goldenburg 1999).Due to therising price of
energy, andthe falling price of frequency inverters and servomiefodemand forelectro
hydrostatic actuatorbas increased (Radermacher et al., 20H®)wever, electréhydrostatic
actuators have lower dynamic performance as compared with dhgchraulic actuators, due to
high inertia of rotational parts in the varabspeed electric motor (Lovrec and Ulaga, 2007;
Radermacher et al., 2013)herefore, there is a need to develop controlieas canexploit the

maximum performance of electhydrostatic actuators (Radermacher et al., 2013).

By developingstableandrobust control systens that satisfy desiregerformance criteria ithe
actuator forceesponsghydraulic actuators can be considered as reliable and high performance
sources of forceln the next section, efforts that have been done so far to cdidtblthe
actuator forceand the interacting forcein electrehydraulic actuatorsas well aselectre

hydrostatic actuatorare presented.
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1.2 Review ofForceControlin Hydraulic Systems

1.2.1 ElectroHydraulic Actuaton

In this section, first #orts to deal with challegesin the control of theactuatorforce andthe
output pressuref electrehydraulic actuators are presente@o compensate thandesirable
effect of environment dynamics on the performance of force control systemsd and Jensen
(1988) suggestedsing a positive feedback from the velocity of the actuabthe point ofits
attachment to the environmeiitherefore theapproach requicka velocity sensofThe velocity

is thencombinedwith the control signaiin the force control loop. The above stwet is known

ast he fvelocity(Camad ane dehsenp 198&inogoep al. (1999) used this
concept to control the actuator force for the effective force testing in the seismic testing

techniques.

Alleyne and Liu (1999) used an example of a PID controller and explained that PID controllers
cannot resole the bandwidth limitation problem in tlwentrol of actuator force. Same authors
demonstrated thah comparison to simple linear controllers, nonlinear controllers provide a
better performance and higheacking bandwidth in actuator force cont{@llleyne and Liu,

1999; 2000. They designed a Lyapundsased nonlinear controller with adaptation law to
control the actuator force, which achievadandwidth of 20 Hz L(u and Alleyne, 2000). A
limited number of uncertain parameters were considered inwioek. They also employed the
passivity theory to design a robust output pressure controller similar to thasteapkng method

to decouplestateerrors, but the model afnvironment and full state feedback were required
(Alleyne andLiu, 2000) Yao et al.(2012 designed a nonlinear adaptive robust actuator force
controller for the hydraulic load simulator and increased robustness against nonlinear
uncertaintiesHowever, the achieved bandwidth in tracking results was ar6l2% Hz From

the aboveliterature, the researchersave investigated usingeither simple PID controlles or
complex nonlinear controllers for actuator force conintiile PID controllers cannot resolve the
bandwidth limitation in force control and nonlinear controllers require sewseraors.The
performance ofobustfixed-gain linear controllersvhich are more complex that PID, dets

complex than nonlinear controllers, have not been investigated in actuator force,control

4
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especially in terms of maximumchievable bandwidttiRobug fixed-gain linear controllers are
easier to implement and require less sensory data than nonlinear contRaarchon using

H, techniqueto design a fixedyain linear controllefor the aerodynamic loading systemowed

a poor peormance on tracking bandwidth, i.e., less than YlHwal et al., 196). In this thesis,
Quantitative feedback theory (QFT), introduced by Horowitz (1993) is selected as s suitable
technique to design robust fixgain linear controlles for the actuator forc&'he reasons dhe
suitability ofthis selection along with a shatéscriptionon QFT techniquaregiven as follows.

QFT design technigue guarantees robust performance and stability for the control system within
a certain range of inputsutputs of the system, and in the presence aihfled parametric
uncertaintiegHorowitz, 1993). The QFT controller is designed in the frequency domain using
Nichols chart and Bode diagram. In this technique, the frequency responses of the original
nonlinear plant within a certain inpoutput sets areepresented in the Nichols chart, known as
plant templates. Using these plant templates, the performance constraints such as stability,
tracking, and disturbance rejection are graphically presented in the Nichols chart. At the end, the
QFT controller is dransfer function that makes the loop transmission function to satisfy the QFT
bounds in the Nichols chart.h& graphical representation of design criteria and graphical
controller design in the Nichols chart, result in a reasonable-tfidetween the @mplexity of

the controller and satisfying the design critetia addition, QFT controller is fixedain and

linear, which reduces online computations as compared with nonlinear time variant robust
control techniqued-or the first time, e author of ths thesisemployedQFT design techniqui®

improve the actuator forceltput pressure tracking bandwidtas well as satisfying tracking,
stability, and disturbance rejection requirementsdwublerod electrehydraulic actuators
(EsfandiariandSepehri2014).

Major effortsin interacting forcecontrol of electrehydraulic actuators are as followdacazio

and Balossini (2005¢mployed velocity correction loop to control the interacting force in testing

of flight-control surfacesn an airplane, and achied the high accuracy in forceontrol in the
presence of different disturbanc&ummer (2007) designed a load velocity feedback filter and
employed compliance between the actuator and the environment in the form of spring to improve
the performance ohe interacting force control system and achieved a bandwidth of 30 Hz in

aerodynamic force emulatioof Formula One car test rig. In this work, uncertainty waly

5
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considered for the environment, and in addition to force sensor, the motion wessequred.

QFT was successfully used to control the interacting force in stiffness dominant environments
(Niksefat and Sepehri, 1999; 20000 control the interacting force in a hardwamethe-loop

load emulator, QFT technique was employed (KarpemdSepehi, 2012).The same technique
wasusedfor the interacting force control of a thragis road simulatomwith acceptable tracking
performance, but no discussion was presented on the effects of environment dynamics on the
maximum achievable bandwid{Kim et al., 2011) Nam (2001) designed a QFT controller for

the interacting force of aerodynamic load simulator, in which the performarice sfstem was

investigated via only simulations.

1.2.2 ElectroHydrostaticActuaton

For electrehydrostatic actuatorshe literatureon the control of the outlet pressure of the pump
is described herd.ovrec and Ulaga (2007) presented a detailed comparison between the outlet
pressure responses of a puogntrolled hydraulic actuator and an eledtyarostatic actuator,
using PID controllers.Pumpcontrolled hydraulic actuatswutilize constant speed motors with
variabledisplacement pumpsAuthors showed that the pressure response of the electro
hydrostatic actuator is slower than that of the pwmptrolled actuation systerfLovrec and
Ulaga, 2007). In another work, outlgtessure control was implemented by a PID controller, in a
pressbrake hydraulic machine using a combination of an induction motor and & fixed
displacement pump within an energgving loadsensing drive aecept Lovrec et al., 2000 In

the above studies, the performance of the systeas®nly examined visstepinput references

no results on tracking bandwidthere provided Aside from the above work on the outlet
pressure control of the pump in eleehydrostatic actuators, there has not been any research on
the robust control of differential pressure across the actuator in elscirostatic actuation

systems.

To improve the performance of PID controllers in controllihg interacting force oélectio-
hydrostatic actuatorslealing with variable stiffness environments, an intelligent switching
control technique was utilizgdhn andChau, 2006)In this techniquebased on the value of the
environment stiffnessa specific PID controller was selected dr the control loop The

performance of theontrollerwasexperimentally evaluated using a-stequipped with a fixed
6



displacement pump, an AC servomotor, andirlerod hydraulic actuato(Ahn and Chau,

2006). To improve thperformance of PID contliers to deal withvariedexternalloading fuzzy
membership functions were employed in the interacting force contrelectrchydrostatic
actuatorgTruong et al., 2007)n this technique, each gain of the PID controller was tuned by an
independent fuzy tuner.The resultingadaptive controller experimentally showed better tracking
performance in the presence of varied disturbances as compared with the conventional PID
controllers Truong et al., 2007)n order to add learning ability to fuz#8iD contollers, robust
extendedKalmanfilter (REKF) was employedAhn and Truong, 2009. Using REKF the ideal

state vector of the fuzzy PID controller was estimated for the next step based on the current error,
the current state vector, and previous data. Thperaxental results of applying online tuning
REKEF fuzzyPID controller showed significant improvement in performance and higher tracking
precision of the control systems as compared with the conventional-RiRzgr the PID
controllers Ahn andTruong, 2@9). While PID controllers are popular due to their simple design
and implementationabovetechniquesmprovedthe performancef force control systemsby
eliminatingthis simplicity and using nonlinear timearying termsn PID controllersin terms of
fixed-gain linear controllersQFT was utilized to control the interacting force electro
hydrostatic actuatoris loadsimulators (Dinh et al., 2008). In this work, tiaily of linear time
invariant transfefunctions wabtained from experimental fjgency responses. QFT controller

was designed to satisfy the tracking performance, stability, and disturbance rejection for the
family of transfer functions. The transient response specifications were set for a settling time less
than 1sec and overshoatds than 5%Dinh et al., 2008)In order to improve the performance of

QFT controllers to deal with large uncertaintiesnteracting force contrplbonline tuning of the

coefficients of QFT controllers wamitlinedby Truong et al(2009.

1.3 Objectives ad Methodology

Thefirst objective of this thesis is to develop rohdisiear, low-order,andfixed-gain controllers

for the actuator force/output pressureadéctrehydraulicandelectrehydrostatic actuatonshich

are subjected to parametric uncertiasitThe controllers are required to provitdgh tracking

bandwidth, disturbance rejectiostability, and acceptable time and frequency respofaethe

closedloop system These criteria must be satisfied despite parametric uncertainties in the
7



actuaton systemsnd environment(This is the firstattempton the actuator force control based
on QFT, where only thactuator chamber pressurase employed(Esfandiari and Sepehri,
2014)

In order toachievethe above objective, QFT is selected as thegdesiethodologyTo design
QFT controllers, the family of frequency responses of the actuation s/&iethe entire range
of parametric uncertainties is requireBor the electrehydraulic actuator, the family of
frequency responses obtainedby linearzation of the hydraulic nonlinear functicaround
operating points of interestising smaltsignal method This linearization approach accurately
represents the hydraulic dynamics aroth@loperating points. Also it allows considering a wide
range of panaetric uncertainties in the obtained linead models without causing high
computational burderChallenges towards achieving a higgmdwidthoutputpressure control of
hydraulic actuators ardescribedThis discussion is carried out by hypotheticar@ase in the
tracking bandwidth, assigned in the performance criteria. It will be shown how satisfying high
bandwidth criterion results in lowering the robust stability of the clbseg system as well as
deteriorating the performance in transient sesgponse. Theesults of the discussion are used in
the QFT controller desigror theelectrehydrostatic actuatpdue to the lack of information on
the uncertainty ranges of parameters, the sgigifial approach cannot be employed. Instéea,
family of frequency responses are obtained dirdaylgpplying an advanced form fist Fourier
transformon the experimentaihputsoutputs dataThe method provides high quality frequency
response®f the electrehydrostatic actuatof-or bothelectrahydraulic and electrehydrostatic

actuatos, the result®f applying theQFT controllerson the experimental sep are presented

The second objective of this research is to analyze the nonlinear stability cbseeloop
systems QFT controllersonly guaranteghe closedloop stability for the family of frequency
responses that the controllers were initially designed Tbe family of frequencyresponses
represent the real system ordyer specific operatingconditionsand input-output setsor for
particular \alues of system parametefBo investigate theonlinearstability of the designed
QFT controllerswithout the above limitationsTakagiSugeno (¥S) fuzzy modeling andts
corresponding stability theory aemmployed The suggested solution has been prieskby the
author of this thesis for the first time (Esfandiari and Sepehri, 20%3).fuzzy models are
formed as weighted sum of linear models, which blend easily with linear QFT controllers
8



(Tanakaand Wang, 200 This way, the nonlinear stability oheé closedoop system can be
investigatedin the presence oparametric uncertaintiedriction, and internal and external
leakagesStability conditions are then presented in the form of linear matrix inequalities (LMIs),
which can be solved using MATLABMI Toolbox (Boyd et al., 1994; Gahinet et al., 1995).

1.4 ThesisOutline

Chapter 2 presents the description of ¢hextrehydraulicand theelectrehydrostatic actuation
systemsunder study.Mathematical modelslescribing both theactuation systems aralso

presented.

Chater 3 presents an overview QFT design technigyelesign steps, and relationship between
performance criteria. The information presented in this chapter is used in Chapters 5 and 6 in

order to design the robust QFT controllers.

Chapter 4oresents IS fuzzy modeling and its stability theory. In this chapt@;&fuzzy model

for the doublerod electrehydraulic actuator is derived. Theffectiveness of the -B fuzzy
modeling and itstablity theory to analyze the stability of the closledp systems ofydraulic
actuators is verified by considering three case studies. The first twesttakes are already
developed nonlinear controllers for hydraulic actuators based on passivity and Lyapunov
theories. In the third casgtudy, the nonlinar stability of a recently developed QFT position
controllerfor a parametrially uncertain hydraulic actuat@s investigated. Overall, this chapter
provides enough practical examplesstgportusng T-S fuzzy modeling and its stability theory

with confidercein analyzing the stability of QFT controllers developed through next chapters.

In Chapter 5a QFT controller is designed fdine output pressure of the electhgdraulic
actuator. Firstusing smalisignal methodthe family of frequency responses the electro
hydraulic actuator is obtainedUsing the family of frequency responses, a Q@®ehtrolleris
desigred to provideacceptable time and frequency responses, disturbance rejectibstability
for the closedoop systemA detailed discussiois presentediext,on challenge®f using QFT
to increase the trackingandwidthin the outputpressureof electrehydraulic actuators The
conflicts between performance criteria towards achieving a higher bandwidth are discussed. The

results are used tedefine the performance criteria and then design a new QFT con&mwotler
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prefilter which providehighertrackingbandwidthfor the closedoop systemThe experimental
results of applying the contter with higher tracking bandwidthon the electrehydraulic
actuatorare presented. After designing the QFT control system and experimental verification, the
stability ofthe QFT controllers is investigatadsing T-S fuzzy modeling and its stabilitiheory.

This analysis is carried oumh the presence of undainty in the parameters of thenlinear

model of electrehydraulic actuatoand the environment

Chapter 6describesthe design of @ output pressure controller for thelectrehydrostatic
actuator Again QFT is employed as the design approatie. famly of frequency responses of

the electrehydrostatic actuators obtained by applying an advanag form of fast Fourier
transformon experimentalnputsoutputs datalsing thefamily of frequency responsga robust

QFT controler is designedExperimentaresults are also presented dahd nonlinear stability of

the designed QFT controller is investigated usin§ fuzzy modeling and its stability theory

This stability analysis is carried out in the presence of uncertainty in the parameters of the
system environment friction, and external and internal leakagd$ie contributions of this

research argivenin Chapter 7, along with suggestions for future research.
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Chapter 2

HydraulicActuationSystens

The doublerod hydralic actuator in theexperimental setip of this research can be controlled
by two actuation systems: elecingdraulic and electrrydrostatic, shown in Figure 2.Ih the
following sections, components, circuits, and functionality of kb electrehydraulic and
electrehydrostatic actuatiosystems ar@lescribed In addition, he nonlinear models of thke

actuation systems apgesented.

t \ Doublerod hydraulic atuator

Electrohydrostaticcircuit Electrohydraulic circuit

Figure2.1. Experimental setip: electrehydrauliccircuit (right), electrehydrostaticcircuit (left).
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2.1 ElectroHydraulic Actuaton

2.1.1 TestRig

Thephotograprand €hematicdiagramof theelectrehydraulicactuator areshown in Figure 2.2.

The main components of this system are the doublg actuator,a servovalve andh high
pressuresupply also known as hydraulic power supplihe double rodhydraulic actuator is a
heavyduty actuator, manufactured by Parker, and has a 38.1 mm bore, annulus area of 633 mm
and a 610 mm strokeThe fluid flow is contolled by D765 a nozzleflapper servovalve
manufactured by Moog with a 31 L/min (8&PM) flow capacity at 12 MPa (2500psi) supply

pressure, and a rise time of 2 msec.

(1) Doublerod hydraulic actuator i - il

(2) Load cell | ) Qe (5

@ Rotary optical position encoder q ‘ }J—_l‘ Pressure

@ Servovalve ®/ line Hydraulic
@ Pressure transducer Return supply
(8) Check valve ® line pressure

@ Relief valve
Figure2.2. Electrohydraulicactuatortestbed and schematic.
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The D765 uses a linear variable differential transformer (LVDT) that measures the position of
the spool. Using a closddop position control system in the servovala®, accurate position
control of the spool to the command signal becomes possiliie. pressures of the fluid in the
supply and the return ports of the servovalve measuredby two Ashcroftkl pressure
transducers with a-21 MPa range and a fudicaleaccuracy of +0.5%T0 measure the pressure

at the control port of the servovalve, two Sensofelels pressure transducers with a range-of 0

21 MPa and a fulscale accuracy of £0.1% are plac&thcefluid pressure drops as a result of
piping betweenthe sevovalve and the actuator chamberanother pair of Sensote¢tPG
pressuretransducers is installed directly for the chambers. The actuator displacement is
measured by a rotary encoder (Bourns ENB28) with a resolution of 1024 counts/revolution.
Maximum displacement is 0.6 m which is the length of the fidte system consists of a fluid
reservoir, to keep the hydraulic fluid at a low pressure and use as needed. The hydraulic power
supply is a variable displacement pump with the nominal pressure betwaan 21 MPa (2500

to 3000 psi).The nominal supply pressure can be set by adjusting a pressure reliefTvadve.
experimental hardware is interfacteda desktop computéry a DAS16F inputoutput boardand

a M5312 24bit quadrature incremental encoderdcarhe desktop computeruns the Windows

XP operating system. DAS16F injpoutput board digitize the analogsignal and apply the
software generated control signal to the servovalte. nominal sampling rate of the interface

and control software is apprioxately 1 kHz

2.1.2 Modeling

A schematicdiagramandthe system variablesf the electrehydraulic actuator interacting with

the environmenare shown in Figure 2.3The control signal activates the servovalve spool to
move. The following firsorder d/namic equation represents the relationship between the control
signalu, and the spool displacement(Alleyne andLiu, 2000;Liu andAlleyne, 2000; Niksefat
andSepehri2001):

%:—xv+k—uv (2.2)

whereks, is the gain andlis the time constant of treervazalve. Spool displacement changéise
fluid flows at theservovalvecontrol portsaccording to the following equations:
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Figure2.3. Variables irelectrehydraulic actuator.

wherePs and P, are the hydraulic supply and return pressures, respectivegguation (22)
constant K, =+/2C,;*°° is the flow coefficient,w is the orifice area gdhent, Cy is the

coefficient of the discharge andis the hydraulic fluid density. Thmput and output flowsn

turn change the pressures in each of actuator chambers as follows:

I#1 :VE(Ql_ ki (P - P5)- kP - Avp) (2.3a)
1

b
I#2 :V—(' Q, +ki (P - P)- kP, +Avy) (2.3b)
2
wherev, is the actuator velocity) is the effective bulk modulus of the hydraulic fluid, aid
refers to the piston effective ard@is theactuatorinternal (crosgport) leakage coefficient ard
is theactuatorexternal leakage coefficienthe volume of the hydraulic oil in each side of the

piston is given by variableg andV; as follows:

Vi =Vpy + AX, (2.4a)

Vy =Vip - AX, (2.4b)
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whereVp; andVy, are the initial volume of the fluid in each side of #etuator In doube-rod
hydraulic actuators, the pressure differenfalP, multiplied by thepiston effective area\
determins the actuator forcef,=A(P:1-P). This forceaccelerates the actuator itself and deal

with friction force acting between the piston and theirger walls,f;, andlinearviscousfriction

dnvp, Wheredh is theviscous dampingoefficientof the hydraulic fluid The rest of the actuator

force is applied on the environment and deals with the externalffofidee mentioned force is

shown byfs in Figure 2.3 anadtan bemeasued by a force sensor. Assuming a high stiffness for

the force sensor as compared with the stiffness of the environment and the actuator, the dynamic

eqguations are:
m#, = f,- dyv, - fo- f; (2.5)
ma, = fs- dovy, - kX, - (2.6)
where thetotal massof the piston and rod of the actuatershownby my; the environment is

representedy massme,, dampingd. and stiffnessk. Now, the entire nonlinear model of the

doublerod electrehydraulic actuatobased on equations (2-(@.6) are witten as follows:

#p :Vp (27a)
1
W :E(A(Pl- P,)- kx, - dv, - f4) (2.7b)
b PP PYR
1 =v01+—Axp(KvW’V\/ L sgni ) (- R) - K (R P kR - AV,) (2.7¢)
b Ps_ Pr PS+PF
3 :\TAXP(' KVW)Q,\/T+sgnO<V)(P2 S ) tk(R- R)- kPR +Av,) (2.7d)
- k
%, =Tl><v +$uv (2.7€)

where m=m,+m, represents combined mass of the pistood, andenvironmem, d=d,+d.
representsthe total damping coefficient of the electrehydraulic actuatorconsisting of the
actuatorviscousdamping and the damping of environmédgts the combination of frictiofy and
external forcef;; fy =f; +f;. For friction f;, a LuGre model is consideredl'his model has been

developed based aime modeling of slidingsurfaces with elastic bristles which separate and
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bond(Tran et al., 2012 When two surfaces are sliding, the bristles are deformed with deflection

of d. The rate of this deflectiois represented by a spritige behaviouras follows

v, -ty (2.8

where Uy, is the average stiffness of bristkmsdy (vp) is the followingnonlinear term

‘Vp‘

y(vp) = (2.9

- ‘vp/vs‘Df

Fo+(F, - Foe
In the above equatigris corresponds to the stictionforde;i s t he Coul ombs fri ct
a geometry dependent parameter, ands called $ibeck velocity. The friction forcef; is
determined byhefollowing equation:
fr = od+ Get= Gy, + (8 - 800y (v,))d (2.10
In equation (2.10),@r a me is the midio dampingoefficient Note that he effect of viscous
friction has already been incorporated into the system modelvasand therefore isiot
consideredn (2.10. The parameters of friction model were id@atl according to the procedure
outlined in(Tran et al., 201Pand given in Table 2.DThe nominal values and the variation range
of other parameterof the system are given in Table 2.1. These values were obtained from
manuf act ur er 6 s rrepartedhihvestigationarpenkeaadSepehei, 20082009
2012) In this table, the valve flow gaiks and flow pressure coefficied, are related to the
linearized model of thelectrehydraulic actuatowhich will be explained in Chapter 5.
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Table2.1. Values of parameters electrehydraulic actuation system

Parameter Nominal Value Range
Supply pressurds (MPa) 17.2 -
Spring stiffnessk (kN/m) 90 70-130
Total massm (kQ) 12.3 10-14
Total dampingcoefficient d (N.sec/m) 250 200400
Piston areaA (m°) 6.33x10" -
Chambers initial volumeYy;andVy, (m?) 234x10° -
Servovalveitne constantyJ (sec) 0.0022 0.0020.0026
Valve orificearea gradienty (m%/m) 0.02075 -
Spool valve position gairks, (Em/V) 25 23.1-27
Fluid bulk modulusp (MPa) 689 650-700
Flow coefficientK, (m*¥kg*?) 0.0292 -
Valve flow gain,ks (m?/sec) 1.5 1.341.73
Flow pressure coefficientk, (m*/sec/Pa 0 0-1.09x10"
Stribeck velocityys (m/seg 0.01 -
Coulomb frictionF¢ (N) 75 -
Stictionfriction Fs (N) 240 -
Average stif §@enps 1.04x16 -
Friction geometry 1 -
Micro dampingc 0 e f f i (@Nisex/m} 100 -

2.2 ElectroHydrostaticActudion

2.2.1 TestRig

A schematicdiagramof the electrehydrostaticactuatorof this research is shown in Figuret.2.
The main components of this system are the derdulehydraulic actuatog fixed-displacemat
pump and a variable speed electric servomotor. The doodl@ctuator is the same actuator
discussed in Section 21. The featuresof other componentand the system functioning are

presenteds follows.

The fixeddisplacement hydraulic pump that Haeen used in this experimental-sgtis aF11-
005-HU-CV-K-000-000-0 from Parker,with the maximum speed of 4006pm clockwise and
counter clockwiseThepump provides a constant flow rate in each cythés pump has fixed

displacement of 4.9 cifiev, anda maximum limit of pressure rated at 5000 [éferringto
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Figure 24, the leakage from the pump case drain goes to resetvarhich is manually
connected to the pressurized reserZolrefore an experiment starlReservoir 2is pressurized
by 120 psiusing an air boostdo avoid cavitation in the systefiwo pressuréransducersire
also connected to the inlet and the outlet of the pdrhp.pump is coupled to the servomdbgr

a flexible Oldham coupler to synchronize the rotation of the pump arsgtiiemotor shown in
Figure 25.

®
B
A
ETJ
?é
7T

Doublerod hydraulic actuator

Motor

Pump

Pressure transducer
Booster

Reservoirl
Reservoir 2

Load cell

Filter

Check valve

Rotary optical position encoder
Relief valve

NEEIOONOIGIO®IOIE)

Figure2.4. Electrohydrostatic actuatotestbed andschematic
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Figure2.5. Coupling betweefixed-displacement pumand servootor.

The servomotor in the experimental -set is M-4650 made by Teknic, a permanent magnet
rotary servomotor which is assisted by a sealed, high bandwittiprecse differential encoder

to measure thpositionof the servomotorSince the encoder has a unique floating mount design,

if the axial shaft moves slightly, the encoder moves with the servomotor shaft. The servomotor is
connectd to the servodrive S®000R which is interfaced to a high speed computer using an
I/O board The I/O board receives the pressure data from sensors installed in the actuator
chambers and the pump inlet and outlet, as well as data from encoders that measure the actuator
displacemenand the servomotor position. Theeasureddataby sensors and encoders are then
available in the high speed computer for control purpokeshe highspeed computer, the
pressure controllers are implemented in Simulink environment. In order to controlitih
pressure, the velocity of the electric motor is controlf@orresponding to the command signal
sent from the higispeed computer to the servodrivegénerates a PWM signal to run the
servomotorWhen the servomotor iginning,based on the datent bythe attached encoder to

the servomotqrthe actual velocity of the servomot calculated In servodrive,the actual
velocity andthe desired velocitare comparedBased on th velocityerror, an internal control
system in the servodrive genarsita new signal to apply to the servomotor. This continues until
velocity of the servomotor reaches the desired velocity. The servodrive internal controller
consists of &IV controller with dual feedforward termahich provides a high performance
tracking system with a settling time less than 1 msec. The servodrive utilizes an adaptive control
algorithm called inverse modeling technique (IMT) based on neural fuzzyttmgithance the
robustness of the control systemhe above features in servodrive haleen digitally

implemented in nowolatile EEPROM,and areaccessibléhrough awindows based software,
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called Quicksetdeveloped by Teknic. This software is usedctmfigure and diagnose the

servodrive The sampling rate at which the d&&ollectedis 1 kHz.

2.22 Modeling

In Figure 26, the schematic anslystem variablesf the electrenydrostatic actuataunder study
are shownln theelectrehydrostatic actuatothe control signali, runs the servomotdo reach

the velocity ofr ,, according o the following first order differential equation:

¥ :-qlrm +%um (2.12)

wherekni s t he s er v ogmotheservonptaiime constant8ince)he servomotor
and the pump are coupled togethsr rotationof the servomotor, accordinglgumprotates and

generates the flows according to the following equations:

W dR

Q =Dp¥p b dt Cip(Ry - Po)- CeRy (2.12a)
Vp dR
Qp =Dp¥y +?DT?‘ Cip(Ry - Po) +CepPo (2.12b)

where Qu and Qp are the flowcoming out and going into the pumandPy and Pp are the

pressures at the outlet andeinof the pump.

Figure2.6. Variables in electrdnydrostaticactuator
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In equation (2.12)D, is the pump displacement,, is the pump angular velocity which is equal
to servomotor angular velocity;, = ¥ m, Cepis the external leakage coefficiesftthe pump, and
Cip is the pump crosport leakageoefficient.Vy andVp are the pump section volume associated
with its outlet and inlet ports respectively.

Theinlet and outlet of the pump are connected to the actuator chamae@me pipes which
cause pressure drop. As a result, the relationship between pressures in the pump side and the

actuator side are as follows:

R =R, - Pipe (2.13a)

PZ = I:)D + I:)pipe (2.13b)
whereP; and P, are the pressures in the actuatbambersandPyi,e Shows the pressure drop

across the pipeg:rom Figure &, having no leak across the pip&3,=Q; and Qp =Q,. The

relationship between the flows and the pressures at the cylinder side are as follows:

V., + AX dP

Ql = AVp + ol d;L + I‘ePl + ki PL (214a)
Vo, - AX dP

Q= Av, - —02b _dt2 - kP, +k P (2.14b)

where v, is the actuator velocityA refers to the piston effective ardajs the effective bulk

modulus of the hydraulic fluid; is theactuatorinternal leakage coefficient, alkgis the actuator
external leakage coefficientpy; and Vg, are theinitial volumes of the oil in eackide of the
actuator.The pressure differdial P; T P, acting on the piston effective ardagenerates the

actuator forcd,;

fa =(R- R)A (2.15)
The differential pressurB;-P; is called the output pressure of the system and is shovif.by
Resultant actuator fordg accelerates the a@mtor itself and dealwith force acting between the

piston and the cylinder walls due to frictidn, and linearviscousfriction dyv,, whered, is the

viscous damping of the hydraulic fluidhe rest of the actuator force is shownfbin Figure
2.6, is referred aghe interacting force. This force manipulates the environment and deals with

the external forcd. The interacting forcé is measurable by a force sendorFigure 26, the
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environment is modeled as a massg){spring (k)-damper ¢¢), andthe actuator mass is shown
by m,. Assuming a high stiffness for the force sensor as compared with the stiffness of the
environment and the actuator, the dynamic equation is as follows:

et = f, - kx, - dv, - f - f; (2.16)
where m=my+me represents combined mass of the pistond, and environmentd=d,+de
representstotal damping coefficient and consiss of the actuatorviscous damping and the
damping of environmeniThe nominal values of the system parametanrs given in Table 2.2
usingmand act ur er 6 s c adpatedonyestigaion@KarperkoahdiSepehri, 2008;
2009 2012) The frictionmodel and correspondirmarameters are same asSection 2.1.2.

Table2.2. Values of parameters electrehydrostatic actuation system

Parameter Nominal Value
Servomotor gairk, (rad/V.seg 25
Servomotor time constaril, (seQ 0.001
Spring stiffnessk (kN/m) 90

Total massm (kg) 12.3
Total damping coefficientgd (N.sec/m) 250
Fluid bulk modulusp (MP3a) 689
Fixed pump displacemerid, (m*/rev) 4.9x10°
Piston aread (m?) 6.33x10"
Total volume of the cylindeNyy, Voo (M°) 234x10°

2.3 Summary

In this chapter, fdaresand functionalityof electrehydraulicand electrenydrostatic actuain
systemswveredescribedMathematical models of the actuation systems and their corresponding
parametervalueswere presented These models will be used subsequent chaptefer the
design of robusbutput pressure controlleand alsononlinearstability analysisof the control

systems
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Chapter 3
QuantitativeFeedbackl heory

This chapter presents an overview of theantitativefeedbacktheory (QFT).Based on this
theory, the designed controller guarantees robust performance and stability within a certain range
of inputsoutputs of the systenThe classical twedegreeof-freedom QFT feedback control
system igresentedfollowed bythe description of dsignsteps in QFT. QFT design technique is
usedin the subsequent chapteis designrobustoutputpressure controllsifor electrehydraulic

andelectrehydrostatic actuators

3.1 Control Block Diagram

Figure 3.1 illustrates the twidegreeof-freedom feedbek structure that is used @FT design
technique Note that here, twdegreeof-freedom means the presence of two measurable

guantitiesR andY. In this thesis, no measurement is carried outistudbanceD (Yaniv, 1999).

D
Pre-filter Controller Plant l+
R + + Y
—> F(5) —» Cs) —2L » Gs0) —>Q——>

y

Figure3.1. Two degreeof-freedom QFT control system.
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In QFT design technique, a family of frequency respomddable uncertain nonlinear plant is
required These frequency responses can beaiabtl through different methodkat will be
explained in Section 3.2.1n the control system shown Figure3.1, this family of frequency

responsess obtained usinghe followingtransfer function

N
a r(@)s"
G(sa)=t0 — (3.1)
a tn(a)s"

m=0
where Ui WE R’ is a vector ofr uncertain parameteof the systemw is a compact set of

parametewariations given as

w={0:01 [0, Uli=1..r} (3.2)
Each uncertain parametéd (i =1...,r) varies independently within an interv@Miksefat and

Sepehri, 2001)in control structuren Figure 3.1 the desired response is showrRyEnploying

QFT design technique, theontroller C(s) andthe pre-filter F(s) must be designed such that the
output of the control system, i.&.follows the desired commariRiwithin some given tolerance
despite uncertainty in the parameters of the system and notietealihe nonidealities include
measurement noise, unmodeled dynamics, and disturbance in the control system. In QFT, the
controller and theprefilter are designed in the frequency domain. The controller is designed
througha loop-shaping process in theidkols chart, and therefilter is desigedusingthe Bode
diagram. Therefore, all desired specifications should be represented as constraints in frequency
domain. Then the constraints are demonstrated as bamntlge looptransmissiorfunction in

the Nihols chart. This way QFT provides a quantitative relationship between desired
specificationsand system uncertainties and nonidealities. The graphical representation of the
design constraints in the Nichols chart helps the designer to make a bett@ndenighe

complexity of the controller in order to satisfy the performance criteria.
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3.2 DesignSteps

In this section, steps for designi@FT controlles and prefilters for plans with parametric
uncerainties are explained in detafhese steps amgenerating templates, calculating bounds,

loop-shaping, angrefilter design.

3.2.1 GeneratingPlant Templates

The first step is to present thamily of frequency responsef the uncertaimonlinearplant in
the Nichols chart. These frequency responses carbtagned via different methods including
smaltsignal (NiksefaandSepehri, 2001), Fourigransformation (KarpenkandSepehri, 2008),
and Golubev (Golubeand Horowitz, 1982).To derive the frequency respossa number of
techniques such asmallsignal method requirea mathematical model of the planthich is
linearized around the operating points of interest. Other technisjusuch as Fourier
transformatiorand Golubev are applied on the sets of imputput data of the systerwhichare
obtained in ceain operating conditionsTherefore, te derivedfrequency responsegpresent

theoriginal nonlinear plant within a certain inpotitput sebr around some operating points

Then the magnitude and phase of the family of frequency response are plottad Nichols
chartfor afinite number of frequencieg&nown aghearray of design frequencieBgrghesani et
al. 2003. In general, the frequencieshere the shape of the template shows significant
variations should be considered imstarray (Borghesai et al. 2003 At each frequency of this
array the phase and theagnitudeof thefamily of frequency response are marked. For example
for the system in Figure 3.1, the magnitude and phase oflthe i.e. G(s,U) arecalculated for
the whole combinatio of the parametsrvariation andthen marked in the Nichols chart. The
region in the Nichols chart that is coveredthgdata pointf the family of frequency response
in a particulafrequencyis calledthe plant templaten that frequency.The templats are used to
generate bounds on the Nichols chart for thetrodar design. It is requireg¢hoosng one
arbitraryfrequency response corresporgito aspecificvector ofuncertainparametes; . The

plant designated tdis set of parameter valuéscalled the nominal plant, i.6,(j¥,J,). The

corresponding loop transfer function is also called nominal loop trasfetransmission)
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function, i.e,L,(j¥) =C(j¥)G,(j¥.U,), whee L(j¥) is the loop transmission function,
L(j¥)=C(j¥)G(j¥,U. The nominal plant is used to calculate the QFT bstindthe next

section and the nominal loop is used to design the @Biitroller.

3.2.2 DesignSpecifications inFrequencyDomain

Representation dhe performanceriteria in the frequency domaisias follows:

) For the stability of the closedoop system and noisejection(Guzmanet al., 2011)the
following constraint orthe complementary sensitivity function must be saddffor the

entirerange ofparametes uncertainties

| L) vl 0g
IT(J¥)|—|m|¢Mt ¥l [0x) (3.3)

If M; is a constant, iguarantees thillowing amount of gain margin and phase marginthe
closedloop systen{Yaniv, 1999):

éM, +10

GM = 20Iogm! i dB (34)
| ty
. 1€ 0
PM = 2sin'} iﬂ deg (3.5)
i 2M, y

However guaraeed gain and phase margins, ot imply a goodrobust stability margin
(Levine, 1996). Robust stability margin is determined by the inverse of the shortest distance
between the Nyquist plot of the loamnsmissiorfunction from the critical point {1,0), i.e,
|1H.(j¥)|. Robust stability margin also appears in the peak of the magnitude of the sensitivity
transfer function, i.e., mag(jy)|=1/|14(j¥)|). Therefore to guarantee the robust stability

margin, in the next sectn, an appropriate upper bound on the sensitivity magnitude is imposed.

i)  To attenuatehe effect ofdisturbanceD on the outputand guarantee robust stability, the
following constraint on sensitivity function must be satisfied the entire range of

paranetess variation
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()| = H

o L(m ¢M," ¥ [08) (36)

The complementary sensitivity and sensitivity transfardiions in a closetbop systensatisfy
the following equatiorfLevine, 1996)

T(jw)+S(jw) =1 (3.7)
From the above equation and equation8)(and (36), the following constraint on thepper
bound of the complementary sensitivity function, iM.,and the upper bound of the sensitivity
function.i.e. Mg is derived(Levine, 1996)

M, +M 21 (3.8)
Constraint (38) indicatesthat sasitivity and complementary sensitivity functions cannot be
small (less than 1at the same frequency. In control systems, measurement noise becomes large
at high frequencies, while disturbancegppear at low frequencies. Therefore, a reasonable
selectionis firstly, to keep the sensitivity function as low as possible at fi@guencies.

Selection oMs <<1, results ifM; & 1 , |L(jo&)[> 1, which also implies good reference tracking.
Secondly the complementary sensitivity function must be keptlav as possible at high
frequencies to reject noises. SelectionVipk<1 results infM@a 1 |lc(jnr)| < 4. At intermediate
frequencies both the sensitivity and the complementary sensitivity functions must be prevented

from being excessively laeg Having Ms>>1 or M>>1, implies that |L(j¥)|°1and

I L(jw)° °180", and the sysmwill be on the verge of instabilityLevine, 1996). For strictly

proper systems, the following equatioolds

lim C(jm)G(jm) =0 (39)
Thus:

T = CAmStUm |_ 3.10a
W= e Gmeqm) —
| 1 =

SO e (510)

Equation(3.10a) shows that the complementary sensitivity transfer function has a low magnitude

at high frequencies that is desirable in order to reject noise that happens at high frequencies.
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Equaton (3.10b) shows that the sensitivity has higher magnitude at high frequencies. For strictly
proper systems, there is another important equation about sensitivity called Bode sensitivity

integral, or waterbed effect as followsdupis et al., 2005

r’jln|S( jwldw=0 (3.12)

Equation (3.10) implies the fact that if the sensitivity is clasene at high frequencies, it
become<lose to zero at low frequencies. From equations03.and (3.1), the sensitivity is
low at low frequencieswhich is desrable to reject disturbances that normally happen at low

frequencies.

Therefore the constant upper bounds the magnitudes of theomplementary sensitivityf,(j ¥
and sensitivityS(j ¥ are mostly effective for intermediate frequenci@scording to Astrm
(2002),to impose constantpper boundon the magnitude of the complementary sensitivity and
sensitivity transfer functionthrough whole range of frequencies, the constamst be chosen
betweerl and 2.

iii)  Forthetracking of the desired commarttie Dllowing constraint must be satisfied fibre
entirerange ofparametes variation
L(jwW)

|T.(jw4|¢‘F(jmm ¢T,(jw)| " wi o =) (3.12)

where the upper and lower bounfgjy) andT(j¥) are determined by the designer. The shape

of these bounds determines the transient response of the systéne afasedoop bandwidth.

It is important to mention thatatisfying thetracking constraints done intwo steps. The first

step s done in the Nichols chart, where only the controller is designed. Towards this step, a
constraint which only includes the controller and can be graphically represented in the Nichols
chartis derived from the inequality () as follows:
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FOwL(w

20logy T, (jw)| ¢ 20logyg— - L(jw)

¢ 20|0910|Tu (] W)|

é F(im)L(| L : L(j .
) }zomglow ¢ 20l0,[T, ()] ¥ 20106, F () +20l0g,f— (LJ('?M 20051 (%)
|
N F(iw)L(j . . . L(j .
- 2O|ogm% ¢ - 20000, T, ()] Y - (20000, F () + 20000,/ (LJ(”J.”M )&~ 2057 (w)

Addingthe two inequalitiesn the leftresults in the following formula:

L(iw)
1+L(jw)

L(iw)
1+L(jw)

20log,, F(jw) +20log,, - (20log,, F(jw) +20log,,

max

) ¢ 20l0gy [T, (jw)|- 20l0gyT; (j )|

min

From the above inequality, the following relationship is derivedch relates the uncertainty in

the plant to the tracking bounds and includes @mycontroller and not tharefilter.

L(iw)
1+L(jw)

L(iw)
1+L(jw)

20log,

- 20log,,

max

¢ 20log, ([T, (jw)| - 20log,([T; (j W) (3.13)

The above inequality is used to generate the tracking bounds in the Nichols chart. ta# the
filter must be designed to satisfy inequalities43ahd 3.5. These two inequalities enother

representation of the constraint (3.1

. L(jw) .

20l0g,o|F (ju)| + 20l0g LG, ¢ 20log, [T, (jw)| (3.14)
. L(jw .

20l0g,o|F (ju)|+20l0gg-—=-= > LG 2 20logy [T, (jw) (3.15)

3.2.3 GeneratingBounds and.oop-Shaping

The performance constraints consisting of stability, tracking, and disturbance rejection should be
graphially represented in the Nichols chafthese bounds are derived by moving the plant
templates between the closledp magnitude contours on the Nichols chart. These bounds are

used inloop-shapingas a guide for shaping the nominal Idognsmissiorfunction.
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Finally, once the QFT bounds are derived, the nominal |dggmsmission function,

Lo(j¥) =C(j¥)G,(j¥,U,), should be designed by adding proper poles and zeroes to the
controller C(j¥), to satisfy all bounds while it should not crossahe i s of positive n
-:180 O (instability region Lyy) tshieniNFigute8R2.s cha
This means that the nominal lotq@ansmissiorfunction must stay close to the bounds @sd

magnitude mustiecrease rapidlysfrequencyincreasesThe requirement of lowandwidth in
the controller is to avoid problems with amplificatioihnoise andinmodeled dynamics.

Plant template at¥'

Open-loop gain (dB)

Open-loop phase (deg)

Figure3.2. Plant template, QFTdunds, and Looghaping in Nichols chart.

3.2.4 Design ofPre-filter

Finally, if the tracking specifications are not satisfied, theprefilter F(j¥)is requiredto

satisfy the inequalities (34) and (3.%), which can be designed in Bode d@y. Figure 3.3
showsthetypical frequency responses of a system for the entire range of parametric uncertainties
before and after prefilter is applied.Prefilter moves frequency responses of systemitifier

entire range of parametric uncertaintiesnssnthe desired upper and lower bounds
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Before prefilter

Magnitude (dB)

Frequency (rad/sec)

Figure3.3. Frequery responsesf closedloop system before and aftere-filter.

3.3 Summary

The concept and design steps@FT control systesiwere explaned. It was shown how QFT
provides a graphical relationship between desired specifications and system uncertainties. This
helps the designer to make a better decision on the complexity of the controller. In Chapters 5
and 6, QFT design technique will beedsto control the output pressure of glectrehydraulic

andelectrehydrostatic actuatemunder study
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Chapter 4
Stability AnalysisUsing T-S Fuzzy
Modeling

As describedn Chapter 3QFT controlles are designetbr the family of frequency responsef
the nonlinearplant These frequencyesponsesre derived based on sets of inpuitput data
obtainedby running theplantin specifiedoperatingconditions or linearizingthe nonlinear plant
around some operating paniAs a resultthe stability of theQFT control system is valid only
over these particular sets of inpudtput andor in a smalsignal sense (Horowitz, 1976).
Methodsto solve the stabilityimitation of QFT control systemprovide approximate stability
results or suggest very conservative conditions on controller design (BameiBanos, 2000;
Banoset al, 2002). In this chapter a new solutibased on &kagiSugeno(T-S) fuzzy modeling
and its stability theoryTanakaandWang, 2001)s providedfor the nonlinearstability analysis
of QFT control systemswhich provides the stability conditions the form of linear matrix
inequalities (LMIs)(Esfandiari and Sepehri, 2013). This solutmrercoms the issuesof the
previousapproachespresented foQFT stability analysisReview of fuzzy systems,-$ fuzzy
modeling and corresponding stability theory are presented in Sections 4.1 dndS&etion 4.3,
a T-S fuzzy model describinghe nonlinear functions of doublerod electrahydraulc actuator
is derived. Thesffectiveness of the-B fuzzymodeling and itstability theory forthe nonlinear
stability analysis ofthe control systems of hydraulic actuators is investigated by considering
threecasestudies in Section 4.4. The first case study iskast nonlinear controller previously

designed based on the passivity theory for the pressure control of a hydraulic actuator (Alleyne
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andLiu, 2000). The second case study relates to a bilateral haptic control system of a hydraulic
actuator, which was pveously designed based on Lyapunov stability thedsréiNia and
Sepehri, 2012).In the third case studyhe T-S fuzzy modeling and its stability approach are
employed to investigate the nonlinear stabilityaoQFT position contiler for the first time.

This QFTcontrollerpreviouslywasdesigned for an electitoydraulc actuatorby Karpenko and
Sepehri (2008).

4.1 FuzzySystems

A fuzzy system desibes a nonlinear systebased on fuzzy logic, where inputs are analyzed
based on their degree of membership to deffoedy sets(a continuous value between zero and
one), incontrast taclassical logic, based on true or false, (a disoralge:zeroor one). A fuzzy
system consists offuzzification If-Then rules, inference process aggregation, and
defuzzification Using asimple example, the functionality of each part infuzzy system is
explained. The example is a tMput, oneoutput, threeule fuzzy systemto adjust the
necessary time farrigation of a gardenInputs are thembienttemperature andoil moisture
and the output is linguistic representation ofhe gplied values tdhe lawn sprinklersystem,
which adjust how long the irrigation must.dée Following rules are defined to map inputs to

outputs linguistically:

If ambienttemperature i®ow And solil is wet Thensprinkler works for a short time
If temperature ishigh And soil is dry, Then,sprinkler works for a longy time.

If temperature ifiigh And soil is moist Then,sprinkler works for an average time

In each rule, the part after If calletitecedentand the part after Then, is called conclusidme

values of temperature amdoistureare measured by sensors, which are crisp values. Therefore,
in the first step, these crisp values should be mapped to a relative fuzzy set through fuzzification
process. The associatkizzy value arethe rating ofa membership associated ttuazy set.For
example, for the fuzzification of the ambient temperaturiaree membership functioreg(t),

em(t), and en(t) are defined. These three functions exemplify low, medium, and high

temperatures, respectively (sagute 4.1).
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Figure4.1. Fuzzy membership functions.
From Figure 4.1, the crispemperatureinput of t=1 0 e C, bel ongs to the

temperature witha grade ofe; ( 1 0=€.6 Delongng to the fuzzy set of medium temperature
with a grade ofey( 1 0=9.€,) and belongg to the fuzzy set of high temperature with
en( 1 0H.C)

If the antecedent of a given rudegages more than one insing logical operations of And or

Or, such as abovexample, a fuzzy operator should be applied to obtain one number that
represents the result of the antecedent for that ralezzy operators are mathematical
formulations that substitute And and Or in the antecedent part of a fuzzyrwodewellknown
opeaators for And aremin (minimum) andprod (product) and two welknown operators for Or

are max (maximum)and probor (probabilistig, (Lee, 1990; Xu and Da, 20Q3yor theabove
example only And operator was used. Using the fuzzy operators, the rebatantecedent part

of each rule is obtained as a single number.

The result of the antecedent of each rule is used to retiiafuzzy setin the comlusionpart of

that rule This process is calleduzzy inference.For inference, twawvell-known methds are
employed:min (minimum), which truncates the output fuzzy set, @mdd (product), which

scales the output fuzzy sethe result of inference process for each rule is a fuzzy set
corresponding to that rulee, 1990; Xu and Da, 20P3These fuzzy sts which represent the
results of rules for specific input values, must be combined into a single fuzzy set. This process
is calledaggregationThe final fuzzy seis converted to a crisp value throudhfuzzification
process(Lee, 1990; Xu and Da, 20P3In this example the result of the defuzzification is the

amount of time that the sprinkler must irrigate the garden.
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In the above example, in both antecedent andlusionparts of each rule, fuzzy sets were used.
Thesetypes of fuzzy systems are catléinguistic fuzzy systems. However, if fuzggtsare only
used in antecedent part atite conclusion consists afrisp (nonfuzzy) functions of input
variables in antecedent, thengtcalled TakadiSugeno (¥S) fuzzymodel Due to the presence
of linguistic variablesin the first type of fuzzy systemslassicalstability and design theories
cannotbe usedOn the other hand,-$ fuzzy models employ cridpinctionson theconclusion
pars. Thus, awide range of available tools in the area abtdssicalcontrol, stability, and
identification can be utilize@TanakaandWang, 2001)

4.2 Takagi SugenqT-S) FuzzyModel

The concept off-S fuzzy moded was introduced by Takagi an&ugeno (1985)T-S fuzzy
modek candistribute the task of modeling and contobla nonlinear systermto modeling and
control oflocal linear systemswhich are easier to hand{€anaka and Wang, 2001)Itimately,
defuzzification process integraténhe local taskandyields the overall model.tlhas been proven
that any nonlinear sgem can be represented &y-S model witharbitrary accuracyTanaka
and Wang, 2001) The stability of FS fuzzy systems was first investigated by Tanaka and
Sugeno (1992)Theideawas to find a&common quadratic Lyapunov function for all local models
in a T-S fuzzy systemSearching for this common Lyapunov functimas stated as dinear
matrix inequality (LMI) problem.The resultantLMI constraints can be solved byonvex
optimization algorithms available in software likeMATLAB LMI Toolbox (Gahinet ¢ al.,
1995. In the following sections, construction and stability conditions & fuzzy systems are

described.

4.2.1 Construction ob T-S FuzzyModel

In general there are two approaches for construct#®gfiizzy models(i) id e nt i Yfazayt i on
mockling) wsing inputoutput data andiij derivation from given nonlinear system equations,
using sectononlinearity approachJsing sector nonlinearity approach nonlinear system can
beexactlyrepreseted by a TS fuzzy mode(TanakaandWang, 2001Ohtake et ki, 2003. The

goal is to find a sector[b2 bl]x(t) to represent the nonlineaystem #(t) = f(x(t)) as
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[e.b, + £,b,]x(t), where x(t) is the systenstate variablgh,;., ,, arescalars and ¢, and ¢, are
2

positive nonlinear membership functions such tgat, =1. As a result, the original nonlinear
i=1

systemx(t) = f (x(t)) is represented as a weighted sum of local linear modet$) and b,x(t) .

Note that in generad(t) can be a vector of system states, which in this dage,, are matrices.

Consider the following nonlinear system with orgiablex:

#=3+x)x, xi [-4 5] (4.1)
Using T-S fuzzy modeling, it isfown that for each value ofi [ 4 5] , the nonlinear function

(4.1) can be representdry two linear functionsh;x andb,x, with two corresponding degreef

memberships; ande,. This relationship is showmelow:

#= (34 5)x= 8 = (b, + b x (4.2)

i=1

where the membership functioasande, are defined as follows:

2
g, =0 B+X) (4.33)
b-b
2 -
g, =CTX)-b (4.3b)
b - b,
andb; andb; are the extremums dfi¢ nonlinear function (4.1) foxi [- 4 5|:
b, = max@+ x*)| ;s = 28 (4.43)
b, =min@+ x%)|,.,= 3 (4.4b)

The nonlineafunction (4.1) is shown within the sector in Figur2. 4.
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Figure4.2. Sector nonlinearity approach.

4.2.2 Stability Analysis ofaT-S Fuzzy Model

Considera T-S fuzzy modeldescribed by the following equation:

#=§ A'x (4.5)
J=1

wherer is the number of fuzzy rules or equivalently number of local linear mobtle¢sstability
of (4.5) can bestablishedrom the corresponding local linear models i@é'.x(; i [1 r]) , using

the followingtheorem

Theorem The equilibrium point of the continuous-S fuzzy system described by (4.5) is

globally asymptotically stable if there exists a common pasitiefinite matrixP such that for

J =1..r:
P=P">0 (46)
{ AT P+PAT <0 (4.7)

Proof: (Tanaka and Sugeno, 19923naka and Wang, 2001). According to the altbeerem in
order to proe the stability of any system described by th& Tuzzy model (4.5), a comon
matrix P must be found that satisfies conditions (4.6) and (#d%tunately, these conditions can
be stated as linear matrix inequalities (LMIs) (Boyd et al., 1994¢se LMIs can be solved
using availabld_MI Toolboxes(Gahinet et al., 1995)f LMIs are foundfeasible, it means that
the solution matriXP exists Any stability results for system in (4.5) can then be extetaléte
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original nonlinear model due thexact representatiofzero modeling errorpf the original
nonlinearsystem by the &5 fuzzy model within the corresponding sect@ranakaand Wang,
2001).

4.3 T-SFuzzyModel ofaDoubleRod Electro

Hydraulic Actuator

4.3.1 NonlinearModel

In this sectionusing equations (2)-(2.7), presented in Section 2.1the nonlinear dynamic
equationsof the doublerod electrehydraulic actuatoare obtained withvariables X, Vp, Pi, Xy,
and/A. Combining the differential equations Bf andP, to deriveone equation foP,, is carried
outto avoid numerical problems when solving stability LIMgsesergd in (4.6) and (4.7)t is
also necessary foratiility analysis of controllers, which will kaesigned for the output pressure
P, in thiscase To obtain a differential equation f&, first, equation (2.3b) is subtracted from
(2.3a). It is assumedhat the piston is centered such thgt=Vo,=Vi/2. This assumption is made
based on the fact that stability problems are more serious and challenging when the piston is
centered (Merritt, 1967)t is alsoa valid assumption ipressure/force control apgditions with
small piston displacement around the midstr@kso the definition and equation of the load flow
Q. are used, which as follows:

QL - Ql"Z'Qz = K, WX, /Ps - ngn(x/)PL (4.8)

As a result, the differential equationfis:

i :f’/_b(Kva/ - kiR - Avy) (4.9

t

Ps B Sgn(XV)PL
2

¢ . - . .
where kr =(k +?e)’ andis called the total leakage coefficient in the eledtyalraulic actuator

Then thefriction in equation (2.10) is substituted fipin equation (2.7b), anfiis considered as

zero.The resultant equations are showna®ws:
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# =V, (4.103

A k_ d+s So- S1SoY (Vp)
#p:_(PL_ZXp_ Alvp_ ( 0 1AO P)q) (4_1(b)
# =90 [ SORR oy (4.1Cc)

t

1. ke
%{,=—?x\, +Tva (4.10d)
d=v,- sy (vp)d (4.10)
wherey (v,) is as follows:

Vel

Y(Vp) = "Vp/Vs‘Df (41])

Fc + (Fs - Fc)e

4.3.2 T-SFuzzyModel

Using the procedure explained in Section.4.2 T-S fuzzy model is now constructedrfthe
system described by (4)10The nonlinearityin (4.10) originates from thdoad flow Q. and

fricti ophwhiclk arenassigried to variable@) andz(t), as follows

z,(t) = KVW\/PS'L:(XQPL (4.12)

|Vp|

z,(t) = (4.13)

-‘vp/vs‘tJf

F.+(Fs- Fe
Now, some sectors should be established to rewrite the nonlinear fungrend z(t) as
z(t)x, [0, a)xand z(t)d [d, U]d. First, consider the nonlinear furatiz(t), which
can be rewritten as follows:

z(t) =Gz (1) g, + G, (z(1) 9, (4.14)
where G, ,(z(t)) are positive membership functions defined as follows:

Ga(h) =2 % (4.153)
G, (z(t) =220 (4.15b)
91 - gz
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2
andg G (z(t)) =1. In theabove equationgu andg, are the gtremums ofz(t):
i=1
g1 = max( z(t)) (4.16a)

KA
g: = i, (&) (4.16b)
To determine the above extremums, note thatvalue ofz(t) depends on the value wériable
P., the sign of thevariable x,, and thevalues of parameterk,, w, and Ps. For now, it is
considered that there is no uncertainty in Himove parametes, and their values can be
substituted from Table 2.1To find out the extremums di(t), the variation range foP,, is

considered fok, 2 0, [Pmin+ PLmaxd, and for x, <0, [PLmin- PLmax]. Note thatasP, increases,
z,(t) decreases foK, 2 0 andincreases fox, < 0. Therefore, depending on the application, the

extremumsare faund based on the following values:

( )
€, = k| Po P (417a)

X, 20 ? 2

v ! P-P
12,(t) = K, |2~ Tmaxe (4.17b)
}e 2,(t) = Kw, | e Pimin (4.17¢)

<0 P +F2>
T2 6y = K .| Pot Plma 417d
\ IZl(t) KvW 2 ( )

Note that if the values of the paramet&s w, and P vary within a sector, they should be
considered in the calculation of the extremums,@f in (4.17). The same procedurs carried
out for the nonlinear functioms(t). Having G; and i, as he extremums 0%,(t), the following

sector is definedz,(t)d  [t, ©,]d.In this sectorz(t) can be written as follows:

Z,(t) = U, (z,(1))0, + U, (2, (1)U, (4.18)

The membership functiordis .. , (2,(t)) are defined as follows:

0,z () =20t (4.19a)
i, (2,0 = 228 (4.19b)
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2
where § 0,(z,(t)) =1. Substituting equations (44) and (4.B), respectively instead of

=1

nonlinear termg(t) and z(t), in equations (4.10), results in the following equations:

#, =V, (4.208)
; & 2 )
W :%(pL i EAX" _d ; - 71@0- alﬁoal 0, (z,)t, &) (4.200)
C o= -
4b, 2
f = (%8 G(@O)g - kP - Av,) (4.20)
t i=1
1 ke
%= Ix, ey, (4.20d)
2
d=v,- 0,q 0,(20) U,d (4.2C)

Since é G (z(t)) =1 and az_ G,(z,(t) =1, thereforeé é G (z(t))G,(z,(t)) =1, which can be

i=1 o=1 i=1 o=1

used to present equationZ@) by a matrix form as follows:

22 . C

#0=3 4 (6 @0) o)A +Bu,) (4.21)
i=1 o=1

P X q]T is the vector of the hydraulic states, ahgdandB are gven as

O
where x'= [xp Vp

follows:
&0 1 0 0 . 0. o
é-k -(G,+d) A 0o - (Ug - Uglyty) 0
A =60 - -k, g 0 u (4.22a)
2T é V, v, v, U
é -1 u
é0 0 0 — 0 u
é U .U
g0 1 0 0 - UpU, 0
e K g
B=d 0 0 2 0y (4.22b)
é U g

In derivation of (421), parametric uncertainties were not considered. If the uncertainty is
bounded, a representation analogous tt4jsbr (418) can be considerg@®u andZhang 2009.
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For example, if the environmestiffness is an unknown value in sectkyzkmin kKi=Kmad, it can

be rewritten as:

k=S(Rk +$( k k (4.23)
where,S, (k) andS; (k) are membership functions defined as:
S =< (4.242)
k k2 '
s,k =FK (4.24p)
kz

Substltutlng (4.23) instead &fin dynamic equatins (4.20), the resultant3 fuzzy model has
the following forma

fv=-4 4 a6 @0)E0)s (A0 +Bu,) (4.25)

i=1 o=1 I=1

With B as in (4.2b), andAiy as follows:

&0 1 0 0 . 0. o
€k - (0,+d) A - (Ug - Uolyt;) U
€ — 0 ———
e™ A ab, b oo
-0 - -k —0 0 u 4.26
A:)| é V \/t T \/t gl u ( )
e -1 u
éo0 0 0 — 0 u
é U oo 0
g0 1 0 0 - UgU, g

Other uncertain parameters can also be easily included using a similar mammé¢hastiffness
case inabove TS fuzzy model The summations in (85) can then be aggregated as one

summation TanakaandWang, 2001L)

8
R0 =4 o A X0+ Bu,) (427)
J=1
whergq, (z(t)) =G (z(1))0,(z(t)S(k),and A, B, r, are as follows:
A: =A,, B: =B (4.28)
}=1+2(0-1)+4(i- 1) (4.29)

Note thatvariablez(t) in g, (z(t)), is only used to simplify addressiag(t), z(t), andk. Now, T-S
fuzzy model forthe electrehydraulicactuatomwith equations in (4.10s as follows:

Model rule 1:
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IF z(t) is Gl andz(t) is iy, and k is §
THEN #{t)= A'X(t) + Biu,
4

Model rule 8:
IF z(t) isGy, andz(t) isl,, andk is S

THEN  #(t) = ALX(t) + Bju,
4.4 CaseStudies

In this section, the -B fuzzy modeling and its stabilitheoremdescribed in previous sections

are employed to analyze the stability of three control systems developed faulitydctuators.

The first casestudy elates to a nonlinear pressure controller designed for an uncertain model of
a hydraulic actuato¢Alleyne and Liu, 2000) The stability of this control system was proven
previously using the passivity theory. In Section 4.4.1, the stability is verifead aging the T

S fuzzy modeling and its stability approach. Here, this example is used to show the feasibility of
the T-S fuzzy modeling approach. The second case study relates to the bilateral haptic control
scheme for hydraulic actuators designed basmed.yapunov stability theoryZareiNia and
Sepehri,2012) Stability of this control system was not discussed in the presence of parametric
uncertainties. Using fuzzy modeling and its stability approach, the range of parameters for which
the system remains stable is obtained thus extending the stability bounds. Fieaypitbach is

tried on a QFT position controller previously designed for @lextrehydraulic actuatoiby
Karpenko and Sepehri (2008).

4.4.1 CaseStudy 1

Alleyne and Liu (2000) developedrabustnonlinear force/pressure controller for a hydraulic
actuatorwith modeling errors and bounded uncertainties. In their experimentaipsdhe

cylinder is attached to a slide in contact with a linear spring. The following equations describe

the system:
#=3, (4.30a)
i%=-53~1-93~2+5x1 (4.300)

R ENEE SEIEC R (4.30)

91(3v%)
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_ 1 K
% = g 0 (4.30d)

fo(3X %) 92(3:%,%2)

where3, andsy indicate the slide position and the velocity, respectivelylenotes the cylinder
pressure differentiak, is the valve spool position, andis the control signal. The outptd be

controlled is the pressure differential Description and the values for the parameters B0)J4.

are provided in Table 4.1. Nonlinear functioh&® %) , f(3:%,%,) | 6;(3: %) and 9,(3: %, %;)

, are usedh the controller design.

Table4.1. Values of parameters the systemdescribed by4.30).

Parameter Nominal value
Supply pressurds (MPa) 10.3
Hydraulic coefficientU(N/m?) 1.51x10°
Hydraulic coefficientp (1/se0 1.0
Hydraulic coefficientp (kg ¥/m"°sec) 7.28x106
Load spring stiffnesds (KN/m) 16
Mass,m (kg) 24
Viscous dampingp (N.sedm) 310
Piston areaA (m?) 3.26x10

Accordingly, to achieve a stable force/pressure tracking system, the following control law was
proposed bylleyne andLiu (2000):

ut gi(' f2 + #édesired - kzez) (4313.)

2
Xodesired * gil (- f1+ Rgegirea - Ki€) (4.31b)
where Xygesired @aNd Xogesied @re the desired differential pressure and the desired valve spool
displacement respectively. Errasx;-Xigesied AN &=Xo-Xogesires SCaled by controller gairkg and
k, are used to determine the control sigmal'o determine the controller coefficierksandks,

first the controller equations @L) are substituted in the system equation30(to construct the
error dynamic equains as follows:

g=-ketge (4.2a)
& =- k& (4.32b)
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Using the passivity theory, the global stabilitly(4.3) has been proven, previousfyoviding
the controller gains to be selecteckasmax(g,) and k, =kg,/U>0 (Alleyne andLiu, 2000) To
analyze the stability of system 82) by the FS stabilitytheoremdescribed in Section 4.2.2, first
(4.32) must be represented by &S fuzzy model. Selecting the controller gains as
k = max(gy) = o/P, - sgn(x,)x =3.01 10?andk, =k,,/U=1000 (Alleyne and Liu, 2000) the
error dynamic equations @) are represented as the followingsTruzzy model:

: 2 ek ot &

In (4.33), the membership functiogi-1,2) are defined as follows:

T, = Y Py - sgn(;)x ) - t (4.34a)

tl - t2
tl - O\/ PS - Sgn(XZ)Xl) (434b)
t, - t,
The extremumstii=12 are found for P i [- (2/3P, (2/3)P,]=[- 6.86MPa 6.86MPa).

T, =

(2/3)Rsis considered as the maximum output pressure as applied to hydraulic actuator (Merritt,

1967):

t, =max@,/P, - sgn,)x, ) =ov103MPa+ 7 MPa=3.013 10" i@ kg 3Pa (4.353)
se m
. _ _ a2 1 [Kg.Pa
t, =min(9,/P, - sgn(,)% ) =ov103MPa 7MPa=1.35* 10 <2\ (4.35b)

LMIs are now constructed based on conditions (4.6), (4.7), and two local linear models described
by equation (83). Using the MATLAB LMI toolbox, the LMIs are found feasible given the

following common positive definite matriR as thesolution:

_é117 -072 g
& 072 9.72310°
Therefore, according to the stabilityeoremin Section 4.2.2, the closddop system is stable.

(4.36)

This is exactly whawas concluded based on the passivity theory used\l®yne and Liu
(2000. The result of thizase study shows that theSTfuzzy models and corresponding stability

can be reliably employed to investigate the nonlinear stability of hydraulic control systems.
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4.4.2 CaseStudy 2

Case study 2 is employed to not only confirm the existing stability resultgléo extend the
results to include uncertainty in a system parameter used by the conftatlmia and Sepehri
(2012) developed a bilateral control system which allows a hydraulic actuator to achieve a stable
position tracking at the slave side wahiht the master side, the haptic device provides the feeling

of telepresence to the operator. The following equations were used by them to present the
dynamics of the whole system:

~ #.I. =X, (4373)

=Xy —— K- ==X (4.37b)

Slave side < - A c W
=X, +—4— P.- sgn
cRete s X4/ P - sONK,) %5 (4.37¢)

-1 K
N\ #4=—,Ux4+—UPu (4.37d)
% = Vs (4.37¢)
Masterside 1
#6=E(Fh+':m- KaXs = KnXs) (4.37f)

where, at the slave side, X,, Xs andx, are the actuator position, velocity, differential pressure
and valve spool displacement, respectively. The control input is the voltage to the servovalve of
the hydraulic actuator, shown hy At the maser side,xs and x; are the haptic device
displacement and the velocity, respectivélyis the input force, originated from the operator

andFis the control input applied to the master.

To implement a stable position tracking systeime following cotrol laws were proposed
(ZarekniaandSepehri, 2012)

u=] K- %) - KXo h/P- sani) (4.38a)
Fn = Kpa(X - %) + K4 (4.38b)
where Ky, Ky, Ky and Ky, are constant gains’he description andalues of the rest of the
parameters are given in Table 4T2. congruct theclosedloop dynamic equationghe controller
equations (488) were substituted into the master and the salve equatid@?. (fhe equilibrium
of the closedoop system was determined by imposi#g-1 s = 0as follows:
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Table4.2. Values of parameters system described W¢.37).

Parameter Nominal value
Supply pressurd?s (MPa) 17.2
Hydraulic complianceC (m°/N) 2x10"%
Spring stiffnessks (kN/m) 125
Piston and rod mass; slave sidg,(kg) 12.3
Viscous damping coefficientl (N.sec/m) 250
Piston aread (m°) 6.33x10"
Orifice coefficient of dischargey 0.6
Hydraulic fluid density} (kg/m°) 847.15
time constantlJ (msec) 0.03
Valve orifice area gradienty (m%m) 0.02075
Valve gainks, (M/V) 2.79x10°
Inertia of master, hapticn, (kg) 0.545
Viscous coefficient at master sidg, (N.sec/m) 2
Stiffness of human arnk;, (N/m) 1000

Koo =[eq Xous Yoo Xacq Yeoq X " =[xee 0 Xee 0 X O (4.39)

eq leq 2eq 3eq 4deq 5eq 6eq 1ss 3ss bss

WhereX;ss Xoss anNdXsss are as follows:

K AR,

Xss = (4403.)
(KpZKpsks - Klep4ks + KplkhA+ szkhks)

Xoss = AL (4.40D)
(KpZKp3ks - Klep4ks + KplkhA+ szkhks)

. K AR, *+ Kook, (4.40¢)
(KpZKp3ks - Kle p4ks + KplkhA+ szkhks)

Defininge’= x- x,, the following error states were then derived:

é=¢c, (4.41a)

S A Ao K (4.41b)

& me m® me
A

4= gor reR SN 5 (4410
1

6= e+ 2 K@~ @)~ Kyoel(P- S006)( * %) (4.41d)

&=¢ (4.41¢)
1

& :E(Kps(el' €;) + K s8 - Ky - K& (4.41)
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where,e,, &, e ande, are the actuator position error, velocity error, differential pressure error
and valve spool displacement error, respectively. Estateses and e; are thehaptic device

displacement error and the velocity error at the master side, respectively.

By employing Lyapunov stability theory, the authors concluded the following conditions to

guaranteghe stability of dynamic equations i(4.41):

L Kp (4.42a)
A Ky
< ppA” Ku©) (4.42b)
C
Kpa =Kpa— (4.42c)

Now, the stability analysis of @l) is reexamined using -B fuzzy modeling and the
corresponding stabilitgheorem First using the IS fuzzy modelingprocedure discussed in

Section 43.2, the only nonlinearity term in (41) is represented as follows:

2(t) = /P, - SONE,)(8; + X5 = A NyHi(2(1) =& hyH(2(1) (4.43)
i=1 j=1

Since thisterm appeardn both the system and the controller equaticubscriptss andc are
used to separately refev this nonlinear term in the third and fourth differential equations in

(4.41). Membership functionB;-1 ., andHg;=1 2 are defined as follows:

Ha(e() =101 (4.442)
1 2

Hae) = {210 (4.44b)
1" 2

Ha(z(t) = % (4.44c)
1 2
_hg-7t)

Hea(z(t)) = m (4.44d)

Using nominal value for supply pressure given in Table 4.2, and for
P T [ (2/3P, (2/3)R,]=[- 11.5MPa 115MPal, the extremumsisii=1,2) and heg=12) are found as

follows:

ha = hy = max(z(t)) = max(y/Ps - SGNE,)(6; + Xass)) = Max(y/Ps - SINK,)(X)) =17.2MPa+11MPa =5310/Pa  (4.453)

hez = g, = min(Z(t)) = min(/P, - SgNE,)(€; + Xass)) = MIN(y/Ps - SgN(K,)(Xs)) = /17.2MPa- 11.5MPa = 2490/Pa (4.45b)
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Substituting (43) in (441), results in the following equation:

& cl><s 1 0 0 0 Og
e - - u
4o ¢ M om 0 0 Ogeg
6, U e mm my R
&y . é o A 0 Ci/vll"g 0 ok¥2u
e#gu 2 2 é C c.r ® Uée,U
é,u=a a Hs(zM)Hy(z)é e U (4.46)
4l =1 = ) T ke 0t hy 1 _kSpEpl oU™u
e u é ¢ t : U U Ueg U
g%U € 0 0 0 0 0 1te’u
° g Koo g Keem K -k Ky oﬂéeeg
e M, my m, my g

Equation (446) accurately represents original nonlinear modef1(4.The stabilitytheorem
discussed in Section 4.2.2 is now employedlierstability analysis of the systerepresented in
(4.46). First a set of controller gains that satisfies conditiord2)4are substituted into 46);

K =005, K ,=2310", K ;;=0.013¢ and K, =4.43 10 **. Next, linear matrix inequalities are

constructed based on (4.6) and (4.7), and the local linear models in equat&®nyding the

LMI toolbox, the common positive definite matifxis found as follows:

€521 008 027 199 248 -207g

20.08 724 -027 -149 083 1.13

€027 -027 852 078 031 -0.75u
=é O (4.47)
2199 -149 078 1219 898 1271y
g 248 083 031 898 349 40.533
g 207 11 -075 1271 4053 813y
Therefore, the proof of the stability for the controlierequation (438) with conditions (42)

has been shown for the values of the parameters given in Table 4.2. However, the controller
equation (438) requires an exact value for the supply presBgr&he issue of uncertainty in the
value of supplypressue was not discussed in the reference by Zam@iand Sepehri (2012).

Here, it is investigated to see whether th8 Tuzzy modeling and stabilitheoremcan provide

further insight into the stability of system 48) in the presence of uncertainty indhsupply
pressure. To incorporate such uncertainty, extrembggs, ) are recalculated considering

variation ofPs from its nominal value (17.2MPa), i.e,i [138 226]MPa. Thenewvalues for the

extremums are then determined tohpe=6137 anchy= 2144 The positive definite matrib® to

satisfythe stability conditions (4.6) and (4.7), is determined to be:
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ell 03 15 33 38 08pg
03 11 -04 -19 -12 21y
_é45 -04 14 13 04 01U
"33 -19 13 18 14 18
€38 -12 04 14 622 72U

e u
@8 21 01 18 72 145Q@
Selecting different gains for the controller based on conditiof2)4nay extend or limit the

= (4.48)

allowable urertainty ranges for the supply pressure.

This case study shows thatSTfuzzy modeling and casponding stabilitgheoremarenot only
effective to conclude the stability of a given control systleat,also can be useful to extend the

previouslydevelopé stability results to include uncertainties.

4.4.3 CaseStudy 3

The previous two case studies established that #8efuzzy modeling approach is effective to
investigate the stability of hydraulicalpctuated control systems. In this section the approach is
employed to study the nonlinear stability of QFT controll@&wsfore thisefforts have been made

to incorporate nonlinear stability bounds in the design process of QFT controllers. Wang et al.
(1990) employed the Circle Criterion in the process of QFTgdetsi study the effects of time
varying gain on both the stability and performance of the control system. @idak (1994)
suggested usindescribing function anthe Circle Criterion along with QFT design to avoid
limit cycles. Barreiro and Banos (200@mployed combined Circle Criterion and Popov
Criterion to incorporate the Input/output (I/O) stability bounds in the process of QFT controller
design for memoryless and seebmunded nonlinegulants.Incorporatingthesestability bounds
provide rigoros stability results, but assign very conservative restrictions on the QFT aantroll
(Banos, 2007)Banos et al. (20028@mployed harmonibalanceand multipliertheory. Harmonic
balance provides an approximated solution to the global stability problemedults invery
relaxedconditions. Multiplier theory is a less conservative versibabsolutestability; however
finding appropriate muipliers is qualitative (Banos et al2002). Also, using the standard
approach of construction of Lyapunov funci$oto ensure the stability of the already developed

QFT controlsystemsds very difficult, if not impossible. So the challenge is how to investigate
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and ensure the stability of a QFT control system, without assigning conservative conditions on
the QFT conbller, or face the challenge of finding a Lyapanov functiosing T-S fuzzy
modeling approachnd its stabilitytheorem without assigning conservative conditions on QFT
controllers, a solution for the nonlinear stability analysis of QFT controllersrasided
(Esfandiari and Sepehri, 2013)-S fuzzy modelingfor electrehydraulic actuators have been
previously used in the process of designing a fustayic output feedback controllebased on
parallel distributed compensation sche(@e and Zhang, 2®). Here T-S fuzzy model of the
electrehydraulic actuator isblended with the designed QFT controller itovestigate the
nonlinear stability of the closddop systemUsing this solutionthe nonlinear stability analysis
becomes independent from the igasprocess of QFT controllerk this solution, a IS fuzzy

model for the closetbop system with QFTcontrolleris developed and then it is investigated
whether the local linear systems in the correspondi®yflizzy model satisfy the conditions of
thetheorem, presented in Section 4.2.2. This approach provides several advantages: it does not
assign any conditions on QFT controller, parametric uncertainties can be incorporéted
stability analysisandsince thestability conditionsare in the fornof LMIs, they can be solved

using available numerical algorithms (Boyed, et al., 198%}his sectionthe above stability
solution is applied othe case study of @FT position controller developed earlier fodauble

rod electrehydraulic actuator (Krpenkoand Sepehri, 2008). Thequations describing the

dynamics of the system to be controlled are shown below:

*, =Vp (4.49a)
v =%(APl— AP, - kx, - dv,) (4.49D)
i :B(k\, \/ "R +sgn(xv)( P - R) - Avp) (4.49c¢)
= ( kaXv\/ = +sgn,)(P: - R+ R) +AV,) (4.49d)
% =\, (4.49€)
W =-¥0x, - 23,70,V +Ke¥ iU, (4.49f)

wherex, andv, are the position and the velocity of the hydraulic actuator respectieiyndP,
denote the pressures in chambers 1 and 2, respectiyvatydv, are the position and the velocity
of spol valve, respectively. The system input is the voltage applied to the servouglve (

Description and values for the rest of the parameters are given in Table 4.3. Note that the system
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has parametric uncertainties for the supply pressbde Bulk modlus ([®), total mass £n),

viscous dampingd), stiffness of the environmerk)( and valve spool gairkd,).

Table4.3. Values of parameters thesystem described k{¢.49).

Parameter Nominal value Uncertanty range
Effective piston area (mnr) 633 -
Length of rodL (mm) 610 -
Flow coefficientK, (m*¥kg"“?) 0.0292 -
Orifice area gradienty (mmf/mm) 13.2 -
Valve damping ratiog;, 0.9 -
Valve natural frequency, (Hz) 150 -
Supply pressurdls (MPa) 17.2 13.818.6
Total massm (kg) 12.3 11-13.7
Viscous dampingd (N.sec/m) 250 200-300
Fluid bulk modulus,s (MPa) 689 3451030
Spool position gainks, (MM/V) 28 25-31
Load stiffnessk (kN/m) 30 0-60

To provide accurate position tracking for the hydraulic actuator despite parametric uncertainties,
the following QFT controller was designed by KarpeakdSepehri (2008):
Uus) _ 2763 1CF(s+25 (450)

E,(S) (s+16)(s*+108+120)
where the input to the controller is the error between the desired position and the actual position,

G(s) =

8, = (Xpuesiea™ Xp), and the output of the controller is the voltage sigoalapplied to the

servovalve.To study the stability of the QFT controller {4.50) for the hydraulic actuator in
(4.49), the closetbop system should be represented by® flizzy modelFigure 43 shows the
closedloop structure of the system usinige statespace representation of the controller as

follows:

Y
u, = CcXc

{ %: = Ac)k(-; + Bc(Xpdesired' Xp) (451)

where, >L<’c =[xy, 3 x,]", is the state vectoof the controller andA., B, C. are given as

follows:
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& 124 - 16128 - 230400

A, = g 1 0 0 E (4.52a)
g 0 1 0§

B.=[1 0 0] (4.52b)

C.=[0 2760000 69000000f (4.52c)

For the above statspace representatioe=3. The statespace representation of the controller

will be added to the-B fuzzy model of the hydraulic system.

U, Hydraulic X,

System

X pdesired +

u, =C.X.

\ 4
v

Figure4.3. Closedloop position controkystem

For the hydraulic atuator, he T-S fuzzy modebbtained in(4.21) and (4.2) can be used after
removing the terms related to the friction and leakages, since the system prieséhté&?)does
not include the friction and leakageAlso, the first order servovale equationin (4.21) and
(4.22) is replacedwith the second order equations (4.49) The uncertain parameters are
incorporated in the -B fuzzy model using the approach explained in Section A/BLresultant

T-S fuzzy model is as follows:
2 2

% 222222 C
(t) = a. a a a a (3| (Zl(t))s (k)Nn(d)Mr (m)H i (b)Ww(ksp)(Alnrij(t) + Bilnrjwuv) (453)

i=1 I=1 n=1 r=1 j=1 w=l

where A, and B, are as follows:

&0 1 0 0 0 o
gﬁ -d A 0 0 3
em m m g
A = é 0 - 4bJA 0 4_bJ , 0 u (4548‘)
) é gl U
: \'A \ U
€o 0 0 0 1 Y
e u
g0 0 0 -2 -237%,H
B =[0 0 0 0 Ky ¥Z[ (4.54b)
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Note thatS(k), Ni(d), M,(m), H;(b), and W,(ks;) are themembership functions related to the
environmentstiffnessk, total dampingd, total massf m, effective bulkmodulusb, and spool
position gainksp. The uncertainty range aupply pressur®s is incorporated in calculatioof
Gig=2y The extremumsgi-12) for PI [- (2/3P, (2/3P], and R,i [138 186]MPa are

calculated as follows:

KW ———— KW 2 Im°Pa

. KW K,w 2 Im°Pa
= t)) = = /P, - P)=—*F \/136MP —3136)MPa=0.881|——
9> mln(zl( )) mln( \/E Sgn(xv) L) \/E & (3 ) a kg (453))
The summations in (4.%&an be aggregated as follows:

Fo=4 (@ o)asm+eu) (456

r=1
where A’ , B, g, (z(t)), andr, are:

A: = A (457a)
B: = B (457b)
(457c)
(4.57d)

Now to present the -B fuzzy model of the closddop system, the statpace equations of the

QFT contrdler in (451) is added to the -B fuzzy model of the hydraulic actuator in53). as

follows:
(4.58a)
(4.58b)
Since , the above equations can be easily combined as follows:
(4.59)
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