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ABSTRACT 

The thesis mvestigates the adapive contml of hydraulidy-actuated manipilators usmg a 

Generalized Predictive Conaal (GPC) algorithm Pwr dynamics and high nonlinearities 

form part of the ciBkukies m the control of these systems, and make the appkation of 

adaptive controis an attractive solution, The feasibiiity of applying GPC to a two-linl 

hydraulic mariipiktor is first studied through compter sïmuiation, and iu control 

performance is compareci with that of the well known adaptive MDiiawm Variance 

Control algorithm. Issues relevant to position and force controls are aâdressed. 

Experïmental study on a smgie hydraulic actuator is thm camed out on both position and 

force contrai. S p i a l  care is taken to the appiication of on-line parameter estimation 

using the mthod of Recursive L e s t  Squares (RLS) to guarantee numerical accuracy and 

stability. The work consisis of the following main paits: 

1. A lincar mathematical plant mode1 b established suitable for the control equation 

formdated in smgle-input singlesutput (SISO) GPC algorithm. Comprehensive study 

is conducted to find the e&ct of design parameters and to test the adaptabiiity of the 

algorithm through compiter simihtior~ Cornputer simulation resuits of minimum 

variance control are also compareci with thor bebnging to GPC to identify their 

respective characteristics with the emphasis on adaptabiüty. 

2. SISOGPC aigorithm is extended to multiple-mput multiple-output (MIMO) GPC 

algonihm. paying attention to the interaction between links m order to impmve the 

resp~nse. Consequentiy, the contml is perfomied m the Cartesian space instead of the 

joint space. 



3. The adaptïve control strategy usmg SISO-GPC algorithm is then applied to the force 

control of the inanipllator after the establishment of the system mode1 theoretically. 

Results are ako compand with those bebnging to W C  aigorithm. Finally, MIMO- 

GPC algorithm is adopcd towards positionlforce of the rnanipulator. 

4. The efiiency of adaptive conml usïng SISO-GPC algorithm is ve- by 

expcrimentatdon, perf8med on a hydraulic acmtor. The rrsuhs are also compared 

with those belonging to MVC algoridim. 

The significance of this thais is fhtly, a comprehesive study on the position and force 

control of hydraulic manjpuhtoa using adapive SISO- and MIMO- GPC rheme is 

conductd Literature suNey suggests that no previous research has bem reporteci on the 

introduction of SISO- and MIMG GPC to force conml of hydraulic manipulators. 

Secondly, compciNons between SISO-GPC, SISO-MVC and MIMO-GPC applications to 

hydraulic manipiktors are made for the fint t h e  thmugh computer simulation andlor 

exprimentation. Finany, the work in tbis thesis demonstrates the stateof-tk-art 

performance of GPC algorithm on the contml of hydraulic manipilators, offering relevant 

industries the option of applying acivanced conml solution. 
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CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND 

As one of the most challénging muhi-diseiplinary areas of research and devebpment, 

robotics has ken experiencing a rapid growth over y-. Amongst the three types of 

actuatoa to power a robotic arm, i.e., eiectric, pneumatic and hydtaulic. the utilization of 

hydraulic ones is very aîuactive, even becoming kvitable in certain scenarios, for their 

standard, safe and easy-to-maintain components as well as their nliable pnformance and 

ab* to generate high forces fbr a sustained peMd of tirne. For instance, m large 

resource based idustries or m hazardous, explosive amosphCres when electric devices 

are eaher incapable to produce forces large enou%, or would not survive at ail, the 

utiIization of hydraulic actuatm is obviously the best choice. 



Chapter 1 Inrroduction 

On the other hancl, hydtadkally-actuated manipilators do have disadvantages. Specidly 

h m  the control view pomt, hydrauiic systems are cornplex. nonlwar and difncult to 

analyze. A cbse investigation bas suggesied that the probkms are mostly nhted to the 

nature of hybuiic fiinctions Cl]. 

First of a& m a hyâraulic drive unit, flexible conncting hoses, hrge volumt of fluid d r  

compression and trapped air in the hydraulic fhiid lead to high cornpliance. The hi@ 

inertia and high cornpliance d u c e  the naturai fkquency and the damping effect of the 

jomt mechansm. In addition, the interaction e E i  between Links is mtensified by the 

hydrauk compliaace which may deteriorate control penormance. Further, hydrauk 

cornphance can not remah constant. During operatioris, as miid temperature rises, air 

starts to dissolve in the system, resuhing m a substantial change m the cornpliance [l]. 

Secody. as in other types of robotic manipilators. dyiiamic characteristics of linkages 

Vary as a fhction of the joint positions and velocities, the payioad bemg manipikted, the 

stifhress of the environment king interacteci, etc. Besides, the performance of hydrauüc 

valves is highly sensitive to payload andlor environmental interaction. 

Furthexmore, as robotic manipilators extend their capabilities, their signinwit mteraction 

with environnient is necessary to k brought imo account when the manipulaton are 

pedorming certain tasb. Examples inchide pushing/pulling, scrapmg, griding, twisthg. 

debwring. drilling, etc. Thus the problem of force control need to k addressed Over 

years. force control has enjoyd great popukrity among a i l  kinds of research topics m 

robotics. Whitney [2] provided an excellent review. Usually, the force control is not a 



Chaprer I Intraduction 

stand-abne probiem. Many task require the eud-effitor to follow trajectories in both 

position and force regards. A common scenario is that the end-e-or is commanded to 

travel the contour of environment whik exerting a constant force on the environment 

surnice abng the orthogonal direction, One commm solution to this probiem is hybrid 

positionlforce conml stnicture [3]. The basic idca behind the hybrid control is that the 

physwl constraints of the task should dictate those axes abng which force is conmiled 

and those axes h g  which position is conmUd 

The aforementioned dynamic uncextainties and nquiremnts coosthite the uniqueness and 

diniculties of the control of hydradk manipilaton, which also make the c8cumstance 

suitable for adaptive conml appruaches. 

Much attention and substantial research has ncentiy km devoted to the study of a&ptive 

robot contml refkting its curent importance m robotics [4, 51. An adapive system 

measures a perfonnance index which is a function of the mputs States, or outputs of the 

system. Usmg the perfonnance index, an adaptation mcbanism modifies the parameters 

of the controllet. Two phibsophically di&rent approaches exist for the soiution of 

a&pive control 161. in the &st approach, referred to as indirect adaptive conaol, 

control action is updated b .  on the on-üne estimation of system's parameters. 

Converseiy, the mthod that bypasses the system panimeter estimation and direcrly adjusts 

the control action is termed direct odqptive control. The f b t  approach, i-e., indirect 

udaptive control, is adoped in this thesis. 



Chuprer 1 Introduction 

Several published work has examnisd various indirect a&ptnre control aigorithms such as 

* * Mmimum Variance Control (n, smglc-variable Generaüzcd Redictive Contml[8], and 

Pole Placement Methoci [9] on position contml of hydraulic manipiktors. The focus m 

the psmt  work is on the adapnie position and force contml of hydraulic manipilators 

utiüzing Gaieralized Predictive Contml algorithm. GPC algorithm bas @ned intensive 

attention s h e  it was first documenteci by M e ,  et ol [IO, 111 in late 1980s. The 

algorithm predicts the phnt's hiture outputs for a sequence of friture &simi set-points. A 

coa firnction defineci based on the hnure output emrs and conml mputs is mhhhed to 

produce a set of opimized ni- control signais. The algonthm bas an inherent integral 

c o d  action, and claims to be capable of stable conml of ptocesses hadg variable 

parameters, of variable dead the, with nonminimum-phase phts, and with badly damped 

pies [IO]. 

To the best of our kmwiedge, then is no published work on position conûal of hydrauk 

manipilators usmg multiple-variabie GPC algorithm, nor on force conml usin? either 

single-variable or multiple-variable GPC algorithme 

1.2 OBJECTIVES 

The pirpow of the present thesis are twofold: (i) to explore the feasibiiity of the 

application of a generalued pndictive control strategy to adaptive position and force 

control of hydraulic manipuiaton, aimng at acquiring m e  and accurate information on 



how and to what extend the strategy can be appied; (@ to document the compariîon 

between GPC and tbe welî lmown method of Minmnun VanYre Conaol (MVC). m order 

to bciiitate the decision-making for friture research andor appliwtion about which 

mtegy should be furiher pursud The compariron is bpsed on the criterion that the 

characteristics of the chosen one could be explohxi to the maximum extend on both 

advantageous and disadvantagrnus enâs. nie specific objectives of the research are as 

follows: 

1. To derive appropriate mathematicai models mpresenting the controiïed phot. 

depending on whrh variable is to k controkd, position, force or both, and, on 

whïch conml algoridmi is to be used, single-variable GPC, muliiple-variable GPC 

or single-variable W C .  

2. To evaluate and compare the corrioi performances of both GPC and W C  

algorithms via compter simulation and to investigate the adaptability of both 

dgonihnis under various scenarjOs. Aho, to study the effects that the design 

parameters might have on the controlied system. 

3. To experimnany veri@ the above fincüngs by conducting experimnts on a smgle 

hydraukaily-actuated test rig, on both position and force control hiring the 

experimentatbn, carefùl annuion is paid to the on-iine parameter estimation u s a  

the method of RLS in order to achieve numerical accuracy and stability. 



This thesis consists of seven chaptcn. In Cbaper Two. the mnliriear system dynamics of 

a two-iink hydrauik manipiatm is described in timc domain. The Laplace aansfer 

firnctions are devebped m Chaper Two for bth sin&-linl and multi-W hydraulic 

manipilators to aiable appücations of adaptke contml algoriihms. A review of smgle- 

variable GPC, multiple-variable GPC and single-varhbk W C  algonthms is presented m 

Chaper Thne. Chaper 'Iïrrc aiso pnsents the application issues of an on-line estimation 

alponthm, the Recursive Least Squares (RIS) mcthod Chaper Four is dedicated to the 

positioa control studies. The appiication of single-variable GPC algonthm is k t  studieû, 

and the control prformance is compared with that of smgle-variable MVC algorithm 

thmugh computer simulations. The study is then exteadcd to multiple-variable GPC case. 

in an attemp to achieve more accurate tracking. Force conml issues are addressed m 

Chaper Five wih an outline similar to that of Chaper Four. Experimentai results on the 

conml of a smgle hydrauk actuator are presented m Chaper Six. Fit. the vaüdiiy of 

the experimentation, as an appmach to test control schemes origidy mtended for 

hydraulic manipilators, is justifjed. Then GPC and MVC strategies are implemnted, on 

b t h  position and force CO~UOL Chapter Seven summarizes the research, presentmg 

several conclusians and recommendations for friture work. 



CHAPTER TWO 

HYDRAULIC MANIPULATOR'S 

DYNAMICS AND TRANSFER FUNCTIONS 

The understanding of the dynamics of a system forms the very b i s  of any conml 

problem. The control of hydrauk manipuhtors distiagubhes itself h m  others by taking 

into account the hi@ nonlwanty and uncertainty m the dynamics, especially those 

pertani9ig to hydrauk hurtions. This chapter serves to describe the hydraulic 

manipiùitor, and provides derivations of s-domab &er fûnctions. The dynamics of the 

robotic links and the hydrauk drivïng units are h t  presenteâ m time do- Next. the 

system dynamVs are analyzed m fhquency domain, rrniiting m establishment of Lapkce 

transfer functibns b m  systern inputs to various system outputs depending on dinemit 

cases. 



Chopter 2 Hydruulic Manipdaror's Dynamics and Transfer Funcrions 

2.1 SYSTEM DYNAMICS 

Fig. 2-1 Two-Link hydrauiic manipuiator. 

The mechanism of a two-link hydraulic manipulator to be studied m the thesis is ihstrated 

m Fig. 2-1. 1,. 4. ml, and rn2 repnsent the lengths and masses of linkr 1 and 2. 

respectively. As shown in the figure, it has been assumed that the center of gravity of each 

link is located at the middk of the Lmk. 0 ,  and 6J2 are pmt dispiacernents. x, and x, are 

pinon displacement of cy linciers 1 and 2, respectively . 



De- through the Lagrange appach [12], the equation of motion of h i c  i is : 

for an n-link manjpiktor, where T, is the torque generated by the actuator, Bi is the jomt 

displacement of link i, 6, and 9, are the comsponding joint velocity and acceleration, 

andcoefficients Mu, Cqk andCi arehuictionsof 8,.---.B,. 

For the case of a two-link manipuiator, 

where ki(i=i.. 4) are evaluated as: 
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Equations (2-2) are noniinear. For ninher analysis it can be linearized about reference 

a A a CI 

pomt (6 ,  ,0, ,el ,ê, ,é2 ,a2 ). For smali variation about the reference pint and neglecting 

small te-, the final Linearized mode1 becornes [LI: 

where A& and A& represent smaIl changes near the comsponding reference p m t s  4 

and &. Funher. 

.5 

Hl, = k, +2k, c o d 2  

CI 

Hl, = k, +k, COS@, 

CI 

Hz, = k2 + k3 

Hz = k2. 
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Eafh link is driven by one hydraulic mator. The main componeus of hydraulic actuator 

are directionai vahres. connecting hoses. and cylinders. Fi. 2-2 shows the schematic of 

the hydraulic drïving unit for linL 1 usmg a cbsed-center fou-way vaive operating 6rom a 

constant pressure pump systern. 

Toque Motor 

Fig. 2-2 Typical hyàraulic acauitor. 
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For the ith adutor. the valve variables are the spool disphcement xn. the supply pump 

P, . the r~ tum prrssurr Pr. Qfi aad Qoi the fbw rates, aad Pli and Ph. 

the pressures of supply iine and rem lbe, respectively. The nonlinear nhtionship 

ktween pressures and flowo is desaibed as: 

x, fi. 

Qli = K ~ W ~ X ~  JP,-qm 

eOi = K,w,x,+ JS 

x, 4. 

QIi = K ~ W ~ ~  Jp,-P, 

pOi = K,w~x,+ ,/P,-PoiP,-Poi 

when the spool displacement. x,. , is pportional to the semovahre voltage mput uj. 

& = cd 6 is the metering mefscient, and is the s p m l  uu gradient. 

The ith ocrvovaive output ports dynamics are described as following: 
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ci2 POi = hi xi Qoi (2-5 b) 

when Ali and&i are piston's effective anas. 4 îs the piston vebcity. Cil and Ci, are 

the hydraulic compliuice of supply IM and retum line, respectively. It is assumd that 

Cil - Ci2 = Ci rn 

The joint disphcement, B i .  and the piston disphcement. q . are niated by geometrical 

configuration. Withui the vicinity of ceRain angle i i .  the fo110wing relation holds [l]: 

w h e ~  J~ (6 ) = . Refer to Fig. 2-2 for the definition of 1, and 
Jl: + 12 + 21pîin COS ê 

2.1.2.3 Efftctive Actmting Fome and Joint Toque 

The actuating force, f, . the effitive actuating force, f,. and the pht toque, 4, are 

aven as the followuig [ 11: 

f, = Pli Ali - poi Aoi (2-7a) 

f, = f,-d&- f, ( 2 - m  

= fei ji (4 ) (2-7~) 

where di represents viscous dampmg coefficient of ith cylpder and fn is the equivalent 

Coulomb fiction reflected on the actuator. 
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2.2 SINGLE-LINK ANALYSIS IN LAPLACE DOMAIN 

Negiectiag the dynamic coupiing between the links, each iink of the two-iink phnar 

hydnulic manipilator shown m Fi. 2-1 can be viewed individuaily as a single-input 

single-output system. 

The! Lapiace trader function h m  the srnovaive input. ui . to the joint anpie. Bi, and the 

m e r  fiuiction h m  the semovalve input, ui, to the joint veiocity, 8;- . are to be obtained 

in this section. In the remaniing tex?. al1 variables such as Bi and 'I;- are used to represent 

a srnail change near the comsponding reference point without the gradient. A. In 

addition, j, is used instead of J,  (4 ) for the sake of simplicity. 

By combining equations (2-3). (2-6) and (2-7). the followhg relationship is obtained: 

Equation (2-8) cm be represented as follows: 



On the other hanci, the actuating force vector can be demed h m  the characteristics of the 

hydrauüc driving system Linearizing the vaive dynamics equations (2-4) and writing the 

nsdt in saOrnain give [l]: 

Qli = KkUi Kp Pli (2- 1 Oa) 

Qoi = KkUi + KH Poi (2-lob) 

w here 

Here the servov&e input voltage, Cr,, instead of the spool displacement. Xvi, is 

consi&red as the qstem input- 

Transfonning the pipe dynamics equations (2-5) into s-domain gives: 

Q = C'Plis+ AIiXis 

Qh. = -Ci Pois + br Xis 

Equating equations (2-10) and (2-1 1) to remove Qn and Qo, arrives at: 

(2-1 la) 

(2-1 lb) 
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Substituthg Pfi and Pm ïnto equations (2-7) and then multiplying both sides by j, yield: 

O 
where A(s) - C1s + Kpt and 

n &(A12 + &2)j2 

Comparing equations (2-9) and (2- 13) gives 

The tramfer nurtion âom the servovaive mpit, ui. to the p m t  angie, Bi? of a smgk link 

mechanism is given by the diagonal compnents of equation (2-15) as follows: 
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From equation (2-16) it is easy to fiad the muisfrr funcùon npresenting the rclationship 

between the servovalve inpit, ÿ, and the jomt velocity. 4. of a smgie Link: 

A 

2.2.2 Force Analysis 

Figure 2-3 shows the two-iink manipiktor in contact with the environment. f, is the 

force on the end-efféctor imposed by the environment abng the Cartesian x direction. 

The environment is modeled as a second order mass-damper-spnig system The contact 

force f, is governeci by the following s-domain equation: 

Assuming that Iink 1 à fked at a aitain angle of 4, the s-domain transfér fiinction h m  

the servovalve mput voltage of iink 2, 4, to the contact force. f,, is to be formed in the 

following. 
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n 

Fig. 2-3 Two-link hydrauiic manïplIator in contact with envinxunent. 

According to equations (2-12), for link 2, PI, and Po, are: 

Negkcthg the Coulomb fkktion tenn fc2 in equation (2-7b) and transfonning (2-7b) into 

s-domain gives the effective actuaiing force as follows: 

Fe, = Fa2 -d2X,s = P12A12 - P O 2 k 2  -dZXZs  (2-20) 

Substiaiting (2-19) into (2-20) yields: 
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or 

The a c t u a ~ g  toque is given in (2-7c) and is rewritten here as ((223) 

r, = F,J,(~;> 

(3n the other hancl, neglecting the nonlaieu and coupling tenns m (2-2b), the jomt 

dispIacement 8, is relateci to T, . m s-domain. by the foUowing equations: 

Equations (2-24a) and (2-24b) dcscribe the k motion of link 2. In the case of 

contacting with the environment, the contact force FX(s) has impact on the linlc dynamics. 

Therefo~, (2-24a) should be revised as 

T2 T2= = k&s2 (2-25) 

where T2, is the external torque generated by F,. It is well known that 151: 

caiied the Jacobian ma&. In the case presented here, suice F,, 4, therefore, 

T2e = 42Fx (2-27) 
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In the case that link 1 is fixed, A@, is equd to zero. Hence, 

h = &A% 

By considering srna11 changes at certain angk 6. the following relation holds [Il: 

h2 = j2b4 (2-30) 

in the remahhg ten, x2 and are used to represent small changes near the 

cornsponâing reference pomt wiihout the gradient, A. Then, equations (2-29) and (2- 

30) can be re-presented as foIIowing: 

x =  426 (2-3 1 ) 

x2 = ~~(41% (2-32) 

Now, ail the equations to estabüsh an s&ma.in transfer fh t ion  baween F, and LI2 are 

found The b k k  diagram is k t  drawn m the following, then the tramfer fimction is 

deriveci h m  it. Usmg equations (2-18), (2-22) thmugh (2-25). (2-27). (2-31) and (2-32), 

the block diagram can ôe drawn in Fig. 24.  
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From Fig. 2-4. it is not difficult to get the transfer fuaction as following: 

Fig. 2-4 Open loop block diagram of iink 2 interacting with environment. 

The successfiil establishment of the transfer fhction of (2-33) enabk the application of 

linear adaptive controllers using GFC and W C  algorithms. 

2.3 MULTI-LINK ANALYSIS IN LAPLACE DOMAIN 

In this section. a general equation descnbmg the two-link manipciator in contact with the 

environment is derived 
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The dynamic equatiom of the two-link manipukitor m free motion shown by is rewritten 

again: 

Considering the contact force f, and f,, appüed to the end-effector by the environment 

aimg x and y directions. respectively (see Fig. 2-5). (2-34) should be modifieci as [5] 

Fig. 2-5 Manipuiator in comact with environment in bodi x and y directions. 
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The rektionship between the joint displacement and the Cartesian displacement is [q: 

[x.  Y ] I  are us& to r e m  s d  changes near the correspondhg refmnce point 

without the gradient, A . 

Substituting equation (2-36) into (2-35) yie1ds: 

On the other han& accordhg to equation (2-13) the following equation holds: 

Recalling qation (236). equation (2-38) can be n-written as 

Comparing (2-37) with (2-39) yields the foilowing: 
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or 

Equation (2-41) is a g e d  form equation governing the dyiiamics of the two-link 

T 
maniputatm with an extemal force vector [F,, F ~ ]  exerted on its end-effector. 

The s-Qrnah tramfer fiuiction of the manipdator in free motion m the Cartesian space 

can be easw obuMd by settïng the external force vector [F,. F, in eguation (2-41) to 

zero: 

Matrices J. H(s). B(s) and A(s) were p n v h d y  &fh i m equations (2-26). (2-9 

13). respectively. Substituting them into equation (2-42). 

1) and (2- 
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J2quation (2-43) indicates that the above muhivariable system is m the so-called P- 

camnicai form [13] which mtans that each process output is only afEécted by the varbus 

inputs. 

2.3.3 Cartesian Force Andysis 

In the case that external forces are pesented m both x and y ditections, the m f e r  

h t i o n  can be derived h m  equation (2-41). The fobwing equation cm be obtained 

through the basic physics 
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I 2 mas +d,s+k, 
where E(s) = I , equation (2-41) can be m e r  

Substituthg A(s), B(s), E(s), H(s) and J Uito (245) arrives at 
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Clearly, (2-46) npresents a 6th order system. 

A cornmon scenarïo that invofves robotic force control is chat force conml is only 

pnformed dong certain directions. while abng other directions position control is 

required Consider a two-liok maniprbtor (see Fig. 2-6) which has two d e p o f -  

~ o m ,  the manipilator may be requind to pnform a task such that abng one direction 

it is force controlled and ahmg the other direction it is position contmiled. 

Fig. 26 Hybnd positionlforce contml in two-ünk manipuiator. 

The end-effector applw a certain force akng x-direction to the environment. At the same 

the .  it follows a specified trajectoxy dong the yairection on the environment surface. 
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This section adyzes the synem to fimi the s-domah nansfer îbnction relating the output 

To eliminate F,, and X m (2-41), let X = Fx 
t and F, = O. Substituthg 

inas +das+ka 

them into (2-41) yields 

which is quivalent to 

Then it is easy to get 

1 [ y ]  = UT[; 01 +p(s) + B@)ul 

Simplifyiog equation (2-50) arrives at 

where 
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Equation (2-51) suggests that the system is of 6th order. 

This chapet presented the dynamics of a two-iÎnk hydraulic manipiktor in time domain. 

The system was then analyzd m s~~ with nsults of successful derivations of various 

transfer fwictions b r n  system inputs to outpits. In a smgle iink case, with the servovalve 

input vohage as the iipit, the system can be shown as a third order system when the 

anguhr disphcernent or the contact force is chosen to be systern output. When both links 
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are taken ïnto account simukamously, the p e s s  h m  the servovake input voltage 

vator [u~, u21T to the Carcesian coordinates of the end-e&ctor [x.  YT is a nfth order 

synen ~ h e n  tbc output ir [F,. ~,,]r or IF,, ~ r .  t k  systnn . of ihe orda of six. 

These eansfer fiinctions found wiii be used m Chapters 4 and 5 to Eicilitate a&@e 

control of hydraulic manipiiators usmg Generalized RedictRre Control and Minimum 

Variance Conml algoridms. 



CHAPTER THREE 

GENERALIZED PREDICTIVE AND 

MINIMUM VARIANCE ADAPTIVE 

CONTROLS 

The iast twenty years has witnessed a steady prognss on the nseareh of adaptive controL 

One can easily nnd a nurnber of books describing various aspects of adaptive control[14. 

151. Together with the avaüabiliîy of more and more powerfid mirrocompiters. the 

evoiution of adapive control techniques bas W to a series of successfiil applications. In 

this chaper. a miew is @en on two contml Jorithms and one estimation algorithm. 

The two control algorithm are the Generalized Predictive Control (GPC) aigorithm and 

the Minimum Variance Control (MVO algorithm. The estimation algorithm descn'bed in 

this chaper is the popùar Recunive Least Squares (RLS) technique. 
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3.1 GENERALIZED PREDICTIVE CONTROL 

ALGORITHM 

Generalized Predictive Control (GPC ) aigonibm. âeveioped by ClarIre. et al [IO, 1 11, 

precücts future outpuu of a process for a seqyence of funire desireci set points . A cost 

fiiaction rhat depends on the future output error and fiture proces mput is minllnized to 

generate a set of opmiited cormol increments. The methoci is b w n  to be capable of 

stable control of processes with variable parameters and dead-time [IO]. 

3.1.1 Singïe-Input Single-Output System 

GPC strategy cxplohs one paxticular kind of livar plan modei, i.e.. Controlled Auto- 

Regressive Integrated Moving Average (CARIMA) model: 

where A ( ~ - ' )  

E(z) is an urjcorrelated andom sequence. and A-1 - fL is the differencmg operator. u(t) 

and y(t) are scahrs representing the input and the output, ES pectively . 
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Further, the coefficients in Ej and Fj are computed ncursively as: 

Since the disturbance consists only the unkiown fiim values. the opimal predictor is: 

j(t+ j )=  ~ ~ ( ~ - ' ) ~ ( t ) + ~ ~ ( f ' ) m t +  j-1) (3-Sa) 
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Considering pwÜctiom at each of N step imo the hm, the optimai predictor can also 

be Wntten in the key vector fom 

9 =Gu+€ (3-6) 

where vectors f = [ j ( t  + l ) . j ( t  +2).- .y(t  + N)]'. 

u = [bu(t).Au(t + l ) , * * * , b ( t  + N - l)lr d 

f = [ f ( t + l ) , f ( t + 2 ) , * - * .  f ( t + N ) l T .  

Vector fis cornposed of si@ which are known at time t. For exampk, 

f ( t  +O = r ~ ~ ( 4 - l ) -  g l o w t )  + f ;y ( t )  

f ( t + 2 )  = q@(q-' ) -q-L&l g * o & ( t ) +  4 y ( f )  

where ~ , ( q - ' ) =  g, +g,q-l+-. note gio = gil =-= g,,,, , or for short. g,/ = g ,. for 

j = 0,1,2,-O-,< i ,  which is independent of the panicukr G polynomiaL Therefore, G is a 

lower-uiangukr of dimension N x Ai : 

A cost function is chosen= 



where Ni is the minimum output horizon, N2 is the maximum output horizon, NU is the 

conml horizon, A( j> is a connol weigtaing sequence whrh is set to a constant of 

A . y(t+j) is the output j-step ahead and w(t+j) is the fiiture set point. 

* * .  Muumtzation of this equatim yields the conml imement vector: 

AU = ( G ~ G + M ) - ~ G ~ ( w  -f) (3-8) 

The h t  element of vector Au is A&), then the cumnt conml input is: 

u(t)=u(t-l)+ du(?) (3-9) 

GPC conmller can be tuneci by adjusting the values of parameters N 1. N 2,  Nu and A( j )  . 

Ni is the minimum ou- horizon. If the system has a t h e  &hy of k sampling periods, 

then a comrol signai wiü not go into e&a earlitr. It is not necessary to brhg the conml 

signal into consideration in equation (3-7) before it has impact on the system. Thus, in 

order to save computation load, Ni is normally set to k. If k is not known or is variable, 

then NI can be set to 1 with no loss of stability. 

N2 is the - m m  o u p t  Iiorizon. Both parameters Ni and Nz are used m equatbn 

(3-6) m whkh the number of pndiction steps j vary h m  Ni to N2 and then used m 

dcuhting the control Iaw (3-9). In other words, ( N 2 - N 1) is the number of the fiiture 

. .  - response emrs that are to be mnumaad m the cos fùnction. Generaily speaking, the 

system raponse is mon stable if more fiinire control incremnts are taken mto 

minimization. 
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Nu is the control b r U o n .  GPC technique assumes tbat after N u c N 2  nimber of tirne 

seps, ihe control signal is held constant. Based on th8 assumpion, the number of ftture 

control inmments to be cakubted is roduced h m  (N2- NI) to Nu in order to reduce 

the compitationai bad when Nu is much smalkr than N2 - Ni. In equation (3-8). G is a 

(N2-Ni )xNumacr ix ,  ( ~ ~ ~ + ~ ~ ) i s a N i r x N m n a t r k .  Thecomputationofmvertinga 

NUX Nu matrix inrobes s o h g  Au. Usually* Nu is set to 1 for stable pknts [ I O ] .  Plants 

cm have delay or cm be non-minhum phase ones. If Nu=l. inverting a matra is 

reduced to finding the inverse of a scabr. A( j )  is die conml weighting sequence which 

acts as a damping agent for the system. 

3.1.2 Muitiple-Input Multiple-Output System 

The muhiple-input multiple-output (MIMO) sohition of a GPC algorithm [16] is basicaUy 

the same as the SIS0 case except that the plan mode1 (3-1) shouid be modifieci as: 

w h m  y(t) .  u ( t )  and g( t )  are now p-dimnsional vectors daaoting a p-mput p-outpit 

system. A(~- ' )  and B(~-')  are p-dimensional maaices of which each elemnt is a 

Considering predictions at each of N steps into the future, the j-step ahead predictor is 
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where G, is the jth step response coefficient matrix of the M e r  fiinction matrix, O is a 

a d  ma& of dimension p x p .  

The cost fiinction is 

where h(j)= 
1. j ~ [ N ~ i r  

O, otherwise N = max(~,, . N ~ , - , N ~ , ) .  The control weighting 

quence 4 ( j> is usually set to a constant, 4. 

Minimizing the cost hction gives the following camal si@ 

AU(~)=[I O --• ON~~+A)-~~(W-C) (3-1 3) 

where control weighting matrix A = diag {A, -4, - dl *-.A, )wppNa , and set point vector 

w =[w,(t+l),-*-.w,(t+l),w,(t + 2 ) , - - - , w , ( t + ~ ) ] ~ i x ~  



3.2 MINIMUM VARIANCE CONTROL ALGORITHM 

The well b w n  Minimum Variaace Comrol (MVC) algorihm has many existing 

appiicahns. In the field of robotics, Kobo et al [lq inûoduced an approach mto the 

motion control of manipulators. In 1990, Sepehri et ul [7] applied MVC technique to the 

motion control of hydraulically-actuated maaipiktoa. MVC algonihm m refermes [17] 

and [q assumes an auto-regressive plant model of the form 

A(fL)y(t)  = ~ ( q - % o  - 1) + ~ l ( f  +&O (3-14) 

where ~ ( 4 '  ) and B ( ~ - ' )  are polynomials in the bachuard shiff operator q-' : 

~ ( 9 ' )  = 1+4q-L +*--+uQfna 

B ( ~ - '  ) = 4 + bLqQL + - - + b n b e n b  

and g( t )  is an uncorrehted random sequence. whüe h(t) here is a forcing tenn that 

includes the effects of the gravitational forces. Note m the above model a deaiy of 1 

sampiing pend has been assumed. 

'The above model can alternatively be rearranged to fom the following relation 

Y (0 = er W ( t  - 1) + s<t) (3-15) 

where $ 0 )  is a parameter vector which is usuaUy obtained by on-lm estimation. Vector 

f i t -1)  contains the information of system mput and output up to time t-1, i.e.. 

f O)= [ci,**-.~,,4,-*,bnb,h(t)~, Ht- 1 )  = [y(?-1);-, y(t  - ~ ) , a ( t  -1),-0-,Mt- nb).l]. 
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A cost fiinction is then chosen as 

J = ~ @ l ~ ( t + l ) - ~ ~ ( t + l ) ( ~  + I I U ( ~ ) I ~ >  (3-16) 

where IIII ,  indrates the nom wiih weight R. Le.. 11 zdc =  RU . and R is a positive semi- 

defmite symmtric matrix: Q is a positive definite symmetric weighting matrixe y(t+l) is 

the opmial predicuon of the system output at Ume t+l, which is cakubted as foilowing 

based on the information up to time t- 1. 

j(t+l)=êT(t-l)#(f-1) (3- 17) 

The contml which m8iimues (3-16) is deteirnined by 

Ru(t) +b&#t + 1) -Yd (t+l)] = O 

3.3 RECURSIVE LEAST SQUARES ALGORITHM 

In this thesis. the applications of GPC and MVC algorithms to the control of hydrauk 

manipulators fhil m the category called indgect adapive contmL This means the 

parameters of plant mode1 are to be first estimateci on-üne. then a control signal is 

calculated baseci on the cumnt plant modeL Least squares mthoci is a widely used 

mthod for such estimation. For on-line applications. the recunive algoràhm of least 

squares @LS) method bas bem developed as [18] 

&t) = &t - 1) + ~ ( t ) [ ~ ( t )  - êT(t -l)#(t)] 
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wheze 8(t) is the parameter vector to be estimateci, @(t ) is the re-ion vector which 

k known, y(t) is the current scakr observation. The presentation of A( t )  m equations (3- 

19) albws the method to track the variation of the time v-g propertws of the system if 

A(t) is chosen less than 1. This is handled in a natual way by assigning les weight to 

older measmments that are no longer representatives for this system. Smce equations (3- 

19) are deriveci b r n  the minimization of 

If the A(t) is chosen to a constant equal to k l .  theA is called the forgening factor. 

In digital implementation the RLS mthod given m equations (3-19) may not guarantee 

psi- of the so called covariance matrix P(t) due to the unavoidable compter round- 

off emrs. This is because sbme important information may be iost between each 

identification due to universal round-off emrs s p i @  for high sampling kquencies. 

There exist two algonthms to ncover h m  this problem and to ensure the positMty of 

the covariance matrix: 

a) Peterka's Squve Rwt Mgonthm 

b) Bierman's U-D factorization method 
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Biermanfs U-D factorization method 1191 is used m this thesis to upQte the covariance 

maaiir P(t) m such a way that P(t) can be uniqueiy fàctored as PIUDU' m whkh 'U' is an 

upper triangular manDr and I)' is a diagonal rnatrix. P(t) can then be updated by updatmg 

ZT and D to ensure a stable n imrra l  calcubtion ami speed up the compitational process. 

---T Given a pior covariance P=UDU , the scalar obsemation z = mT(k)  ~ ( k )  + ~ ( k )  and 

the mathematics expeztation ~ [ v ( k ) ~ ]  = R ,  the Kahnan gain K and the updated 

covariance factors Û and D can be obtained h m  the foUowing algorithm: 

t = ÜTo,rT = (f l=- fn) 

v=&.  V,  = d - f  J i* 

t&=&~/a,. a , = R + v l f ,  

ECT2 = ( ~ ~ 0 - * - O )  

for j-2, ...JI recursively cycle through equations: 
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It is weii loiown that sufncient excitation is vïtaiiy important to a correct estimation. If the 

conml signal ceases to be generai enough, the elements of P(t) stan to imase 

expomtiaUy with the rate of l I A ( t ) .  A technique calbd Regukuizotim 1181 is then 

taken as a counter-measure. Reguhtiuuun of U-D factorizahn methoci can be easiiy 

incorporated as 1181 

di = mui(ci.di) (3-22) 

where ci is a positive numkr that bounds di. the element of D. 

GPC algorithm is related to the Iinear quadratic control strategy in the sense that the 

objective if to fhd vahe for Mt) which mnmiize a quadratic coa htion The 

robustness of a g e ~ e d i d  pdctive controiier H gained tlrrough mmmiiziog a muli- 

step cost huiction. The inherent mtegrai action of GPC guarantees an off-set fiee 

performance. However, the relationship between tk desired performance and the 

values of design parameters is not clear. 

Similar to a GPC algo- MVC also mih izes  a quacûatic cost fiuiction. Thm is 

no integral property inside the algorithm. The aigorithm lus bcai extensiveiy stuâied 

and has been reporteù quite successful in many applications. 



CHAPTER FOUR 

POSITION CONTROL OF A TWO-LINK 

HYDRAULIC MANIPULATOR 

The wnlinear and tim v-g properties m a hydrauücally actuated manipuhtor 

requins specal treatment to achieve good pefimance during a position contmL This 

chapter whrh consists of two parts is âeckated to the position control of hydrauiic 

manipilators. The h t  put studies a pht position control where each link of a two-link 

pknar rigid hydraulic manipilator is viewed to be independent h m  the other. Bodi GPC 

and MVC algonthms are examined. The second part is dsdicated to multi-link position 

conmL In the case of two-link hydraulic myiipihtor, it mans to control both iinks 

sitnuhaneously by takng into account the mteraction betwecn links and, therefore, seeing 

the manipulator as a whole single system, Le.. a two-mpt twoautput multivariabie 

system. M y  GPC algorithm k applied to this case. 
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As shown m Fi. 2-1. the manipilator used m the simulation m the thesis is a two-link 

ri@ planar robotic manipilstor powaed by two cbsed-center. constant-supply-pressure 

hydrauiic actuators. Table 4-1 lists the linlr and the actuator specifications. 

Table 4-1 Link and actuator specifications 

Link 1 / Actuator 1 Link 2 / Actuatot 2 

1, - 1.0 m 

mi ' 20 kg 

Center of Gravity at O 5 m 

8 ,  E [ 33.26O. 115.6'] 

41 - 3.12x10-~ m2 

-3 2 Aol - 2.12~10 m 

l,, - 0.22 rn 

Zr, - 0.80 m 

K, - 0.03 JG 
w, - 0.01 m 

C, - 2.2 x10-'~ m S / ~  

l2 - 1.0 m 

n, = 20 kg 

Center of Gravity at 0.5 m 

8, E [ -125.0°. -35.00°] 

A12 - 1.90x10-~ m2 

b2 = I . ~ o x ~ o - ~  m2 

Z,, - 0.75 m 

Zr, - 0.20 m 

K~ = 0.03 Jz 
w2 -0.01 m 

C, - 2.2 xi0-l2 rn5m 



A cornpiter program m C code was &en to simulate the conml system, Non- 

lincaniies such as interaction between links, gravity t e m  saturation of on variables, the 

hymaulic system, etc., werc incorporated. 

4.2 SINGLE-LINK POSITION CONTROL 

Adapive position control usmg GPC and MVC algorithns is stucüed m the fobwing, and 

compiuison is made between the two algoriduns through compter simulations 

4.21 GPC lmplementatim 

The contml scheme of GPC implcmentation is shown m Fi. 4-1, which is m the category 

of indirect adapive control. 

Referring to Fig. 4- 1, Oi is the jomt displacement of lak i. Ni is the control vohage. To 

implement GPC strategy, it is required to mode1 the hydraulic manipulator in the fom of 
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A ( ~ - '  )Oi ( t )  = B ( ~ - '  )ui ( t )  + e(t) (4- 1) 

The de- of A ( ~ - ' )  and B ( ~ - ' )  are to be four~L The s-domah d e r  fiu#:tion of 

8, over Cri wls previousiy found in equation (2-16) which is r e - d e n  here again as 

equation (4-2): 

* 

- - -  - - 

Fig. C l  Single linL GPC system: position control. 

I 

The z-wo~fonn of equation (4-2) with zm, order holder is of the fom 

Design 4 Estimation* 
..' 

O& - nt 
GPC Hydcauiic 

4 mi@- Manipuiator 
' 

In other WOKIS. it is a thicd order system and the output in discrete t h e  fonn is 

Bi(?) = - a i l ~ ( r  - 1 )  - ai2@(t - 2)  -a,&(t - 3) 

+ bi0ui(f - 1) + biilui(t - 2 )  + bi2ui ( t  - 3) + hi ( t )  

@i 

b 
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Here 4 ( t )  ir adâed as a forcmg term to bok afier the noniinear e&cts ruch as 

gravitational fonce. 

To £ind the best vahtes for the coefacients of A ( ~ - ' )  and B ( ~ - ' ) .  in the sense of 

minimum squared emrs, the RLS algorithm is used to perform the on-lioe estimation 

based on the mput-output data pain. i.e.. Ui -Bi pairs. From (4-4) it is ciear that seven 

parameters are to be estimateci. 

The design bbck is to update polynomiPls of E ( ~ - ' ) ,  F ( ~ - ' )  and G ( ~ - ' )  usmg 

equations (3-4) and (3-Sb). The control increment to be appüad to the actuator at time t is 

calculateci according to equation (3-8) and (3-9). 

The RLS algorithm was a translation h m  Anrom's PASCAL code 1201. In the compter 

simulation, the input signal was the s p l  dispbcemnt of the hydraulic actuator of ünlr 2 

instead of the sewovahre input voltage %. Because the spool disphcement was 

proportional to 4. it did not change the order of the system but only added a constant 

coefncient to the system trader fllnction, equation (4-2). The s p l  disphcement was 

within the range of [ - S m .  5mm]. The sampling time T was chosen to be 0.00 1 S. 

If all the coefncients m equation (4-2) are loioum, the values of the parameters couM be 

obtained mathematically by taking a z-transformation of (4-2). As a matter of fact, in the 

cornputer simulation case the parameters c m  be found easily as following given the 
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operathg point. In the computer simulation, Iink 1 and 2 were NUany set to 60 and -60 

degrees. nspctively. It was found that around the operating poim (8, = 60'. O2 = -60' ) 

retum line prame was 23020x 106~a .  Knowing these. ali the parameters m equation 

(42)can be calculated as listed in Table 4-2. 

Table 4-2 Parameter values in s-domain &et functim 

6.6667 m - N o s 2  I rad 

2.2 x10-'~ mSfN 

8000.0 N - s h d  

Table 4-1 

Table 4-1 

Equation (2-6) 

Equation (2- lOc) 

Equation (2-l Oc) 

Equation (2-3) 

Table 4-1 

Table 4-1 

Using the parameters m Table 4-2. for Wr 2. cquation (62 )  is re-written as: 

Taking a z-transformation of the above equation with a zero order holder gives us: 



Here. for simplicity oz and bz are denoted as ai and 6,. respectively. 

The parameter values in (4-7) could have been used as initial values for the on-line 

estimator. However. diose vahies were oniy used hter for the verification of the on-iine 

estimation, Instead, die initial values of them were assigned as: 

al =O,  a2 =O,  ag =O, bo =l .  bl -0 ,  b2 = O ,  I I 4  

There were two nasans that the initial vhes w m  set as m (4-8a): fim. by &mg so the 

controkr was @en no prior mforrnatian about rhe p h t ,  therefore, the adaptabiiity could 

be weil tested; secondly, in practice som parameter vahies Listeci in Table Cl may mt be 

available and, hence, the initial values couid not be obtained by this method. 

The design parameten of GPC inchde NI, 4. N, and A, which are caDed minimwn 

ourput btïwn, rn4XIWmum ouiput horizon. connul horiwn d cm001 weighring factor, 

respectkely, Further, as Win be demonstrated, in order to achieve good resuhs. the 

conuol mput vahie needs to be scaled by a factor calied con001 relan'ng fcctor. 4. 4 is 

defined as byi = 4 x byi . For the on-line estimator, the forgetting factor Af is also to be 
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F i i  4-2 shows the jomt displacement and the contml mput ~suks. The response was 

k t .  ovenhoot free and ofkt  fke &spite the &rent scales of set-pius. Fig. 4-3 

shows the prfomiance of the on-lint cstimator. The parameters converged after 1.8th 

second and roughiy remained constant. It is ciear that the estimation was consistent with 

the vahies obtahed m (4-7). &fore the mode1 was cocrectiy estabiisbed at t = l.8second 

the response was oscillatory, which clearly showed how the on-lhe estimation htlped the 

control performance. 

Tests were a h  camed out to study the effkcts that the design parameters might have on 

the controller prfomwce. Ushg (48) as the standard parameter setthg, the tests were 

camed out m such a way that only one prameter's value was changed at a tirne. See 

Tabie 4-3 for a summarized description. In the study, we assumed to have no knowledge 

about the delay of the system, and, therefon. N, was simply set to 1. 

To ve* the robustness of the GFC c o m k r ,  two more tests were done. The h t  one 

was with bad changïng suddenly h m  Okg to 40kg at t = 4second and changing back to 

Okg at t = 8second. The second one was with the hydrauiic cornpliance of the actuator 

changing h m  2 . 2 ~  10-l2 mS 1 N to 4 . 4 ~  10-" mS I N at t = 46econd andchanging 
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Table 4-3 Step responses with difierait system design parametet smings 

p--h 

Standard (48) 

N, changed to 20 

and then 80 

changed to 4 

A, changed to LOO 

and then 20000 

and then 0.1 

Remaiks 

Fast iesponse. m overshoot. no steady state 

ovedmt whïk m e r  N, produced a sluggish 

Faster nsponse with overshoot 

- -  - 

Larger A, resuked m a nsponse with overshoot 

wbich rnay worse the nsponse whai the plen 

mode1 was not compheiy identified; smaller À, 

d e d  m a nsponse with overshoot and 

oscillation 

Smalier À made the paramter converge nister 

and the nsponse beuune more sensitive to emr 

again at t = Bsecond to 1.1 x l0-I4 mS / N . Figure 4-9 shows the resuh when the bad 

was changed. The controk rejaned the bad disturbarace immdiateiy, and it was 

interesthg to see that the response with the 4ûkg Ioad was as good as the nsponse 
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without ioad Similar observation cm be made when the hydraulic cornphce was 

changed (see Fig. 6 10). 

O 2 4 6 8 10 12 
Tme ( s )  

Fig. 4-2 Joint displacement and control input with N, = 1. 

~,=4û. ~ , = 1 .  A,==1000. À,=0.4. if=0.99. 



Dm- 

Fig. 4-3 Parameter estimation pertaining to Fig. 4-2. 
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Fig. 4-4 Joint displacement responses with various Nt . 

Fig. 4-5 Joint displacement response with Nu = 4. 



Fig. 4-6 Joint displacements response with various A,. 

Fis. 4-ï Joint displacements response with various A,. 



Fig. 4-8 Joint displacement respmse with AI = 0.95. 

-110 , 1 , r 1 I T I I I 

O 2 4 6 8 10 12 
Time ( s ) 

Fi?. 4-9 Joint dis placement res ponses with vary ing load. 
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Fi?. 4-1 0 Joint displacement responses with varying hyhuiic cornpliance. 

GPC also demonstrated good capability to track a specined the trajectory. Figures 4-12 

and 4-13 show the tracking errors and control sipals for the rame and the cosine set- 

points shown in Fi?. 4-11. respectively. Due to the inherent integral action of the 

controlier, there was no steady state error for the rarnp input response. The parameter 

settings were exactly the same as those in (4-8). 

Tests were also c&ed out to see how well the GPC could prforrn when two links were 

controlied simultaneously. Figure 4-14 shows the pint  dispiacements of both W. The 

design parameters and initial plant model parameters of link 2 were previously given in (4- 

8). For link L. the initial values of the plant rnodel were: 
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a, = O .  a2 =O,  a3 =O. bo = l .  bl =O. 9 =O.  h10 

Hm, for clanty ati , b ,  and h, are dmoted as ai, bi and h . respxthely. 

The design parameters of link 1 weE 

N1-l. N 2 d .  Na-1, &-3000,4 4.4. Àf4.99 

F i i  6 1 5  indicates a good pcz50rmat~:e of the controkrs for both links. The! small 

fluctuations durhg the steady state miplies that the interaction between links dYL have 

impact on the response. 

Usmg the paramcter setting given by (48) and (49). the maoipilator was also 

commandexi to folbw a square trajectory m the Cartesian space. The iength of each side 

of the square eqmM to 0.5 mter. The initiai position of the end point was 0.256m upper 

and 0.342m leâ to the upper-left comr of the square. At the very kgimng a step set- 

point was given for each linL so th the ad point was controiled to reacb the upper-left 

comer of the square and stay there during the two seconds. From 3rd second the 

manipukitor foilowed the trajectory and reached the kwer-right comer at 12th second and 

picked up a bad of 40kg. Then it took another 10 seconds to move back to the upper-left 

comer via the lowcr-left one. 

W ' i  referam to Fi. 4-16, two points cm k made regardng the end pont rerponse: 

k t @ ,  the deviation h m  the desired trajectory might be caused by the dynamk couphg 

between the links; secondly, it is seen that the trajectory portion with 40kg load is Mer  

than the pan without load This phenornenon is caused by high supply pressure. which has 



been detemiined so that it couid handle heavy loads 171. Figure 4-17 shows the joint 

displacement of both iinks, and this concludes ail the tests in this section. 

-110 ! r I l I I 1 I I I 1 

O 5 1 O fS 20 25 
Time ( s ) 

Fig. 4- 1 1 Ramp and cosine trachg inputs. 
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t 
1 1 I 1 b 1 I 1 L 1 

O 5 10 15 20 25 
Time ( s ) 

O 5 10 15 20 25 
Timc ( s  ) 

Fig. 4-12 Tracking emr and control input for ramp input response. 

Fig. 4- 13 Tracking error and control input for cosine input response. 
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Fig  4-14 Joint displacements when two Links work together 
link I(top): N, -1. N? '60. ~ , , = l ,  À,=3000, ~ ~ ~ 0 . 4 ,  À f=0.99: 
link Z(bottom) : N,=1. N~-40 ,  N,-1. A,-1000, À,-0.4. Af=0.99). 
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Fig. 4- 15 Control inputs pertainïng to Figure 4- 14 (top: Ml: bottom: link 2). 

Fig. 4-16 End point response in Cartesian space. 
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r l 1 r I I 1 1 

O 5 10 15 20 25 
Time ( s ) 

Fig. 4-17 Joint displacements pertainuig to Figure 4-16 (top: link 1: bottom: link 2). 
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4.2.2 MVC Implementaticm 

To be consistent with the previous wo& on thk connolier in references [7. 13, the 

rehtionship between joint vebcity 8;: d servovahre mput voltage y. 5 mbdeled instead 

of modeling joint disphcement üetween Oi and 4. Figure 4-18 shows the control 

scheme. 

7 Estimation t+ 

Fig. 4 18 Single iink MVC system; position conml. 

The S-doniam transfer IumDn that npresents the nhtioaship between ui and ei was 

Taking z-transf~rm including zen, order holder arrives at 
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In other words. it is a second order system and the output in dimete the fom is: 

&t) = -ciil@ ( t  - 1 )  - ai&t - 2) + bio4 (t - 1) + b&t - 2) + hi(t) (4-12) 

Here b(t) is addeci as a fbrcnip tenn to look after the nonlinw e&*s such as 

gravitational force. Therefon, in this case. five parameters m total are to be estimatecl on- 

line. 

Together with equation (348). die conml signai is determineci by 

wbere b is the vaLie of bio at iast samphg instant t-1; 

8&+1) =9',(t+i)+ci[0,(t-1)- 4(t-1)JI T, m whkh the kst tenn wirh weighting 

factor ci is expected to comt  the position emr at t h e  t-1 . T is the sampling time. 

Similar to the miplementation of a GPC. the control signal was kep wiihin the range of [- 

5mm. Smm]. The sampling time T4.0 1s. Iniiially. iink 1 and Mc 2 were set to 60 and - 

60 âegrees, nspect~ely. Then, ody Link 2 was conaolled duriig the simulation while 

there was no contml effort on link 1. The W C  controller bas two parameters to be 

huied: c, which conects the position emr, and the relaxing factor A, whrh  is defÏned as 

ui = 4 x ui . Smiihr to GPC, the forgetting aictor used in RLS estirnator. Af. is also 
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needed to be adjusted. The best performance was oùtained with the followmg paramter 

values: 

~ ~ 4 . 5 .  A, 4.0003. A/ 4.98 

The initial values of the plant mode1 wae: 

a, =o. a,=O,bf, =1* 4 = O . h 4  

where for the pirpose of simpkity, az, b, d & demted as a,, bi and h . 

Figure 4-19 shows the response wah well-tuned gains. The response is very smooth 

without any overshoot. however. as compand with Fi. 4-2. it is much more siuggish. 

Fig. 4-20 shows the resuh of the test m which a bad of 40kg is presented during 4th - 8th 

second Thc response is quite oscillatory. nie efféct of cbaaging hydraulic cornpliance 

was ako tested, whkh is shown m Fig. 4-21. The results irdrate that the MVC scherne is 

not capable to adapt to the changes as good as GPC scheme. 

Figures 4-22 and 4-23 show the tracking em>rs and the contml signals pmaining to the 

ramp and the cosine tracking shown m Fig. 4-11. The m e r  settings were the çame 

as (414). Note the steady state enoa observeci in the ramp response. 
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I t a r 1 I 

O 2 4 6 8 10 12 
Time (s) 

" -6' t * I 1 r I 

O 2 4 6 8 10 12 
Time (s) 

Fie. 4-19 Joint displacement and control input with ~ ~ 4 . 5 .  A,-0.003. Ay0.98. 
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Fig. 4-20 Joint displacement responses with varyhg l d  

3 P 1 I I I 

O 2 4 6 8 IO 12 
Erne (s) 

Fig. 4-21 Joint displacement responses with varying hydraulic cornpliance. 
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Time (s) 

Time (s) 

Fig. 4-22 Tracking error and control input durkig nunp tracking nsponse. 

Time (s) 

Fig. 4-23 Tracking error and control input during cosine üacking response. 

- 
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4.3 MULTI-LINK GENERALIZED PREDICTIVE 

POSITION CONTROL 

To M e r  overcom the impact bught up by the interaction between links to the system 

performance. die dynamic couphg should be properiy modeled Since the manipihtor 

has two degxee-of-fiedom, two variables are Deoded to determine the position of the 

endpoint. In this thesis, a straight forward way has been chosen, i.e.. usmg x an y in the 

task coordinate as position variables. Alihough other studies suggest that there exist 

altemative choices of variables for endpont control which could lead to superior 

performance. such as usmg x and O2 in rehnce 1211. adopting x and y has its own 

advantages. For nistance. it is easy to speciry the mjectory, and the need of mverse- 

kïnematics-rehted computation is eliminated. Obvio~siy. now the sysfem has two mpts 

y and y. and two outputs x and y. In this chapter, MIMO GPC is applied to this 

Caxtesian-based position conml approach. 

The conml rhem is drawn m Fi. 4-24. It is basically the same as the conml scheme 

for SIS0 GPC algorithm shown in Fig. 4-2 excep that the data flow is in a vector fonn. 

The successnil establishment of the s-domain transfer fhction h m  [U,. u , ] ~  to 

[ X ,  Y]'. equation (2-43). enables the application of MlMO-GPC algorithm to the 

Cartesian motion contml of a two-link rnanipuiator. 
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Fig. 424 MIMO GPC system block diagram. 

Taking a z-transformation of equation (2-43) with a zen, oràer holder arrives at: 

4 b1 10z-l + bl 1 1~-2 + q 12~-3 + bl 1 3 ~  +& 14~-' where Kl (2) = 4 l+allt-l +a12z-' +a13~-3 +O~*Z-~ 

From equation (4-15), the outputs in dimete the  fonn can be written as foilowing: 

~ ( t )  = -al +(t - l)--~~~x(t - 5) + 4 , 0 ~ 1  (t - 1)+ - +b, 1 4 ~ 1  ( t  - 5) 



+bIsn2 (t - l)+ *+b124~2(t - 5)  + hl 

= - I)---u&- 5) + b210~l (t l)c-+b214a1 ( t -  5)  

+bm5(t-l>Ç-+&44(t-5)+h, 

Equation (6 1611) is herewith d e d  Chaaiiel x and (4 l6b) Channel y. 

Two RLS estimators are aadtd to find the bcst parameter sets [alI - -  a15 h o  . g o  

414 420 .-- '124 41 * * *  au 4 1 0  414 b~ ... b224 h r ]  * 
equatiais (416a) and (4-16b). nspctlvely. 

The same trajectory tracking as m Fig. 4-18 was conducteci to allow convirscmg 

cornparison. The design parametes of the controller were Nned ta be: 

~hamiell: N,-1, N,-27. N,-1, 4,-1, Ard.15, ~ ~ 1 0 . 9 9  

Channely: N ,d ,  N, -27 .  N,d, A.-1. ~ ~ - 0 . 1 5 .  ~ ~ 1 0 . 9 9  

Figure 4-25 shows the urcelLm response of the end-point disphcement. Jomt 

displacement of each iink is ploned m Fi. 4-26. Compared with Fi. 4-16. the responîe 

in Fig. 4-25 is much better, irnplying that the MIMO GPC strategy considerably eliminates 

the effects imposed by dynamic couphg between the ünkages. 



Fig. 4-25 End point response 

(channelx ~ , = 1 ,  Nz-27. N.-1. 1,-1. A,-0.15, Af4.99; 

channely: N p l ,  N ~ - 2 7 ,  N p 1 ,  À , = l ,  A,-0.15, Àf=0.99). 

In this chaper. the control performances of SISO GPC, SISO MVC and MIMO GPC 

were exa-ed and compared on a two-link hydraulic manipuktor. Fkt .  the effects of 

design parameten on the GPC performance have k e n  studied Second. the application of 

MVC and MTMO GPC schemes on the same manipulator have k e n  carried out. 
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Fi?. 4-26 Joint displacements pertaining to Figure 4-25 (top: link 1: bottom: link 2). 



Akhough perfcct response can be achieved by an the controllen. it is wonh poiitng out 

their pedTomutnce differences in various aspects. The cornpiirison between GPC and 

MVC can be summarized as below 

GPC is more robust. wtule MVC can not adapt to bad or hydraulic cornpliance 

changes as efficiently as GPC can. 

GPC bas more design parameters to be tuned than MVC does, which is usually 

not preferred by engineers. 

GPC aigorithm is computationally more apnisive aian MVC algorithm. 

Only posaion signal is nquind by the BC. while the MVC strategy 

bestigated here requirrs an additional mwisunment or calculation of the 

velocity. 

The improvemnt of MIMO GPC over SISO GPC lies m the significant reduction of the 

e&ct that the d y n d  coupling on the system's performance, though it is at the expense 

of minendous increase m the number of the parameters ta be estimated. The overall 

computatibn Um was less because the G matrix to be manipiiated was 54 by 54, 

compareci with two G matrices hawig to be calculateci m SISO GPC case, one of which 

was 60 by 60, the other 40 by 40. 



CHAPTER FIVE 

FORCE CONTROL OF A TWO-LINK 

HYDRAULIC MANIPULATOR 

In this chapter, force contml of hydraulsc manipilators usmg adapive GPC and W C  

algorithms is a d d r e d  This chaper consists of two parts. The b t  pan dimisses a 

single Link force control Bot. GPC and W C  algonihms are examined and compared 

through compter simulations. Second part discusses the muiti-liik force control case, in 

which the dynamks of both 1Pilrs are simuitaneousty taken mto account abng with the 

interaction with the envionment. 

5.1 SINGLE-LINK FORCE CONTROL 
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5.1.1 GPC Implementation 

The contml SC- of GPC implementation is shown in Fi. 5-1. u D the servovalve 

input voltage of the hydraulic actuator. 

Estimation 

HyQaiilic Manipilator 
and Envinmment 

L 

Fig. 5-1 Single Link GPC system; force control. 

The sdomain tramfer fiinction of the plant was fowd m equation (2-33). The z-aansfonn 

of it with a zero order hol&r is 
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The dynamics of the interaction between the end-efféctor and the enviromnt has been 

added to the C-coded program that was used m posaion control to simuhte the dynamics 

of the hydraulic actuators anci the IinLs of the manipilator. During the simulation oniy link 

2 was contmUed whik link 1 was fixed at 70 degree. Dynamics of the environmental 

interaction was assumed as a mass-damper-spring system depicteci m Fig. 2-3 with 

m,=Okg.  de=80N.sfm and k, =5ûOûN/m. The s p i  displacement (control 

signal) was bp wiihin the range of 1-Smm, 5mmJ. The sarnpiing thne T was chosen to 

be 0.001s. 

Rekrring to equation (5-2) seven paranaeters are to be estimateci. The values of these 

paramters were siitiany obtained mathemaùcally by taking a z-nansformation of (2-33) 

and a biowledge of the vaiue of its coefncients. As a matter of hct. m computer 

simulation case the parameters can be f o d  easiiy given the operatmg point. Through 

compter simulation, the intial position of link 2 was -100 degree with Inik 1 k e d  at 70 

degree. It was found that amund such an operathg pomt (8, = 70'. 4 = -100') the 

spool &placement was Omm, the supply iine pressure was 2.6%2 x 106pa and the retum 

line pressure was 3.0140 x 106  a. Knowing theset a i l  the parameters can k calcuiated as 

in Table 5-1. 

Using the values in Table 5- 1. equation (2-33) is re-wrinen as: 
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Table 5-1 Parameter values in s-domain tramfer fwiction 

Parametezs Values Source 

Table 4-1 

Table 4-1 

Equation (2-6) 

Equation (2-26) 

Equation (2- lûc) 

Equation (2-lûc) 

Equation (2-24b) 

Table 4-1 

Table 4-1 

Simulation setup 

Simulation setup 

Simulation setup 

Takng a z-tratlsformation of the above equation Siclucihg a zero order holder will lead to 

the following relation: 
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Therefore, 

a, = -2.9358, a2 -2.8865. a3 =-0.9507, bo = 485.41, l+ = 3 1.439. b2 = -457.74 

(5-5) 

Here, for sirnpücity a, and b, are denoteci as a, and 6,. respectively. 

These vaiues were oniy used later for the verifkation of the on-line estimation. The initial 

values used diiring the simulation wen assigned as: 

a, = O ,  a2 =O, a3 =O,  b0 '1, bl =O. b 2 = 0 ,  h-û 

Figure 5-3 shows the performance of the on-iine estimator. whkh is consistent wiih the 

vaiues obtained m (5-5). The panuaeters converged afier = 1.lsecond and roughly 

remained constant, due CO the nonlmarties that could not be represented as a fixed- 

parameter linear modeL Before the mode1 was correctiy estabiished, the nsponse was 

osciüatory, which cleariy shows b w  the on-he estimation hclped the controiler 

performance. 

Usmg (5-6) as the standard parameter setting. tests were a h  carried out to study the 

effécts of the design parameters on the cowoiler performance. Table 5-2 summarizes the 
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nndiags. NI was set to 1 because it was assumd that no biowledge about the &hy of 

the system was avaüable. 

Table 5-2 Step resptmse with diffe~nt system design parameter settings 

F i g u i e n m t  
L 

Fig. 5-2/5-3 

Fig. 5-4 

Fig. 5-5 

Fig. 5 4  

Fig. 5-7 

Fig. 5-8 

Fig. 5-9 

Standard (5-0) 

Standard (5-6) with 

2.5 Mies bigger set- 

point 

N, changed to 30 

A. changed to 

A, changed to 0.98 

Fast response, no ovefshoat, no steady state 

emr. 

A ünle deteriorateci response with slight 

overshoots. 

Smak N, d e d  in a b e r  response wiih 

overshoot. 

Faster response and hrger mor due to high 

environment stiffiiess. 

Larger À, resuited m a response with overshoot 

and oscillation. 

Larger A, led to smng conml actions -which 

worsened the response while the piant mode1 

was insufnciaitly modekd. 

Smallrr A, made the -ter converge faster 

and the response more sensitive to error. 
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GPC also demonstrated good capability to uack a specined the trajectory. Figures 5-10 

to 5-14 show the sïmuiation results of ramp and cosine set-points. Due to the inherent 

integral action of GPC, there was no steady state e m r  observed for the ramp tracking 

test. 

350 

300 

h 
250 

5 
g 200 
r0 
y 150 
C 

B 
LOO 

50 

O - 
O 2 4 6 8 1 O 12 

Time (s) 

Time (s) 

Fig. 5-2 Contact force and connol input with 

N , = 1 .  N2=60. N w = l .  À , = l .  À,=0.06. Â,=099. 
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Fie. 5-3 Parameter estimation 

penaininp to Fig. 5-2. 
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o L  1 L I # I J 

O 2 4 6 8 1 O 12 
Time (s) 
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Fig. 5-4 Contact force and conml input with large step set-points. 



Chapter 5 Force Conml of A Two-link Hydraulic Manipulator 
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Fig. 5-5 Contact force response with N2 = 30. 

Fig. 5-6 Contact force response with Nu = 2. 
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Fig. 5-7 Contact force response with A, = 5 x 10' . 

01 1 
1 I * I I I I 

O 05 I 1 3 2 2.5 3 3 5  4 
Time (s) 

Fig. 5-8 Contact force response with 4 = 0.12. 
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O 05 1 15 2 2 5  3 3 5  4 
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Fig. 5-9 Contact force response with Af = 0.98. 

Funher, in order to verify the robustness of the GPC force controller, the sirni 

staxted with the design parameter settmg given in (5-6) and with ma = 0 kg . 
d ,  = 80 N s / m and k, = 5000 N / m on the environment side. The stifhess of the 

environment was then suddeniy quadmpled to k, = 20000 N 1 m at r = 45 second. 

Referring to Fig. 5-15, t took the controlier alrnost L second to stabilite the response. At 

the t = 8.5 second, the second environment parameter, i.e.. the damping ratio. was 

changed to d ,  = 20 N - s  1 m. The change had no sigüficant impact on the system 

output. 



Chaprttr 5 Force Control of A 711-0-link w a u l i c  Manipu furor 
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Fig. 5-10 Ramp and cosïne force uacking inputs. 
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Time (s) 

Tirne (s) 

Fip. 5-1 1 Force tracking emr to a ramp input. 

Tirne (s) 

Fig. 5-12 Conml input pertahing to Figure 5- 1 1. 
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Fig. 5-13 Force tracking emor to a cosine input. 

Fie. 5- 14 Conml input pertaining to Figure 5- 13. 
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Fig. 5-15 Contact force respse with varying environment. 

5.1.2 MVC Lmplementation 

In Chaper 4. the reiationship between joint velocity 4 (tirne denvative of joint angle) and 

the input control signal ui was modeled as a second order system By using the transfer 

function of 6 over ÿ. the order of the system was reduced fiom 3 to 2. With respect to 

force control equation (2-33) was used. This is due to two reasons. First, the derivat ive 

of the force usually is not meamrable: instead, it is obtained by calculation based on the 

rneasured forces. In fact, the measurement of force itself is very noisy due to the hardware 

limitations. which leads to inaccurate derivatives. Secondly, with reference to equation (2- 

33). one cm write the transfer hnction from u, to fx as following: 
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(5-7) 

whidi indicates that m the force contml the order of the system cm not be reduced by 

using the W e r  fiinaion h m  to f 

Fig. 5-16 Singie link MVC system; force conaal. 

- - - - - - - - - 

Proces patameter 

Figure 5- 16 shows the control scheme. RecanBig equation (3- 18). together with (5-2), the 

conmi signai is daennined by 

4 li @ 

where b& is the value of b, at lasi sampling instant t-1. 

Estimation 
v 

fd + 

= U 
MVC I f* - Controiier 

Hydraulic Mimipuiator 
+. -' and Environment 
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Accorcüng to equation (5-2) seven parameters were to be estimated. Their initial values 

were set to: 

a, = O ,  a, = O ,  a, =O, b,, =l ,  b, =O, b2 =O, h-0 (5-9a) 

For the pupose of simpücity, a%, b, and & are denoted as ai, bi and h , respctively. 

Figrue 5-17 shows the best performing nsponse that could be achieved The design 

parameters in this case were: 

A, 4 - 0 1  and Af -0.99 (5 -9 b) 

The response is smooth without any ovenhoot, however, compared with the response of 

the GPC. shown m Fi- 5-2. it is amre siuggish. Fi. 5-18 shows the response when the 

set-point magnitude was increased 2.5 tinies* 

Figuns 5-19 to 5-22 show the sinnilation resuhs of tracking trajectories, which can k 

compared with those belonging to GFC scheme- 

A simikr mbustness test, as m GPC implemntation. was also perfomied on the mslimurn 

variance force controlla. The simulation ~ t a ~ e d  wDh the design parameter settng given 

m(5-9)andwith m,=Okg, de = 8 0 N d m a n d  ke=5000NIm. At 1-4.5 second, 

k, suddeniy changed to 20000 N f m , and at the t = 8.5 second, de changed to 

20 N s 1 m . Figure 5-23 shows the response. It is seen that minimum variance force 

control scheme couià not adap to the changes in the environment as well as generaiized 

predic rive force controiler did 
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Fig. 5-1 7 Contact force and conml input with A, -0.0 1 and A, -0.99. 
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Fig. 5- 18 Contact force and control input with large step set-point. 
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Fig. 5-19 Force tracking error to a ramp input 
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Fig. 5-20 Conml input pertaining to Figure 5- 19. 
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Fig. 5-2 1 Force tracking error to a cosine input. 
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Fi?. 5-22 Control input perraining to Figure 5-21. 
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Fig. 5-23 Contact force response with varying environment stiffness. 

5.2 MULTI-LINK GENERALIZED PREDICTIW 

FORCE CONTROL 

This section examines the case m which both iinks of the two-Link hydraulic manipuiator 

are simultaneously convolled using multiple-mput multipk-output GPC algorithm Two 

situations are considered: one is that the end-effector is force conuolled in two orthogonal 

directions; the other one is when the force connol is oniy required in one direction while 

the other direction is position controlled. 
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5.21 Cartesian Force ConW 

Figure 2-5 depicts the scenariD tbat the end-efféctor is to be controllcd m both x and y 

directions. Figure 5-24 shows the bbck diagram of forcc cormal appW at the end- 

effector of a two-link manïpuiator using a MIMO BC scheme. 

Fig. 5-24 MIMO GPC system block diagram. 

The s-domain ttansfer fuaion d a h g  [LI,.  LI^ 10 [F~, F,, f was found in equation 

(2-46). With a zen, order holàer. the z-pansfomiation of equation (2-46) is: 

where 
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Two RLS estimators are needed to fmd the parameter sets [a,, *-• ais 410 .go 

hu b~ao - O -  b i s  41 and [a21 o.* 0% bZi0 # - -  bZis bta, - - *  b2= 41. I" 

the cornputer simulation, the initial values of these parameters were set to: 



2 4 6 8 1 O 12 
Time (s) 

Fig. 5-25 Contact force responses along x and y directions 
(channelx: N,=I. &=17. Nu=l, À , = l . À , = 0 . 3 5 . ~ ~ - 0 . 9 9 :  
channely: 4 - 1 .  nr,=17. N,=I. À , 4 .  À,=0.35. i,=0.99). 
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Fig. 5-26 Joint displacements pertaining to Figure 5-25 (top: Link 1: bottom: link 2).  
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Fie. 5-27 Conml inputs peTtaining to Figure 5-25 (top: link 1; bottom: link 2). 

On the environment side. ma = m, = O kg, d ,  = d ,  = 80 N s / m and 

ka=k,=5000N/m.  

To achieve the best response to nep inputs along both axes. the design parameters of the 

controller were tuned to be: 

Channelx: NI-1, N,-17, N u - 1 ,  i,-1, À,-0.35, dfd .99  

Channely: Nid, N2-17. N p l .  A,-1. ~,=0.35. Af4.99 

Figure 5-25 shows the force respnses dong the r and y axis. There was k g e  ovenhoot 

at the beginning because no prior knowledge about the values of the plant mode1 
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parameters was givea The overshoot can be avolled if some pMr niformation was 

Ïncorporated into the controkr. For gistance. the iniîiai values of the parameter couid 

have been obtahed by off-lioe estimation. F i  5-26 and 5-27 show the pmt 

displacement and the control signal. respctively. 

F i p  5-28 shows the force response of another test with step and ramp set-points. At 

t = 15second. the stiffness of the environment suddenly doubled to k, = LOOûû N 1 m. 

Again, generalized predictive force controkr demnstrated its adaptability to s t i f k s s  

change. The conml signal was shown in Fig. 5-29. 

This section mvolves the devebpment of an algorithm capable of hamilhg hybrid 

positiodforce contml tasks depicted in Fig. 2-6. 

Suppose the implement of a two-iink manipùator is conwanded to apply a certain force 

along x direction to the envhnment. At the same the. it is to travel abng y dirrction on 

the environment airface fobwing a specined tra.ory. Reference [3] suggested that the 

force m xdirection. f,. and the position in y direction, y .  could be controiled 

independently sime x and y are orthogonal, which made the hybrid forcdposition conml 

valid m theory. The idea is adoped in this thesis, and the adaptive MIMO GPC algorithm 

is applied to perform the task. 
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Fig. 5-28 Contact forces responses to a ramp input. 
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Fig. 5-29 Conml inputs pertaining to Figure 5-28. 

Fig. 5-30 shows the hybrid positionIforce contd  scheme usùig MIMO GPC algorithm. 

Process parameter 
I 

@ Estimation 4 

P d i c  ~ a n i  pulatort 
and Environment 

Fig. 5-30 Hybnd positiodforce MIMO GPC system. 
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The s-domain transfer fûnction was previousiy found m equation (2-51). Wnh a zero 

order holder* the z-transïonnation is similar to equation (5-10). 

In the compter simulation, the initial vdues of these parameters were set to: 

The sampling tirne was chosen to be 0.001s and ma = O  kg, d ,  =ON-slmand 

k, = 1 x 104 N / m to mode1 a stiffenvironment. 
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In the shuhtion, the environment was piaced a h g  x = 0.61 116m wMe the end pomt 

was iiitgUy phced at pomt x = 081 116m and y = l.lS846m. whkh generated an Ïnitïai 

force of lSOON due to the &formation of the environment. During the h t  5 seconds, the 

end p m t  was set to stay at i*i maial position. It was then commanded to fobw a pre- 

specified trajoctory aloDg the y direction. Meanwhile. the mmiphtor was eying to keep 

a constant force of 1500N against the surface of the environment dong the x direction. 

The best response was obtained by using the following parameter setting: 

Channelx: NI-1. N,-17, N$, A,-1. À,-0.3. Ap0.999 

Channely: NI-1, N2-17, NE-1, A,=1. Ar-0.3, Àf-0.999 

Figure 5-3 1 shows the force and position responses akmg the x and y axes. respectively. 

The lqest oversboot for the force occuned at the very beghrhg when the connokt was 

Ieaming the system's dynamics. The response afier thir period was very good. The 

contact force was kept ai the desirad 1500N with the maximum error of 2ON or 1.33% of 

the desired vahie (see Fig. 5-32). The posnion tracking dong the y direction, show in 

Fig. 5-33, was also acceptable with the maximum em>r of only Imm. 
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Fig. 5-3 1 Contact force dong x direction and end point position dong y direction 
(channelx N , = L  N 2  =17. NU=1. &=1. À -0.3, À, =0.999: 
channely: N,=I.  Ar, -17. hrm=l .  1,-1. A,=0.3, Àf=0.999). 
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Fig. 5-32 Force tracking error pextaining to F i p  5-3 1. 
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Fig. 5-33 Position tracking enor pta in ing to Figure 5-32. 
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In this chapter, the performances of SISO-GP, SISO-MV and MIMO-GP force contmilea 

were carerUny eramined as they were appM to a two-link hydraulic dpuiator .  The 

results &monstrate the strength and the wealmess of each conmkr. SISO-GPC 

outperfonaed SISO-MVC in the speed of response anci, more importantiy. in the 

adaptabiüty to the environmental changes. Regarding the cornparison between SISO- and 

MiMO-GPC's, the introduction of -0-GPC aigorithm to the force control diâ not 

bring significant hprovemnt to the system performance: however, MIMO-GPC did 

considerably d u c e  the computatiorial burden compared with the SISO-GPC algorithm. 

The index of computationai expense is the niMmum output horizon NI. For each 

channel of the MIMO GPC algonthm, set NI to 17 is enough to get an excelient 

nsponse. For SISO GPC canmDer. the best response was oûtained afier incnasing N, 

to 60. Computational expem is among the top problems that have to be addressed 

before GPC algorithm can fully enter the practice m robtk contmL However. there wiU 

be a sisnifiCant increment of the number of the paramters to be estimated on-line as the 

number of Wrages increases. Actudy, for each charml  the number is roughly qua1 to 

the order of the system multiplied by the number of the mputs. The situation for a 2-link 

manipuhtot is still acceptable. but. for a gemral n-link manipuiator with n king a larger 

value. the large number of parameters to be idanifhi may lead to inaccurate estimation 

and thenfore. unsatisfying system performance. 



CHAPTER SIX 

EXPERIMENTAL OBSERVATION 

Thc chaper presents the verifkation of the adapive conml of hydraulic maniplhton 

using Generalized Predictive and Mmmnun - .  
Variance Conml algorihm by means of 

experinientation The experiments were perfomvd on a hydraulic actuator which has ail 

the noalinear characteristics bat a muhi-link hydraulic manipihior possesses excep for 

the kinematics terms. Both position conml and force control were experimented. 

6.1 POSITION CONTROL 

Figure 6-1 shows the test station on whkh dl position control experiments have bem 

carrieci out. The test station comists of a hydraulic actuator unit, a micro-cornputer with 

an dogkiigital (Alil) conversion card, and a load The hydrauiic actuator unit has a 



pump. a semovake and a cyl0der. The pump is set to provide a constant oprational 

supply pressure of =7000kPa. The semovaIve is a cbsed-enter four-way valve. The 

cylinder is fixeci on a fiam, and the bad is attachecl to the actuator piston through steel 

cables. The bad muid help or oppose the motion of the piston dependaig on whether it 

extends or retracts. Three pressure transducers read supply punp pressure, supply iine 

pressure and re~m iïne pressure. The disphcement of the cylinder piston is read by an 

incrernental transducer. The compter (66Hz CPW and SM RAM) then compares the 

digitired posaion signal with the set-point, and gemata a conml s igna l  The control 

signal is convexted to an anabg signal by the A/D a m i ,  and is transmitted to the hydraulic 

servovalve. 

1- Servovalve 3- Suppiy Line Pressure Transducer 5- Incrementai Encoder 
2- Pump 4- Return Lute Resmre Transducer 6- Load 

Fig. 6-1 Schernatic of the experimentai test station for position contml. 



The servovalve operation is lincar w b  the control signai is withni [-1Svoh. ldvoh]. 

niutfore. in tbe ex-s the control signai is Iimiied within this range to ensure 

acceptable performance. The servovabe also bas a &-band of [-0.4voh. 0.4voltJ. A 

sampling tirne of 0.01 second was chosai for the experiments. 

F ' i  6-2 depicts the confisucation of the hydrauiic actuator with almost all variables 

kmg &fiml before, excep for m stands for the mass of the rod pius piston. m was 

neglected in the previous chapes because it was fu srnaller than the Iînk king actuated. 

Signal 

U 

Fig. 6-2 Hydraulic actuator in fke motion. 



Chup fer 6 Etperhental Obsemation 

From Chaper 2 it is b w n  that the linearized dynamks cquation of a hydraulic actuator 

in s-domain are: 

QI KUCI O KpPI (6- 1 a) 

Qo =K,U +KpPo (6- 1 b) 

c-4 Kwx w"cn K,, = K w i  . 5 = J-- and 4 = PI -Po. 
XP,-W 

The pipe dynamics equatians in sQmain are: 

QI = C P I ~ + A I X r  

Qo = -CP0s + A. XÎ 

Note it is assumeci that Cl = C2 = C . 

Equating equations (6-1) and (6-2) to remove QI and Qo amives: 

The actuating force is: 

Fa = PI A, Po A. 
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Fa overcomes the viscous f i t ion and the Coubmb firictaori, and moves the roQ the 

piston and the l a d  Hence. Fa can be expnssed as: 

Fa = mXs2 +dXr 

Substituting (6-3) into (6-4) and cornparhg the resuit with (6-5) &es: 

and 

w h e ~  V(s) represents the velocity of the actuator. 

Equation (6-6) is a thad order system, and iis z-transfomi inclding a zero order hokier is 

in the form of: 

Therefore the discrete fonn of the output x(t) is: 

~ ( t )  = -aLx(t - 1) - a&t - 2) -ajx(t - 3) 

+ bou(t - 1) + bLu(t - 2 )  + b2u(t - 3) + h(t) (6-9) 

Again. h(t) is added as a forcmg terni to bok after the e£€ècts of unmodeled dyMmics 

such as loading. The above equation wiU be used for GPC algorithm. 
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Equation (6-7) is a second order system, and its z-tram&orm inchichg a zero order hoider 

is in the fom of= 

The discrete fomi of the output Nt) can be written as: 

~ ( t )  = -U,V(I - 1) -ap(t  - 2 )  + b0u(t - 1)  + bp(t  - 2)  + 6(t) (6-1 1) 

h(t) is adâed as a forcmg term to h k  after the e-ts of wmodcled dynamics such as 

loading. Equation (6-1 1 )  wii l  be useâ for the MVC algorithm. 

6.1.3 Resuits 

Unüke the compter simuiation study where no prior information of the vahies of the 

piant mode1 parameters was @en to the controiler, here, in order to avoid possible iarge 

overshoots that could damage the equïpment. the W valies of those parameters were 

needed to be careniny assigned. The data could not be obiainod by taLmg a z- 

transformation of equation (6-6) because certain paiameters were ni t  accessible, such as 

ni and d. An off-line estimation was therefore pedormed by removing the feedback path 

in Fig. 6-1 and, repiacmg the controiler with a signal generator. Figure 6-3 shows the 

block diagram for the off-iine parameter estimation m which u is the control signal and x 
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the disphcement of the hydrauiic amator. The conmi input used for off-line estimation 

is shown m Fig. 4-4. Also shown m Fi. 6-4 is the nspome of piston disphcement to the 

input. Figure 6-5 shows the off-line estimation resuits. The data obtained are: 

a, - -2.3, 1.82, 4, - -0.48. bo - 0.0001 1. 6, - O.OOO25, 6,- O.OOOl8, L - 0.0 

(6- 12) 

These vahies were then usai as initial values of those parameters when on-line estimation 

was perE0med. 

L , U L 

Signai Hydrauiic 
Generator Actuator 

i 

Fig. 6 3  Configuration of off-luie estimation for the GPC qstem. 

AAAitinMny, to prevent the paramters h m  drifthg when there was no suf5cient 

excitation in the control signai during the on-line estimation, the folbwing procedures 

were perfonned Fm, when the control signal dropped mto the dead-band with the range 

[-O.4vok, 0.4volt1, the estimation wu simply swiicheù off Second, both the diagonal 

matrix D and the upper triangular matrix U were h d e d  as foilows : 

the sum of elements m D was bounded within [10,100], 

the sum of elements m U was bounded within [O, 1.21. 
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The values of the boundruies were inaiany chosen accorâing to the off--line identifkation 

and then were tuned experimentany, Le., they were adjusted by observing the parameter 

driftin8 during the experiments. Acconiing to L. Lmg 1181, it wodd be su"cient to set 

-0.1 I I I # . 1 

O 0.5 I 1.5 2 2.5 3 
Tïme (s) 

A 

2 r  
> = = 1 -  = 
M - 
Y- 0 -  - 
E - : -1 
G 

-2 

Fig. 6-4 Conml input and piston displacement for off-line estimation. 
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- 

I 

1 . I I I 



Fig. 6-5 Off-iine estimation results. 



only lower boundaries. However, m the experiments, t was found that the upper 

boundanes also afkted the success of estimation. The sums of the elements were 

bounded instead of each element. This is b u s e  there were 7 elements m D and 42 

elements in U aad therefon it was difficuit to set boundary for each element comctiy. 

Nevertheles. fairly good results were obtauied by bounding the sums. 

The system was tested k t  with step mputs. The best response was obtagied with the 

following parameter setting: 

Nl=l, N2=22, N,=1, &d.OOS, &œl.O, Af4.99 

Figure 6-6 shows the response of piston disphcement and the control signal There was 

an overshoot at the very begmnilg miring the identification of proper vahes of 

parameten. The nsponse afierwaTdS was excellent. It was fast, with a0 overshoot at ail 

and steady-state emr h. From the coinrol signal the mtegrating action of the 

conmiler m the dead-band area can be clearly seeh Fig. 6-7 shows the parameter 

estimation without signifkant driftng. The supply pressure, which was supposeci to keep 

constant at 7000kPa. as wen as the pressures of suppIy Line and rem line, Pl and Po, 

are shown in Fig. 6-8. 

Figure 6-9 shows the effet of varying N2 on the response. When N, was increased to 

32, the response becam sluggish When N2 was decrwed to 12, the response became 

slighdy oscillatory . These observations agree with the simulation results. 



30 
ïïme (s) 

Fig. 6-6 Piston displacement and control input with 

ht,=l. N2=22. Nu=l .  ir=0.005. A,=l-O. Àf=0.99. 



Fig. 6-7 Parameter estimation 

pertainïng to Fip. 6-6. 
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Fig. 6-8 Supply pump pressure. supply and retum line pressures pertaining to Fig. 6-6. 



Fig. 6-9 Piston displacement respaise with N, = 12. 

Fig. 6-10 Piston displacernent response with Nu = 4.  
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Figure 6-10 shows the response when Nu was increased to 4. The response is almost 

identical to the rrailt wÏth Nu- 1. whkh suggested that the systern is not sensitive ta this 

parameter. N, - 1 is preferred sime iarger N,, demands much more computational 

expense. 

F i  6-1 1 shows the resuh of nicreasing A, ten times to 0.05. It mans that in the cost 

fiinction more punishrnent was put on the conml signal, which ied to a less active conmL 

In fâct. Fig. 6-1 1 shows a fàster respome with srnail overshoot because there was no 

enough contml to bmke the movement of the piston. 

F i  6-12 shows the response of decreamg 4 h m  1.0 to 0.2. which mears only one 

fifth of the compited control signal imemnt was acnially applied to the valve. The 

resuh is smiilar to the one shown m Fi. 6-11. F i  6-13 shows the resuh of changhg 

Af to 0.95 which was not much different h m  the one when A .  was set to 0.99. 

Wi the parameter setting as (6-13). a bad of 180 Ib was imposed on the hydraulic 

actuator. In this expriment, when the piston was exteriding. the bad helpcd makng the 

response bista; when the piston was retracting, the bad aied to oppose the motion. 

Figure 6-14 also shows the response of the fht 20 seconds Although thm was a htle 

overshoot, the conmkr was stiû perfomimg very weil-the response was Eist and accurate 

with no steady-state emr. 
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Fig. 6-1 1 Piston displacement response with A, = 0.05. 

O 5 L O 15 20 
Time (s) 

Fig. 6-12 Piston displacement response widi 4 = 02. 



Fig. 6-1 3 Piston displacement response with AI = 0e95. 

Further experùnents were carried out for ramp and cosïne tracking. The sbpes for the 

ramp input were f 0.05mls during the k t  40 seconds and f 0e25mls during the next 8 

seconds. The fkequency of the cosine wave was initially set to 0.05Hz. and then was 

changed to 0.25Hz. Figures 6-15 and 6-16 demonstrate the responses topther with their 

respective trac king enors. 

For minimum variance controller. the velocîty of the piston was calculated by taking the 

derivative of the position sipis. [t was found that quite accurate velocity could be 

obtained by using only two consecutive position signals. According to equation (6- 1 2). 
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Fig. 6-14 Piston displacement response with load presented. 
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Fig. 6-15 Piston displacement and tracking error to a ramp input. 
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Fig. 6- 16 Piston displacement and tracking error to a cosine input. 



five piuameters were to be estimateci. Fit an off-line estimation was pertiormed to fïnd 

initial values. Fi. 617 shows the bbck diagram for the off-line panimter estimation in 

which u is the control signal and i tbe vebcity of the hydraulic actuator. The conml 

input used was the same as shown in Fig. 6-4. nie following data were obtaind 

a, - -1.167. a,- 0.264, b, - 0.005 19, bl - 0.00703. h - 0.00237 (6-14) 

The boundary conditions set for the diagonal macrix D and the upper triangular maûgr U 

were: 

the sum of elements in D was bounded within [IO, 181. 

the sum of elemmts in U was bounded within [9,100]. 

The k t  perfonning step input nspoise was olnained with the foUowïng paramter 

sening 

Fig. 6-17 Configuration of off-laie estimation for the MVC system. 
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Figure 6-18 shows nie pinon disphcement, whkh is acniaiiy a linle faster then the one 

belonghg to the generalized prrdiftive controlla (see Fi. 6-6). Due to presence of dead- 

band in the vahre, there was a steady-state emr m the response. The controller genemted 

a non-zero signal during the steady-state, whïch was mt  enough to operate the 

servovalve. Figure 6-19 shows the paranieter estimation. The supply pressure, P, . mput 

and output h e  pressures. PI and Po, are also shom in Fig. 6-20. 

W i i  the paramter settbg as in (6-15), a bad of 180 Ib was applicd to the hydraulic 

actuator. The resuJt is shown m Fig. 6-21. W& the bad, the rcspoiise exhibits s@ht 

oscfitions which can a h  be oôsewed h m  the cairn1 siW. 

Addhionai experiments w m  carried out to test the system's tracking abiiity to ramp and 

cosine inputs. The set-points were exactly the same as the ones for GPC scheme. 

Figures 6-22 and 6-23 show the responses with Iarger tracking emn as compared with 

Figs. 6-15 and 616. 
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Fig. 6- 18 Piston dis placement and conml input with c,-OS. A, =0.02. À , -0.99. 
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Fig. 6- 19 Parameter estimation penaining to Fig. 6-1 8. 
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Fig. 6-20 Supply pump pressure. supply and retum Line pressures 

pertaining to Figure 6- 18. 
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Fig. 6-2 1 Piston displacernent response with load presented. 
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Fig. 6-22 Piston displacement and tracking emr to a ramp input. 
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Fig. 6-23 Piston displacement and üacking emor to a cosine input. 
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6.2 FORCE CONTROL 

1- Servovalve 3- Suppiy Line Pressure Transducer 5- Force Encoder 
2- Rimp 4- Return Line Pressure Transducer 6- Spiings 

Fig. 6-24 Schematic of the experimental test station for force control. 

The exprimental setup for force control was the same as that of the position controi, 

excep tbat the bad was nplaced by a set of springs (see Fi. 6-24). The end of the piston 

was cornmanded to push the splPlgs with a desired force. Most of the experiments were 

camed out with two sprgigs used m tandem. The overali stiffiws m this case was 3404 

Nln Several tests were abo done wiih only one spring used, increasmg the environment 
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stiffness to 6940 N/m Again. the servovalve had a dead-band of [-0.4voït, 0.4voLtl. A 

sampling tune of 0.01 second was chosen for the experiments. 

Fig- 6-25 Hydraulic acaiator in contact with environment. 

F i  6-25 shows the hydrauiic actuator interacting with environment which is modtiexi 

by a second oider mass-dampet-spring system. 
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For the open-bop mis of force controL equations (61) through (6-4) stiil hoid but 

equation (6-5) should be modined since the actuator is m longer in fke motion. 

Considering the contact forcefi (6-5) is revised as: 

Substituting (6- 17b) into (6-1 7a) gives: 

Fa =(m+me)Xs2 +(d +de)%+ke 

Substituting (6-3) into (6-4) and cornparhg the resdt with (6-18) arrives a t  

Substituting (6-1 7b) into (6-1 9 )  gives the tramfer function from u to f: 



C ' p t e r  6 EjqJerrinmral Observation 1 43 

Equation (6-20) is a third order system, and its z-transfom inciuding a zero order holder 

is in the form of= 

Therefore, the disaete form of the outputAt) is: 

f ( t )  =-a, f ( t -1)-a* f (t-2)-a3 f ( t - 3 )  

+ b0u(t - 1)  + b1u(t - 2)  + b2i(t  - 3) + h(t) 

Again h(t) is added as a forcing term to look afier the effécts of other nonlineariiies. 

Equation (622) is used for both the GPC and the M W  algonthms for force control. 

For the position conmi, &rem aansfer functions. (66) and (6-7). were used for the 

generaüzed pedictive d the minimum variante conaollm, respectivelys for the fom 

control however, tmsf'er function (6-20) was used for both controllers. One reason was 

that the signal of f could not be obtagvd àirectiy and must be demed h m  the signal of 

f. f is usually very noisy. ieading to inaccurate f . Anotkr m o n  was that ushg the 



m f e r  function h m  u to f does not &ce the order of the systea In fa*, the transfer 

fiinction h m  r to f cm b easily written out h m  equaàon (6-20): 

whic h is dl a third order system. 

6.23 Results 

Two spraigs were used m tandem as the environment. The overall stitniess was equal to 

3404 Nfm. It was assumed that the piston was al- keepmg m touch wiih the 

environment. To ensure this assumption, the rod end kept an initial force of 40 N against 

the environment. 

In order to avoid possible large overshoots that c o u  easiiy overbad the force sensor, the 

Siitial values of the plant mode1 pararneters were nccded to be assigned based on off-line 

estimation. Equation (6-22) meals that 7 parameters had to be estimated. F i  6-26 

shows the bbck diagram for the off-liie paranvter estimation in which u is the conml 

signal and f the contact force. The control input used for off-line estirnation has already 

been shown in Fig. 6-4. The initial valws obtained were: 
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The limit values for the diagonal matrix D and the uppr trianpuiar maalx U were set to: 

the sum of elements m D was bounded within [0.04,1], 

the s u m  of ekments m U was bounded within [-1.21. 

Estimation m 
Signal u 

Generator Hydrauiic Actuator 
and Environment 

Fie. 6-26 Configuration of off-line estimation for force control. 

The system was tested fim for step inputs. The best nspnse was f o d  wth the 

foiiowing parameter setting: 
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Figure 6-27 shows the fesponse of contact force f and the conml si@ During the fmt 

5 seconds the contact forre was stabilized at 40 N; then the fonx set-point was chan@ 

to mereut levek For thk well-nined resuh, there was no overshoot and no steady-state 

error, and the nsponse was N e  fast. Fi. 6-28 shows the piston displacemnt. The 

paramter estimation is shown m Fi. 6-29. The suppiy pressure and Lnre pressures are 

plotted in Fig 6-30. 

F i  6-31 shows the e&ct of varying N2 on the nsponse. When N2 was reduced to 

22, the response becam süghtly oscillatory. F i i  6-32 shows the response when Nu 

was increased to 2. The smali piston oscillation was amplinad by the high stifnws, 

resulting m kge osciIhtion m the response of contact hrce. Figure 6-33 shows the mult 

of decreashg 4 to 0.001. The rcsponse became a liîtle slower. Figure 6-34 shows the 

nsult of nicreasing A, to 1.0. The force nsponse nailt became slightly oseillatory. 

Figure 6-35 shows the result of changing Af to 0.95 which is not much Werent h m  the 

one when Af was set to 0.99. 

The stinneîs of the environment was then increased to 6940 N/m by nmoviig one spring 

h m  the mem. The same step Ïnputs as m Fig. 6-27 was used. The initial parameten 

and the design parameters were also the same as the ones shown by (6-24) and (6-25). 

respeaiveiy. F i  6-36 shows the resuits. Despite the environmental stiamss change. 

the overail response was quite good The piston disphcement is shown in Fig. 6-37. 
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Fig. 6-27 Contact force and control input with 

~ , - l .  ~ , = 3 5 .  - ~ , , = 1 .  i,=0.1. A,=O.2. Af=0.99. 
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Fig. 6-28 Piston &placement pextahing to Figure 6-27. 

Figures 6-38 and 6-39 show the system rwponse to ramp and cos& inputs. The siopes 

for the ramp input were f 16 N/s duhg  the f h t  40 seconds and f 80 mis during the next 

8 seconds. The fkquency of the cosine wave was uiiiially set to 0.05Hz and then was 

chan@ to 0.25Hz. The experiments was performed with two s p ~ g s  used in tandem 

i.e.. the environment stif6iess was 3404 N / n  Both figures show that in the beguuiing the 

response had large errors due to the inaccurate plant mode1 parameten. The system 

quickly a&pted by identifjing more accurate parameters. The responses &ewards were 

getting better with much smaiier tracking errors. 



Fig. 6-29 Parameter estimation 

pertaining to Fig. 6-27. 
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Fig. 6-30 Supply pump pressure, supply and retum Line pressures 

penaining to Fie. 6-27. 
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Fig. 6-3 1 Contact force response with N2 = 22. 
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Fig. 6-32 Contact force response with Nu = 2 .  



Fig. 6-33 Contact force response with A, = 0.00 1. 

Fip. 6-34 Contact force response with A, = 1.0. 
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Fig. 6-35 Contact force response with Af = 0.95. 
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Fig. 6-36 Contact force and conml input with increased environment stiffness. 
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Fig. 6-37 Piston displacement pertaining to Fig. 6-36. 

The discrete the output, equation (6-22). was used for minimum variance force 

controiler. The initial parameter vahes show m (6-24) were used, and so did the 

boundary conditions for matrices U and D tisted in Section 6.2.3.1. 

The best performing step response was obtained with the following parameter setting: 

4 -0.03, Af -0.99 (6-26) 

Figure 6-40 shows the response of contact force. Due to the dead-band m the hydraulic 

valve, the response exhibits a steady-state emor. The iargest error was = 11.5 N. Any 

set-point change below this value may not be sufficient to activate the system. With 

reference to Fig. 6-40 the system failed to respond to the set-point change of 10 N. 



Figure 6-41 shows the piston disphcement, and Fig. 6-42 shows the parameter estimatioa 

The supply pressure and h e  pressuns are show in Fig. 6-43. 
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Fig. 6-38 Contact force and force tracking error to a ramp input. 
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Fie. 6-39 Contact force and force tracking error to a cosine input. 

In order to increase the stfiess of the environment, one s p ~ g  was removed which lefi 

the envuonmental stifhess changed to 6940 Nlm The system was tested with the same 



ste p inputs as m Fig. 6-40, the same initial parameter setting shown m equation (6-25) and 

the same design pararneter show in equation (6-27). Set Fig. 6-44 for the result. 
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Fig. 6-40 Contact force and conml input with i ,  =O.O3. À =o.W. 
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Fig. 6-41 Piton displacement pertainhg to Fig. 6-40. 

Obviously, the contact force exhibits brge overshoots m responding to certain set-point 

changes. which can also be clearly seen h m  the piston dis placement in Fig. 6-45. 

Figures 6-46 and 6-47 show the system response to ramp and cosine tracking set-points. 

The experiments have been done with the environmental stifbess of 3404 Nlm As is 

seen there were large tracking erron. refiecting the mferor force tracking abiliiy of the 

MVC controller. 



Fig  6-42 Parameter estimation 

pertaining to Fig. 6-40. 
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Fis. 6-43 Supply pump pressure. supply and retum line pressures pertaining to Fig. 6-40. 
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Fig. 6-44 Contact force and conml input with increased environment stiffbess. 
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Fig 6-45 Piston displacement pertaining to Fie. 6-44. 

The experiments in both position and force control of hydraulic actuator demonstrated the 

feasibility and potentiai of adaptive generalized predictive controller. The controller was 

capable of precise control and qukk adaptation to plant changes. Minimum variance 

controiler also achieved good conuol performance in both position and force controL but 

it was inferior in adaptability, the abmy to overcome dead-band in the servovalve and 

tracking. During the coune of the experiments. it was found that the on-laie estimation 

required special attention in order to prevent possible parameter shifting and to ensure the 

nurnencai accuracy and stability. 
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Fig. 6-46 Contact force and force mcking error to a ramp input. 
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Fig. 6-47 Contact force and force tracking e m r  to a cosine input. 



CHAPTER SEWN 

7.1 CONTRIBUTIONS OF THIS WORK 

In this thesis. adapive control of hydraulic manipilators usmg a generalized prrdictive 

control (GPC) algorithm has been snidied through compter simulation of a two-iink 

hydraulic maniplhtor as well as experimentation with a single hydrauk actuator. Proper 

mathematicai modcis were established for bath single-input smgle-output (SISO) and 

muni-mpn muhi-output (MIMO) force andcor position conml Detailed shidy of the 

effects of design paramters was carried out. In pa&ubr, the adaptabüity of the 

contmiiers were tested with varying bad, hydraulic cornpliam and enviromnent stiffkss. 

The resulîs were also compared with those comspondmg to a minimum variance control 

(MVC) saategy. 



Chapter 7 Conclusions 

The application of an adaptke GPC algorithm to the control of hydrauiic -phtors 

was successfuL Due to the nature of bng range prdiction of the phnt output ami the 

inherent miegrai action of the contro0cr. GPC aigorithm proved to be reliabie at p i s e  

control of both position and contact force even m the prrsare of actuator dcad-band due 

to jomt fiktion ami hydrauiic Bow dead-band Monover. GPC dem~~~trated an excellent 

ab* to quicLly adapt to cbanges in loul hydraulic cornpliance, and enWonmntal 

characteris tics. 

During the course of this study. it was fowd that the weli-bwn MVC algorithms could 

also achieve good performance. However. comparing with GPC algorithxns. minirnum 

variance controiiers. (0 were less capable in adapting to dynamk changes m the piant. (a 
failed m overcoming the actuator dead-band, ad, (üii were inférior in adcking spccined 

trajectorks. Ch the other hanci, the impiemtation of the generalized pndictive 

controller was fowd to be more computationaily dcmandmg than that of the minimum 

variance controller. 

Regardiig the cornpuison between the application of SISO- and MIMO-GPC. the 

compter smwlatbn Wonned on a two-link hydraulic manipihtor mode1 revealed that 

the MIMO-GPC algonihm significantly reduced the compitationai tmie w h k  the systern 

performance was enhanceci by having the interanion between links taken care of. On the 

othcr had, since the algorîthm viewed the manipilator as a sinpie system, the order of the 

plant to be idemined was increased, thus, the numkr of the parameters to be estirnated. 
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In practice, this may mt be preférred because the estkition of a krge number of 

parameters is time demancihg and may lead to inaccurate results. 

7.2 RECOMMENDATIONS FOR FUTURE WORK 

It is ncommended that the friture devebpment of adapive control of hydraulic 

manipuktor with emphsis on the GPC algorithm could be &ne abng the fobwing 

directiotls: 

1. Qua* the data obtaincd in this thesis, especiany those nlated to the cornparison 

betwecn GPC and W C  algontlmis and those between SIS0 and MLMO GPC 

algonihnir to off= more convàriig and accuate oifi,rmation. For instance, the 

computational ex- of  each algorithm with smiilar performance spccincations couid 

be quantifiw by eidvr the number of arithmetic operations m CPU or the amunt of 

tirne conswaed during each period of sampling period. Funher, sensitivity anaiysis 

could be prrformed to unâerstand the effixt of parameters on the lineargbd plant 

modeL Thus, the number of the parameters to k estimateci may be reduced by 

removing some insignïfkant parameters h m  the plant m&L 

2. Generalize the application of GPC algorithm to an n-IÏnk hydrauüc manipuiator. 

Apparently, there would be no signincant changes for SISOGPC algonthm 

However. for MIMO GPC algorithm, to treat the n-hic rnanipuhtor simikr to the 

treatment of a 2-link one, as was outlined in this thesis, is not the best choice. The 



number of the parameters, to be estimateci on-üne* can k c o m  unmanageable. 

Altemative solutions need to be worked out. 

3. The parailel aiponthm of matrk maoipilation coukl be incorporated to reduce the 

compitational the required by the controller. Having devebped an enicient method* 

there will be no major obstacle ieft for the GPC algorithm to niny enter the practice of 

reai-the control of fast phno such as hydraulic manipuiators. 
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