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Abstract

Application of a fuzzy logic controller to a class of hydraulically actuated industrial
robots is investigated in this thesis. A simple, yet effective, set of membership func-
tions and rules are developed to meet the control requirements of such robots. The
proposed PD-type fuzzy controller is first examined through simulation of a two-link
hydraulic robot. The 1fobot has the same hydraulic configuration as many existing in-
dustrial manipulators.:’ It is shown that the controller exhibits positive aspects which
cannot be easily achieved by conventional control techniques, such as a PD controller.

These aspects include a short rise-time and a well maintained dampened response.

The fuzzy controllér 1s then utilized on an instrumented Unimate MK-II robot
which has been retrofitted as a research robot. An off-line routine based on the
simplex method is applied to find the best performing control gains for different
links. This is accomplished by minimizing the summation of errors over step input
responses. The controller, although effective, is shown to produce steady-state errors.
The steady-state error in a step input response is mainly due to the hydraulic valve
deadband in which the control action is not effective. The steady-state position error
in a ramp input response is shown to be due to both valve deadband and the nature

of the PD-type fuzzy controller.

In order to eliminate the steady-state errors, conceptually simple methods are
developed and applied in parallel with the PD-type fuzzy 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 only in a

region of fuzzy zero velocity error.
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Chapter 1

Introduction

1.1 Background

‘Fuzzy logic has become one of the most successful fields of research in developing
control systems. A fuzzy logic controller is a nonlinear controller [2]. It can provide
robust control and accuracy [2-3], and is ideally suited for systems with unknown or
complex models [4-7]. Fuzzy 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].

Fuzzy logic control is based on fuzzy 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, warm and hot, where the separation between states is not well defined.

A fuzzy 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 are normally written based on experience,

1



observation and the attributes to which system response must contain. Conventional
PID controllers, on the other hand, are based on exact mathematical models. The
sensors read precise values and specific outputs are produced. A PID controller, with
fixed gains, is difficult to tune for both stability and responsiveness. To some extent
this is not the case with a fuzzy logic controller [8]. Fuzzy logic controllers can cover

a wide range of operating conditions and possess robust control characteristics [9].

In the last few years, research devoted to fuzzy logic and it’s application has
significantly increased as attested to by the existence of several conferences and pub-
lications on the topic. One example is the annual IEEE International Conference on
Fuzzy Systems. Many articles on the successful application of fuzzy logic control to
electrically-actuated robots have been presented, ranging from the application of a
fuzzy logic control matrix (similar to a lookup table) to the implementation of actual
fuzzy rules and membership functions. To name a few, Kumbla et al. [2] incorporated
all the aspects of a fuzzy logic controller including fuzzification, rule evaluation and
defuzzification and applied it to an industrial Rhino robot. The fuzzy logic controller,
being an adaptive technique, performed better than the linear PD controller. Ken
et al. [10] used a fuzzy lookup table in parallel with a position feedback 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 a fuzzy lookup table. Wakileh and Gill [14] proposed a self-organizing fuzzy
logic and implemented it on the Stanford manipulator. General issues in tuning and
validation of fuzzy systems were outlined by Boscolo [12] and the need for a system-
atic methodology for developing and tuning fuzzy rules and gains was addressed by

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

The application of fuzzy logic control to hydraulically actuated robots, however,

2



is sparse and can only be found in a few research papers. Zhao and Virvalo [15]
combined a linear state controller with fuzzy rule evaluation to produce what they
named a fuzzy state controller. The method indirectly detects the presence of a
load, based on fuzzy rule evaluation of actuator’s velocity, and decides on the gains
of a state controller accordingly in order to make the controller insensitive to load
variations. Chou and Lu [16] developed a fuzzy logic controller for a class of hydraulic
servo systems. The robustness and tracking ability of the controller was demonstrated

through extensive simulations and some experimental studies.

Hydraulically. actuated robots are, in general, different from electrically actuated
robots. The difference is not only in the way the actuating force is created but also
in the way it is transmitted to the links. In a hydraulic robot, the application of
force is based on a pressure differential which, in the process of equalization, applies
a force to the link some distance from the joint. The pressure differential is achieved
by means of a spool displacement in a valve that controls the fluid flow into and
out of the actuator. Compared with electric drives, hydraulic ones are much stiffer
when handling large payloads. Hydraulic actuators have found there largest use on
manipulators handling large payloads, requiring positioning accuracy, rapid dynamics
and quick starts and stops [17]. In spite of the above advantages, hydraulic systems

are complex, nonlinear and difficult to analyze for control purposes [25,26].

When applying a fuzzy logic controller, one should not expect to implement similar
control strategies to both electric and hydraulic robots. Each class has different
control requirements and characteristics which must be accounted for when designing
the rules. For example, in hydraulic robots, given a zero spool displacement (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 can 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

3



the velocity. Negative motor voltage is usually applied before the arm reaches the
desired position to prevent excessive overshoot. Also, a constant control input (motor
voltage) is required in order to keep the arm in place in the presence of gravity. This
is normally achieved either in the presence of a steady-state error or with the addition

of a control value equivalent to an integral action.

1.2 Thesis Scope

This thesis investigates the implementation of a fuzzy logic controller on a class of
hydraulically actuated manipulators. A PD-type fuzzy logic controller is initially
developed. The controller has few rules, uses simple membership functions, is com-
putationally efficient and is easy to implement. Furthermore, the fuzzy controller
incorporates an off-line tuning algorithm based on a simplex optimization method in

order to find appropriate gains for each axis.

Simulation studies are first performed leading to the construction of suitable fuzzy
membership functions and control plans. The experiments are performed on an in-
strumented Unimate MK-II hydraulic robot. Experimental studies however result
in steady-state errors in both step and ramp input responses. The deadband in the
hydraulic valve is identified as the primary source of steady-state error in the step
input response. Other nonideal characteristics of the system components such as dry
friction in the servo valves, also contribute to the steady-state error. The steady-state
position error observed in the ramp input is shown to be primarily due to the nature
of the PD-type fuzzy 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 fuzzy logic

controller to produce a fuzzy PI controller. PI controllers, however, are known to give
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poor performance in transient response due to the internal integrating operation. In
order to improve the performance of PI-type controllers, Lee [18] proposed two meth-
ods which take out appropriate amounts of the accumulated control inputs according
to a set of rules based on fuzzily described states on errors, error rates and control
inputs. Chen and Yen [19] suggested the use of PID-type fuzzy logic controllers to
avoid some of the shortcomings when only PD or PI controllers are used. Mizumoto
[20] constructed a PID controller based on the product-sum-gravity method and a
simplified fuzzy reasoning method. To improve the transient and steady-state perfor-
mance of control systems containing deadzones, Kim et al. [21] used a precompensato;;
which magnified, according to a fuzzy rule table, the position error input to a linear
PD controller. Oaly simulation results for step inputs of a control system with a
second order plant were shown. None of the above techniques were implemented in
experiments. In particular, no report was found regarding application to hydraulic

manipulators with valve deadbands or systems dealing with ramp input responses.

Towards eliminating the steady-state error, we first examine a method which is
basically a fuzzy PID-type control; the actions from the PD-type fuzzy controller are
summed to produce a PI-type fuzzy control action, which is then added to the output
from the PD-type fuzzy 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 calculated in parallel, and is added to the fuzzy PD controller. In
the second method, the control measure of the steady-state error obtained from the
fuzzy PD control part is used as an offset to be added to the current control action.
Further study is then performed on the reset offset integral method due to its speed 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.



1.3 Thesis Organization

The remaining chapters of this thesis are organized as follows. Chapter 2 describes
the hydraulic actuation system model used in simulations, followed by an overview
of fuzzy logic control. Chapter 3 describes the development of the PD-type fuzzy
controller for a hydraulically actuated manipulator. Simulation results are presented
in this'chapter to substantiate the approach. Chapter 4 examines the experimental
application of the PD-type fuzzy controller. Chapter 5 details the development of the
stea,dym"state error elimination methods, and Chapter 6 describes further experimental
evaluation of the reset offset integral method. The thesis is concluded with Chapter 7

which outlines the contributions of this work and future work.



Chapter 2

Background

2.1 Hydraulic Actuation Systems

Figure 2.1 shows a typical hydraulic drive unit. The linear piston actuator is con-
nected to a closed-center spool valve through hoses. The valve meters the flow to and
from the actuator. The pressure compensated pump provides a flow at sufficiently
constant pressure to provide the motion. The use of a closed-center valve along with
a constant supply pressure system, in a multi-link manipulator, allows each valve
to function independently. Most indoor hydraulic robots 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 (z), the supply
pressure (P;), the return pressure (P,) and the line pressures (P; and P,). The
governing nonlinear equations are written using the continuous equations for orifices

[24]:
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Compensated Po c Uo
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Figure 2.1: Schematic of a hydraulic drive unit

x>0 (positive direction)

:

Q; = kway/ P, — P,

:

Q, = kwzy/P, — P. (2.1)

2 <0 (negative direction)

Q; = kwzy/ P, — P,
Qo = kwzy/P; — P, (2.2)

where k is the orifice coefficient and w is the area gradient. @, and Q, are the flow

into and out of the valve, respectively.

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

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

Qi = Koz — Kp P
Qo = Koz + K, P, (2.3)



where

K. = kuw: L= flow gain

kwzx

—=———= = flow pressure gain
2y/2(P, — P)

P, = P, — P,= load pressure

Ky =

- K, contributes to the damping ratio. Therefore for critical center valves it makes

. sense to carry out the analysis around the center point where damping is minimum.

The inputs required to model the actuator are the line pressures (P; and P,) and

the cylinder linear acceleration (X):

F = (PA; — P,A,) = JX + f,X (2.4)
Where f; is the equivalent damping coefficient and J is the inertia driven by the
actuator. A; and A, are the piston areas.

Valves and the actuators are connected through pipes or flexible hoses. Using

lumped parameter theory, the first order pipe model is (refer to Figure 2.1):

. V: .
]Dz_——z = i \Yq
5 Qi —Q
.V ‘
Po—'?' = o~ Yo
5 Qo—Q
Q”L = AzX
Qo = AX (2.5)

Q; and Qo are the flow into and out of the cylinder, respectively. V; and V, are the
volume of fluid trapped at the sides of the actuator, respectively. A is the effective

bulk 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:
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X(s) _ K.(A; + A,) (2.6)
z(s)  (JC)s3 + (JKp + faC)s% + (faK, + A2 + A2)s '

where C' = % ~ % is called the hydraulic compliance [24]. The above equation is a

third order system and has the following form:

where,

lcv.(Az + Ao)
]Cpfd + (Azz + Ag)
wg,fd + (42 + 42)
JC
Kpd + faC

2/ TC(Kpfu+ (A2 + A2))

The inclusion of % in Eq. (2.7), basically means that the actuator is pushed by
fluid flow. The oscillatory roots are lying in the second order part and they are
functions of ¢ (damping) and w, (hydraulic natural frequency). The increase in
compliance also decreases 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, A; and A, are; load damping which appears
in the form of K, in the equations, linkage (structural) damping included in f;,
dry friction and leakage. Leakage effect can be included in the linearized model by

changing K, to (K0, + K;), where K is the leakage 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

10



of the whole system is dominated by the dynamics of the linkages and the hoses
which deliver fluid to the actuators. Therefore, a third order system can describe

these manipulators quite well [26].

2.2 Fuzzy Logic Controllers

2.2.1 General Overview

To model a system using fuzzy logic, the response of the system in terms of the
input-process-output must be known and the designer should be aware of how the
inputs and outputs are related. Each input or output variable has its own control
surface which consists of fuzzy regions. These regions overlap each other to give a
smooth control response. This is seen in Figure 2.2. The area in which membership
functions are dense is where accurate control is crucial. The input and output regions
are related by a set of rules. A typical rule table is shown in Figure 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 error for all values of velocity error. Once the fuzzy controller is
activated, rule evaluation is done and all the rules which are true are fired. The true
output membership functions are then summed and a centroid is found. This is called
defuzzification which results in a crisp control action. The fuzzy reasoning method
used in this thesis is based on Mamdani’s ‘Minimum Operation Rule (MOR)’ and the
‘Center of Area (COA)’ defuzzification technique (see [6] for 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 fuzzy 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 ‘position error being a

11
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MEMBERSHIP FUNCTIONS FOR POSITION ERROR INPUT
1.0—

LARGE LARGE

1 i l
=2.0 -1.0 0.0 1.0 2.0

MEMEERSHIP FUNCTIONS FOR VELOCITY ERROR INPUT

1.0
LARGE LARGE
{ 1 I
-1.0 0.0 1.0
OUTPUT MEMBERSHIP FUNCTIONS
1.0

i 1 1 1
MIN MIN/2 0.0 MAX/2 MAX

Position Error PL positive large.

NL | NS | ZR | PS | PL | PS positive small.
Velocity | NL | NL | NL | NS | ZR | PL | ZR zero.

Error | ZR | NL | NS | ZR | PS | PL | NS negative small.

PL§ NL | ZR | PS | PL | PL | NL negative large.

Figure 2.2: Typical membership functions and rule table

12



Rule #1 IF Position ‘PS’ & Velocity ‘NL’ THEN ‘ZR’

1.0 1.0 1.0
.75 .75
LARGE
1.0

T 1
0.0.75 2.0 -1.5 0.0 MIN/2 0.0 MAX/2 .75
SMI\LL/
1

l

ZERO

- .25

Rule #2 IF Position ‘ZR’ & Velocity ‘NL’ THEN ‘NS’

1.0 1.0
\ @ COA
LARGE
.25
1

T
-1.5 0.0 MIN MIN/2 0.0

I LR 1
MIN MIN/2 TO.O MAX/2

Figure 2.3: Example of fuzzy 1‘ea§oning and rule defuzzification

small error’is %75 which is graphically displayed in Figure 2.3. The velocity error of
—L.5, on the other hand, falls within one single region, i.e., negative large (NL). This
combination causes two rules to fire. Referring to the table shown in Figure 2.2, the
first rule implies sending a zero (ZR) control signal, for a small positive position error
and a large negative velocity error. The second rule demands a negative small (NS)
control output, for a zero position error and 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 membership
functions (‘MOR’). The output control areas for both rules are then combined, and

the center of the resultant control area (‘COA’) provides a crisp control action.

2.2.2 Fuzzy Logic Parameters and Controller Gains

A conventional PD controller has only two gains to set. A fuzzy controller has similar
proportional and derivative gains (can also be called scaling factors) as well as param-
eters governing membership functions and rules. 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 fuzzy controller with inputs of position and
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velocity errors. The universe of discourse for these inputs can be scaled with gains
much like a conventional PD controller. The input gains are P, for position error and

V. for velocity error.

Referring to Figure 2.2 and the rule table, positive large position and velocity
errors result in the application of a positive large (PL) control output. From this
corner of the rule table, the controller then makes its way to the center of the table,
where both position and velocity errors are zero. The route that it takes in getting
there is a measure of the stability and responsiveness of the fuzzy controller [18]. A
direct movement to the center would indicate a well designed controller. ‘If firing of
the rules has a rotation around the center, then the controller is oscillatory and must
be tuned. These oscillations could be reduced by tuning the peak values, width or

rules of the fuzzy controller without altering P. and V, gains [8].

This section describes how changes in the controller gains affect the response.
It also discusses the effect of other fuzzy logic parameters such as width and peak
values of the membership functions. The definitions in the following sections have

been adapted from reference [8].

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 alters 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 control action, as defined by the rule table. The higher the P,
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gain, the smaller this range is when the position error is applied. Therefore, changing
P, and V, gains alters the control calculation for the entire universe of discourse of

each input.

Peak Values

The peak value fuzzy logic parameter is the point at which the membership function
- has a level of truth equal to one. The value is therefore the distance from the origin

1‘%0 the peak, as shown in Figure 2.4(&).‘ All peak values are relative to the origin.

When altering the peak value of a membership function, the effect on the control
calculation is different depending upon whether it is an input or an output member-
ship function. For example, when the peak value of the PL (positive large) velocity
error input membership function is changed, this affects all the rules which contain
the PL velocity error (i.e., all 5 rules 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 rules). An increase in the small voltage output

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

Peak value changes for input membership 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 controller, tuning for stability is usually done to the detriment of the
system responsiveness. Because of the nonlinear characteristics of a fuzzy controller,
tuning is possible for both responsiveness and stability. Different areas of the fuzzy
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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OUTPUT MEMBERSHIP FUNCTIONS

1.0
(a)
LARGE LARGE
1 1 1 1
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l WIDTH l l PEAK '
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by 107 3 >
MAX/2 MAX
ZERO VOLTAGE OUTPUT WIDTH REDUCTION
1.0
(c)

i ] I
MIN MIN/2 0.0 MAX/2 MAX

Figure 2.4: Width and peak tuning [8]
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Figure 2.5: Membership function overlap [§]
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in the control table in Figure 2.2 (i.e., the area surrounding the center of the control
table), this would affect slightly the control calculation at the center of the control
table, and affect greatly the control calculation around it. Therefore, while creating
a fast response, one can still tune for no oscillations at the set point. A peak value
change, which affects only specific areas of the rule table, can be referred to as a local

scaling factor [8].

Width Values

Referring to Figure 2.4(a), the width fuzzy logic parameter is the léngth between the
peak of the membership function and the point at which it has a zero value. When
altering the width value of a membership function, its affect on the control calculation
is different depending upon whether it is an input or an output membership function.
Responsiveness and stability can be controlled more readily with output functions,
and smooth control (as mentioned in the previous section) is affected by input func-
tions. If the width of the output membership function is large, it then has a dominant
effect over the other membership 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 width output function
with a much higher level of truth. Referring to Figure 2.4(c), a width reduction of
the zero control output decreases its weight, or dominance, relative to the adjacent

output membership functions.

Rules

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

tions. Tuning the rules is a powerful way of obtaining certain responses for a particular
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set of inputs. Altering, the fuzzy logic parameters of a membership function can af-
fect multiple rules containing the altered membership function. On the other hand,
a single rule change may not even be noticeable if it is a rule which is not crucial
to stability or responsiveness. If there are very few rules to tune, as there is in the
15-rule controller shown in Figure 2.2, there may not be many tuning options. It is
believed that a rule table with 50 rules would better demonstrate the power of rule

tuning.

Tuning of fuzzy logic parameters, such as peak, width and rules, changes the
response for a certain range of inputs. By altering these parameters, any number of
responses can be achieved. This is done while maintaining a consistent set of P, and
Ve gains, or range of non-maximum control actions. This illustrates the benefits of a

fuzzy controller as a nonlinear controller as opposed to a conventional PD controller
[2].
In this thesis the input gains will be referred to as controller gains, and values

which describe a membership function, such as width and peak values but not rules

will be referred to as fuzzy logic parameters.
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Chapter 3

Controllefc Design and Simulations

3.1 PD-type Fuzzy Controller

The basic fuzzy controller used in this thesis is a simple two-input controller. The
inputs are the angular position error (Desired Angle — Actual Angle), and the angu-
lar velocity error (Desired Velocity — Actual Velocity). The universe of discourse
of position and velocity error are fuzzily partitioned into 5 and 3 sets, respective-
ly, 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 errors, an output is produced. The rules
relating the inputs to the output are listed in the table shown in Figure 3.1. All
inputs correspond to a membership region which in turn fires a rule or multiple rules.
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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MEMBERSHIP FUNCTIONS FOR POSITION ERROR INPUT

1.0~

LARGE

1

-1.0 0.0 1.0 2.0

MEMBERSHIP FUNCTIONS FOR VELOCITY ERROR INPUT

1.0
LARGE LARGE
{ Y Y
-1.0 0.0 1.0
OUTPUT MEMBERSHIP FUNCTIONS
1.0
f f Y Y
MIN MIN/2 0.0 MAX/2  MAX
Position Error PL positive large.
NL | NS | ZR | PS | PL | PS positive small.
Velocity { NL | NL | NL | NS | PS | PL | ZR zero.
Error | ZR | NL | NS | ZR | PS | PL | NS negative small.
PL | NL | NS | PS | PL | PL | NL negative large.

Figure 3.1: Membership functions and rule table for hydraulic actuators

Velocity
Error

Position Error

NL [ NS [ ZR | PS | P
NL [ NL | NL | NS | ZR | PL,
ZR | NL | NS [ ZR | PS | PL
PL | NL [ ZR | PS | PL | PL

PL positive large.

PS positive small.

ZR zero.

NS negative small.
NL negative large.

Figure 3.2: Conventional rule table
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ative, results in a maximum control output. This is required in order to have a
response with a short rise time. The velocity error is not considered to be effective in

this region.
SMALL POSITION ERROR

The rules associated with small position errors indicate a positive (negative) spool
displacement for a positive (negative) position error no matter what the velocity
error 1s. Note that for a zero velocity error or a velocity error that decreases the
position error, a zero spool displacement stops the link: preventing it from reaching
the required position. This leaves us with only a small control output. A large control
action is only applied when the velocity error does not appear to reduce the position

error, e.g., a case where a change in direction of travel is desired.
ZERO POSITION ERROR

This includes only one column of the table in Figure 3.1. Simulation studies
showed that the rules belonging to this column contribute to the damping of the
system. When the position error is zero, while there is a velocity error unequal
to zero, a control action is applied with the same sign as the velocity error. The
magnitude of this control is however small to prevent sustained oscillations at the set

point.

A conventional control table with a diagonal orientation of rules, used in many
applications including reference [8], is seen in Figure 3.2. This is not a truly diagonal
table due to the small number of rules available and the need for a maximum control
output when the position error 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 (positive)

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

if not compensated for, will result in an overshoot of the desired position.

A 3-D surface of the control actions when using the hydraulic rule table in Fig-
ure 3.1 is seen in Figure 3.3(a). The control values are plotted for the input ranging
from -2 to 2 for the position error and -1 to 1 for the velocity error. The solid lines
are constant position and velocity error inputs and the dashed lines show the control
height. The 3-D:surface using the conventional rule table is shown in Figure 3.3(b).
The difference between these two graphs is seen in the areas where the hydraulic and
conventional rule tables are different, see Figure 3.1 and 3.2. On these 3-D surfaces a
common input is present at point «. This point represents a small negative position
error and a velocity error in the direction of the desired position. In the conventional
rule table the value of control output is zero. In the hydraulic rule table the control

output has a negative value which will continue to decrease the position error.

3.2 Tuning Controller Gains

The position and velocity errors are calculated as follows:
Position Error = (Desired Angle — Actual Angle) * P,
Velocity Error = (Desired Velocity — Actual Velocity) * V,

Where P, and V, are the position and velocity gains that put the resulting error
values within the controller universe of discourse. The setting of these gains on
the fuzzy controller can be a tedious and time consuming procedure. 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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Figure 3.3: Control surfaces: (a) hydraulic rule table; (b) conventional rule table
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and the minimization of error for the entire step response ensures both low rise time
and overshoot. Any oscillations at the set point, because of the use of improper values

for gains, is considered as error in the function evaluation.

The optimization problem is two dimensional, and the routine used in this the-
sis is based on the simplex method. The simplex method is a true N-dimensional
optimization technique which does not incorporate line minimization [27,28]. Tt e-
liminates the problem of bracketing the minimum, is fast and does not require any
derivatives. The simplex method is based on using a triangle (pyramid in tile case of
three dimensional optimization) with a performance error at each vertex. The per-
formances are then compared and the next evaluation is performed in the direction
opposite to the vertex with the worst performance. In this work, the pefformance
error was simply chosen to be the accumulated position error (f edt) over a sufficient
period of time in a step input response. The performace of the simplex method will

be detailed in Section 4.2.1.

3.3 Simulation Studies

The schematic of the hydraulic robot 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 Al-
Zaher [23]. The simulation of a hydraulic robot, used to evaluate the fuzzy controller,
has proven to be a valuable tool in assessing the fuzzy 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 fuzzy logic controllers were first
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Cylinder .1

Figure 3.4: Hydraulic robot used in simulation [23]

tested in the simulation. These tests were done to understand what is possible with
a PD controller and what would be expected from a fuzzy logic controller. A typical
result is shown in Figure 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 the proportional gain resulted in a faster rise time but increased the undesirable
oscillations. The addition of derivative control was attempted next. Fast rise 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 fuzzy controller with tuned gains. Even with a large overshoot
the fuzzy 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 produced larger control
actions but became oscillatory at the set point. The output from the fuzzy controller

assured a fast rise time and maintained a stable control.

These results highlight the basic characteristic of a fuzzy controller which implies
that the stability and responsiveness can be tuned at the same time [8]. The fuzzy
controller designed here maintained a fast, yet dampened response. This is due to
the fact that the effect of the velocity error on the fuzzy control action is considered
in union with the position error. This nonlinear characteristic of i;he controller is of
great advantage and was not possible with a conventional PD controller with fixed

gains.

In this example, the fuzzy control gains were tuned by the simplex optimiza-
tion algorithm. Figure 3.6(a) shows the optimization which resulted in the global
minimum. Here the performance error is graphed versus the number of iterations.
The step input response at the start 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 Figure 3.7(b). The maximum control output was maintained much longer in the

optimum to ensure a fast rise time.

The simulation allowed the terrain of the accumulated error (Performance Er-
ror = [edt) with respect to the position and velocity error gains to be graphed.
Figure 3.6(b) shows two cross-sections of the performance error surface for two differ-
ent values of velocity error gains (V). The plot for V, = 0.9 was the global minimum,
found for the entire surface. The performance error 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. = 1.8 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 alternate region of the work space, was then applied
to the simulation and a 3-dimensional mapping of the performance error vs. gains is
shown in Figure 3.8. A global minimum can be observed visually at approximately
P, = 1.2 and V, = 0.6 with performance error 13.89. A local minimum can also be
observed at approximately P. = 1.2 and V, = 2.0 with performance error 14.12, this
is roughly the same area as the original step input. This shows that a consistent

minimum can be found for any step input.

In spite of the existence of local minima, the simplex method converged to the
optimum position and velocity error gains, given different starting points. One prob-
lem with the simplex routine was that when using starting points with high values
for gains (much higher than the optimum gains) the algorithm tended to be unstable,
due to unstable response; therefore no minimum direction was obvious. As a result,

optimizations were always done using small starting gains.

A similar optimizétion was performed using the conventional rule table shown
in Figure 3.2. The optimum step response is seen in Figure 3.9(a). The rise time
was slightly longer than the hydraulic and just slightly overshoots the desired. Here
to maintain a dampened response, while still reaching the desired, the controller
required input gains 50% higher than the hydraulic table optimum gains. The gains
are P, = 3.0 and V, = 1.35. The reason for this increase is the rule 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 velocity is too much.
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Chapter 4

Experimental Studies

4.1 Overview of the Experimental Test Station

An industrial hydraulic robot (a Unimate MK-II) was retrofitted as a research robot
to establish a platform for testing the control algorithms. The manner in which the
computer was integrated into the system is shown in Figure 4.1. In a closed-loop
system, connections to send a control signal and receive feedback are 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 binary and present them to the digital I/O card as shown in Fig-
ure 4.1. In this figure, the data link which starts at the absolute encoder interface
indicates digital input from the encoders to the digital /O 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 voltage (+5volt 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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problem. The simplest method to obtain these values was from the position encoders.
A regression of joint encoder values was then performed to obtain the actual velocity.

Regression of three previous joint encoder values was used initially in experiments.

Time was obtained from the internal clock of the computer. A routine asked for
the present time at the start of each control loop. The time was accurate to 1/1000 of
a second. Inconsistent control frequencies were a problem in the initial experiments
due to data storage to a file approximately every tenth control loop. This problem
was solved by keeping all thé: data in vectors and performing data file storage at the
end of the experiment. With' this arrangement the control frequency was maintained

at a relatively constant level during experimentation.

Modifications to the conventional fuzzy membership functions, shown in Fig-
ure 2.2, were required for successful application of the fuzzy controller in simulation.
These changes included widening of the zero output membership function by 100%
~and a reduction in the MAX output membership function by 50%. The reason for
increasing the zero output membership function was the speed of value response due
to the lack of damping or valve friction in the simulation. The decrease in the MAX
output membership function was necessary to reduce its dominance over the other

output membership functions.

Modifications to the fuzzy membership functions were also required for successful
application of the fuzzy 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 remained at the decreased width; changes
are seen in Figure 3.1. The zero voltage reduction resulted in larger control values
when the position error 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-Link Experiments

Preliminary experiments revealed that, an increase in P, (position error gain) reduced
the rise time but to the detriment of the overshoot and oscillations at the set point.
This is also true in a conventional proportional controller. Decreasing P, slowed
down the response and resulted in a larger steady-state error. Similarly V, (velocity
error gain) operated much like a derivative gain in a b011ve11t1011a1 PD Controller in
its damping ability. It also had a characteristic of over compensation (will be shown
later), which resulted in sustained oscillations at the se:.f point. Therefore an optimum

set of gains was required.

4.2.1 In/Out Motion

Step Input Response and Gain Tuning

Figure 4.2(a) shows the In/Out step response of link 3 (link with In/Out motion in
Figure 4.1). The response corresponded to gains P, = 2.0 and V, = 1.0. These gains
were initially used in the optimization routine. The optimum gains were found by
repeatedly performing the step response. The program evaluated the performance
error, altered the gains and repeated the motion until the best performing gains were
determined. The optimized values, found for this case, were P, = 3.87 and V, = 1.21
which resulted in the response shown in Figure 4.2(b). It is seen that the optimized
response has a slight overshoot but the rise time was fast; it was stable and did not
have oscillations at the set point. The steady-state error observed in the response was
due to the 6% deadband in the spool displacement. This steady-state error resulted
in a constant fuzzy control output [see Figure 4.2(b)] (Note: saturation of control
occurs at 5 Volts). However, 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 Figure 4.3(a), and the actual operations of the method from the

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

It should be noted that in some experimental results, an example is seen in Fig-
ure 4.2 (b) for the In/Out motion, the steady-state error due to the existence of valve
deadbands was not obvious. This was a random occurrence and was not the result
of the fuzzy controller. A steady-state error could have been observed for the same
experiment if it was repeated. The maximum steady-state error was, however, limited

to a value proportional to deadband.

Ramp Input Response

A ramp (constant velocity) input was then applied to link 3. The optimized set of
gains found for the step input, were used in this experiment. The result is shown in
Figure 4.4. The trajectory profile, which covered almost the entire extension of the
link (104cm), included a gradual increase in the required velocity at the start and a
gradual decrease to zero velocity at the end. This was done to observe how velocity
error gain would react during the velocity transition and to ensure that a diverse and

large number of rules were utilized.

The steady-state error presented in Figure 4.4 was unavoidable with the fuzzy
controller designed here. There had to be a steady-state error in the hydraulic robot
if it was to follow a ramp input. A zero velocity error and a zero position error
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 velocity was however achieved.

39



In/Out Link e -
i R Desired Displacement L4

Actual Displacement c
78 4"~ Control Input 3

Joint Displacement (cm)

Time (sec.)

Figure 4.4: In/Out constant velocity (ramp) response
4.2.2 Up/Down Motion

Figure 4.5(a) shows the Up/Down motion of link 2 with the optimized fuzzy control
gains. The optimized gains were 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 Figure 4.5(b). The opti-
mum fuzzy gains were P, = 11.4 and V, = 2.4, the proportional gain was K, = 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 response the position error was maximum and velocity 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

40

Control Input (Volts)



5

- 4

(s)joA) Induj jouo)

210_p/._
I S U B

5
- 4

(s)10A) induj jonuo)

N - o T Y @ ¥ w9
l

TR N N N R SO I N T A

(a) Up/Down Link
- Desired Angle

Actual Angle
==——- Fuzzy Control Input |_ 3

10

(b) Up/Down Link
Desired Angle

Actual Angle
-———-Proportional Control Input | 3

£ e S i s ot o o e i ot e e e e ]

0
'
A

—— et o e =

-2 .
T et e o e

Time (sec.)

I
N
°

("Bep) ojbuy wiop

Figure 4.5: Up/Down step response: (a) with fuzzy logic control; (b) with propor-

tional control

41



Input Path

Velocity Error Input
o
o [4)]

| l

i~
[$)]
]

: — ; ; ; ; ;
6 5 L4 3 2 1 0 -1
Position Error Input

Figure 4.6: Phase diagram pertaining to Figure 4.5(a)

with small oscillations before settling. The steady-state position error observed in

F igure 4.6 was due to the valve deadband (see also Figure 4.5).

The result of the ramp input for the loaded and unloaded link is shown in Fig-
ure 4.7(a). The same optimal gains as in the step input were used in this experiment.
The robot was loaded with 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 37°. 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 V,
did not affect the steady-state error as was expected. The velocity profiles are also
shown in Figure 4.7(b) where the actual velocities 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/Right step response
4.2.3 Left/Right Motion

The step response of link 1 during a Left/Right motion and with tuned gains (using
the optimization routine) is shown in Figure 4.8. The optimum fuzzy gains were
P. = 3.62 and V. = 1. The overshoot present in the step response was the result
of an optimum rise time and the high inertia of this link. A fast rise time resulted
in & performance error which was lower than any performance error produced with
a decreased overshoot. The oscillations of the link, at the set point, were however
dampened quickly. A balance has been reached 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 were almost identical.
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4.2.4 Additional Step Input Response Tests

Step size experiments were then performed to observe the effects of inertia, gravity and
the usefulness of an optimum set of gains in different regions of the workspace. These
experiments were applied to the Up/Down motion of link 2 only. A step response
of 14.2°, in different regions of the workspace, was applied first. Figure 4.9(a) shows
a test for a 14.2° stép below the horizontal level to which the link falls short of the
desired angle for both motions. When the step was moved above the horizontal, in
Figure 4.9(b), an ovérshoot was visible for both ‘up’ and ‘return’ step responses. The
absence of overshoot in the step response performed above the horizontal is believed

to be the result of nonlinear hydraulic cylinder dynamics and gravity effects.

The responses to step inputs of 28.4° and 42.6° about the horizontal are seen in
Figure 4.10. Overshoots for such larger step sizes were negligible. Smaller step input
response tests were also performed for a starting point at approximately 5° below
horizontal. The 7.2° step response in Figure 4.11(a) shows that the controller did
reach the maximum 5volt output before it fell within the range of small position
error. The size of the position error for the 3.6° step response in Figure 4.11(b) did
not result in a maximum controller output. This was because the error was within
the small position error at the start. The position error to which the link stopped
was right on the edge of the valve deadband. The link 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 4.11(c).

4.2.5 Discussion

For all links, the optimal control gains were found in less than 25 iterations (=
5.5min). 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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lieved to be due to a random steady-state error size which was added to performance
error during the optimization. Other reasons were encoder noise and robot nonlinear-
ities which resulted in non-reproducible velocities in the step input. For such cases
the results from the optimization trials (with different starting points) were compared
and the gains corresponding to the lowest performance error were chosen as optimal
gains.

‘The application of various step inputs demonstrated that the optimum gains found
by the optimization routine could be utilized for a variety of step sizes and regions of

the workspace without a new set of optimum gains required.

It was found that adjusting the P. gain to eliminate steady-state error in a step
response could not be achieved. A decrease in the steady-state error was possible,
but it was not eliminated completely. An elimination could not be achieved with the
other tuning parameters either. Therefore, a steady-state error elimination method
is required. ‘In the above experiments, and all experiments to follow, the control

frequency was &~ 60H 2.

For velocity plots the ten-point regression of joint encoder values was performed.
Noise in the encoders was eliminated this way and the regression was believed to
be close to the actual velocity. During actual implementation of a step input, a 3
point regression 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 velocity 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 fuzzy controller it was impossible to predict the
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15 or so points which occurred in the future. Therefore, regression of the previous 30
encoder joint values, was accurate for 15 control intervals before. Using this method
for the current control calculation created a problem in that the controller was acting
upon information which was slightly delayed (at 60Hz sampling frequency the delay
was 15/60 = 0.25 seconds). The calculation of actual velocity did not represent the
present state of the system, and zero velocity error could not be achieved. This delay

could be addressed in future work.

There are a few possible solutions to the problem of shifted velocity profile. One is
to somehow shift the desired velocity to match up with the actual velocity. The other
solution would be to increase the control frequency so that the 30 point regression is
calculated within a shorter time period. This would greatly reduce, but not eliminate,
the shift. It is not advisable to decrease the number of regression points because of

the measurement noise.

4.2.6 Effect of Fuzzy Logic Parameters on Step Input Re-

sponses

The fuzzy logic parameters considered in this thesis are the width and peak values
of the output membership functions of the fuzzy controller. The effect of changing
these parameters is similar to changing the gains for a certain range of the controller
inputs. When tuning these parameters, 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 link 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 or NS output
membership functions [see Figure 2.4(b)] produced larger control values for small
position errors. This increase in peak values was not expected to affect the output of

the controller at close to zero position error values. This change altered the rules with
: PS and NS output membership functions. Referring to the rule table in Figure 3.1,

. 6 out of 15 rules with output PS and NS were affected.

When the peak value of the output control belonging to small voltage output
membership function was decreased by 25%, the control reaction for small position
“errors became smaller. This change slowed down the response close to the desired
angle, this is seen in Figure 4.12(a). The link stopped short of the desired angle
because the control action resulting from the small error membership function was
reduced. Similarly, increasing in the peak value by 25% and 50% resulted in the
response shown in Figures 4.12(b) and (c), respectively. The increase in peak values
increased the control actions at small errors. The link came closer to the desired angle

and even produced an overshoot for the 50% increase.

Zero Voltage (ZR) Output Width Value

The change in zero voltage output width was expected to alter the local scaling factor
of the controller for position and velocity errors close to zero. This alteration changed
only the control actions close 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 4.13(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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Figure 4.12: Up/Down step input responses with various small output peak values



case when the small voltage peak value was decreased [Figure 4.12(a)]. Control values
close to zero error were lower in magnitude as compared to Figure 4.5(a), and the
link did not reach the desired position. Width was then decreased by 50% and 75%:;
the responses are seen in Figures 4.13(b) and (c), respectively. For this decrease, the
control output close to the zero position error was larger because zero voltage output

was less dominate in the ‘COA’ calculation.

The reduction in the zero output width had relatively the same effect as increased
peak value of the small output, for reasons of dominance. The difference between
these two changes was in the oscillations about the desired position with a decreased
zero output width. Here control values have been increased at the center of the
control table not the surrounding area. These higher control actions greatly reduce
the steady-state error to the detriment of stability. Therefore, a decrease in the zero

voltage output width may induce sustained oscillations about the set points.

4.2.7 Response to Conventional Rules

The conventional rule table sets the control output to zero for a small positive (neg-
ative) position error with large positive (negative) velocity error. Referring to Fig-
ure 4.14, the application of the conventional rules did in fact send a zero voltage
before the desired angle was reached. This is clearly seen in the return motion of
the Up/Down link 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 4.5(a). 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 response similar to the hydraulic rule
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Figure 4.14: Up/Down step input responses with conventional rules and optimum

gains used for hydraulic rules

table. Higher gains, however, may adversely affect the stability. The conventional
rule table compensated for velocity to a degree which was not necessary in hydraulic

robot 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). Tuning controller gains
P, and V,, on the other hand, altered the universe of discourse of an input, therefore

the entire controller behaved differently.

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 small, and rule firing remained close to the center of the rule
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table. For this case the controller inputs are relatively constant and any change in
fuzzy logic parameters was relatively the same as increasing P, and V,. Therefore

fuzzy logic parameters were not examined here.

Effect of P. Gain

A trajectory input response with best performing gains :is seen in Figure 4.15(a). The
trajectory corresponds to a 3-link trajectory tracking to be discussed in Section 6.2.4.
The effect of increasing and deceasing P, on the 1‘espofnse is seen in Figures 4.15(b)
and 4.15(c). Increasing the P. gain by 100%, reduced the steady-state error but
did not eliminate it. Also, the controller became sensitive to the position error and
oscillations in control were observed. For a 75% decrease in P, gain, the size of the
steady-state error was increased and the controller had trouble following the desired

trajectory.

Effect of V, Gain

Increasing the V. gain 20 times decreased the velocity error in the system. This can
be seen in Figure 4.16(a). A high value for V, gain, however, puts the P, and V, gains
in conflict with each other. The Controller alternately increased the speed of the link,
due to the V, gain, and when zero position error was reached, a much smaller control

signal was sent.

The result of setting V, to zero 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 & 21sec,

when the link starts from rest.

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

Figure 4.17(a). There was a shift, or delay, in the actual velocity as compared to the
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desired velocity just as the actual position was shifted from the desired position. The
zoomed in view of the first 10 seconds [see Figure 4.17(b)] indicated that increasing
the V. gain brings the actual velocity closer to the desired velocity at the velocity
transition; but as position and velocity errors were eliminated, the valve displacement
was decreased and the link slowed down. The optimum V, gain smoothed the response

and did not over compensate for velocity error.

4.2.9 Speed Control

Figure 4.18(a) shows the PD-type fuzzy controller applied to the trajectory used
in Figures 4.15 to 4.17 at 1/5 the speed. The magnitude of the control values were
smaller in Figure 4.18(a) than in Figure 4.15(a). The slower speed was still stable and
there was a decrease in the steady-state position error. A slower desired velocity in a
ramp input resulted in a smaller valve displacement. This small valve displacement
was directly proportional to a small steady-state error. The velocity profile for this
trajectory is seen in Figure 4.18(b). The desired velocity seems to be followed closely.

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

Steady-State Error Elimination

5.1 Sources of Steady-State Error

Figure 5.1 shows the results of applying the PD-type fuzzy controller to link 2 (link
with Up/Down motion) of the hydraulic robot shown in Figure 4.1. Both step and
ramp input responses are shown. The response to the step input [see Figure 5.1(a)],
for well tuned gains, was fast with acceptable overshoot and no oscillation at the set
point. The steady-state error is due to the deadband in the servovalve which produced
a non-zero control action. By changing the gains one can reduce the steady-state error
but this may adversely affect the stability; for example, increasing the position error
gain caused oscillations in control action [see Figure 4.15(b)]. It is also seen that the
position error was different in size from one step to another. Dry friction, in the form
of stick-slip, in the hydraulic servovalve as well as asymmetry 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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Figure 5.2: PID-type fuzzy control block diagram

velocity at the start and at the end. A constant position error is seen when following
a rampinput. This is expected since, in order to follow a ramp input, the valve must
remain open; thus, some error must be present in the ramp. A zero position and

velocity error would result in a zero valve displacement and the motion would stop.

5.2 Steady-State Error Elimination

5.2.1 Step Input Trials

The focus in this chapter is placed on developing 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
fuzzy controller was accumulated to produce a PI-type fuzzy control action which was
scaled and added to the PD-type fuzzy 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 result
shows [see Figure 5.3(a)] an overshoot and a fairly long period of recovery. The
steady-state error was however eliminated. Increasing the scale 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 was already provided by the fuzzy PD control part. The slow
recovery from the overshoot as partly due to winding down the unnecessary control
action accumulated at the beginning of the motion. This recovery period can be
reduced by introducing the anti-windup strategy described by Astrom and Hugglund
[29]. The method, however, is effective only during the controller output saturation.
It also requires the introduction of an additional gain called ‘tracking time constant’
which was reported to be sensitive to systems with derivative actions [29)]. Based on

these observations, two strategies are introduced which produce satisfactory results.

Reset error integral control action. Referring to Figure 5.4, the steady-state
error is eliminated by adding a control based on the summation of error. The inte-
gral controller was activated depending on the status of the response; it resets itself
otherwise. The rules that decide when to activate the integral controller are listed

below:

Rule 1. If the velocity error is within fuzzy Zero then start or continue integrating
the error. The integral control contribution varies with degree of membership in zero
velocity error u;

t
Uuy = ;(#Ki)(f% —0a)

# scales the integral action and governs the rate of increase of the integral of error.

Rule 2. When the velocity error is not within a ‘fuzzy 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 (1) of the velocity error in the

region of fuzzy zero.
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The result of application of the scheme to a step input is seen in Figure 5.5(a).
"The response was better than the one with PID-type fuzzy controller (Figure 5.3a).
At the beginning of motion, the desired velocity matched (in a step input it is set to
zero) the actual velocity of zero which resulted in a zero velocity error. The integral
was therefore activated at the beginning of the step input but was soon deactivated
(see Figure 5.5b). The integral control action became active once again when the
output was close to the desired sét point. The slow accumulation of error resulted
in an added control which eliminated most of the steady-state error. The PD-type
fuzzy control contribution eventue_illy went to zero, and the control action from the

integral block was just enough to keep the valve at its deadband limit.

Reset offset integral control action. The reset error integral controller has a
characteristic that any desired action is not instantaneous. A certain time is required
until the controller reaches the appropriate level. The reset offset integral control
action is designed based on the fact that at the fuzzy zero velocity error region, the
PD-type fuzzy control output is essentially a measure of the steady-state error (see the
rule table in Figure 3.1). This measure can therefore be utilized as an added control,
namely offset integral. Figure 5.6 shows the block diagram. The offset integral is
updated by increasing/decreasing its value by an amount equal to the current fuzzy
PD control action and remains active as long as the velocity error is within the range
of fuzzy zero. This fuzzy zero region is similar to the zero velocity error in Figure 3.1
but 1/10 of the size. When the velocity and position errors reduce to zero, the PD-
type fuzzy control output goes to zero and the offset integral value remains constant.
When the velocity error exceeds the fuzzy zero neighborhood, the offset integral is

set to zero and remains 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 control is seen in
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Figure 5.7(b). As soon as the velocity error fell within fuzzy zero region, a value
equal to the current fuzzy PD control action was assigned to the offset integral. As a
result, the time between the method activation until a rough measure of the steady-
state error control was achieved, became shorter with this method. The rate at which
the offset integral was updated was approximately 5HZ. A faster rate did not allow
enough time to observe the full effect of the offset integral and the system became

unstable. A slower rate resulted in a slow elimination of steady-state error.

5.2.2 Ramp Input and Trajectory Tracking Trials

The response to the ramp input, using the PD-type fuzzy plus reset error integral
controller, is shown in Figure 5.8(a). The ramp input was followed almost exactly;
the slight errors at the beginning and at the end of the ramp were quickly recovered.
The integral contribution to the control was smooth and stable for the duration of the
ramp. Similar performance was observed when the PD-type fuzzy plus reset offset
integral controller was applied to the same ramp input [see Figure 5.8(b)]. The same
gains used for 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 ~ 30cm /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 2.5¢m. The error peaks seen in the horizontal direction, were

the result of high dry friction at the prismatic joint of link 2. With reference to
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Figure 5.9(b), these error peaks coincide with the maximum deviation of link 2 from
its desired displacement. The maximum errors occurred when link 2 started to move
or changed its direction of movement. In addition to dry friction, the internal integral
action of the reset integral block contributed to the peak observed at time t = 6.6s.

Referring to Figure 5.9(c), the integral required time to wind-up to a positive value.

The effect of loading for the above trajectory was also studied, and the results
were compared with the ones without load. Figure 5.10(a) compares the resulting
horizontal displacements, and Figure 5.10(b) compares-the resulting vertical veloci-
ties. The weight of the load was approximately 25kg. As is seen, the performance of
the controller did not deteriorate significantly. The only difference observed was the
increased error peak in the horizontal displacement at the beginning of motion where
link 2 was fully extended. The increased weight resulted in an increased dry friction

at the prismatic joint.

The PD-type fuzzy plﬁs reset offset integral controller was then applied to the
same trajectory. The maximum error of the horizontal position was about 1.5¢m
which is seen in Figure 5.11(a). The In/Out response of link 2 [see Figure 5.11(b)]
was mainly responsible for the horizontal deviation. The control inputs applied to
this link are shown in Figure 5.11(c). Compared with the reset error integral action,
shown in Figure 5.9(c), the offset integral changed at a faster rate than the integral.
Loading did not affect the horizontal or vertical errors of the trajectory noticeably

(see Figure 5.12).

The PD-type fuzzy plus reset offset integral was found to be slightly 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 fuzzy 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

Experimental Studies with Reset

Offset Integral

This chapter examines how the changes in P, and V; gains affect the response of the
PD-type fuzzy plus reset offset integral controller, and therefore give an idea of how
to go about tuning for a particular response. 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 reset 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 fuzzy ‘zero’ velocity error. This state is only achieved after
all the PD-type fuzzy controller fuzzy logic parameters and rules have brought the

system to some degree of stability.
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6.1 Tuning the Control Gains

6.1.1 Effect of P, gain

The simple PD-type fuzzy controller is inexact by nature. It uses a steady-state error
in a ramp input to maintain a constant valve displacement. This, as was observed
earlier, 1‘esﬁ1lted in a shifted actual position profile. With the addition of the offset

integral, the exact positioning became possible.

The tracking response of the PD-type fuzzy plus reset offset integral controller
is seen in Figure 6.1(a) for the In/Out link. Once the offset integral was added,
the steady—étate error was eliminated successfully. The PD-type fuzzy controller was
tuned to have a sharp increase in control output for small position errors to compen-
sate for the effects of deadband and stiction on the system. This was not necessarily
the optimum controller design when the offset integral method was added. Howev- -
er, a redesign of the tuning parameters was not necessary 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 fuzzy controller which over compensated for
small position errors. 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 in P, is seen in Figure 6.1(c), there was no serious
deterioration in the rate at which the steady-state error was 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 fuzzy controller
gains did not require as careful attention as the PD-type fuzzy when operating alone.

When using lower position error gains, However, the offset integral took longer to
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wind down when the velocity changed direction. This was due to a lower magnitude

of PD-type fuzzy controller outputs.

6.1.2 Effect of V, gain

Referring to Figure 6.2(a), an increase in V, by 20 times is observed. An interesting
characteristic is seen at ¢t ~ 18sec. V. gain was more dominant over the P, gain.
The actual position exceeded the desired position in an oscillatory manner. The V,
gain tried to speed up the link and the P, gain then brought the position back to the
desired position. When V, gain was less dominant over the P, gain this conflict was
eliminated. This characteristic is similar to Figure 6.1(c) in which P, was set at a
lower value and V., was the more dominant. The actual position exceeded the desired
position for sections of this response, and no correction was done due to the decreased
P, gain. This was the direct result of the 30 point regression to find actual velocity
mentioned in Section 4.2.8. The PD-fuzzy plus reset offset integral controller could
not achieve both zero position and velocity errors for a changing desired position
and velocity. A zero error for both was possible only when the desired velocity was

constant.

Ve gain still had an important effect on control. An oscillation in position in
Figure 6.2(b) at ¢t ~ 20sec was due to a V. gain which had been set to zero, this is
seen in Figure 6.3(a). There 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
Ve. 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 V,

performed in a similar manner to Figure 4.17(b). Comparing the responses to three
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Ve gains at ¢ = 3sec, the higher the gain, the closer the actual velocity was brought

to the desired velocity. A higher V, gain also increased oscillations.

6.1.3 Effect of Offset Updating Rate

The updating rate was an important parameter in the reset offset integral controller.
If the frequency was too small, the rate of steady-state error elimination was slow.
The rate at which the offset wound down to zero, given a change in the desired
direction, took longer if the updating frequency was increased. This trait of winding
down was also shared by the other integral type controllers which were tested, but
the correction was not as long with the offset integral and stability was maintained.
For all experiments with offset in Chapter 5, and previously in this chapter, the rate

of updating was 6Hz (¢ = 10).

The effect of a decrease in the updating frequency by 50%, (i.e., ¢ = 20) is seen in
Figure 6.4(a). At t = 14sec, this frequency did not seem to be fast enough. The delay
due to winding down increased. When updating frequency was increased by 100% (to
q = 5 intervals) the winding down occurred faster, but to the detriment of stability.
This is seen in Figure 6.4(b). Referring to Figure 6.4(b) at ¢ &~ 20sec, there was a
large oscillation in the offset integral which was trying to eliminate the steady-state
error 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 the
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-type fuzzy
control values with an integral gain of one. This gain was too high and resulted in

oscillations and instability.
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6.2 Additional Experiments

6.2.1 Step Input Responses

Different step sizes, as in Section 4.3.1, were applied to the PD-type fuzzy plus reset
offset integral controller. These step inputs included 7.2°, 3.6° and 1.8°. With the
addition of the offset integral, the steady-state error was reduced substantially for the
7.2° step, as is seen in Figure 6.5(a). The offset integral also performed well for the
3.6° step input shown in Figure 6.5(b). The control actioﬁ from the PD-type fuzzy
alone was not large enough to bring the link closer to the désired at t & 2.25sec. This

was the point where the link would stop in the absence of the offset integral.

Due to the slow speed of the link, a velocity error which exceeded fuzzy zero did
not occur to deactivate the offset integral at the start of the step response in the
1.8° step input shown in Figure 6.5(c). This resulted in an overshoot on the ‘return’
motion, which was quickly corrected. The overshoot was due to an update of the
control action when the highest control output from the controller was still present.

The results 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), at ¢ & 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 fuzzy 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 fuzzy zero and the

elimination of steady-state error activated at ¢ ~ 11sec. This off/on characteristic is
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inherent to the reset part of the controller and occurred when the zero velocity error

state could not be achieved due to increased steady-state error.

When the tracking speed was further increased, the delay in the method activation
became longer. This is seen in Figure 6.6(b) where the speed was increased by a factor
of four. When the offset was deactivated, as it was between ¢ & 3 to 4sec, there was
a steady-state error present. Here the trajectory was identical to the result for the
PD-type fuzzy acting alone (this result were not included in this thesis due to space).
Fuzzy offset activation: could be achieved by increasing P, or V. gains, which make
the controller more responsive. An increase in the P. gain of ~ 50% was then applied.
The result is seen in Figure 6.6(c). The gains reduced the steady-state error of the
response and as a result the method was activated for longer periods, but it did not
eliminate the on/off characteristic entirely. This on/off characteristic could only be

eliminated by increasing the fuzzy zero velocity error range.

The speed of the desired position input was then decreased to 1/5 of the origi-
nal speed and the trajectory tracking experiment was repeated. As is seen in Fig-
ure 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 Repeatability 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 hour. There was no noticeable difference
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Up/Down Link

Desired Angle

Actual Angle

Actual Angle (Repeated)

Joint Angle (deg.

Figure 6.8: Repeatability test

between the two. Both are seen in Figure 6.8. The reason for the slight difference in
the return motion was an inconsistent pump pressure, this was unavoidable with the

industrial hydraulic robot.

6.2.4 Multi-link Position Control

Trajectory tracking experiments using three links were then performed 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 direction distance [refer to Figure 4.1]. At a slow speed, the trajectory
was performed 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 142cm in ~ 10séc along the horizontal and vertical, and 201cm

in = 10sec on the diagonal.
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The response of the In/Out link is observed in Figure 6.1(a) with the velocity pro-
file in Figure 6.3(a). The trajectory for the other two links are seen in Figure 6.10(a)
and 6.11(a) and the velocity profiles in Figure 6.10(b) and 6.11(b). During the ramp
input sections of the Up/Down trajectory, between t = 3 to 8sec, both velocity and
position errors have been almost eliminated. Accuracy was possible because the ac-
tual velocity lag, or shifting, did not have an effect at this point. The velocity profile
was smooth until ¢ &~ 22sec were the winding down of the method occurred. This
caused a delay in the links motion and oscillation in the links velocity during the

correction.

The Left/Right link has the same characteristics but oscillations about the desired
velocity seem to be larger due to higher inertia. During ¢ & 0 to 12sec the desired
velocity was zero and the desired position was constant. This resulted in a winding
up of the method to attempt to eliminate the small position error present at this
point. When the windup exceeded the stiction and deadband, an overshoot occurred
because the control system was not fast enough to compensate for this 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
increased in Figure 6.12(b). The speed of the trajectory was further increased four
times. The results are shown in Figure 6.13. The trajectory was followed sufficiently
but the end effector did oscillate about the desired position. The error in the Z direc-
tion increased to & 5cm [Figure 6.13(b)]. On the diagonal the end-effector traveled
201lcm in & 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 small 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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set integral method demonstrated a sufficient accuracy when applied to a trajectory

tracking experiment.

6.2.5 Loading

Loads of 451b, 851b, and 851b with extended arm, were applied to the Up/Down tra-
jectory. The results are summarized in Figtll‘e 6.14. These can be compared with the
unloaded response of Figure 6.10. With the load of 451b and 851b, no adverse effects
were observed in the trajectory. The coﬁtrol values were stable with no increased os-
cillations about the desired position. With the 851b weight and extended arm, there
were some oscillations about the desired position. This was due to the higher inertia
which was present. A zoomed in comparison between the the joint positions of the un-
loaded, loaded 851b and loaded 851b with arm extended is seen in Figure 6.15(a). The
increased oscillations for the case of extended link were obvious. Both the unloaded
and the 851b extended velocity profile are compared in Figure 6.15(b). A decrease in
gains could dampen these oscillations. The method was observed to oscillate about

the desired position if the weight was excessive.

Total control values, of the PD-type fuzzy plus reset offset integral, are compared
for the unloaded and loaded 85lb only in Figure 6.15(c). At the start of the ramp,
the control values for the loaded case were higher to overcome the increased inertia.
This was soon decreased when the proper speed was achieved. After this point there
was no significant difference between the two. The loading showed larger oscillations

in control during the decreased velocity section of the ramp at ¢ = 8sec.
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Chapter 7

Conclusions

7.1 Thesis Contributions

In this thesis a fuzzy logic controller was developed for a class of hydraulically actu-
ated robots. In particular, it was addressed that hydraulically-actuated robots have
different control requirements as compared to electrically-actuated robots. The con-
trol scheme consisted of simple yet effective rules which decided on the control inputs
based on position and velocity errors. The fuzzy controller demonstrated robustness

in the presence of load, variation of set points and nonideal hydraulic actuation.

A simulation model was first utilized, 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 fuzzy controller was then applied in experiment to control different links
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of an instrumented Unimate MK-II hydraulic robot. Due to the slow dynamics of
the servo valves, and other nonidealities such as friction and leakage, the responses
were not as fast as they showed in the simulation for small spool displacements. As
a result, the zero output voltage membership function was decreased to allow for
higher control actions. The position and velocity related gains were tuned by an

optimization technique based on the simplex method in an off-line manner.

An examination of the scaling factors, fuzzy logic parameters and rules was then
performed. The results demonstrated how the control parameters a;ffected the system
performance. For example, changing the zero voltage output region altered stability
in the form of oscillations at the set point, and any change in the small voltage output
altered the responsiveness of the system. Control gains, in compaﬁson, changed the
entire response of the controller for all inputs. The rules designed for the hydraulic
robot were found to improve the response rise time of a hydraulic robot as compared
to the conventional rules normally used for motor control. With these experiments

the true advantages of the fuzzy logic controller were observed.

The simple PD-type fuzzy controller performed well but did not eliminate the
steady-state error. This was due to (along with the characteristics of the fuzzy PD-
type controller) unavoidable nonlinearities such as valve deadbands. Two methods
were developed and added in parallel with the PD-type fuzzy 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 error obtained from the current PD-type fuzzy
control action. Both methods were active only in the fuzzily 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 fuzzy

control to hydraulic robots. These advantages include a fast rise time while main-
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taining a close to dampened response with simple rules and with only position and
velocity feedback. The controller applied in this paper exhibited robustness in per-
formance against loading and nonidealities inherent to any existing industrial robot.
The automated gain setting algorithm applied here proved to be a time saving and
reliable device to obtain the proper gains. The steady-state error elimination meth-
ods developed, particularly the reset offset integral controller, displayed accuracy,
speed and stability. The use of these methods would be very beneficial to trajectory

tracking systems requiring exact position and velocity control.

7.2 Future Work

Future work would include experimentation with the fuzzy PD-type controller to
confirm that the method will universally possess the tuning capabilities which were
observed in this work. These capabilities include the fuzzy logié parameters, rules
and gains. Future study could also include the design of a fuzzy controller based on
the experiments performed here, so that tuning the fuzzy logic parameters such as

width and peak can be performed 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 zero, and the desired velocity changes direction, then the offset is set
to zero. Other studies could include increasing/decreasing the update rate of the
offset depending upon the degree of membership of velocity error input in fuzzy zero

velocity error region.

104



Bibliography

[1] E. Cox, “Fuz7;y Fundamentals”, IEEE Spectrum (October), pp. 58-61, 1992.

[2] W.J.M. Kickert and E.H. Mamdani, “Analysis of a Fuzzy Logic Controller”,
Fuzzy Sets and Systems 1, pp. 29-44, 1978.

[3] K. Kumbla, J. Moya, R. Baird, S. Rajagopalan and M. Jamshidi, “Fuzzy
Control of Three Links of a Robotic Manipulator”, Robotics and Manufac-
turing, Proc. ISRAM’92 (M. Jamshidi et al., eds.), pp. 687-694, 1992.

[4] P.J. King and E.H. Mamdani, “The application of fuzzy control systems to
industrial processes”, Automatica 13, pp. 235-242, 1977.

[5] J.A. Bernard, “Use of a Rule-Bases System for Process Control”, IEEE
Control Systems Magazine (October), pp. 3-13, 1988.

[6] C.C. Lee, “Fuzzy Logic in Control Systems: Fuzzy Logic Controller - Part I &
1", IEEE Transactions on Systems, Man and Cybernetics 20, pp. 404-433,
1990.

[7] J. Zhou and P. Coiffet, “Fuzzy Control of Robots”, 1st IEEE International
Conference on Fuzzy Systems, San Diego, CA, pp. 1357-1364, 1992.

[8] L. Zheng, “A Practical Guide to Tune Proportional and Integral Like Fuzzy
Controllers”, Proc. 1st IEEE International Conference on Fuzzy Systems,

San Diego, CA, pp. 633-640, 1992.

105



[9] W.C. Daugherity, “Performance Evaluation of a Self-Tuning Fuzzy Con-
troller”, Proc. 1st IEEE International Conference on Fuzzy Systems, San

Diego, CA, pp. 389-397, 1992.

[10] C. Ken, L. Jinn-Ya and L.Y. Xiang, “Fuzzy Control of Robot Manipulator”,
Proc. IEEE International Conference on Systems, Man, and Cybernetics 2,

Beijing, China, pp. 1210-1212, 1988.

[11] S. Tzafestas and N.P. Papamikolopoulos, “Incremental Fuzzy Expert PID
Control”, IEEE Trans. on Industrial Elect. 37, No.5, pp. 365-371, 1990.

[12] A. Boscolo, “Computer Aided Tuning Validation of Fuzzy Systems”, Proc.
1st IEEE International Conference on Fuzzy Systems, San Diego, CA, pp.
605-614, 1992.

[13] S.M. Smith and D.J. Comer, “An Algorithm for Automated Fuzzy-Logic
Controller Tuning”, Proc. 1st IEEFE International Conference on Fuzzy Sys-

tems, San Diego, CA, pp. 615-622, 1992.

[14] B.A.M. Wakileh and K.F. Gill, “Robot Control Using Self-Organizing
Fuzzy-Logic”, Computers in Industry 15, pp. 175-186, 1990.

[15] T. Zhao and T. Virvalo, “Fuzzy Control of a Hydraulic Position Servo with
Unknown Load”, 2nd IEEE International Conference on Fuzzy Systems,

San Francisco, CA, pp. 785-788, 1993.

[16] C.H. Chou, H.C. Lu, “Design of a Real-time Fuzzy Controller for Hydraulic
Servo Systems”, Computers in Industry 15, pp. 129-142, 1993.

[17] A. Kotzev, D.B. Cherchas, P.D. Lawrence and N. Sepehri, “Generalized
Predictive Control of a Robotic Manipulator with Hydraulic Actuators”,

Robotica 10, pp. 447-459, 1992.

106



[18] J. Lee, “On Methods for Improving Performance of PI-Type Fuzzy Logic
Controller”, IEEE Transactions on Systems, Man and Cybernetics 1, pp.
298-301, 1993.

[19] Y.Y. Chen, and C.C. Yen, “PD-Type vs PID-Type Fuzzy Controllers”,
Proc. 10th IEEE Regional Conference, Melbourne, Australia, pp. 341-345,
1992.

[20] M. Mizumoto, “Realization of PID Controls by Fuzzy Control Methods”,
Proc. 1st IEEE International Conference on Fuzzy Systems, San Diego, CA,
pp. 709-715, 1992. :

[21] J.H. Kim, J.H. Park, S.W. Lee, and E.K.P. Chong, “Fuzzy Precompensation
of PD Controllers for Systems with Deadzones”, Journal of Intelligent and

Puzzy Systems 1, pp. 125-133, 1993.

[22] H. Hanafusa, H. Asada and T. Mikoshi, “Design of Electrohydraulic Ser-
vo System for Articulated Robot Arm Control”, Proc. IFAC Symposium,
Warsaw, Poland, pp. 223-228, 1980.

[23] A. Al-Zaher, “Study of Position Control in Two Classes of Hydraulical-
ly Actuated Manipulators”, M.Sc. Thesis, Department of Mechanical and
Industrial Engineering, University of Manitoba, Winnipeg, Canada, 1994.

[24] H.E. Merritt, “Hydroulic Control Systems”, John Wiley and Sons, New
York, 1967.
[25] N. Sepehri, G.A.M. Dumont, P.D. Lawrence and F. Sassani, “Cascade

Control of Hydraulically Actuated Manipulators”, Robotica 8, pp. 207-216,
1990.

[26] H. Hanafusa and Z. Wang, “Pressure Feedback Compensation for Hydraulic
Servomechanism which Derive Articulated Robots”, Proc. ISA Symposium

(Paper No. 0-87664-741-7/83/0909-8), pp. 909-915, 1983.

107



[27]) W.H. Press, S.A. Teukolsky, W.T. Vetterling and B.P. Flannery, “Numerical
Recipes in C7, Cambridge University Press, New York, pp. 408-412, 1988.

[28] R.P. Adby and M.A.H. Dempster, “Introduction to Optimization Methods”,
Chapman and Hall, London, pp. 42-48, 1974.

[29] K.J. Astrom and T. Hagglund, Automatic Tuning of PID Controllers, Pub-
liéhecl by the Instrument Society of America, Research Triangle Park, NC,

1994.

108



