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Abstract

Application of a fizzv logic controller to a class of hyclraulically actuatecl inclustr-ial

robots is investigated in this thesis. A simple, yet effective, set of membership func-

tions and rules are cleveloped to meet the control requirements of such robots. The

ploposed PD-type fuzzy controller is first examinecl thlough simulation of a two-linh

hydlaulic robot. The lobot has the same hyclraulic configulation â.s rnany existing in-

dustlial mttnipulators. It is shown that the contr-oller exliibits positive aspects which

cannot be easily achievecl by conventional control techniques, such as a PD controller'.

These erspects inclucle a shot't lise-time ancl a well rnaintainecl clampenecl response.

The fuzzy controllel is then utilizecl on an instlumentecl Unimate iVII(-II robot

which has been retrofittecl as a, research lobot. An off-line loutine basecl on the

simplex methocl is appliecl to find the best perfolrning contlol gains for clifferelt

linlcs. This is accomplishecl by rninimizing the summation of er-rors over step input

responses. The contloller, although effective, is shown to produce steacly-state errors.

The steady-state errol in a step input response is mainly clue to the hydraulic valve

cleadbancl in which the control action is not effective. The steady-state position errol

in a ramp input Ìesponse is shown to be due to both valve deadband ancl the nature

of the PD-type fizzy controiler.

In order to eliminate the steady-state errors, conceptually simple methods are

developed and applied in parallel with the PD-type fizzy controller. In particular.,

two methods are proposed. In the first method, a control term proportional to the

integral of error is calculated and added to the output from the main controller. In

the second method, the control measure of the steady-state error obtained from the

PD-type fuzzy controller is used as an offset. Both actions are activated onlv in a
region of. fuzzy zero velocity error.
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Chapter X-

lntroduction

1.1 Background

F:uzzy logic has becorne one of the rnost snccessful fields of resear-ch in developing

control systems. Ãfizzy logic controller is a nonlinear controller [2]. It can provicle

robust control and accuracy [2-3], ancl is ideally suited for systems with unknown or

complex moclels [4-7]. Ftzzy controllers have been identified as promising alternatives

to conventional controllers and have been proven to achieve better performance (i.e.,

shorter rise-time and smaller overshoot) when compared to linear PD controllers [8-9].

Ftzzy logic contlol is based onfitzzy logic which is close in spirit to human thinking

and natural language [5]. It is best suited to a process which is analog in nature, must

be controlled on a digital control system, and to which the modeling of the process

is difficult [1]. One example would be temperature which could have ranges of cold,

medium, \ryarm and hot, where the separation between states is not well defined.

A fiizzy logic controller applies a series of rules to system variables which are

first converted to linguistic notions. It then outputs a control action based on a

weighted result of rule evaluations. Rules âre normally written based on experience,



observation ancl the attributes to which system response must contain. Conventional

PID controllels, on the other hand, ale basecl on exact mathematical moclels. The

sensors reacl plecise values ancl specific outputs are procluced. A PID controller', with

fixecl gains, is clifficult to tune for both stability and lesponsiveness. To some extent

this is not the case with a fuzzy iogic controller [8] . Ftzzy logic controllers can cover

a wicle lange of operating conditions ancl possess robust control characteristics [9].

In the last few years, research clevotecl to fizzy logic ancl it's application has

significantly increzrsecl as attested to by the existence of sevelal conferences ancl pnb-

lications on the topic. One example is the annual IEEE hrtelnational Confelence on

Fuzzy Systerns. Vlany articles on the successful application of fuzzy logic control to

electlically-actuatecl robots have been plesentecl, ranging fi'om the application of a

fizzy logic control matrix (sirnilar to a loolcup table) to the implernentation of ¿rctual

fizzy rules ancl member-ship functions. To llame a. few, I(umbla et al. [2] incolporatecl

all tlre aspects of a fuzzy logic controller incluclíng fizzifrcation, r-ule evaluation ancl

defuzzifrcalion and appliecl it to an industlial Rhino lobot. The fitzzy logic controller',

being an adaptive technique, performed better-than the linear-PD controller. Ken

et al. [10] used a fizzy loohup table in parallel with a position feedbach controller

and showed that both dynamic performance and static behavior were improved as

compared to a conventional PID controller with fixed gains. Fuzzy logic was also

implemented by Tzafestas et al. [11] in order to enhance the performance of a con-

ventional PID controller; the gains of the PID controller were incrementally changed

using afazzy lookup table. Wakileh and Gill [14] proposed a self-organizingfuzzy

Iogic and implemented it on the Stanford manipulator. General issues in tuning and

validation of. finzy systems were outlined by Boscolo [12] and the need for a system-

atic methodology for developing and tuning fizzy rules and gains was addressed by

Daugherity [9] and, Smith and Comer [13].

The application of. fuzzy iogic control to hydraulically actuated robots, however,



is spat'se and can only be found in a few research papeïs. Zhao ancl Virvalo [1b]

combinecl a linear state contloller with fuzzy rule evaluation to produce what they

namecl a luzzy state contloller-. The method inclilectly cletects the plesence of a

Ioacl, based on fizzy rule evaluation of actuator's velocity, and decicles on the gai¡s

of a state contloller accordingly in order to malçe the controller insensitive to loacl

variations. Chou and Lu [16] cleveloped a fttzzy logic controller- for- a class of hydraulic

servo systetns. The robustness antl tlaching zr,bility of the controller was clemonstratecl

thlough extensive siurula,tions ancl some experirnental stuclies.

Hych'aulically- actuatecl lobots aLe, in genelal, clifferent fi'orn electlically actuatecl

robots. The cliffelence is not only in the way the actuating folce is created but also

in the way it is transrnittecl to the links. In a hydraulic r-obot, the application of

force is basecl on ¿ì pressule cliffelential which, in the process of equalization, applies

a force to the linh some clistance from the joint. The plessule clifferential is achievecl

by means of a spool clisplacement in a valve that controls the fluicl flow into and

out of the actuator-. Compared with electric drives, hydraulic ones ate much stiffer

when liandling large payloads. Hydr-aulic actuators have found there largest use on

manipulators handling large payloads, requiring positioning accuracy, rapid dynamics

and quich starts and stops [17]. In spite of the above advantages, hydraulic systems

are complex, nonlinear and difficult to analyze for control purposes 125,261.

When applying afinzy logic controller, one shouid not expect to implement similar

control str-ategies to both electric and hydraulic robots. Each class has different

control requirements and charactelistics which must be accounted for when designing

the rules. For example, in hydraulic robots, given a zero spool dispiacement (i.e.,

valve closed) the arm can be kept in place due to the oil trapped on both sides of

the cylinder. Also, the hydraulic robot câ,n come to rest quickly when the valve spool

returns to its neutral position. In electric robots, the link may pass the target point

with a zero motor voltage. The amount of the overshoot depends on the inertia and



the velocity. Negative motor voltage is usually applied before the alm leaches the

clesiled position to prevent excessive or.elshoot. Also, a constant contlol input (motol

voltage) is lequir-ecl iu ordel to keep the arm in place in the pt'esence of gravity. This

is nolmally achievecl either in tlie plesence of a steacly-state en'ol ol rvith the aclclitiol

of a contlol value equivalent to an integral action.

L,2 T'hesis Scope

Tlris tlresis investigates the irnplementâtion of a fuzzy logic contlollel on a class of

þcllaulically zrctuatecl rnanipulatols. A PD-typ e fizzy logic contlollel is initially

clevelopecl. The controllel has few lules, uses sirnple membership functions, is com-

putationally efficient and is easy to implernent. Fulthelmor-e, the fuzzy controller

incorpot'ates an off-line tuning algor.ithm basecl on a sirnplex optimization methocl in

orclel to fincl appropliate gains fol each axis.

Simulation studies ale first pelformed leading to tlie constluction of suitable fizzy
membelship functions and control plans. The experiments ale performecl on an in-

stlumented Unimate MI(-II hydraulic robot. Experimental studies howevet r-esult

in steady-state erlors in both step and ramp input responses. The deadband in the

hydraulic valve is identified as the plimary source of steady-state error in the step

input response. Other nonideal characteristics of the system components such as dry

friction in the sel'vo valves, also contribute to the steady-state erroÌ. The steady-state

position error observed in the ramp input is shown to be primarily due to the nature

of the PD-type luzzy logic controller. The inclusion of a scheme which can measure

the steady-state error and translate it to an added control action is then discussed.

Eliminating the steady-state error is normally done by adding an integral control

action. Zheng [8] utilized a summation of control actions from a PD-type tuzzy logíc

controller to produce afuzzy PI controlier. PI controllers, however, are known to give



poor pelfol'ma,nce in transient lesponse due to the internal integlating oper-ation. In

orclel to itnprove the performance of Pl-type contlollers, Lee [18] ploposecl two meth-

ocls which tal<e out appropriate amounts of the accumulatecl contlol inputs accolcling

to a set of t'ules basecl on fizzlly clescr-ibecl states ol1 eït'oîs, eLror rates ancl control

inputs. Chen and Yen [19] suggestecl the use of PID-type fizzy logic contr-ollels to

avoicl some of the sholtcomings when only PD or- PI controllers ale usecl. Mizumoto

[20] constructecl a PID controller basecl on the procluct-sum-glavity methocl ancl a

simplifiecl fizzy reasoning methocl. To irnprove the tr-ansient ancl steacly-state pelfor.-

Inance of contlol systems containing cleaclzones, I{im et al. [21] usecl a precoûtpensatol

which magnifiecl, accor-cling to a fizzy r-ule table, the position errof input to a iineal

PD controlier'. Only sirnul¿r,tion lesults fol step inputs of a contlol systern with a

seconcl orclel plant wele shown. None of the above technic¡res wele implementecl in

experiments. In particular', no lepolt was found legarcling application to hyclraulic

rnanipulatols with valve cleaclbancls ol systems clealing with lamp input r-esponses.

Towarcls eliminating the steacly-state eLLor, we fir'st examine a methocl which is

basically a fizzy PID-type control; the actions from the PD-type fuzzy controller- are

summed to produce a Pl-type fuzzy control action, which is then added to the output

from the PD-type fizzy controller. Based on the examination of this technique,

two methods are developed. In the first method, a control term proportional to the

integral of error is calculatecl in parallel, and is added to the fitzzy PD controller.. In

the second method, the control measure of the steady-state erlor obtained from the

finzy PD control part is used as an offset to be added to the current controi action.

Further study is then performed on the reset offset integral method due to its speecl of

calculation, stability and ease of application. The results shown in this thesis indicate

that a fuzzy controller displays valuable control characteristics and the steady-state

error elimination methods developed are novel and valuable in application.
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1-.3 Thesis Organization

The lemaining chapters of this thesis are organizecl as foliows. Chapter 2 clesclibes

the hydraulic actuation system moclel usecl in simulations, followecl by an overview

of fizzy logic contlol. Chapter- 3 clescribes the clevelopment of the PD-type fuzzy

controllel for a hydr-aulically actuatecl manipulator. Simulation results are presentecl

in this chaptel to substantiate the approach. Chapter 4 examines the expelimental

application of the PD-type fuzzy controller. Chapter' 5 details the clevelopment of the

steacly-state errol elimination methocls, ancl Chapter 6 clescribes fulther expelimental

evaluation of the reset offset integral methocl. The thesis is concluclecl with Cliapter 7

wliich outlines the contributions of this work and future work.
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Chapter 2

Backgrotrnd

2.1" ï{ydraulic Actuation Systems

Figure 2.1 shows a typical hyclraulic clrive unit. The lineal piston ¿r,ctuatol is con-

nected to a closecl-center spool valve through hoses. The valve metels the flow to ancl

from the actuator. The pr-essule compensated pump provides a flow at sufficiently

constant pressure to provide the motion. The use of a closecl-center valve along with

a constant supply plessure system, in a multi-linlc manipulator, allows each valve

to function independently. Most indoor hydraulic r-obots use the above configura-

tion. Valves, connecting hoses, motors and pumps are the main components. Other

components such as check valves and relief valves are for the machine safety.

The inputs required to model a valve are the spool displacement (r), the supply

pressure (P"), the retuln pressure (P,.) an¿ the line pressures (p¿ and, p,). The

governing nonlinear equations are written using the continuous equations for orifices

[2a]:
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Figure 2.1: Schematic of a hych'aulic ch'ive unit
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(2.1)

(2.2)

where k is the orifice coefficient and t¿ is the area gradient. Q¿ and, Qo are the flow

into and out of the valve, respectiveiy.

The nonlinear equations of fluid flow for the valves can be linearized using a Tayior.

series expansion about an operating point and neglecting the higher order terms [24],

Q¿: K,r - KrPo

(2.3)Qo: Krr + KpPo



where

2

kux

- flou guin

2\12(P" - P/)
f lou Ttressut'e ga,in

pI" es srLr eP¿ - Po: loacl

Ko contlibutes to the clamping ratio. Therefore fol critical center valves it malçes

sense to cail.y out the analysis arouncl the center point whele clarnping is minimurn.

The inputs lequit'ed to moclel the actuatoÌ are the line plessules (f, ancl P,) a¡cl

the cylincler linear accelelation (,\i):

P : (P¿A¿ - PoA,): JX -t Í¿X (2.4)

WheÏe /.¿ is the equivalent clamping coefficient ancl .I is the ineltia ch'iven bv the

actuator'. A¡ and Ao ale the piston at'eas.

Valves ancl the actuator-s a,re connectecl through pipes or flexible hoses. Using

lurnpecl parameter theor.y, the first or-cler pipe moclel is (refer to Figure 2.1):

: Q¿_Q¿

: Q"-Qr
a t',: A¿t\

: A.X (2.5)

Q¿ andQo arc the flow into and out of the cylinder, r'espectively. I{ and,V, are the

volume of fluid trapped at the sides of the actuator, respectively. B is the effective

bullç modulus of the combined hydraulic fluid and connecting hoses.

Linear analysis can be performed in frequency domain using a Laplace transfor-

mation to obtain the input-output relationship in an explicit form:

'up

p,
tI

.V
P¿*

lr

;v"t o-1p

Qo

8"



x(')
"(r)

wlre'eC:þ*?
thilcl orcler system

K,(A¡ + A.)
(JC)s3 + (J K.p * f,û)s2 + (f¿K, + A! + A2.)s

(2.6)

is callecl the hyclraulic compliance [24]. The above equation is a

ancl has the following form:

x(s) :
¿( s) "la*(ff)'+r]

(2.7)

whele,

K,(A¿ + A.)

t,lwn,

zrltcçrc"¡r¡çæ,¡¡¡

The inclusion of j in Eq. (2.7), basically means that the actuator is pushed by

fluid flow. The oscillatory loots ar-e lying in the second orcler part and they are

functions of ( (damping) and un (hydlaulic natural frequency). The increase in

compliance also decleases damping which together with low natural frequency may

cause an undesirable response. The effect of damping in stability is quite important.

The sources of damping excluding J, C, Ao and Ao are; load damping which appears

in the form of Ko in the equations, linkage (structural) damping included in /¿,

dry friction and leakage. Leakage effect can be included in the linearized model bv

changing Ko to (K, + K¿), where K¿ is the leahage coefficient.

In the above analysis, the dynamics of the valve has been ignored. For most indoor

industrial manipulators the response of the servovalve is quite fast. So, the response

Kpf¿+(t?+.tZ)
Kpf¿+Ø?+A?)

KoJ + f¿C
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of the whole system is clominatecl by the clynamics of the linkages ancl the hoses

which deliver fluicl to the actuatols. Therefore, a thircl orcler system can desclibe

these manipulators quite well [26].

2"2 Fuzzy T,ogic Controllers

2.2.L General Overview

To moclel a system using fizzy logic, the lesponse of the system in tei'ms of the

input-process-otttpttt must be known and the designel shoulcl be awale of how the

inputs ancl outputs ale lelatecl. Each input ol output valiable has its own control

surface which consists of fizzy regions. These legions ovellap each other to give a,

srrootlr control resporse. This is seen in Figure 2.2. The ar-ea in which rnembership

functions are dense is where accurate contlol is clucial. The input ancl output regions

ale lelated by a set of rules. A typical lule table is shown in Figule 2.2. This rule

table, which is referred to in this thesis as a conventional rule table, is similar to the

rule table in [8] except for the number of rules, and the maximum control value which

is applied at large elror for all values of velocity eüoÌ. Once the fitzzy controller. is

activated, rule evaluation is done and all the rules which are true are fired. The true

output membership functions are then summecl and a centroid is found. This is called

defi;zzifrcation which results in a crisp control action. The fuzzy reasoning method

usecl in this thesis is based on Mamdani's'Minimum Operation Rule (MOR)' and the

'center of Area (coA)' defitzzifr,cation technique (see [6] fo' details).

As a demonstration, consider the case depicted in Figure 2.3. The position error of

0.75 (after being scaled) falls into two regions of its fizzy set - zero (ZR) and positive

small (PS). The degree of truth in each statement is determined by membership

functions. For example the degree of truth in the statement of. 'posi,tion error bei,ng a

11



MEMBERSHIP FUNCTIONS FOR POSTTTON ERROR INPUT
1.0

Velocity
Error

-2.0 -1.0

, FUNCTÏONS

0.0 1.0

FOR VELOCTTY

2.O

ERROR TNPUT

0.0 1.0

PL positive lalge.
PS positive small.
ZR" zerc.
NS negative small.
NL negative large.

Figure 2.2: Typícal membership functions and ruie table

OUTPUT MEMBERSHIP FUNCTTONS

Position Error
NL NS ZR PS PL

NL NL NL r\S ZR PL
ZR NL NS ZR PS PL
PL NL TR PS PL PL

72



Rul-e #1 IF Position \pS, & Velocity 'NL' THEN \ZRl

t'o-1 z\
"-i /\l/ i"*"\

t'oJ 
A.

,,-i/=À
"n

0.0

RuIe #2 fF Position 'ZR, & Vel nni f \z \ NT, / I'tlEN

Figure 2.3: Example of fuzzy leasoning ancl mle clefuzzific¿r,tion

small error' ís %75 which is glaphically clisplayecl in Figurc 2.3. The velocity ellor of

-1.5, on the othel hand, falls within one single legion, i.e., negative lalge (r\L). This

conrbination callses two rules to fir'e. Refelring to the table shorvn in Figure2.2,lhe

fir'st lule irnplies sencling a zeÌe (ZR) control signal, for a small positive position error

ancl a lalge negative velocity elror. The seconcl r-ule demands a negative smait (NS)

contlol output, for a zero position errol ancl a large negative velocity error*. These two

rules have, somehow, to be combined to form a single output. A logical AND is first

applied to each rule which is equivalent to taking the lowest of the two member-ship

functions ('MOR'). The output control areas for both rules are then combined, and

the center of the resultant control area ('COA') provicles a crisp control action.

2.2.2 Fuzzy Logic Fararneters and Controller Gains

A conventional PD controller has only two gains to set. A, fizzy controller has similar

proportional and derivative gains (can also be calied scaling factors) as well as param-

eter-s governing membership functions and ruies. A fuzzy controller can be designed

to produce a specific output for a prescribed input by means of these additional pa-

rameters. Figure 2.2 depicts a typical fitzzy controller with inputs of position and
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velocity el'rot-s. The universe of cliscourse for these inputs can be scalecl with gains

much lihe a conventional PD contt'oller. The input gains ale P" for position er.r'or ancl

Vn for velocity elror.

Refelring to Figule 2.2 and the lule table, positive lar-ge position ancl velocity

erÌot's result in the application of a positive large (PL) control output. Flom this

cornet' of the mle table, the controller- tlien mahes its way to the centel of the table,

where both position ancl velocity errors a1'e zer*o. The route that it tahes in getting

thele is a measure of the stability ancl responsiveness of the fuzzy contloller' [18]. A

clirect movement to the centeL woulcl inclicate a well designecl controller'. lIf fir'ing of

the rules has a rotation arouncl the center', then the contloilel is oscillatoly ancl must

be tuned. These oscillations could be r-eclucecl by tuning the peak values, width or

rules of the fuzzy controller. without alteling P" ancl V" gains [8].

This section clesclibes how changes in the controllel gains affect the lesponse.

It also cliscusses the effect of other fizzy logic pararneters such as wiclth ancl peah

values of the membet'ship functions. The definitions in the following sections have

been adaptecl from leference [81.

P" and V. Controller Gains

The position error (P") and the velocity error (V") gains are the values to which the

input errors are multiplied before they are tested to see which membership functions

they are contained within. Changing these gains puts the inputs within different

membership functions and subsequently alter-s the control action. For example, a

certain position error input may fall within a membership function range. After

an increase in the gain, this same error will fall outside that membership function.

Referring to Figure 2.2, any value outside the range of 2.0 to -2.0 position error is

assigned a maximum controi action, as defined by the rule table. The higher the P"

T4



gain, the smallel this r-ange is when the position er-r'or is appliecl. Therefore, changing

P" and I/" gains alters the control calculation for the entire universe of cliscourse of

each input.

Peak Values

The peak value fizzy logic parameter is the point at which the membelship function

has a level of truth eclual to one. The value is therefore the distance from the oligin

to the peah, as shown in Figure 2.a@). All peali values ale relative to the origin.

Wlien alteling the peah value of a membership function, the effect on the control

calculation is clifferent clepending upon whether it is an input or an output member--

ship function. For example, when the peak value of the PL (positive lalge) velocity

ellor input membership function is changecl, this affects all the r-ules which coltain

the PL velocity errot' (i.e., all 5 r'ules on the top row of the table in Figure 2.2). On

the other hand, if PS output membership function is altered then all the rules with

a PS output would be affected (2 r'ules). An increase in the small voltage outpnt

membership function can be seen in Figure 2.4(b).

Peak value changes for input rnembelship functions will not be examined here

due to the nonlinear characteristics which are present. Input membership functions

must overlap by 1/2. When the functions do not have correct overlapping, the control

becomes more of a 2-level logic controller [8]. This is seen in Figure 2.5. The same

characteristic is also present if the width of a membership function is reduced.

In a PD contloller, tuning for stability is usually done to the detriment of the

system responsiveness. Because of the nonlinear characteristics of. afazzy controller,

tuning is possibie for both responsiveness and stability. Different areas of the fiizzy

control table can be tuned in different ways without affecting the control output of

another area. If the output membership function peak value of NS and PS are altered
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in the contr.ol table in Figur-e 2.2 (i.e., the area sulrouncling the center of the contlol

table), this woulcl affect slightly the control calculation at the centel of the control

table, ancl affect gleatly the contlol calculation arouncl it. Therefor.e, while creating

a fast response, one can still tune for. no oscillations at the set point. A peak value

change, which affects only specific aÌeas of the r-ule table, can be referrecl to as a local

scaling factor [8].

\Midth Values

Refelling to Figure 2.4(a), the wiclth fuzzy logic parameter is the length between the

peak of the rnembership function ancl the point at which it has ã zero value. When

alteling the wiclth value of a membership function, its affect on the contlol calculation

is clifferent clepencling upon whether it is an input or an output membelship function.

Responsiveness and stability can be controllecl more reaclily with output functions,

ancl smooth control (as mentioned in the previous section) is affectecl by input func-

tions. If the wiclth of the output membership function is large, it then has a clominant

effect over the other membelship functions in terms of a larger area in the 'Center

of Area' calculation. This becomes evident when two rules are fired with a different

degree of truth. The weight of an output membership function with a large width,

but low level of truth, may have the same weight as a small wiclth output function

with a much higher- level of truth. Refelring to Figure 2.4(c), a width reduction of

the zero control output decreases its weight, or clominance, relative to the adjacent

output membership functions.

Rules

Fuzzy rules relate the input membership functions to the output membership func-

tions. T\rning the ruies is a powerful way of obtaining certain responses for a particular
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set of inputs. Altering, the fitzzy logic parametels of a membership fulction can af-

fect multiple rules containing the altered membership function. On the other hancl,

a single lule change may not even be noticeable if it is a rule which is not crucial

to stability or I'esponsiveness. If there are very few rules to tune, as there is in the

15-r'ule controller shown in Figure 2.2, there may not be many tuning options. It is

believecl that a, r'ule table with 50 rules woulcl bettel clemonstrate the power of r-ule

tuning.

Ttrning of fizzy logic parameters, such as pealc, wiclth ancl r-ules, cha¡ges the

r-espollse for a cer-tain range of inputs. By alter.ing these palarneter-s, any numbe¡ of

lesponses can be achievecl. This is done while maintaining a consistent set of Pu alcl

l/" gains, ol' range of non-maxirnum contlol actions. This illustrates the benefits of a

fnzzy controller as a nonlineal controller- as opposecl to a conventional PD controller.

[2].

In this thesis the input gains will be referrecl to as controllel gains, ancl values

which describe a membership function, such as width and peah values but not ¡ules

will be refelred to as finzy logic parameters.
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Chapter &

Controller llesign amd sirmulatio¡rs

3.1- PD-type Fuzzy Controller

The llasic fizz'y contr-oller usecl in this thesis is a simple two-input contr-oller'. The

inpnts are the angulal position error- (Des ired Angle - Actual An gle), ancl the angu-

lar velocity elror (Desired Veloci,ty - Actual Velocity). The universe of discourse

of position and velocity error arc fuzzlly partitioned into 5 and 3 sets, respective-

iy, as shown in Figure 3.1. These regions cover the entire range of possible inputs.

Figure 3.1 also shows the 5 output regions, MIN. being the centroid of the negative

large control action and MAX. the centroid of the positive large control action. For

any set of values for position and velocity erroïs, an output is produced. The rules

relating the inputs to the output ale listed in the table shown in Figure 3.1. All
inputs correspond to a membership region which in turn fires a rule or multiple ruies.

These membership functions and rules have been designed and adjusted based on

simulations, testing and a knowledge of hydraulic actuator characteristics.

LARGE POSITION ERROR

Referring to the table shown in Figure 3.1, large position error, positive or neg-
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FOR POSTTTON ERROR INPUT

-2.O -1.0

MEMBERSHIP FUNCTIONS

0.0 1.0

FOR VELOCTTY

2.O

ERROR INPUT

1.0

Velocity
Error

Velocity
Error

-1.0 0.0 1.0

Position Error
NL NS ZR PS PL

NL NL I\L NS PS PL
ZR NL NS ZR PS PL
PL NL NS .PS PL PL

I,ARGE

PL positive large.
PS positive small.
ZR" zero.
NS negative small.
NL negative large.

Figure 3.1: Membership functions and rule table for hydraulic actuators

PL positive large.
PS positive small.
ZRzerc.
NS negative small.
NL negative large.

Figure 3.2: Conventional rule table

OUTPUT MEMBERSHTP FUNCTTONS

Position Error
NL NS ZR PS PL

NL NL NL NS ZR PL
,TR NL NS ZR PS PL
PL NL 'ú& PS PL PL
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ative, r'esults in a maximum contlol output. This is lequir-ecl in or-cle¡ to have a

r.'esponse with a sholt r-ise time. The velocity er-r'ol is not consicler-ecl to be effective in

this legion.

SMALL POSITION ERROR

The I'ules associatecl with small position eÌr'ors inclicate a positive (negative) spool

clisplacement fol a positive (negative) position erl'ol no matter what the velocity

errol is. Note that fol a zero velocity eÌr'ol ol a velocity error that clecreases the

position et'rot') a' zeL-o spool clisplacement stops ihe link; preventing it fi'om reaching

the lequirecl position. This leaves us with only a small control output. A large control

action is only appliecl when the velocity elroï does not appeaï to recluce the position

err-or') €.8., â case where a change in direction of travel is clesir.ed.

ZERO POSITION ERROR

This inclucles only one column of the table in Figur-e 3.1. Simulation stuclies

showecl that the rules belonging to this column contribute to the clamping of the

system. When the position er.r-ol is zero, whiie ther-e is a velocity err-or unequal

to zero, a control action is applied with the same sign as the velocity ettor.-. The

magnitude of this control is however small to prevent sustained oscillations at the set

point.

A conventional control tabie with a diagonal orientation of rules, usecl in many

applications including reference [8], is seen in Figure 3.2. This is not a truiy diagonal

table due to the small number of rules available and the need for a maximum control

output when the position err-or is large. This is required to maintain a fast response

no matter what the velocity is. The difference between the rules shown in Figure 3.1

and the conventional rule table can be found in only two rules. In Figure 3.2, when the

position error is positive (negative) small, and the velocity error is negative (posiiive)

large, then the control output is zero. The reason for this difference is that the
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conventional i'ule table compensates for inertial effect at high velocities. This inertia,

if not compensatecl for', wili result in an overshoot of tlie clesilecl position.

A 3-D sur-face of the control actions when using the hyclraulic lule table in Fig-

ule 3.1 is seen in Figure 3.3(a). The control values are plottecl fol the input ranging

fi'om -2 to 2 for-the position error and -1 to 1 for the velocity error'. The solicl lines

ar-e constant position ancl velocity elr-ol inputs ancl the clashecl lines show the control

lieight. The 3-D.sulface using the conventional r-ule table is shown in Figur-e 3.3(b).

The clifference between these two glaphs is seen in the areas where the hyclraulic ancl

conventional lule t¿l.bles ai-e clifferent, see Figure 3.1 ancl 3.2. On these 3-D surfaces a

commoll input is present at point a. This point lepresents a small negative position

erlol and a velocity elrol in the dilection of the desirecl position. In the conventional

lule table the value of control output is zelo. In the hyclraulic mle table the contlol

outpttt has a negative value which u'ill continue to clecle¿rse the positiol e¡l'or*.

3.2 Tuning Controller Gains

The position and velocity erÌors are calculated as follows:

Pos'ition Error - (Desi,red Angle - Actual Angle) * P"

Veloci,ty Error - (DesiredVelocity - Actual Veloci,tE) *V"

Where P" and V" are the position and velocity gains that put the lesulting e¡ror

values within the controller universe of discourse. The setting of these gains on

the fuzzy controller can be a tedious and time consuming proceclure. Each link may

require a different setting because of different dynamic parameters. It would therefore

be advantageous to tune these gains automatically, using an optimizing algorithm.

The integral of position error, e : Desired Angle - Actual Angle, in a step input

response is used here as a function to be minimized. Step response is easy to apply
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and the rninimization of err-or fol the entire step response ensules both low rise time

ancl ovelshoot. Any oscillations at the set point, because of the use of implopel values

fol gains, is consiclered as erlol in the function evaluation.

The optimization ploblem is two dimensional, ancl the routine usecl in this the-

sis is based on the simplex methocl. The simplex method is a tlue N-climensional

optimization technique which cloes not incorpolate line minirnizatíon127.,281. It e-

Iiminates the ploblem of blacketing the minimurn, is fast ancl cloes not r-equire any

clelivatives. The simplex rnethocl is basecl on using a triangle (pylamicl in the case of

three clirnensional optimization) with a pelfolmance elloï at each veltex. i'The per-

forrnances at'e then comparecl ancl the next evaluation is performed in the clilection

opposite to the veltex with the wor-st performance. In this work, the pelfolmance

er.r'ol' \Ã¡às simply chosen to be the accumulatecl position erlor (r[ eclt) over a sufficient

perioci of tirne in a step input r-esponse. The per-formace of the simplex methocl will

be cletailecl in Section 4.2.I.

3.3 Simulation Studies

The schematic of the hydraulic r-obot used in the simulation is shown in Figure 3.4.

The robot runs on a constant pressure pump system and is controlled by closed-center

valves. The structure and the physical parameters of the robot used in the simulation,

were chosen to resemble the hydraulic robot used by Hanafusa et aL [22,26] at Kyoto

University. The accuracy of the simulation results were previously verified by A1-

Zaher [23]. The simulation of a hydraulic robot, used to evaluate the fitzzy controller,

has proven to be a valuable tool in assessing the fvzy rules. Performance of the

hydraulic robot can be first observed in the simulation and effects of variation of

several parameters can be examined before an actual implementation is carried out.

Proportional, proportional plus derivative and finzy logic controllers were first
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Cylinder.l

Figule 3.4: Hyclraulic robot usecl in sirnulation [23]

testecl in the simulation. These tests were clone to undelstancl what is possible with

a PD contlollel ancl what would be expected from a fuzzy logic contr.oller. A typical

result is shown in Figule 3.5(a); link one of the robot was commanded to move from

60' to 120". Referring to Figure 3.5(a), using only a proportional control, the response

was not fast and exhibited some oscillations at the set point. Any further increase

in tire proportional gain resulted in a faster rise time but increased the unclesilable

oscillations. The addition of derivative control was attempted next. Fast r.ise time

with a dampened response was very hard to tune in the PD controller. The response

with a well tuned PD controller is shown in Figure 3.5(a). This figure also shows the

result of applying a fiizzy controller with tuned gains. Even with a large overshoot

the finzy controller response is dampened quicker than the PD controller (Note: this

overshoot could be reduced). Figure 3.5(b) shows the control input for the three step

responses. The proportional controller did not stay at the maximum control output
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long enough to achieve a fast rise time. The PD controller ploclucecl lalger- control

actions but became oscillatory at the set point. The output fi'om the fizzy contloller-

assurecl a fast lise time ancl maintainecl a stable control.

These results highlight the basic char-actelistic of a fizzy contloller which implies

tlrat the stability ancl responsiveness can be tunecl at the same time [8]. Tlie fizzy

controllel clesignecl hele maintainecl a fast, )'et clampenecl response. This is clue to

the fact that the effect of the velocity elrol on the ftrzzy control action is consicler-ecl

in union with the position error'. Tliis nonlinear characteristic of the controllel is of

great aclvantage ancl was not possible with a conventional PD coirtloller with fixecl

gains.

In tlris example, the fuzzy control gains wer.e tuned by the sirnplex optimiza-

tion algolithm. Figule 3.6(a) shows the optimization which lesuited in the global

minimum. Here the perforrnance erlor is graphed versus the numbel of iterations.

The step input I'esponse at the stalt of the optimization is compared with the one

after the optimization and is seen in Figure 3.7(a). The control values are shown

in tr'igure 3.7(b). The maximum control output was maintained much longer in the

optimum to ensure a fast rise time.

The simulation allowecl the terrain of the accumulated error' (Perforrnance Er-

ror : I edt) with respect to the position and velocity error gains to be graphed.

Figure 3.6(b) shows two cross-sections of the performance errol surface for two differ-

ent values of velocity error gains (%). The plot for Vu : 0.g was the global minimum,

found for the entire surface. The performance errol at this point was 14.09 and the

optimum position error gain was found to be P. : 2.0. The trend of the performance

error for V. : I.8 and for different values of P. is also shown in Figure 3.6(b). It
is a cross-section through a local minimum. The summation of error at this point

was 14.13 for P" : 0.8. This set of gains produced a response similar to the one in

Figure 3.5 but with slight oscillations at the set point.
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The same step input, in an alter-nate region of the wolk space, was then applied

to the simulation ancl a 3-climensional mapping of the performance error vs. gains is

shown in Figule 3.8. A global minimum can be observecl visually at apploximately

Pu : L.2 and V" : 0.6 with perfor-mance elror 13.89. A local minimum can also be

observecl at apploximately P" : I.2 and Vu : 2.0 with pe¡fotmance error- 14.12, this

is loughly the satne area as the original step input. This shows that a consistent

minimum can be founcl for any step input

In spite of the existence of local minima, the simplex rnethocl convelgecl to the

optimum position ancl velocity et't'ol gains, given clifferent stalting points. One plob-

lern with the simplex t'outine was that when using starting points with high values

fol gains (much liighel than the optimum gains) the algorithm tenclecl to be unstable,

due to unstable lesponse; therefore no minimum clilection \¡/as obvious. As a result,

optimizations were always clone using small star-ting gains.

A similar optimization \Mas performecl using the conventional rule table shown

in Figure 3.2. The optimum step lesponse is seen in Figure 3.9(a). The lise time

was slightly ionger than the hych'aulic ancl just slightly ovelshoots the desired. Here

to maintain a dampened response, while still reaching the desired, the controller

required input gains 50% higher than the hydraulic tabie optimum gains. The gains

are P": 3.0 and V: 1.35. The leason for this increase is the r-ule that states:

for velocity error of NL and position error of PS, then control output is ZR. This

higher gain increases instability and decreases the range of non-maximum control for

position error input. The optimum hydraulic control table gains, as applied with

the conventional rule table, is shown in Figure 3.9(a). The lower gains resulted in

a longer rise time and an actual position which stopped before reaching the desired

then continued slowly. Control input trajectories are shown in Figure 3.9(b). These

results show that the compensation for velocitv is too much.
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Chapter 4

Expenirnental Studies

4.1 Overview of the Experimental Test Station

An inclustlial hyclraulic lobot (a Unimate MK-II) was letlofittecl as a research lobot

to establish a platfolm for-testing the contlol algoi'ithms. The manner in which the

computer was integlatecl into the system is shown in Figure 4.1. In a closed-loop

system, connections to send a contr-ol signal and receive feedbach ale required. We

have servovalves to control, and encoders to read the joint positions. The encoders

generate digital signals. An interface was built to read the encoder signals, translate

them into parallel binaly and present them to the digital I/O card as shown in Fig-

u¡e 4.1. In this figur-e, the data link which starts at the absolute encoder interface

indicates digital input from the encoders to the digital IIO of the computer. The ser-

vovalves regulate fluid-flow to hydraulic cylinders in proportion to the input currents.

The Digital-to-Analog (D/A) card allow the computer to generate a valve current

proportional to D/A voitage (ISuolt to produce *.600ma current).

When the PD-type fuzzy controller described in Section 3.1 was applied in the

experiment, the acquisition of accurate actual velocity values for each link posed a
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ploblem. The simplest rnethod to obtain these values was from the position encoclers.

A leglession of joint encoclel values was then pelformecl to obtain the actual velocity.

Reglession of thr-ee previous joint encoclel values was used initially in exper.iments.

Time was obtainecl fi'om the intelnal clock of the computer. A routine askecl for

the pr-esent time at the star-t of each contlol loop. The time \Mas accurate to 1/f OOO of

¿r, seconcl. Inconsistent conttol frequencies wer-e a ploblem in the initial experiments

clue to clata storage to a file approxirnately every tenth control loop. This problern

was solvecl by keeping ¿l,ll the clata in vectors ancl pelfolming clata file stor-age at the

encl of the expelirnent. With:'this allangement the control frequency was maintainecl

¿t a leld,tively constant level cluring experimentation.

Moclifications to the conventional fizzy membership ftrnctions, shown in Fig-

ute 2.2,, wele leqtiirecl fol successful application of tlie fizzy contlollel in simnlation.

These changes inchidecl wiclening of the zero output mernbelship function by 100%

ancl a recluction in the MAX output membelship ftrnction by 50%. The reason for

increasing the zero output membership function was the speecl of value response clue

to the lach of damping or valve friction in the simulation. The d.eclease in the MAX

output membership function was necessary to reduce its dominance over the other

output membership functions.

Modifications to the fuzzy membership functions rvere also required for successful

application of the fitzzy controller in experiment. Because of the friction and dead-

band present in the valves, the zero voltage output was then returned to its original

width in Figure 2.2 but the MAX output lemained at the decreased width; changes

are seen in Figure 3.1. The zero voltage reduction resulted in larger control values

when the position elror was close to zero. These larger values were required due to

the steady-state error observed in experiment. The steady-state error was the result

of a 6% deadband in the spool displacement of the hydraulic servovalve, as specified

by the manufacturer.
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4"2 Single-T,ink Experiments

Preliminary experiments revealecl that, an increase in P" (position error gain) reducecl

the lise time but to the cletriment of the overshoot ancl osciliations at the set point.

This is also tlue in a conventional pr-oportional controller'. Decreasing P" slowecl

clown the response ancl resulted in a larger steacly-state error. Similarly 7" (velocity

ellol gain) operatecl much like ¿r, clelivative gain in a conventional PD Contlollel in

its clarnping ability. It also hacl a characteristic of ovel compensation (will be shown

later'), which resultecl in sustainecl oscillations at the set point. Ther-efore an optimnm

set of gains was lec¡uilecl.

4.2.L In/Out Motion

Step Input Response and Gain Tuning

Figure a.2@) shows the In/Out step r-esponse of link 3 (link with In/Out motion in

Figure 4.i). The lesponse corr-esponded to gains P.:2.0 and V:I.0. These gains

wer-e initially used in the optimization routine. The optimum gains were found by

repeatedly performing the step response. The proglam evaluated the performance

error, altered the gains and repeated the motion until the best performing gains wele

determined. The optimized values, found for this case, rÃ/ere P":3.87 andV.: I.2I

which resulted in the response shown in Figure 4.2(b). It is seen that the optimized

response has a slight overshoot but the r-ise time was fast; it was stable and did not

have oscillations at the set point. The steady-state error observed in the response \Mas

due to the 6% deadband in the spool displacement. This steady-state error resulted

in a constanl fuzzy control output [see Figure 4.2(b)] (Note: saturation of control

occut's at 5 Volts). Howevet, because of the deadband in the valve, the error was not

eliminated. The plot of the performance error values as a function of the number of
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trials is shown in Figule 4.3(a), ancl the actual operations of the methocl from the

initial gains to the optimum is seen in Figure 4.3(b).

It should be notecl that in some experimental lesults, an example is seen in Fig-

rre 4.2 (b) for the In/Out motion, the steady-state errol clue to the existence of valve

cleaclbands was not obvious. This was a ranclom occurrence ancl was not the r-esult

of the fizzy controller. A steacly-state erlor coulcl have been observecl for- the same

experiment if it was repeatecl. The maximum steacly-state et-t'or wasT however, limitecl

to a value plopoltional to cleadbancl.

Ramp Input Response

A lamp (constant velocity) input was then appliecl to link 3. The optimized set of

gains founcl fol the step input, wer-e used in this experiment. The lesult is shown in

Figure 4.4. The trajectory pr-ofile, which coveled almost the entile extension of the

iinh (104crn), included a gladual increase in the required velocity at the stalt ancl a

gradual decrease to zero velocity at the end. This was clone to obselve how velocity

error gain would r.eact during the velocity transition and to ensule that a divelse and

large number of rules were utilized.

The steady-state error presented in Figure 4.4 was unavoidable with the ftzzy

controlier designecl here. There had to be a steady-state error in the hydr.aulic robot

if it was to follow a ramp input. A zero velocity error and a zeto position err.or

would result in a closed valve and the link would stop. For the valve to open and the

hydraulic robot to have a continuous motion there had to be a position error. The

desired constant velocitv was however achieved.
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Figure 4.4: Inf Out constant velocity (r-arnp) r-esponse

4.2.2 Up/Down Motion

Fignr-e a.5(a) shows the Up/Down motion of link 2 with the optimized,fitzzy control

gains. The optimized gains wer-e found in the same manner as in the previous exper-

iment, using step response evaluations. A conventional proportional controller was

also applied to the same step input. The result is shown in Figule 4.5(b). The opti-

mttm fuzzy gains were Pu : II.4 and V - 2.4, the proportional gain was Kp : 15.

For a similar rise time, the proportional controller produced a large overshoot.

The firing sequence for the plot of position in Figure 4.5, is seen in Figure 4.6.

At the start of the step lesponse the position error was maximum and veiocity error-

was zero (Note: for a step input response the desired velocity was zero). From this

starting point the velocity error increased to a maximum and then returned to zero.

If this graph is overlayed on the control table the order of firing is observed; for any

given point on the input path multiple rules were fired. The controller was tuned

sufficiently in that it was observed to proceed directly toward the center of the table
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Input Path

Figure 4.6: Phase cliagram peltaining to FigLrre a.5(a)

with srnall oscillations before settling. The steacly-state position elror obselvecl in

Figure 4.6 was clue to the valve cleaclband (see also FigLrr.e 4.5).

The result of the I'amp input for the loadecl and unloacled link is shown in Fig-

ule 4.7(a). The same optimal gains as in the step input were used in this experiment.

The r-obot was loadecl wíth 45kg (a 25% increase in weight) of weight at the end

effector, and the motion was in the upward direction. The total range of the motion

was 37o. Referring to Figure 4.7(a), the steady-state error decreased for the unloaded

case once the link passed its horizontal position. This resulted in a decreased control

input for the unloaded arm; it remained constant for the loaded case. Increasing I/"

did not affect the steady-state error as \À¡as expected. The velocity profiles are also

shown in Figure 4.7(b) where the actual veiocities are plotted against the desired

velocity. It is seen that the loading did not affect the velocity response.
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Figure 4.8: Left/Riglit step response

4.2.3 Left/Right Motion

The step lesponse of link 1 cluring a Left/Right motion ancl with tunecl gains (using

the optimization routine) is shown in Figure 4.8. The optimw fitzzy gains wer-e

P" : 3.62 and V" : 1. The overshoot present in the step lesponse was the result

of an optimum rise time and the high inertia of this link. A fast rise time resulted

in a performance error which was lower than any performance error produced with

a decreased overshoot. The oscillations of the linh, at the set point, wer-e however

dampened quickly. A balance has been leached between error due to overshoot and

rise time in the final optimum gains. One may add a penalty function to increase the

weight of the errors due to the overshoot. The optimization would then stop when a

certain overshoot is observed.

We also performed a comparison between the velocity profiles of a loaded and

unloaded ramp input response for link 1 (loading consisted of an extended In/Out

link). The resulting responses \¡¡ere almost identical.
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4.2.4 Additional Step Input Response Tests

Step size experiments wer-e then performecl to observe the effects of iner-tia, gravity ancl

the usefulness of an optimum set of gains in diffelent regions of the workspace. These

experiments were appliecl to the Up/Down motion of linlc 2 onIy. A step I'esponse

of 74.2', in cliffer-ent regions of the workspace, was appliecl first. Figure a.9(a) shows

a test f.or a 74.2" step below the hor.izontal level to which the linlc falls short of the

clesirecl angle for both motions. When the step was movecl above the holizontal, in

Figure 4.9(li), an overshoot was visible for both 'up' and 'r'eturn'step lesponses. The

altseuce of overshoot in the step lesponse performecl al¡ove the holizontal is believecl

to be the lesult of nonlineal hydraulic cylinclet. clynamics ancl gravity effects.

The lesponses to step inputs of 28.4' ancl 42.6' about the horizontal are seen in

Figut'e 4.10. Overshoots for such lalgelstep sizes were negligible. Smaller-step input

response tests were also pelformecl for a star-ting point at approximately 5o below

lror-izontal. The 7.2" step r-esponse in Figure a.11(a) shows that the contloller clicl

reaclr the maximum Suolt output befole it fell within the range of small position

error. The size of the position err-ol for the 3.6" step response in Figure 4.11(b) did

not resuit in a maximum controller output. This was because the error \Mas within

the small position errol at the start. The position error to which the link stopped

was right on the edge of the valve deadband. The linlc did not attain the velocity

required to bring it closer to zero position error-. The 1.8" step input response is also

seen in Figure a.11(c).

4.2.5 Discussion

For all links, the optimal control gains were found in less than 25 iterations (=

5.5mi'n). During the experiment, it was also observed that some starting points

resulted in the algorithm ending at a velocity error gain local minimum. This was be-
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lievecl to be due to a t'andom steady-state err-ol size which was acldecl to performance

elr^or cluling the optimization. Othel reasons were encoder noise ancl r-obot nonlinear-

ities which resultecl in non-leproclucible velocities in the step input. For such cases

the results fi'om the optirnization tr-ials (with cliffer-ent starting points) wer-e cornparecl

ancl the gains coi'r'esponding to the lowest pelformance er-r'ol were chosen as optimal

gairrs.

The application of various step inputs clemonstratecl that the optimum gains founcl

lty the optimization routine coulcl be utilizecl for a variety of step sizes ancl legions of

the wor-lispace without a nen¡ set of optimrim gains r.equirecl.

It was founcl that acljusting the P" gain to eliminate steacly-state erlor in a step

I'esponse coulcl not be achieved. A clecrease in the steacly-state err-or- was possible,

but it was not eliminatecl completely. An elimination could not be achievecl with the

other tuning palametels either. Therefole, a steady-state ellor elimination rnethocl

is recluirecl. In the above experiments, and ail expeliments to follow, the control

fi'equency was È 60H2.

For velocity plots the ten-point reglession of joint encoder values was performecl.

Noise in the encoders was eliminated this way and the regression was believed to

be close to the actuai velocity. During actual implementation of a step input, a 3

point regr-ession of position was used to find actual velocity in the control calculation.

When trajectory tracking was applied, a 30 point regression was used to produce a

better result since the controller became less sensitive to noise and velocitv variations

which were present.

Normally when one does a regression of points with respect to time, the result is

related to the average of time at which each measurement took place. This means

that somewhere in the middle of the 30 points, the regressed value is accurate. In

the application of regression to this fiizzy controller it was impossibie to predict the
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15 ol so points lvhich occurred in the future. Therefole, r-eglession of the pr-evious 30

encocler joint values, v/as accurate for' 15 contloi intervals before. Using this methocl

for the cullent control calculation cleatecl a problern in that the contr-ollel rv¿r,s acting

upon informatiott which was slightly clelayecl (at 60Hz sampling frequency the clelay

was 15/60 :0.25 seconds). The calculation of actual velocity did not leplesent the

pt'esent state of the system, ancl zelo velocity errol coulcl not be achieved. This clelay

coulcl be aclch'essecl in f'utule worh.

Thele ale a few possible solutions to the ploblern of shiftecl velocity pr:ofile. One is

to somehow shift the clesilecl velocity to match up witli the actual velocity. The other

solution woulcl be to inclease the control fi'equency so that the 30 point legression is

calculatecl within a sholter tirne period. This woulcl greatly reduce, but not eliminate,

the shift. It is not aclvis¿r,ble to cleclease the numbel of reglession points because of

the rneasulelnent noise.

4.2.6 Effect of Fuzzy Logic Parameters on Step Input Fìe-

sponses

The fuzzy logic parameters consideled in this thesis are the width and peak values

of the output membership functions of the fuzzy controlier. The effect of changing

these parameters is similar to changing the gains fol a certain range of the controller

inputs. When tuning these par-ameters, as applied to a ramp input, the effect was

not noticeable. To truly understand how fuzzy logic parameter tuning affects the

response, the controller inputs must cover a wide range. A step response appeared to

be more useful, and was therefore used here to examine the fuzzy logic parameters.

The experiments were performed on the Up/Down motion of linlç 2.
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Small Voltage (PS and NS) Output Peak Values

Increasing the small voltage output centroid, i.e., peak values of PS ol NS output

tnembelship ftrnctions [see Figule 2.4(b)] procluced lalger control values fol small

position et'rors. This incr-ease in peak values was not expectecl to affect the output of

the contr-oller at close to zelo position elror values. This change altered the rules with

PS ancl NS output membership functions. Referling to the mle table in Figule 3.1,

6 out of 15 rules with output PS ancl NS wer-e affectecl.

,, When the peak value of the output control belonging to srnall voltage output

member-ship function was clecleased by 25%, the control le¿-¡.ction fol srnall position

elrors becarne stnaller'. This change slowed clown the response ciose to the clesirecl

angle, this is seen in Figure a.Iz(a). The link stoppecl sholt of the desirecl angle

because the control action resulting from the small er-rol rnembelship function was

leclucecl. Sirnilarly, increasing in the peah value by 25% and 50% resultecl in the

response shown in Figures 4.12(b) ancl (c), respectively. The increase in peak values

increased the contlol actions at small erÌors. The link came closer to the clesirecl angle

and even produced an overshoot for the 50% increase.

Zero Voltage (ZF-) Output \Midth Value

The change in zero voltage output width was expected to alter the local scaling factor

ofthe controllel for position and velocity errors close to zero. This alteration changed

only the controi actions ciose to the center of the rule table in Figure 3.1, for output

voltage ZR. Increasing the width of the zero output membership function, as shown

in Figure 2.4(c), increased the weight of this output when it was used in the'COA'

calculation.

Figure a.i3(a) shows the step input response of the Up/Down link with 25%

increase in the width of the zero control output. The response looks similar to the
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case \Mher tlie small voltage peah value was decleasecl [Figule an@)]. Control values

close to zet'o error wer-e lowel in magnitude as comparecl to Figule 4.5(a), ancl the

link clicl not r-each the clesilecl position. Wiclth was then clecreasecl by 50% and 75ù/o;

the responses are seetr in Figules 4.13(b) and (c), r'espectively. For this clecrease, the

contlol output close to the zero position errol was lalger because zero voltage outpnt

wa,s less clominate in the 'COA' calculation

The recluction in the zelo output width hacl relatively the same effect as increasecl

peali value of the small output, for leasons of clominance. The clifference between

these two changes was in the oscillations about the clesilecl posiiion u'ith a clecreasecl

zero output wiclth. Hei'e control vaiues have been incleasecl at the center of the

contlol table not the sttrrounding alea. These highel control actions gleatly recluce

the steacly-state error to the detliment of stability. Therefore, a clecrease in the zelo

voltage output wiclth may incluce sustainecl oscillations about the set points.

4.2.7 Response to Conventional Rules

Tlre conventional rule table sets the control output to zero for a small positive (neg-

ative) position er-ror with large positive (negative) velocity elror. Refelring to Fig-

ure 4.L4, the application of the conventional rules did in fact send a zero voltage

befor-e the clesired angle was reached. This is clearly seen in the return motion of

the Up/Down linl< of Figure 4.14. The zero voltage as well as the deadband made

it impossible for the link to reach the desired position. The gains here were not

the optimum for the conventional rule table but simply the optimum found for the

hydraulic rule table shown in Figure a.5@). Experiments with the optimum set of

conventional rule gains can only be found in the simulation results of Section 3.3,

Figure 3.9. Referring to Figure 3.9 it was found that the conventional rule table

required 50% higher gains to achieve a step r-esponse similar to the hydraulic rule
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table. Highel gains, however, may aclversely affect the stability. The conventional

rule table compensatecl for velocity to a clegr.ee which was not necessaly in hyclraulic

lobot control.

4.2.8 Effect of Controller Gains on Trajectory Tracking

It is known that the area of the rule table close to the zero velocity and position errors

required tuning for stability (zero output width values) and the areas surrounding it
required tuning for responsiveness (small output peak values). Tïrning controller gains

P" and Vu,or the other hand, altered the universe of discourse of an input, therefore

the entire controller behaved differentiy.

For trajectory tracking response, as opposed to step input response, position and

velocity errors remained within a small to zero range. Therefore, the inputs to the

controller remained smail, and rule fir'ing remained close to the center of the rule
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tabie. For this case the controller inputs are relatively constant ancl any change in

fitzzy logic parameter-s was r-elatively the same as increa,sing P" ancl V". Therefore

fizzy logic palarneter-s wele not examinecl hele.

Effect of P. Gain

A trajectoly input response with best perfolming gains is seen in Figule a.15(a). The

trajectoly cor-'-esponcls to a 3-link trajector-y tlaching to be cliscussecl in Section 6.2.4.

The effect of incleasing ancl deceasing P" on the lesponse is seen in Figur-es 4.15(b)

ancl 4.15(c). Increasing the P" gain by I00u/0, r'eclucecl the steacly-state en-or. but

clid not eliminate it. Also, the controllel became sensitive to the position elror ancl

oscillations in coutrol wet'e observed. Fol a 75Ù/o decrease in P" gain, the size of the

steacly-state erlor was incr-eased and the contloller hacl tr-ouble following the clesirecl

trajectoly.

Effect of V" Gain

Increasing the V. gain 20 times decreased the velocity error in the system. This can

be seen in Figure a.16(a). A high value for V. gain, however, puts ihe p" and.V" gains

in conflict with each other'. The Controller alternately incleased the speed of the link,

due to the V" gain, and when zero position error was reached, a much smaller contr.ol

signal was sent.

The result of setting V" to zerc is seen in Figure 4.16(b). The results show that

the P" gain alone performed well enough to result in an actual velocity profile which

was close to the desired angle; however a delay in motion was noticeable at t x 2Isec,

when the linlç starts from rest.

The velocity profiles for the trajectory in Figures 4.15(a) and 4.16 are shown in

Figure a.I7(a). There was a shift, or delay, in the actual velocity as compared to the
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clesirecl velocity just as the actual position was shiftecl from the desirecl position. The

zoomecl in view of the fir-st 10 seconcls [see Figure 4.17(b)] inclicatecl that increasing

t'he Vu gain blings the actual velocity closel to the clesilecl velocity at the velocity

ti'ansition; but as position and velocity elrols wele eliminated, the valve clisplacement

w¿r,s clecreased ancl the linh slowecl down. The optimwV" gain smoothecl ihe Ìesponse

ancl clid not ovel compensate for velocity elr,or.

4.2.9 Speed Control

Figule a.18(a) shows the PD-ty pe fuzzy contloller appliecl to the tlajectory usecl

in Figules 4.15 to 4.LT at 1/5 the speed. The magnitude of the control values were

smallel in Figule a.18(a) than in Figure 4.15(a). The slower speed was still stable ancl

ther-e was a clecr-ease in the steady-state position erlot'. A slowel clesilecl velocity in a

rarnp input resulted in a srnaller valve displacement. This small valve clisplacement

was directly pr-opoltional to a small steacly-state error'. The velocity profile for. this

trajectoly is seen in Figur-e 4.18(b). The clesired velocity seems to be followed closely.

The coulomb friction of the link evidently delayed the motion at the start.
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Ckaapter 5

Steady-State Enror Ðli¡srination

5.1 Sources of Steady-State Error

Figure 5.1 shows the r.esults of applying the PD-type fitzzy controller to linlc 2 (link

with Up/Down motion) of the hydraulic robot shown in Figure 4.1. Botli step ancl

r-amp input responses ale shown. The response to the step input [see Figur.e 5.i(a)],

for weli tuned gains, was fast with acceptable overshoot and no oscillation at the set

point. The steady-state errol is due to the deadband in the servovalve which produced

a non-zero contlol action. By changing the gains one can reduce the steady-state error

but this may adversely affect the stability; for example, increasing the position etror'

gain caused oscillations in conttol action [see Figure 4.15(b)]. It is also seen that the

position emor IMas different in size from one step to another'. Dry friction, in the form

of stick-slip, in the hyclraulic servovalve as well a,s aßymmetry in the deadband are

believed to contribute to this phenomenon.

Figure 5.1(b) shows the response to a ramp input. The same control gains as in

the step input were used in this experiment. The trajectory profile, which covered

almost the entire extension of the link, included a gradual change in the required
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PD-type

Figure 5.2: PID-type fnzzy control block cliagram

velocity ¿rt the stalt and at the encl. A constant position elror is seen when following

a r.'atllp'input. This is expectecl since, in orclel to follow a ramp input, the valve must

remain open; thus, some et'r'or mnst be plesent in the ramp. A zelo position ancl

velocity errol would result in a zelo valve displacement and the motion woulcl stoo.

5,2

5.2.7

Steady-State Error Elimination

Step Input Trials

The focus in this chapter is placed on cleveloping algorithms that can work in parallel

with the PD-type fuzzy controller. With this goal, the PID-type controller shown in

Figure 5.2 was first constructed. Referring to Figure 5.2, the output from the PD-type

fitzzy controller was accumulated to produce a Pl-type fuzzy contlol action which was

scaled and added to the PD-type fizzy controller. The result of applying the method

to a step input similar to that of Figure 5.1(a), is shown in Figure 5.3(a). The resuit

shows [see Figure f.S(a)] an overshoot and a fairly long period of recovery. The

steady-state error was however eliminated. Increasing the scaie factor K¿ resulted in

a larger overshoot, although, the desired angle was achieved faster. The total control

action is the summation of both contribution lines in Figure 5.3(b). The role of the

PI control action at the beginning of the motion seems to be meaningless since, the
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maximum control action v/as alreâcly proviclecl by the fizzy PD control palt. The slow

Ìecovely fi-om the overshoot as partly due to wincling clown the unnecessai'y control

action accumulatecl at the beginning of the motion. This lecover-y period can be

i'educecl by intloclucing the anti-windup sti'ategy clesclibecl by Astrom ancl Huggluncl

[29]. The methocl, however, is effective only duling the contlollel output satulation.

It also requires the introcluction of an aclclitional gain callecl 'traching time constant'

which was reportecl to be sensitive to systems with derivative actions [29]. Basecl on

these obset'vatiotts, two stlategies ale introducecl which procluce satisfactoly r.esults.

Reset error integral control action. Referling to Figur.e 5.4, the steady-state

er-rol is eliminatecl by aclding a contlol basecl on the summation of elror. The inte-

glal controller was activated depencling on the status of the lesponse; it resets itself

otherwise. The lules that clecide when to activate the integral controller ale listed

below:

Rt¿le f . if the velocity error is within luzzy zero then start or- continue integlating

the error'. The integr-al controi contribution valies with cleglee of membership in zer-o

velocity errol l¿;

t
[Je) :Ð0'Kn)(0¿ - 0")

¿:0

¡.2 scales the integral action and governs the rate of increase of the integral of error.

Rule 2. When the velocity err-or is not within a'fizzy zero'region, reset and disable

the integrator.

A zero velocity error is the indication of a system which has come to a steady-state

and the controller (in this case the PD-type fuzzy controller) has done all it could to

reduce the error in the system. In such a case, the integral control becomes active;

degree of which depends on the degree of membership (p) of the velocity error in the

region of fuzzy zero.
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The lesult of application of the scherne to a step input is seen in Figure 5.5(a).

The response was bettel than the one with PID-type fazzy controller'(FigLrre 5.3a).

At the beginning of motion, the clesirecl velocity matchecl (in a step input it is set to

zero) the actual velocity of zer.o which resultecl in a zero velocity elr-oï. Tlie integral

was thelefole activated at the beginning of the step input but was soon deactivatecl

(see Figule 5.5b). The integral control action became active once again when the

outptit was close to the desirecl set point. The slow accurnulation of erlor resultecl

in au aclclecl contt'ol which elirninatecl niost of the steacly-state el't'ot-. The PD-type

fuzzy control contlibution eventually went to zero, ancl the control action fi-om the

integral bloch was just enough to keep the valve at its deadbancl limit.

Reset offset integral control action. The reset errol integral contlollel has a

characteristic that any clesirecl action is not instantaneous. A celtain time is requirecl

until the contloller reaches the appropliate level. The reset offset integral contlol

action is clesignecl based on the fact that at the luzzy zero velocity elrol region, the

PD-type fizzy contlol output is essentially a measure of the steady-state elror (see the

rule table in Figure 3.1). This measure can therefore be utilized as an added contlol,

namely offset integral. Figure 5.6 shows the bloclc diagram. The offset integral is

updated by increasing/decreasing its value by an amount equal to the current fitzzy

PD control action and remains active as long as the velocity error is within the range

of fuzzy zero. This fuzzy zero region is similarto the zero velocity error in Figule 3.1

but 1/10 of the size. When the velocity and position errors reduce to zero, the PD-

type fuzzy contlol output goes to zero and the offset integral value remains constant.

When the velocity error exceeds the fizzy zero neighborhood, the offset integral is

set to zero and lemains inactive.

The application of this strategy to a step input produced a result shown in Fig-

ure 5.7(a) which was slightly better than the one belonging to the reset error integral

method [see Figure 5.5(a)]. The offset integral contribution to the controi is seen in
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Figure 5.7(b). As soon as the velocity erlor fell within fttzzy zer-o region, a value

eqtral to the curtent fizzy PD control action was assignecl to the offset integral. As a

result, the time between the methocl activation until a rough measure of the steacly-

state errol control was achievecl, became shorter with this methocl. The rate at which

tlre offset integlal was upclated was approximately 5H Z. A faster late did not allow

enough time to observe the full effect of the offset integral and the system became

unstable. A slowel l¿l,te resultecl in a slow elimination of steaclv-state ellor'.

5.2.2 R,arnp fnput and Trajectory Tracking Tbial:s

Tlre r-esponse to the la,mp input, using the PD-type fuzzy plus r-eset elror integlal

contloller, is shown in Figule 5.8(a). The ramp input was followed almost exactly;

the slight et'r-or-s at the beginning ancl at the encl of the I'amp wele quichly recoveled.

The integral contribution to the control was smooth and stable for the clulation of the

lamp. Similal perfolmance was observed when the PD-type fizzy plus reset offset

integlal controller was applied to the same ramp input [see Figule 5.S(b)]. The same

gains used fol the step input responses were applied for this case. The performance

of both methods were found to be satisfactory.

The trajectory tracking experiment involved two links; link 2 with a rotating

joint and link 3 with a prismatic joint. The simultaneous motion of these two links

allowed the endpoint to follow a Cartesian vertical straight line. The speed used in the

tracking experiments was x 30cmf s in the vertical direction. The PD-type fuzzy plus

reset integral controller was applied first. The resulting vertical Cartesian position is

shown in Figure 5.9(a). The vertical path is followed very closely with small deviations

from the desired trajectory. The maximum deviation from the required constant

horizontal distance was 2.\cm. The error peaks seen in the horizontal direction, were

the result of high dry friction at the prismatic joint of linlc 2. With reference to
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Figure 5.9(b), these errol peahs coincide with the maximum cleviation of link 2 flom

its clesired clisplacement. The maximum elrors occurred when link 2 stalted to move

or changecl its clilection of rnovement. In aclclition to dry fi'iction, the internal integlal

action of the reset integr-al block contributed to the peak observecl at time ú æ 6.6s.

Referling to Figule 5.9(c), the integr-al lequir.ed time to wincl-up to a positive value.

The effect of loacling fol the above trajectory was also stucliecl, and the lesults

\Mere compalecl with the ones without loacl. Figure 5.10(a) compat'es the resulting

horizontal clisplacernents, and Figure 5.10(b) compates:the i'esulting vertical veloci-

ties. The weight of the loacl was approximately 25kg. As is seen, the pelfoi'mance of

the contt'oller clicl not cleteriorate significantly. The only cliffer-ence observed was the

incleasecl errol peah in the horizontal displacement at the beginning of motion where

linli 2 was fully extenclecl. The increased weight resultecl in an increased ciry fi'iction

at the prismatic joint.

The PD-type fuzzy plus leset offset integral contlollel was then appliecl to the

sa,me trajectory. The maximum elror of the horizontal position was about I.\cn¿

which is seen in Figure 5.11(a). The In/Out response of link 2 [see Figure 5.1i(b)]

was mainly responsible for the horizontal deviation. The control inputs applied to

this linl< are shown in Figure 5.11(c). Compared with the reset error integral action,

shown in Figule 5.9(c), the offset integral changed at a faster rate than the integral.

Loacling did not affect the horizontal or vertical errot's of the trajectoly noticeably

(see Figure 5.L2).

The PD-type fuzzy plus reset offset integral was found to be slightty faster, in

terms of computation time, and required less attention in the tuning of the updating

rate gain. The magnitude of each increase in the reset offset integral method was

governed by the PD-type finzy controller; therefore, it was able to adjust its measure

of the steady-state error quicker than the reset error integral.
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Chapter 6

Expenimental Studies with Reset

Offset Integral

This chaptel examines how the changes in P" and 7¿ gains affect the response of the

PD-type fizzy plus reset offset integlal contlollel, ancl therefole give an idea of how

to go about tuning fol a particular lesponse. The main focus of this chapter is the

examination of reset offset integral for trajectory tracking. This section also examines

the effect of updating rate on the r-eset offset integral. The fuzzy logic parameters

and rule tuning were not attempted in this section. This is because the reset offset

integral is only active for fizzy 'zero' velocity error. This state is only achieved after

all the PD-type luzzy controller fuzzy logic parameters and rules have brought the

system to some degree of stability.
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6.tr- Ttuning the Control Gains

6.1.1 Effect of P" gain

Tlre simple PD-type fuzzy controllel is inexact by natule. It uses a steacly-state erlor

in a ramp input to maintain a constant valve clisplaceinent. This, as \Mas observecl

ealliet', r'esultecl in a shifted actual position plofile. With the aclclition of the offset

integral, the exact positioning became possible.

The tla'clcing response of the PD-type fvzzy plus reset offset integlal controller

is seen in Figule 6.1(a) for. the In/OLrt linli. Once the offset integlal was aclclecl,

the steacly-state err'ol'was eliminatecl successfully. The PD-type fizzy contl'ollel was

tunecl to have a shalp inclease in control output for- small position errols to compen-

sate fol the effects of cleaclbancl ancl stiction on the system. This was not necessalily

the optimurn contLollel clesign when the offset integlal methocl was acldecl. Howev-

eL, a reclesign of the tuning parameters \Mas not necessalv because the response was

adequate.

The effect of a 75% increase in the P" gain is observed in Figure 6.1(b). The

oscillations were due to the PD-type finzy controller which over compensated for

small position erroÌs. The increased oscillations at high gain were also due to the

offset integral update. An increase in the P. gain increased the size of control actions

and therefore had an unstable effect on an update of the reset offset integral.

The effect of 75% decrease ín P" is seen in Figule 6.1(c), there was no serious

deterioration in the rate at which the steady-state error \ryas eliminated. Figure 6.1

can be compared with Figure 4.15 in which the same gains were used but without reset

offset integral. This demonstrated that the setting of the PD-type finzy controller

gains did not require as careful attention as the PD-type finzy when operating alone.

\Mhen using lower position error gains, However, the offset integral took longer to
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wincl clown when the velocity changecl direction. This was due to a lower magnitude

of PD-type fuzzy controller outputs.

6.L.2 Effect of V" gain

Refer-ring to Figure 6.2(a), an incleaseinV" by 20 times is obser-vecl. An interesting

clrat'acteristic is seen al t x l9sec. V. gain \Mas more clominant over- the P" gain.

Tlre actual position exceeclecl the clesilecl position in an oscillatoly manner. The V"

gain triecl to speecl up the iinli ancl the P" gain then brought the position bach to the

clesirecl position. When J/" gain was less dominant over the P" gain this conflict was

eliminated. This char-acteristic is similal to Figure 6.1(c) in which Pu was set at a

lower value and % was the mot-e clominant, The actual position exceedecl the clesirecl

position for sections of this response, and no correction was clone clue to the decreasecl

P" gain. This was the clir-ect lesult of the 30 point regression to fincl actual velocity

mentionecl in Section 4.2.8. The PD-fuzzy plas leset offset integral contloller- coulcl

not achieve both zero position ancl velocity eÌror-s for a changing desirecl position

and velocity. A zel'o err-or for both was possible only when the desiled velocity was

constant.

V. gain still had an important effect on control. An oscillation in position in

Figure 6.2(b) at t x 20sec was due to a V" gain which had been set to zero, this is

seen in Figure 6.3(a). Ther-e was no compensation for velocity as the In/Out link

passed the desired position. The V" gain compensated for the velocity of the link as

it approached the desired position.

Figure 6.3(a) also compares the velocity trajectory for three different values of

%. The actual velocities followed the desired velocity closely but oscillated about the

desired velocity, just as actual position did. Referring to Figure 6.3(b), the three I/"

performed in a similaÌ manner to Figure 4.L7(b). Comparing the responses to three
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V" gains at f = 3sec, the highel the gain, the closer the actual velocity was brought

to the clesirecl velocity. A higher J,ru gain also increasecl oscillations.

6.1.3 Effect of Offset Updating Rate

The updating r-ate was an impoltant parameter in the reset offset integlal controller.

If the fi'equency was too small, the rate of steacly-state erlor elimination was slow.

The rate at which the offset wouncl clown to zeLo, given a change in the clesiled

clirection, took iongel if the upclating fi'equency was increasecl. This tlait of wincling

clowu was also sharecl by the other integral type contlollels which wele testecl, but

the collection was not as long with the offset integlal ancl stability was rnaintainecl.

Fol all experiments with offset in Chapter 5, and previously in this chapter, the rate

of trpclating \Mas 6Hz ((t: 10).

The effect of a clecrease in the updating fi'equency by 50%, (í..., q: 20) is seen in

Figure 6.a(a). At ú = \4sec, this frequency clicl not seem to be fast enough. The delay

due to winding down increased. When updating frequency was incleased by 100% (to

e : 5 intelvals) the winding down occulred faster', but to the detriment of stability.

This is seen in Figure 6.4(b). Referling to Figure 6.4(b) at t = 20sec, there v/as a

large oscillation in the offset integral which was trying to eliminate the steady-state

erlor when the link was brought to a stop. Here the rate of update is unstable and

winds up and down too fast. Both the increase and decrease in update frequency

produced a reasonable response. As with the setting of P" and V", gain when tire

offset integral was active, the exact setting of updating rate was not a necessity. A

further increase in updating frequency resulted in simply an integral of PD-typ e fitzzy

control values with an integral gain of one. This gain was too high and resulted in

oscillations and instabilitv.
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6"2

6.2.1

,A'.dditÍonal Exp erirnent s

Step trnput F[esponses

Different step sizes, as in Section 4.3.1, wele applied to the PD-type fnzzy plus reset

offset integral controller'. These step inputs incluclecl 7.2",3.6" and 1.8o. With the

aclclition of the offset integlal, the steacly-state er-r-ol wàs leducecl substantially for the

7.2o step, as is seen in Figure 6.5(a). The offset integral also pelformecl well fol the

3.6' step input shown in Figur-e 6.5(ìl). The control action fi'om the PD-type fuzzy

alone was not lat-ge enough to bling the link closer to the clesilecl at t x 2.25sec. This

was the point where the link would stop in the absence of the offset integral.

Due to the slow speecl of the linh, a velocity elrol which exceeclecl fuzzy zelo clicl

not occur to cleactivate the offset integral ¿t the stalt of the step response in the

1.8o step input shown in Figure 6.5(c). This lesultecl in an overshoot on the'letuln'

motion, which was quickly correctecl. The overshoot was due to an upclate of the

control action when the highest control output from the contloller was still plesent.

The lesults in Figure 6.5 display a robust nature.

6.2.2 Tracking Control

Speed control was also performed for the In/Out link trajectory. Figure 6.6 shows

the response with increased speed. In Figure 6.6(a), al t x 8sec, the deactivation

of the offset integral is observed, at this point the offset control input goes to zero

and a steady-state error was present. Here the velocity error exceeded finzy zero due

to the increased size of steady-state error and the resulting lag in actual velocity as

compared to the desired velocity. The velocity error falls within finzy zero and the

elimination of steady-state error activated at t x Llsec. This off/on characteristic is

ót
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inher-ent to the leset palt of the controller ancl occurrecl when the zelo velocity elror

state coulcl not be achievecl dne to increased steacly-state er-ror.

When the tr-aching speecl was fur-ther increasecl, the clelay in the methocl activation

became longer'. This is seen in Figure 6.6(b) whei-e the speecl was increasecl by a factor

of four. When the offset rvas cleactivatecl, as it was between t x 3 to 4sec, ther-e was

a steacly-state errol plesent. Hele the tlajectoly was iclentical to the result fol the

PD-type fizzy acting alone (this result wer-e not inchiclecl in this thesis clue to space).

Frzzy offset activation:coulcl be achievecl by increasing P" or I/" gains, which malie

tlre controllel more lesponsive. An increase in the P. gain of x 50t/o was then appliecl.

The lesult is seen in Figure 6.6(c). The gar,ins leclucecl the steady-state ellor of the

response ancl as a result the methocl was activatecl for longer periocls, but it dicl not

eliminate the on/off chalacteristic entirely. This on/off chalacteristic coulcl only be

eliminatecl by incr-easing the fuzzy zero velocity erlol rarge.

Tlre speecl of the desired position input was then decreasecl to Il5 of the or-igi-

nal speed and the trajectory traclcing expeliment was repeatecl. As is seen in Fig-

ur-e 6.7(a), the steady-state error has been reduced. The control magnitudes were at

much lower values and no oscillations in the position were observed. This displayed

the stability of the offset integral at decreased velocities. The velocity profile is seen

in Figure 6.7(b). Here the desired velocity was followed closely for the first part of

the trajectory, but with obvious oscillations about the desired values. Even at slow

speeds this oscillation was present.

6.2.3 Fùepeatability Test

Experiments were then performed to show repeatability of the controller. A 42.8"

step response performed at the beginning of experiments, and once again after the

machine had been in operation for one hou-r-. There v/as no noticeable difference
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between the two. Both are seen in Figure 6.8. The leason for-the sliglit clifference in

the return motion was an inconsistent pump pressule) this was unavoiclable with the

inclustrial hych-aulic robot.

6.2.4 Multi-link Fosition Control

Trajectory tracking expeliments using thr.ee linhs were then pelformed on the in-

dustrial hydraulic robot using the reset offset integral. A triangular trajectory was

applied with the end-effector moving in the X - Y direction, while maintaining a

constant Z direclion distance [refer to Figure 4.11. At a slow speed, the trajectory

was performecl in 30 seconds and the results are in Figure 6.9(a). The actual path

did not deviate much from the desired position until the change in direction. This,

as observed earlier, was due to the winding down of the offset integral method. The

end-effector traveled 142cmin æ l\sec along the horizontal and vertical, and 201cm

in = 10sec on the diagonal.
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The response of the In/Out link is obselvecl in Figur-e 6.1(a) with the velocity pi'o-

file in Figure 6.3(a). The trajectory for the othel two linlis ale seen in Figure 6.10(a)

ancl 6.11(a) ancl the velocity profiles in Figure 6.10(b) ancl 6.11(b). During the râmp

input sections of the Up/Down tlajectory, between ú t 3 to \sec, both velocity ancl

position elrols have been almost eliminated. Accuracy was possible because the ac-

tual velocity lag, or- shifting, clicl not have an effect at this point. The velocity plofile

was smooth until t = 22sec wer-e the wincling down of the rnethocl occuLrecl. This

causecl a clelay in the links rnotion ancl oscillation in the linlçs velocity cluling the

corlection.

The Left/Right link has the sarne charactelistics but oscillations about the clesilecl

velocity seem to ì:e lalgel clue to higher- inertia. During ú = 0 to l2sec the desilecl

velocity was zelo ancl the clesilecl position was constant. This r-esultecl in a wincling

up of the methocl to attempt to eliminate the small position er'r'or present at this

point. When the winclup exceeded the stiction ancl clez'r,clbancl, an over.shoot occurrecl

because the contlol system was not fast enough to cornpensate for tliis instantaneous

motion.

The result of the position control for speed 1.6 times faster than the one shown

in Figure 6.9(a) is illustrated in Figure 6.12(a). The deviation in the Z direction has

increasecl in Figure 6.i2(b). The speed of the trajectoly was further increased four'

times. The results are shown in Figure 6.13. The tr.ajectory was followed sufficiently

but the end effector did oscillate about the desired position. The error in the Z dhec-

tion increased to = 5cm [Figure 6.13(b)]. On the diagonal the end-effector traveled

20Icm in x 2.5sec. The reason for the decreased accuracy was the activation and

deactivation of the offset integral, similar to the results in Figure 6.6(b). This could

also be attributed to the control frequency which was not twice the bandwidth, the

bandwidth of the system was too smali for the desired input frequency, or the fuzzy

zero velocity error range was too small for proper activation. At low speeds, the off-
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Figure 6.10: Up/Down response pertaining
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Figure 6.13: Effect of increased speed (aX): (a) XY direction; (b) Z direction

80

60

40

tr
920
c
"=0(J
o
a -20

-40

-60

-80

165

164

163

162

b 161

!,uo
õ 159
.=
Él lsg
N

157

156

155

154

(b) 4X speed
Desired

- 

Actual

98



set integral rnethod clemonstlatecl a sufficient accuracy when applied to a trajectory

tlacking experiment.

6.2.5 Loading

Loacls of 451b, 851b, ancl 85lb with extendecl alm, \Mele appliecl to the Up/Down tla-

jectory. The lesults ale summ.alizecl in Figule 6.14. These can be comparecl with the

unloaclecl lesponse of Figure 6.10. With tlie load of 45lb ancl 851b, no adverse effects

wele observecl in the tlajectoly. The contlol valnes wele stable with no incleasecl os-

cillations about the clesired position. With the 85lb weight ancl extenclecl aLm, thele

wele some oscillations about the clesiled position. This was clue to the highel inertia

which v¡as pr-esent. A zoomecl in compar-ison between the the joint positions of the un-

loaclecl, ioacled 85lb and loacled 85lb with alm extenclecl is seen in Figule 6.15(a). The

incr-easecl oscillations foi' the case of extended linh wele obvious. Both the unloadecl

ancl the 85lb extended velocity plofile ale compaled in Figure 6.15(b). A cleclease in

gains coulcl dampen these oscillations. The methocl was obser.ved to oscillate about

the desirecl position if the weight was excessive.

Total control values, of the PD-type fnzzy plus reset offset integral, are compaled

for the unloaded and loaded 851b only in Figure 6.15(c). At the star.t of the ramp,

the control values for the loaded case r¡/ere higher to overcome the incr-easecl inertia.

This was soon decreased when the proper speed was achieved. After this point there

\¡/as no significant difference between the two. The loading showed larger- osciliations

in control during the decreased velocity section of the ramp at t x 8sec.
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7 "7, Thesis Contributrons

In this thesis a fuzzy logic controllel was clevelopecl for a class of hych-aulically actu-

atecl robots. In particular, it was acldressed that hydlaulically-actuatecl robots have

different control r.equirements as compared to electrically-actuated robots. The con-

trol scheme consisted of simple yet effective rules which decideci on the control inputs

based on position and velocity err.ors. The fitzzy contloller demonstrated robustness

in the presence of load, valiation of set points and nonideal hydraulic actuation.

A simulation model was fir'st utiiized, and using insight derived from the simulation

studies, suitable fuzzy membership functions and rules were derived. The simulation

model was found to be a very effective way of understanding what to expect from

the experiment. The application of the conventional PD control to the simulation

revealed some inherent problems such as the tradeoff between rise time and overshoot.

The nonlinear characteristic of. fuzzy logic control either reduced or eliminated these

problems.

The fizzy controller was then applied in experiment to contr-ol different links
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of an instr-urnentecl lJnimate lViK-II hych'aulic robot. Due to the slow clynamics of

the servo valves, and othel nonidealities such as fi'iction ancl leakage, the lesponses

were not as fast as they showecl in the simuiation fol small spool clisplacernents. As

a result, the zelo output voltage rneilbership function was clecleasecl to allow for

higher- control actions. The position ancl velocity lelated gains were tuned by an

optimization technique basecl on the simplex methocl in an off-line manner'.

An exa,mination of the scaling factols, fizzy logic par.ameters ancl lules was then

per-formecl. Tlie r-esults clemonstlatecl how the contlol palametels affectecl the system

perforrnance. For example, changing the zelo voltage output regioir altelecl stability

in the for.m of oscillations at the set point, ancl any change in the small voltage output

alterecl the responsiveness of the system. Contlol gains, in comparison, changecl the

entii-e lesponse of the contr-oller for all inputs. The lules clesignecl for the hydraulic

robot wele founcl to improve the lesponse lise time of a hych'aulic robot as comparecl

to the conventional rules nolmally rtsed for rnotor control. With these expeliments

tlre true aclvantages of the fizzy logic controller were obselvecl.

The simple PD-type fuzzy controllel pelformed well but did not eliminate the

steady-state elror. This was due to (along with the characteristics of the fuzzy PD-

type controller-) unavoidable nonlinearities such as vaive deadbands. Two methods

were developed and added in parallel with the PD-type fitzzy controller. The first

method entitled 'reset error integral' was based on the integral of the position error.

The second method entitled 'reset offset integral' produced an offset integral control

based on a measure of the steady-state elror obtained from the current PD-type fizzy

control action. Both methocls were active only in lhe fiizzily described zero velocity

error and were found to be easy to implement, conceptually simple in design and did

not impose an increase in computation time.

The results of this study clearly show certain advantages of the application of fazzy

control to hydraulic robots. These advantages inciude a fast rise time while main-
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taining a close to clampenecl response u'ith simple rules ancl with only position ancl

velocity feeclbaclç. The controllel appliecl in this paper exhibitecl robustness in per-

formance against loacling and noniclealities inherent to any existing inclusti'ial robot.

The automateci gain setting algorithm appliecl here plovecl to be a time saving ancl

leliable clevice to obtain the ploper gains. The steacly-state error elimination rneth-

ocls clevelopecl, palticulally the leset offset integral contloller, displayecl accuracy)

speecl ancl stability. The use of these methocls would be vely beneficial to trajectory

tlaching systerns lecluiling exact position ancl velocity contlol.

7 "2 Future \Mork

Fritule wolk woulcl include experimentation with the fuzzy PD-type controller- to

confir'm that the methocl will univer"sally possess the tuning capabilities which were

obser.vecl in this wot'k. These capabilities inclucle lhe fizzy logic parameters, rules

and gains. Futule study could also inclucle the clesign of a fizzy contr-oller basecl on

the expeliments performed here, so that tuning the fizzy logic parametels such as

width ancl peak can be perfolmed in an easier manner.

A series of studies could also be performed on the reset offset integral. One study

could involve decreasing the time required to wind down the offset. To eliminate

this problem the controller could be altered so that when position and velocity errors

are close to zeto, and the desired velocity changes direction, then the offset is set

to zelo. Other studies could include increasing/decreasing the update rate of the

offset depending upon the degree of membership of velocity error input in fitzzy zero

velocity error region.
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