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ABSTRACT 

The dynamic control of a robot manipulator determines how to get the 

necessary control actions applied to the joint actuator for a given trajectory or a 

setpoint. It is a complex control problem as the control plant is nonlinear and 

coupled. The dynamic model of a three degree of freedom re\ olt n1anipulator ha~ 

been derived as the control plant in the study. Applying fuzzy logic control to the 

field of robot dynamic control has begun to attract some attention. A basic fuzzy 

logic control is similar to the PID controller which is widely used in industr) for 

robot control. Fuzzy logic control provides an alternative approach in some cases . 

One n1ajor problem in designing a fuzzy logic controller is the selection of the 

control rule base. Generally the dynamical control of a robot manipulator is not 

performed by manual operation. A self-learning fuzzy logic controller is used to 

form the necessary control rule base. In order to ensure the robustness of the 

control system. the control rule base is modified according to some perfonnance 

index. This learning scheme also provides the fuzzy logic controller the ability to 

cornpensation for the variations in its operating environment. The control 

algorithms are verified by the simulation of the three joint robotic manipulator. 

The manipulator operates under the conditions of the changing payload and 

different joint velocity profiles . The simulation results indicate that fuzzy logic 

control can be a possible approach in some dynamic control problems of robots . 
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CHAPTER 1 

lt\TRODUCTIOi': 

At present robot manipulator applications in industry are increasing because 

of their flexibility, efficiency and high productivity. A robot is a nonlinear, inter

coupled and multiple-input/multiple-output dynamic system. The dynamic control 

of a robot is a key ingredient in robot development. A successful industrial robot 

controller should meet several main requirements: the overall system must be 

stable and insensitive to parameter variations and external disturbances, the robot 

should closely follow the desired trajectory, and the control algorithm should be 

easy to implement. Many approaches have been proposed for the design of the 

robot control; they have achieved varying degree~ of success. It has been 

recognized that the real-time control of a robot based on a detailed model is nut an 

easy task~ it often involves complex computations l7 J. 

Feedback control or feedback plus feed forward control is used at thl' 

present time. Many industry robots are simply controlled with a linearized and 

decoupled model. Each actuator is controlled by an independent controller wh1ch 

is only related to the states of that joint. The most popular method seems to be the 

classic PID control approach; however. adaptive control has attracted more 

attention recently. With a PID controller. it is difficult to select fixed gains that 

will ensure the critical dan1ping response for all configurations. Average gains are 

chosen to get an approximate critical damping in the center of the robot's working 

space. The gain coefficients of the PlD controller are tuned empirically in actual 

operation or based on a simplified 1nodel. However. it has been noted that in ~orne 

cases the robot with a PID controller suffers significant vibrations at low speed 

(15 j. 
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If some parts of the dynamic model are precisely identified~ computed 

torque control (CTC) is a widely used alternate approach. The computed torque 

technique is based on predicting the torque required to drive each joint to follow 

the desired angular position. Because of modeling errors, this predicting torque 

can never be computed exactly. Consequently, some kind of feedback must be 

included in the computed torque controller. A feed forward controller prO\'ide" 

ideal model reference tracking: the output control action i~ determined b) the 

desired trajectory and robot dynamic model, computed on-line or off-line. Another 

controller is a feedback controller which rejects the non-ideal disturbances. It can 

be a PID or other type of controller. In industrial robots decentralized control i\ 

usually used. By ignoring the coupling between links the design of a secondary 

controller becomes much eas1er. Moya [ 11] shows as a result of adding nonlinear 

feedback, the equation of motion for each joint reduces to a second-order linear 

equation. There are many successful techniques used to design a controller for this 

system. By choosing the appropriate feedback gains, the system can become 

globally and asymptotical1y stable. 

For an industrial robot, it is not a trivial task to have a priori knowledge of 

the payload. When the payJoad changes, the parameters of the dynamic model 

have to be revised . Other system parameters may also change during operation. An 

adaptive control approach makes it possible to change the controller characteristics 

for the changed robot dynamic model. Many researchers have proposed various 

adaptive control methods in the area of robot control. Koivo [91 proposed a self

tuning SISO (single input single output) controller for independently controlled 

joint variables: the controller parameters can be determined by minimizing a 

quadratic criterion. The primary controller is based on the dynamic model of the 

robot~ the secondary controller is a self-tuning controller. If the robot dynamic 
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model is unknown, the self-tuning controller may function as the sole controller in 

the systen1. Lee and Chung 1121 developed a method based on lineanzing the 

nonlinear dynan1ic equations about a nonnal trajectory. The parameters of the 

linearized model are calculated with an adaptive parameter identification 

algorithm. As these parameters are adaptively modified. the linearized model is 

able to follow changes in the nonlinear systen1 dynan1ics. 

The fuzzy set theory introduced by Dr. Zadeh attempts to model the 

imprecise modes of reasoning to make rational decisions in an environment of 

uncertainty and in1precision. Fuzzy logic control seems to be a fruitful area in the 

application of fuzzy set theory. The basic fuzzy logic controller is -.;imilar to a 

conventional PID controller in the sense that it derives the control action from the 

systen1 error. A fuzzy logic controller's input/output relationship is not necessarily 

a linear one with fixed feedback gains. The principal distinction between the fuzzy 

logic controller and the conventional technique is that the fanner uses qualitative 

information. whereas the latter requires rigid analytic relations to describe the 

process. 

Several researchers have tried to apply a fuzzy logic controller (FLC) to the 

dynamic control of a robot. Lim [12] proposed a decentralized control algorithn1 

that incorporates a PI controller with a simple FLC as the sole controller in the 

system. A two-link robot system was tested for step inputs: the simulation results 

demonstrate the effectiveness of the control strategy. W akileh 1171 proposed a 

control algorithm in which a fuzzy logic controller is the sole controller in the 

system. A independent FLC is attached to each joint of the six-link Stanford 

manipulator. A sitnple FLC and an improved FLC operating on a multi-band are 

exan1ined with step inputs. There is no detailed dynamic rnodel involved in the 

conu·oller design. The results have confirmed that fuzzy logic does allow the 
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design of a robust control algorithm. But the problem is that the algorithm i-.. 

simulated under the condition that only one link moves at any given time. J. Zhou 

[1 HI described the use of a FLC as the primary controller in the feed-forward path. 

The idea is to replace the real time dynamic model by a fuzzy dynamic model. 

The fuzzy relationship is computed off-line based on the explicit dynamic model. 

The on-line computing is reduced to searching the control rule bases and blending 

the ignited control rules. The secondary feedback controller is a PID controller. 

Walileh and Gill 1171 investigated a self-organizing fuzzy logic controller for robot 

dynamic control. No initial fuzzy logic rules are necessary. In the learning phase 

the system will generate/update the control rules based on evaluation of some 

performance indexes. The robot dynamic properties are implicitly reproduced 

within the control rule bases with different input states. Mandie 112] reported the 

results of a practical application of the self-organizing-controller (SOC) to the 

simultaneous control of a robot manipulator. The learning mechanism was driven 

by an automatic performance evaluator at a higher hierarchical level than the basic 

FLC. Each robot joint has its own SISO (single input-single output) SOC for 

control. The experiment shows that it is a relatively simple knowledge-ba."ed 

system capable of both learning and displaying a variable nonlinear input/output 

relationship. 

As reviewed In the previous sections, the main difficulties in the robot 

dynamic controller design are the derivation of the dynamic model of the control 

plant and excessive real-time computation needed for the reverse dynan1ic model 

calculation. It is the purpose of thi-.. work to try some alternate approaches to -.;olve 

these problems. Because of some of its attractive properties~ fuzzy logic 1s the 

basic tool for the controller design in this study. A basic PD/Pl type FLC is 

developed in this study. A self-organizing FLC is tried to automatically 

4 



modify/generate the control rule base. The control algorithms are "imulated with ~t 

revolute robot manipulator of three degrees of freedom with a lumped n1as" at each 

joint. The end effector is required to follow predetermined trajcctorie-... . 

In Chapter 2, the basic concepts of robot dynan1ics, DC rnotor actuator 

dynamics and dynamic control are discussed. A three-link revolt robot manipulator 

is presented as well as its dynamic model to test the proposed control algorithms . 

Several most used approaches for the robot dynamic control are presented briefly. 

In Chapter 3, the fuzzy set theory and basic fuzzy logic control are the main 

topics. The structure and principal parameters of the fuzzy logic controller are 

discussed. In the following chapter, the derivations of different fuzzy logic control 

algorithms for robot control are obtained. A basic FLC is used first~ a self

organizing FLC is derived with little priori knowledge of the control plant. The 

simulation results under various conditions are presented in Chapter ) . and in the 

final chapter some conclusions and recommendations based on the re .... ult-.. are 

g1ven. 
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CHAPTER 2 

ROBOT DYNAMICS Al\iD DYNAMIC CO:\TROL 

In general, a robot system is a composition of three subsystems: robot 

arn1s, actuators and the control system. The robot ann is made of several links 

connected in series, which enable the end effector to move in ih workspace . An 

actuator is the device used to generate a torque or force to drive the link . The 

control system generates the control signals sent to the actuator.~ from the de,ired 

input joint angle, actual output states and some mathematical algorithms. 

The motion of a physical system is characterized by the mathematical 

model of the system. usually in the form of differential or difference equations. 

The solution to these equations describe the evolution of motion with time. It is 

convenient to study the robot ~ystem responses by simulation with this dynamic 

model under different trajectories and external disturbances. Robot dynamic 

control concerns the derivation of the control actions to make the robot ann n1ove 

along the desired trajectory in Cartesian space or joint space. 

2.1 Robot Dynamics 

A typical industrial robot has five or more links for position and orientation. 

It is too con1plicated for a comparative study of alternative control techni4ues to 

use a detailed dynamic model of such a robot. At the same titne. we know that the 

dynamic properties of a robot are mainly determined by its own configuration and 

the payload. As a comprornise between system complexity and ease of 

in1plen1entation, a three-joint revolute robot manipulator is chosen as the control 

plant. All n1asses are assumed to be lumped at discrete points and effects such as a 

mechanical drive train are ignored. Although it is a simplified dynamic model of 
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the n1anipulator, it still contains the principal factor~..o of the inherent coupling and 

nonlinear characteristics of the robot dynamics. The configuration ot the three

joint robot manipulator is shown in Figure 2-1 . J i~ the inertia of the rotational 

base, m 1 is the point mass between joints 1 and 2, m2 is the point ma~s ( including 

payload ), and I1 and 12 are the lengths of link 1 and link 2 . 

. , 
I , 

• ' · • X 
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• 
I I\ z 
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- ~-------~---------
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- - - - - - - - : ~ 

y 

Figure 2-1 Diagram of the robot manipulator structure 
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2.1.1 Robot Manipulator Dynamic \1odel 

Robot dynamics deal with the relationship between input torque and system 

outputs such as joint angles and velocities in the reference coordinate system. It is 

convenient to select the joint space to describe this relation. There are two aspects 

of the basic problem in robot dynamics: direct dynamics and inverse dynamics. 

Solving the direct dynamic problem is equivalent to finding the system output 

states due to some definite input torques. Solving the inverse dynamic problen1 is 

equivalent to finding the input torques. which can cause the desired output .... tates. 

Both relationships are in the form of: 

(2-1) 

Many approaches are available to derive the dynamic model of the robot 

manipulator. Euler-Lagrange\ equations appear to be a good tool. They involve a 

scalar. i.e .. the Lagrangian, rather than vectors or matrices. The Lagrange function 

is defined as: 
. . 

L(8.8, t) = K(8,8, t)- P(8, t), (2-2) 

. 
where: K(8,8, t) -kinetic energy, P(8. t)- potential energy. L(8.8. t) ts a function 

of time t and the n generalized coordinates, ei, as well as their derivatives. The 

kinetic energy K ( 8, 9. t) is related to the angle/position and velocity. The potential 

energy P(8, t) is a function of the robot structure and joint angles. The Euler-

Lagrange's equations are: 

(i = 1.:2,.3), (2-3) 

where: Tj - generalized torque applied to joint i. ei - joint variable of the robot ann. 

This equation describes the relationship of input torque to the motion of the 

1nanipulator. This method is simple and systematic and allows insight into the 



systern\ dynamics. With a homogeneous matrix tran\formation of the coordinate 

"Ystem, the Lagrange equation of the robot manipulator can be expr~ssed 1n the 

following form: 

T(t) = D[8(t)I*S(t)+ H[S(t),8(t)]+C[8(t)l, (2-4) 

where: T(t)- generalized vector of torque applied at the joints, Dl 8(t) !-initial 

matrix, H[8{t),9(t)J- nonlinear Corioli..., and centrifugal force vector. c[8(t).9(t)J-

gravity force vector, 8(t).S(tLS(t) - the state vector of joint variables. The 

manipulator inertia matrix variation because of motion of the joints. the torques 

caused by coupling effects between the links, the gravity torques and friction 

torques are also included in the above equation. They introduce the nonlinearitic..., 

into the above differential equation. 

The full dynarnic n1odel of this three joint robot manipulator )..., derived in 

the following and used in the simulation experiments. The meaning\ of the 

symbols in the equations are shown in Figure 2-1. The first step is to develop the 

Lagrangian of the robot manipulator system. The kinetic energy is: 

(2 -)) 

Potential energy: 

P (8 i , r) = [ 0 + m 1 g /1 sin 8 2 + m ~ g (/1 sin 8 2 + /2 sin 8 1 )J (2-6) 

The Lagrangian is calculated by: 
. . 

L(8.8.t) = K(8 ,8.t)- P(8.t) ( 2-7) 

The dynamic equations which relates input torque and system states are deri\'ed 

for each joint separatly. 
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Jointl: 

aL =O 
ae1 

Joint 2: 

+[m21112 cos(82 -83)]83 . . 
+[m21112 sin(83 -82 )]8283 

• • 2 
+[~111 2 sm(82 -82 ]8 3 

()L = -[(m1 +~)I~ sin 82 cos92 + ~1112 sin 92 cos83 ]9~ aa2 

+[~1112 sin(92 -93 )]9293 

+[(m1 + m2 )]gl1 cos92 

10 

(2-8) 

(2-1 0) 

(2-11) 

(2-12) 

(2-13) 

(2-14) 



T2 = l<"'t + ml )/~ jj 2 

+[~/1/2 cos(9 2 -9
3
)jj

3 

Joint 3: 

+[(m. +m2 )11
2 sin9 2 cos9 2 +mi112 sin9 2 cos9 3 ~~ 

+ [m2 / 1/2 sin(9 2 -9 3 )JP3 

+[(11lt +~)g/1 cos9 2 ]; 

• • 2 
+[m21112 sm(93 -92 )]9

2 

+[~1112 sin(92 -93 )]8i~3 

2 . . 2 
-[m212 sm 93 cos93 ]91 

• 2 
+[~1112 sin 93 cos92 ]91 

+[~gl2 cos9J 

.. 
7; = [m21112 cos(9 2 -9 3 )]9 2 

2 •• 

+[~/2 ]93 

+[mii sin9 3 cos9 3 + mi112 sin9 3 cos9 2 ]8; 
• • 2 

+[~/112 Stn(9 3 -9 2 )19 2 

+[~g/2 cos9 3 ] • 

(2-15) 

(2-16) 

(2-17) 

(2-18) 

(2-19) 

These equations indicate that the required torque is related to the manipulator's 

configuration, the angular velocity and the acceleration. The required torque for 

one joint may also be the function of the other joints' angular position, velocity 

and acceleration. 
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2.1 .2 The Dynamic Model of DC Motor 

The selection of actuators of the three joints is based on the required 

maximum torques for the motion of the joints. The maximum torques are derin:~d 

from the configuration of the robot and the desired motion profiles. Generally. the 

output torque of the actuator should be sufficient to provide enough acceleration 

even when the inertia and the gravity effects reach their maximum values. The 

joint of the manipulator is commonly driven by a DC electric motor. 

The mathematical model of actuators is derived fron1 the basic principk" of 

electric circuit theory and electrical machinery. 

{ 

eli . 
v=Ri+L-+Kb8 

dt . 
T=Ki t 

(2-20) 

With the transformation: 

di i(k + 1) -i(k) 
-

dt 11t 
(2-21) 

The above differential equations can be converted into corresponding difference 

equations: 

{ 

i(k+l)-i(k) . 
v(k) = Ri(k) + L + KJ~(k) 

/1t . 
T(k) = K. i(k) 

( 2-22) 

Let the time constant: 
L 

r=- . Then: 
R 

. . 11r 11r ,.<k) K~.e 
z(K+l)=z(k)[l--1+-[---]. 

t t R R 
(2-23) 

The output torque to the joint axis is in the form: 

12 



T(k + 1) = K,i(K + 1) 

= K i( k ) [ 1 _ ~t] + K 11t [ v( k) _ K. 8 ] 
I 't I 1 R R 

11t ~t K · 
=T(k)[l--J+--' lv(k)-K 8]. 

t L R v 

This equation is used in the simulation of the control algorithm in the later 

chapters. 

Supposing the maximum desired angle acceleration is not less than 20 rad/s, 

then the parameters of the robot manipulator and DC motor are given as~ 

J 1 = 0.5 kgm2, m1 = 10 kg, m2 = 20 kg, It = 0.8m, 12 = 0.6m; 

Ymax= 36V(DC).R= 1 ohm,L= 25mH,Kv= 3.12V/rad,K1 = 0.178Nm/A. 

Also assume the DC motor is connected to the joint axis via a gear assembly with 

n = 156. 

The rated output torque of the actuator based on the maximum joint inertia 

and the gravitational torques of the three joints are calculated as following: 

Joint I: 

J m:u = J l + m 11 ~ + m 2 (1] + 12 ) 2 

= 0.5 + I 0 X 0.36 + 20 X 1. 96 

= 43.3 kg·m 2 

Tg = 0 
(2-25) 

> 866 Nm; 

Joint 2: 

Jmax = ( ITI 1 + m2 )}~ 

- ( 1 0 + 2 () ) X 0. 64 
1 

= 19.2kg·m-

13 



T1 =(m 1 +m 2 )·g · l 1 

= 30x9.8x0.8 

= 235.2 N · m 

T2 ~ Jmu ·9mou + Tg 

> 6I<J Nrn; 

Joint 3: 

Jmu = m21; 

- 20x0.36 

= 7.2 kg· JTI
2 

T =m ·g·l . g 2 . 

== 20 X Y.X X 0.6 

== 117.6 N · m 

T3 > Te + Jmu ·9mu 

> 262 Nrn. 

(2-27) 

(2 -2X) 

To simplify the analysis, the DC motor actuators of all three joints are assumed to 

be the same. The rated torque is: 

Trated == 900 N · m . (2-29) 

In steady state and with the angular velocity equals to zero, the maximum output 

torque the DC motor can provide is: 

T max = n * Kt * lm.u 

Vmu 
=n*K,*--

R 

= 156 * 0.178 * 36 I I 
= lOOONm . 

(2-30) 

So the selected parameters of the DC motor actuator is satisfied with the control 

system specifications. 
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2.2 Robot Dynamic Control 

The objective of robot dynamic control is to apply the appropriate control 

actions to the manipulator actuators according to the desired and actual "itatc~o, of 

the system so that the response of the robot ann will be stable. insensiti \ L' to 

external disturbance inputs, and the end effector will be able to follow the desired 

trajectories within an error tolerance range. The design of a dynamic controller is 

allied with the system requirements, the knowledge of the system parameters as 

well as the implementation of the control algorithm. 

As discussed in the previow, sections, a multiple-link robot manipulator is a 

non-linear, coupled, time-varying system. The mathematical equations used to 

describe such a system are both complex and non-linear, difficult to handle 

computationally and require a relatively long computer ttrun time" for their 

solution. Depending on the knowledge of the robot dynamics, the control systen1 

is either a model referenced one or a non-model referenced one. When a precise 

dynamic model and a priori knowledge of the payload are available, we can 

linearize the system model. The design of the controller is then based on the well 

developed linear system theory; usually this approach leads to better syste1n 

response than when using a non-model referenced control. Unfortunately, this 

knowledge is not always available. The accurate dynan1ic anodel may be either 

difficult to obtain or too complex for real-time computation. The variation of 

payload introduces some unpredictable factors in actual circumstances. So for the 

different initial knowledge of the robot and the requirements of the system 

performance, the controller can be developed in several different implementation 

forms. The block diagrams of these controller implementation forms are shown in 

Figure 2-2. 
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2.2.1 Decentralized Control. 

When the parameters in the dynamic model are not known precisely 

enough, the control actions calculated fron1 the primary controller which is based 

on this ill-defined dynamic model may be usele\\s. The decentralized control 

algorithn1 simply treats the coupling between the links as the undesired 

disturbances. It has little or even nothing to do with the system dynamical model. 

The controller is almost totally error driven. In industrial applications, this is the 

most used control technique because it 1s easy to implement and it works well if 

the joint motion is at low velocity and the system precision is not a strict 

requirement. The decentralized joint PID control is in the form: 

~· =Ki! +K,,c+K,fe dt . (2-31) 

This is the simplest robot controller in which no model-based component is used 

in control law development. The non-ideal factors such as joint inertia variation. 

Coriolis force and centrifugal force cause errors. The problem is that it is difficult 

to choose the fixed feedback gains to obtain critical damping. the system response 

is either over damped or under damped. If the joint inertia is known, the controller 

can be in the form: 

T ~ .IS + Kde + K e + K J e dt 
j p I 

(2-32) 

In this controller, the manipulator inertia matrix is assumed to be in diagonal 

form. The joints are treated as independent plants whose inertia vary with 

configuration. The effect of inertia variation is canceled by the rnodeling of the ._ 

dynamic plant. This control algorithm makes it easier to tune the gains of this 

controller as the inertia part is already compensated for. 
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2.2.2 Computed Torque ControL 

In order to improve the performance of the robot system, it is de"ired to 

developed some more sophisticated algorithm to compensate for these nonlinear 

coupling and inertia changing factor~. When we know the dynamic model 

precisely, a torque can be computed to cancel these factors. The contro1 system 

based on such an algorithm is composed of two sections: a feed-forward section 

providing ideal reference tracking and a feedback section rejecting nonlinear 

system disturbances. Coriolis, centrifugal. and gravitational torque and coupling 

inertia are treated as disturbances estimated in real time from dynamic equations. 

The basic control part is still the feedback controller such as a PID controller. 

With the feed forward cornpensation, each joint may be considered a\ a truly 

independent linear position control system. The dynamic model of a serial link 

manipulator is expressed in the general form of Euler-Lagrange's forn1ulation: 
.. . 

T(t) = D[8 (n I* 8 (t) + Hl8(t),8(t)] + C[8(t)] . (2-33) 

After the trajectory planning stage, the time series functions {8d(t),Sd(t ),Sd(t)} are 

determined . With the above dynamic model, the torque calculated fron1 the 

dynamic model is given by: 

Td ( t) = D[ 9 d ( t)] * S d ( t) + H [ S d ( t), 8 d ( t)] + C[ 9 d ( t) l . (2-J.f) 

This equation forms the basis to design the primary controller. In the ideal ca~c. 

the consequent motion of the manipulator would follow the desired trajectory. As 

discussed previously, a secondary controller is necessary to con1pensate for the 

deviation of the pritnary controller. This secondary controller is error driYen and is 

in the form of: 

The gain matrices Kv and Kp are detem1ined by linear control theory. 
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2.2.3 Adaptive Control. 

If the dynamic model is not known accurately enough due to the change of 

the payload or some other factors, the cancellation mentioned above is not exact. 

The linearized model from which the secondary controller i ~ derived i" also 

inaccurate. This makes it difficult to tune the controller. It i'-1 desirable to have 

some modification scheme to change the specifications of the controller to follow 

the changes in the operating environn1ent. There are t\\·o con1n1on approaches to 

develop an adaptive controller. A direct adaptive controller keeps the model-based 

primary controller unchanged, but adjusts the secondary feedback controller. An 

indirect adaptive controller is characterized by on-line identification of a model 

which is then used to perform the controller design. An important assumption in 

using an adaptive control is that the system parameters change slowly relative to 

the adaptation rate of the control parameters. 

Similar to the design of controllers mentioned previous, the pnmary 

controller can be designed based on the dynamic model and kept the ~arne tn 

operation if son1e parameters in the model are precisely detennined. The 

secondary controller is automatically tuned with the information of the systern 

states. In the case of a PID controller, the feedback gain matrices are tuned by 

evaluation of some perfonnance index. These perfmmance indexes reflect the 

design requirements of the system. The adaptive algorithrn makes the necessary 

modifications to the secondary controller with the values derived from the 

evaluation. The other adaptive approach attempts to find the exact dynamic model 

of the control plant. This is the problem of model identification. Various n1ethods 

have been proposed for model identification. When the coupling effects between 

the joints are significant to the dynamic behavior of the manipulator, a \fl\10 

(multiple input/multiple output) n1odel is necessary. 
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Y arious approache~ to the design of a dynamic robot controller have been 

discussed; most of them require the detailed dynamic tnodel of the robot. 

Obtaining an accurate dynamic model and time consuming con1putation are two 

difficulties which prevent applying these approaches to industrial robot control. 

Considering the cost of control algorithm development and in1plementation in 

industry, a feedback controller which is easy to implement and with some adapti\·e 

ability seems to be an reasonable choice in many applicati ons. Fuzzy logic control 

first appeared as alternative approach simulating the human operator control 

actions in the control of some ill-defined control plant. It shows some attracti \'e 

characteristics and now some researchers have been applying fuzzy logic control 

to the robot motion control. 
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CHAPTER 3 

FUZZY SET THEORY AND FUZZY LOGIC CO,TROL 

In ordinary set theory, an item is either a member or not a member of a set 

there is a crisp boundary around this set. The fuzzy set theory introduced by L.:\ 

Zadeh is based on a recognition that certain sets have imprecise boundaries where 

the membership function of a ele1nent changes gradually. The ordinary set can be 

viewed as the special case of a fuzzy set whose men1bership function only take" 

two extreme values, 0 and I. Th1s distinct property enables fuzzy set theory to be 

applied to a class of problems from modeling to control. In the real world many 

processes are characterized by a considerable amount of essential a priori 

information only available in a qualitative form. 

As one of the applications of fuzzy set theory, fuzzy logic control has 

attracted considerable attention and exhibited numerous encouraging results. 

Fuzzy logic control first appeared as an alternate approach to control some 

complex ill-defined processes such as waste water treatment, heat exchanger and 

cement kiln control. These processes often work well under skilled human control 

without the explicit knowledge of the underlying dynamics. while someti1nes the 

conu·oller based on the well developed control theory is unable to generate the 

same performance. Now fuzzy logic control seems to have become one of the 

general purpose approaches for many control problems. Fuzzy logic control 

atten1pts to model computer reasoning on the kind of imprecision and 

undecidability found in human reasontng. With fuzzy logic. a system can be 

represented by a set of sound mathematical principles expressed in the fonn of a 

fuzzy logic relationship which is used to make deductions about the system. 
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3. 1 The Basic Concepts of Fuzzy Set 

The idea of a fuzzy set introduced by Zadeh allows impreci~e and 

qualitative information to be expressed in an exact way. It is a generalization of 

the ordinary notion of a set. Fuzzy l.iets and subsets are those collection of objects 

with some of kind blurred boundaries in which inclusion or exclusion is not a 

definite state. A fuzzy set is characterized by a mernbership function which takes 

all values between 0 and I. The membership function represents the relationship 

between an item in the range and a specific set. It is equal to 1 if an item fully 

belongs to a set, and equals 0 if the item is completely out of the set. In ordinary 

\et theory, this rnembership function takes the values of either 0 or I. The 

ordinary set is thus precise in its meaning, having a definite transition fron1 

membership function to non-membership function. The fuzzy set allows the 

qualitativeness of the measure to be reflected in a gradual membership transition. 

Qualitative information can be represented mathematically and handled in a 

completely rigorous manner. 

The operations of a fuzzy set are defined in a similar manner to those of the 

ordinary set. The basic fuzzy set operations include union. intersection and 

complement. The membership function of the union of two sets A and 8 is defined 

by: 

(3-1) 

The membership function of the intersection of two sets A and B is defined by: 

(3-2) 

The membership function of the con1plen1ent of a set A is defined by: 

(3 -3) 

..,, ...... 



A fuzzy implication statement is the form in which the fuzzy ~oiysten1 i" 

implemented. In rnany applications, linguistic variables are commonly u-.,ed in the 

expressions of these implication statements. A linguistic variable is a variable 

whose values are words or sentences in a natural or synthetic language. Each value 

of a linguistic variable represents a possibility distribution. These possibility 

distributions may be computed from the given possibility distributions of the 

primary term and its antonym through the use of attributed grarnrnar techniques. In 

tenns of the example, a I inguistic functional relationship between input electric 

current and roorn ten1perature output rnight be 

IF {input electric current is large} 

THEN {room temperature is much greater than 50° K } . 

Fuzzy logic is based on fuzzy logic implications~ it involves the formal 

principles of approximate reasoning . The basic concept of a fuzzy set is the 

essential fran1ework behind all the fuzzy logic control studies which have been 

reported. A collection of implication statements which causally link input and 

output fuzzy sets can replace the usual mathematical model in control theory. T'he 

composition operation allows the model to be used in the same way that matrix 

multiplication allows a state space model to be used. Fuzzy sets offer a rigorous 

and practical technique for manipulating qualitative information orig.ina11y 

expressed in linguistic form. The basic operations on the fuzzy sets are 

straightforward since they are merely combination of cornpari son operations. 

3.2 Fuzzy Logic Control 

Fuzzy logic deals with the approximate reasoning that is fundamental in the 

ability of mankind to make reasonable decisions with uncertain and imprecise 
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knowledge. The control procedure is to derive a control signal based on the -... tates 

of the system with some performance indices . 

A fuzzy logic controller is a knowledge-based controller that u;.,e" fuzz\ 

logic to represent knowledge and to make inference. The ken1el of a fuzzy logic 

controller is a set of I inguistic control rules that relate the ex temal i npub to the 

output control actions. These rules are essentially the representations of the 

qualitative knowledge about the process and the control algorithm. For control 

applications, the control output should be a deterministic signal to the execution 

device. Usually more than one control rules are activated at the same time. The 

interpolate nature of the fuzzy control rules make it possible to get such a 

deterministic signal. One fuzzy control rule may replace many explicit control 

rules. Fuzzy logic is most suitable when external variables are continuous and/or 

system mathematical models do not exist [II]. Compared to the conventional 

controller design, fuzzy logic control offers some attractive advantages. It ha .... 

higher immunity to external noise and higher robustness to external disturbances 

because of its wide range of operation. It is flexible to a variety of sirnilar 

applications as the control rule base is easily understood and relatively simple[ 161. 

A basic fuzzy logic controller has three principal functional blocks: a 

fuzzification interface, a linguistic control base, and a output defuzzifier. The 

configuration of the basic fuzzy logic controller is shown in Figure 3-1. 

3 .2.1 The Fuzzification Interface 

The fuzzification interface perfom1s the conversion of the external input 

signals into their internal representations for the rule inferencing. The external 

input signal which is usually crisp in its nature must be converted into a fuzzy set 

representation. The specifications of the n1en1bership function have great impact 
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on this interface. The distribution range and the shape of the membership function 

also have effects on the behavior of the whole controller. The selection of the 

discrete level decides the complexity of the controller and the smoothness of 

control action. Depending on whether the universe of discourse is discrete or 

continuous, numerical or functional methods are used to express fuzzy sets. A 

typical fuzzy membership function is shown in Figure 3-2 . 

Fuuificatum 

lntcrferem:e 
Control Rule 
Intcrfcrcncc t--.._. 

Control rule 

Output 

Dcfunikr 

Base +------

Figure 3-1 Basic Fuzzy Logic Controller 

PL PM PS ZR NS NM NL 

Figure 3-2 A typical rnembership function 

3.2.2 The Control Rule Base 

The linguistic knowledge base is a collection of the knowledge of the 

process and the desired petformance. A data base provides necessary definition' 

used to define linguistic control rules and fuzzy data manipulation in an fuzzy 

logic controller ( FLC ). Linguistic variables in the antecedent of a fuzzy control 
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rule form a fuzzy input space~ and the consequences of all the rules form a fuzzy 

output space. In general, a linguistic variable is associated with a set of tenns: each 

term is defined on the same universe of discourse. A fuzzy partition relates IH)\\ 

many terms should exist in a term set. The discrete (eq~] of the tenn '\l' ts 

determines the granularity of the control action obtainable with this FLC. Thi" rule 

base attempts to characterize the desired system behavior by a set of lingui '-lie 

control rules. The expert knowledge is usually in the form of "if-then" statements. 

which are easily implemented by fuzzy conditional statements in fuzzy logic. In 

digital computers. these conditional statements are implemented with the lookup 

table as Table 3-1. 

Table 3-1 A typical control rule base in lookup table form 

ERROR 

NL 

NM 

ERROR NS 

CHANGE ZR 

PS 

PM 

PL 

NL NM NS ZR 

NL NL NM NM 

NL NM NM NM 

NM NM NS ZR 

NM NS ZR ZR 

NS NS ZR ZR 

NS ZR PS PS 

PS PM PM PM 

PS PM PL 

NS NS NS 

NS ZR ZR 

ZR PS PS 

ZR PS PM 

PS PS PM 

PM PM PM 

PL PL PL 

There are several methods used to derive fuzzy control rules. It can be 

based on an expert's experience and control engineering knowledge. based on 

operator's control actions. based on the fuzzy model of a process. or based on 

learning. The systen1 response is the most important criterion to justify the contrnl 
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rules. However it is not always clear which activated control rule in the past is 

obligated to the current system response. Scale mappings should be adju~ted fir~t 

~o that the system trajectory can terminate on a desired state. Individual control 

rules then can be modified to make the fine adjustment of the control system. 

3.2.3 Defuzzification Interference 

An output defuzzifier converts the consequences of the control rules into a 

deterministic crisp control action applied to the process . It finds all the 

consequences of each activated control rule, and generates a non-fuzzy control 

action from these inferred inter-medium fuzzy control variables. The contribution 

of each control rule is related to its igniting strength. The defuzzification strategies 

are obtained by the basic fuzzy set operations. The max. criterion. the mean nf 

maximum (MOM) and the center of area (COA) are commonly used strategies. 

The max. criterion produces the point at which the possibility distribution of the 

control action reaches a maximum value. The MOM method generates a control 

action which represents the mean value of all local control actions whose 

rnembership functions reach the maximum. The control action is expressed as: 
'w 

D
0 

= 2:-1 (3-4) 
; =t I 

where: Do - output control action, Wj - strength of control rule j. 1 - the number of 

activated control rules. The fre4uently used COA Jnethod generates the center of 

gravity of the possibility distribution of a control action: 

(3-5) 
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where: Jld(wi)- activating strength of a control rule. The graphic explanation of the 

affiliation of activated control rules and the different defuzzification methods is 

shown in Figure 3-3. 

(a) (b) (C) 

Figure 3-3 Different Defuzzification Strategies 
(a) activated control rules, (b) max. criterion, 

(c) center of area, (d) mean of maxim. 

(d) 

The above discussion gives a overview of the fundamentals of a FLC. In 

actual applications the design of a FLC is a synthesis of many factors. The related 

problems will be the topics in the following sections. 

3.3 The Structure of a Robot Fuzzy Logic Controller 

In the design of a control system, several major factors should be 

determined in advance. For a FLC, these factors include structure of the FLC, 

input and output variables, fuzzification level, scaling factors and control rule 

base. 

A robot manipulator is a multiple-input/multiple-output control -..ystem, and 

the input-output relationship is nonlinear. The designer of a robot controller has to 

deal with these kinds of problems. As an industrial robot controller. the design 



strategy should be a compromise among the factors of the controJier perfom1ance. 

system complexity and so on. 

The applications of a fuzzy controller to multiple-input/multiple-output 

(MIMO) system designs are quite rare compared with those to ~.;ingle-input/single

output (SISO) cases [ 12]. The control rule base which is in the linguistic fonn in 

the design stage is usually implen1ented as a lookup table. Actually this is 

somewhat similar to the cell mapping technique in which each cell represents the 

input/output relationship around some region. If the dimension of the state "'pace 

increases linearly, the total amount of the cell needed would increase 

exponentially. For a n-inputs/m-outputs system FLC, the control rule base will 

have I] *12* *In *m control rules (where I], 12, ... ln are fuzzification discretizing 

level of input variables). This introduces the problems of a large memory 

requirement, of computation complexity in sorting the activated control rules and 

of the derivation of the final control action. Because of these factors, a SISO form 

of FLC is selected to control each link of the manipulator separately. Although the 

overall performance of this kind of control may be not as good as that of the 

MIMO control system, it is much easier to implement this controller. It works 

pretty well in many practical applications. The coupling effects between the links 

are simply treated as the external disturbances. 

For a control algorithm, if the currently issued control action is only the 

function of the current states, then proportional and/or derivative elements are 

involved. Otherwise, if the currently issued control action is the function of both 

current states and past states, then some kind of integration is involved. Two 

generally used FLC are the absolute form and the incremental form FLC. The 

absolute fonn FLC is expressed as: 

U (k) = f (et, ce*) (3-6) 
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where: error ek and change of error ce1 are systen1 states. The incremental fonn 

FLC is expressed as: 

U(k) = U(k -1)+ !1U(k) 

= U(k -1) + f(e~r.,cex.) (3-7) 

From equation (3-6) and ( -~-7) and with some assumption". one can ohtain the 

conclusion that an absolute fonn FLC is a PD type controller and an incre1nental 

form FLC is a PI type controller. The output control action of a PO type FLC is 

directly associated with the current state error and its derivative. The relationship 

between the inputs and the output of this FLC can be approximately expressed a" : 

U(k)=Krek+Kdce~r. . (3-X) 

In the same way. the input-output relation of the PI type FLC can be obtained as 

follows: 

U(k) = U(k -1) + ~U(k) 

= U(k -I)+ f(ek ,cet) 

= U (k- 2) + f(ek -l'u'r. -1) + f(ct .cck) (3-9) 

So the current control action is also associated with the previous system states. If 

the input signal discretizing level is the same. the incremental fonn FLC provides 

higher resolution of the control action and a superior sensitivity in the vicinity of 

the varying set point in the trajectory, but gives poor performance in the transient 

respons~ due to the internal integrating operation: whereas the absolute form FLC 

e,i ves a faster transient response~ but it introduces a steady state error for a large 
'-

class of systen1s [ 71. Figure 3-4 shows one the configurations of fuzzy logic 

controller. 
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Figure 3-4 The structure of fuzzy log1c controller 

The selection of the system states usually depends on the signal available to 

characterize the dynamic properties of the system. In a robot manipulator. the joint 

position and joint velocity are commonly available with the sensors, the 

differences between the sensor outputs of the actual system and the reference 

values fro1n trajectory planning form the two input signals of the FLC. The output 

signal of the FLC is the DC voltage or DC voltage change applied to the DC motor 

actuator. 

Fuzzy logic provides an alternate approach in the design of a proce\\ 

controller. Generally, it is simple to design a fuzzy logic controller becau~e the 

fuzzy logic controller starts from the intuition of the system behavior. This kind of 

controller has demonstrated some attractive performances. However. n1ost 

previous applications of FLC are confined to the control of slow. fonnerl y 

n1anually operated control plants. Applying FLC to the area of robot manipulator 

dynmnic control should be an awarding study which may result in an alternative 

approach in this field . 

31 



CHAPTER 4 

CONTROL METHODOLOGY 

An robot dynamic control system should be robust to external 

perturbations, insensitive to the changes of parameters and stable. The real-tirne 

control requires the control algorithm to be achievable for actual implen1entations. 

Based on the previous analysis of robot dynamics. robot dynan1ic control and the 

fundamentals of fuzzy logic control, the fuzzy logic control algorithrn'\ for a robot 

manipulator control can be derived. Basic PD. PI type FLC and automatic rule

generation FLC are studied next. 

It has been reported that the real-time control of a robot manipulator control 

based on a detailed dynamic model is difficult to achieve [ 15]. This problem 

involves two aspects: first, it means it is difficult to derive an accurate dynamic 

model for robot dynamic control, due to the complex 1nechanical configuration of 

a robot arm, the unexpected change of payload or the inaccurate factors like 

friction coefficients; second. for the real-time control of a robot manipulator. the 

practical implementation of the control algorithm in a computer is a very important 

factor. 

Basically there are two kind of problems in robot dyna~nic control. In the 

direct dynamic control the input torque to the actuator is given and it is required 

to find the position, velocity and acceleration of the end effector. This is the case 

of the simulation of the control algorithm. In the inverse dynamic control given the 

position and/or velocity of the end effector in Cartesian space or joint space, it is 

required to find adequate torque to be applied to the actuator to make the end

effector follow the predefined trajectory. The control algorithms developed in this 

chapter belong to the second type. 



4. 1 Design of Robot Fuzzy Lo£ic Controller 

The analysis in the previous chapter setup the foundation for the design of 

the robot fuzzy logic controller. A robot manipulator controller based on fuzzy 

logic is proposed to provide an adequate control signal to make the end-effector 

follow the predefined trajectory. 

Three principal function block~ comprise the internal configuration of a 

FLC. The fuzzification block provides a mapping of external signals to the internal 

fuzzy variables. A control rule base set up the connection of input variables and 

output variables which reflects the system properties and design specifications. 

The defuzzification block synthesize the deterministic signals applied to the 

actuator. 

The input signal to the FLC are: 

e( k) = G E * (8 d (k) - 8 (k )), 

ec(k)=GC*(8d(k)-8(k)), 

(4-la) 

(--l-Ib) 

where: GE and GC: scaling factors mapping the external signal to the universe of 

the internal variables. Each element in its own variable space is expressed as: 

E J = { ( c' Jl fA ( (')) } c E (--l -2a) 

EC k = { ( e c, !1 c~ ( c c ) ) } c EC . (4-2b) 

These internal states form their own universe of discourse: 

E - { NE, NX, NB. NM, NS, NZ, ZR, PZ. PS, PM, PB, PX, PE } ( 4-2c) 

EC = { NE, NX, NB, NM, NS, NZ, ZR. PZ, PS, PM. PB. PX. PE } (4-2d) 

where: E - error of joint angular position, EC - error of joint angular velocity, U -

DC voltage to the actuator. NE, NX, NB, ... ZR, ... PB. PX, PE are fuzzy linguistic 

numbers. Each set of internal variable terms covers the whole range of the external 

variables of the system. The selection of the discretizing level of the two input 

variables determines the size of control rule base. The discretizing level of output 
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variable is only relevant to the smoothness of the control surface and has nothing 

to do with the size of the control rule base. 

( 4-3a) 

U = t NE, NX, NB, NM, NS, NR, ZR, PR, PS, P\1. PB. PX. PE } (-l-3b) 

where: U - DC voltage to the actuator, the fuzzy linguistic number is defined as 

above. 

The scaling factors GE and GC perform the mapping of the external signab 

to a normal range of variables applied to the FLC. The sckction of these scaling 

factors are settled by the characteristics of the FLC and the system requirements. 

Because in most FLCs the internal universe is divided into the discrete fonn. the 

partition is limited to finite levels , In general the mapping consists of a non

saturation part and a saturation part as shown in Figure 4-1. In the non-saturation 

part the mapping function is not necessarily a linear one, which mean~ the scaling 

factors can be variables rather than constants. If we consider the fuzzification 

procedure with a non-constant scaling factor and the fuzzification membership 

function, such a scaling factor is equivalent to the unequally 

X . 
mln • 

X 
max 

Figure 4-1 Mapping between external and internal variables. 
solid line: general case for mapping, dotted line: linear mapping 



distributed membership function. The mean scaling factor of the input variable i~ 

determined by: 

(-+--+) 

where: S - mean scaling factor. Nk - the discrete levd of internal input variable. 

Emax-Emin - the range of external input signal. In actual application the scaling 

factor obtained from the above fonnula rnay not be a suitable one as the 

preliminary knowledge of the system is not always sufficient. The scaling factors 

can be adjusted with some global criterion on-line or off-line. It is usually easy and 

practical to observe the trajectory of the states on the state plane to decide if GE 

and GC are appropriate. This procedure is shown in Figure 4-2. 

c c 

e 

(0) (b) (C) 

Figure 4-2 The effect of mapping factor ge and gc. 
(a) ge is too small~ gc is OK 
(b) ge is OK. gc is too small 
(c) ge is OK. gc is OK 

The output mapping factor GU is initially selected on the basis of the 

n1aximum output DC voltage and control rule sets in the FLC . \Vhen the systetn 

output is lagging the desired output states. increasing GU makes the control action 
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larger to suppress the output error. On the other hand, any initial instability of the 

closed loop system, which is often takes the form of limit cycling, is generally 

eliminated by decreasing this mapping factor GU of the FLC. 

The control rule base is composed of a set of linguistic control rules in the 

following linguistic form: 

If E is E~: 

Then 

} . 

If Cis C\ 

Then U is Uk 

These rules can also be expressed in the mathematical equations: 

UJc =(E~:xCJc)oR* . (4-5) 

To make these expressions suitable to be implemented in a digital computer, the 

whole control rule base is generally represented as a lookup table. The control rule 

base covers the whole internal space of fuzzy variables. It is an finite discretizing 

function of the input variables. The control rule base can be obtained from the 

common knowledge of control theory. When the system error and its change are 

away from the desired states, the control action should pull them back to the 

desired states. This conu·ol action can be linearly or non linearly proportional to 

the deviation of the states . The guidelines to derive the fuzzy control rule base are: 

( 1) if the states are at the origin of the state plane. then maintain the current 

control setting; 

(2) if the error moves to zero at a reasonable rate, then maintain the current 

control setting~ 
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(3) if the system states do not comply with the above conditions, then the 

change of the control setting is relevant to the position of the states in the state 

plane. The control rule base selected based on the above guideline is listed in 

Table 4-1. 

- on o rue ase tn oo u_p_ a Table 4 1 C tr 1 l b · l k t bl e 

ERROR 

NE NX NB NM NS NZ ZR PZ PS PM PB PX PE 

PE ZR PS PS PM PM PB PB PB PX PX PX PE PE 

PX NS ZR PS PS PM PM PB PB PB PX PX PX PE 

PB NS NS ZR PS PS PM PM PB PB PB PB PX PX 

PM NM NS NS ZR PS PS PM PM PB PB PB PB PX 

ERROR PS NM NM NS NZ ZR PZ PS PM PM PB PB PB PX 

CHANGE PZ NB NM NM NS NZ ZR PZ PS PM PM PB PB PB 

ZR NB NB NM NM NS NZ ZR PZ PS PM PM PB PB 

NZ NB NB NB N NM NS NS ZR PS PS PM PM PB 

NS NX NB NB NB NM NM NS NS ZR PS PS PM PB 

NM NX NX NB NB NB NM NM NS NS ZR PS PS PM 

NL NX NX NX NB NB NB NM NM NS NS ZR PS PS 

NX NE NE NX NX NB NB NB NM NM NS NS ZR PS 

NE NE NE NX NX NX NB NB NB NM NM NS NS ZR 

The center of area (COA) defuzzifying strategy is selected for its smoother 

control action compare to the other defuzzifying strategies. The activated control 

37 



rules are synthesized with their activating strengths, and the determined control 

voltage is sent to the DC motor. 

To obtain a better performance for the system, the FLC i~ irnplemented with 

different resetting coefficients for PI type FLC. 

U(k)=r*U(k-l)+!'iU(k) (4-6) 

where r is the resetting coefficient. When r =L the controller is equivalent to the 

pure PI type FLC; when r = 0, the controller is equivalent to the pure PD type 

FLC. 

4.2 Self-lean1ing FLC 

Essentially the self-learning FLC is an extension of the basic FLC in the 

higher hierarchical level. This kind of FLC is able to change ih control action" 

with respect to variations in its operation environment by modifying the control 

rule base itself. The controller possesses two functions: (a) to issue an appropriate 

control action with the input signals~ (b) to modify the control rule base itself with 

the knowledge of system states and/or control actions. 

The self-learning FLC is a two layer system with the configuration as 

shown in Figure 4-3. The lower level is a basic FLC which directly generates a 

control action associated with the control rule base and the ~ystem states. The 

higher level is an automatic learning mechanisrn which accounb for rule 

generation/tnodification. This procedure is accon1plished by assigning a reward or 

credit to certain control rules. For regulation control problems. it is sufficient that 

the rule modification petfonns in a single direction~ either increasing or 

decreasing. That is. the control rule is intensified positively or negatively. In 

tracking control problems, the reference signal varies with time. The 1ssued control 

action which is currently considered inadequate is not necessarily too small, 
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Figure 4-3 The diagram of self-learning FLC 

maybe it is too strong for the future reference signal and states. It is desirable that 

the rule modification be bi-directional. 

Considering the simple PD or PI controller~ the control action tends to be 

zero when either both states are close to zero or the sum of the scaled 'itates equals 

zero. In the state plane, this fact is reflected in that there is an equilibrium curve on 

which the control action is equal to zero and the system states on it are assumed to 

move to the origin of the state plane without extra control action. This equilibriutn 

curve is then used as the desired motion of the system states in the controller 

design. 

From basic knowledge of control theory. we know that the current states of 

the system are the consequences of both previous states and current control 

actions. It is generally desirable that the system states (error and its derivative) 

reach the equilibrium states as soon as possible. The state trajectory on the state 

plane is an indication of the system performance. It b a good index to justify 

overall system performance: but it is not easy to apply this global index directly to 

ruk modification/generation. To overcome this difficulty. \\'c usc the L·urrent 
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system states and their motion on the ~tate plane tn indicate the systetn 

performance, instead of observing the whole trajectory of the states over a period. 

This local performance index is generally consistent with the global index. 

When applying a step input to a linear system~ the typical response~ in the 

time domain are under-damped, over-damped or critically damped. In a critical1y 

response there is no over-shoot. The critically damped or slight under-damped 

response is desirable as the rise time is short and the overshoot is negligible. In the 

tracking control problem. the input reference signal varies with time, but the basic 

principle is still applicable. The under-damped response can be divided into four 

different stages in the time domain; the four quadrants in the state plane are 

equivalent to these four stages. The states have different signs in the four 

quadrants. On the state plane, the state trajectory should be in the shape of a 

helical to keep the system response close to critically or slightly under-damped. In 

quadrants I and III, the state e moves away from the vertical axis where the -.,tate 

error equals zero. If this motion is suppressed~ then the control action is considered 

to be adequate. In quadrants U and IV, the state e moves towards the vertical axis_ 

In region II(a) and IV(a), the motion of the states to the vertical axis is too slow. 

this corresponds to the under-damped case. In regions II(b) and IV(b). the motion 

of the states to the vertical axis is too fast, this corresponds to the over-damped 

case. Only when the state trajectory moves along the switching line, is the 

response considered as a critically damped one. To avoid abruptly changing the 

control action near the switching line, the motion of the state nearby should be 

along an asymptotic curve. But this is just the ideal case with the critically-damped 

response, generally only the slightly under-damped case is attainable. In this case. 

the state motion curve is like the curve shown in Figure 4-2(c). 
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Figure 4 - 4 State plane and switching line 

At any specific point on the trajectory, its states and the tangent \ector 

associated with this point specify the local performance of the system. This 

tangent vector can be divided into sub-vectors VI and Y2 as shown in Figure 4-4. 

Vector V 1 is in the same/opposite direction of the switching line, and vector V'2 is 

along the direction perpendicular to the switching line. It is clear that only vector 

V2 will move the state toward the switching line. But vector Y I is also related to 

the velocity of this motion. The local performance index is thus the slope of this 

tangent vector associated with the point on the state plane. Because a robot 

manipulator is a time-varying nonlinear control plant, it is difficult to achieve the 

critical response. When the state motion (trajectory on the state plane) moves to 

the equilibrium curve in a good mode, then the control action should be adequate. 
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No n1odification of the control rule base is needed in this l'a\e. OtherwP\e. it i~ 

necessary to modify the control rule base with the difference of the actual "tate 

motion and the desired state motion at this point on the "tate plane. 

Based on the above analysis, the performance index for a self-learning 

scheme is chosen as in Figure 4-5. The whole state plane is divided into several 

regions, the desired slope of the state motion is shown in the figure. The 

information about the state motion more accurately reflects the trend of the system 

than the state itself. The system states e and ec are close to the desired equilibrium 

states in the region around the origin point, where the state motion does not 

provide accurate infonnation about the system performance. The rule rnodification 

ceases in this region. 
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Figure 4-5 The performance index on state plane 



The self-learning FLC is derived from the basic FLC with a rule 

modification inference: 

uk = (Ek XCk.)oRk. (4-7) 

The control rule are modified as: 

(4-X) 

where: ~Ri.1.(t-d) - the credit value for the rule modification. t1R (t-d) is 
l,J 

determined by the deviation between the current state motion and desired l.itate 

motion: 

.1R(t- d)= P(e(t),e(t),t1e(t) I ~e(t)). (4-9) 

To avoid too much rule modification, the desired slope of state motion at each 

point in the state space is chosen as a tolerance band rather than a single value. 

Only if the state motion is out of this band then is some rule modification 

necessary. This can be expressed in the form as: 

{
0 

C= 
sgn( -t d (e, e)) 

lta(e,t~)-td(e, e)i <b/2 

It a< e' e) - t d ( e' e )I > b I 2 
( 4-1 0) 

where: C - coefficient of rule modification, t a ( e, e) - actual state motion, t d ( e, e) -

desired state motion, b - width of tolerance band, sgn( x) - the sign function of x. 

Rule reinforcement m_ rate is given as: 

( 4-11) 

The credit value for the rule modification is given by the following assertion: 

let ~R' (t- d) =learn_ rate* m_ rate* W, ,
1

; 

~Rmax ~ > L\.Rm.u 

1.\R ( t - d) = ~' ~~RI ~ ~~rmx I (4-12) 

-~R 
ffi.1X 

~R'< .1R m.u 



where: leam_rate - reinforcement, Wi,j - weighting factor, ~Rnvx -limit value of 

rule modification. The learning rate and the maximum value of rule modification 

are selected with experience. 

There is no definite way to determine which control rule should be 

modified. The usual way is to simply assume that only the control action d 

intervals ago U(t-d) is responsible for the current system response. Procyk showed 

that an exact setting of this delay timed is not critical in the rule generation as thi..., 

rule modification/generation phase runs tor several cycles [ 11]. If the tin1e 

constant of the control plant is known, then it can be used to select the delay tirne 

d for rule reinforcement. The control rules attributing to the control action u(t-d) 

should be modified. Depending on their contributions to the control action, the 

control rules are modified at different levels. The modification level for each 

activated control rule is: 

( 4-13) 

where: F 
1, J 

(i, j:::::: 0, 1, .... ) - activation strength of the control rules. The above 

learning scheme means that if the control action L.\U i ( t - d) is inferred from the 

modified control rule base rather the original one, the output states will be closer 

to the desired performance. A sliding window is used as a low pass filter to 

suppress the measurement noise. Because the system states n1ay not cover all the 

possible states of e and ce. the control rule base is generally not a complete one. 

The complexity of the robot dynamics makes the robot dynamic control a 

difficult problem. Applying fuzzy logic control to this field is still at its trial stage. 

Basic PI or PO type FLC is similar to its counterpart PID controller in the classic 

control theory. To make basic FLC more suitable for robot dynamic control, it is 

desirable to adopt some learning mechanism to the basic fuzzy logic controller. 
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This may reduce some difficulties in the FLC design and provide the better 

performance. The self-learning FLC discussed in the previous section is able to 

modify its control rule base to follow the change in its operation environment. But 

this learning ability is limited because the FLC structure becomes more complex 

and a suitable learning algorithm may not be readily available. 
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CHAPTER 5 

SIMLLATION RESULTS 

After finishing the design stage of the control system. it is necessary to 

determine how well the control system performs in practice. As an initial study of 

fuzzy logic based robot controller, computer simulation is an effective and 

convenient alternative to verify the control algorithm. The robot manipulator i'i 

required to follow the predefined trajectories. A simple Tustin integration rule with 

fixed step size has been used to integrate the system's dynamical equations. The 

trajectory is selected to let the robot manipulator configuration changes greatly in 

its working space. Different angular velocities are selected to test the proposed 

FLC. 

5 .I The Setup of the Simulations 

The structure parameters of the robot manipulator in Figure 2-1 and the 

setup of the simulation are listed as follows [19]: 

J = 0.5kgm 2 rotational inertia of base: 

M 1 = lOkg 

M2 = 5 - 20kg 

L 1 = 0.6m 

L, == O.Xm 

K = l0kgm 2 ls 
") 

g = 9.8m Is -

T: (i = 1.2.3) 

( -1000.1 OOO)kgm 2 Is~ 

~ = O.OOOis 

point mass at joint 2; 

point mass and pay load at joint 3~ 

length of link 1: 

length of link 2: 

friction coefficient for all joints: 

gravity acceleration: 

output torque range of actuator motor in : 

steady stationary state: and 

sample interval. 
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Tustin's integration rule is selected for simulation because it is simpk. 

moderately accurate and mathematically stable for integration. Tustin\ rule i\ 

expressed as: 

y(t) == rx('t )d't Jo 

y(t) == y(kT) 

== y[(n-l)T]+ (T I 2)[x((n -l)t)+ x(nT)] 

where T is the san1pling interval and k is the running index. 

( 5-l ) 

(5-21 

The procedure to calculate the system states - joint angular velocities and 

joint angular positions is: 

( 1 ) calculate the DC voltage applied to the actuator with FLC: 

V: [k) == r * V: [ k -1] + li V,[k]; (5-3) 

(2) calculated the torque applied to the joint of the manipulator with the DC motor 

model: 

{

V(k) = Ri(k)+ L i(k + ~- i(k) + K.!i(k); 

T(k) == Kti(k) 
(5-4) 

(3) calculate the angular acceleration of the joint with the dynamical model of 

robot manipulator: 

e (t) = D-1 [8 (t)] * (T(t)- H[S(t),8(t)]- C[8(t)]) (5-5) 

( 4) calculate the angular velocity of the joint with Tustin's rule: 
. . 1 .. .. 
e. r k 1 = e r k - 11 + - c e. [ k - 11 + 9,. l k n ; 

1 1 2 1 

(5-6) 

(5) calculate the angular position of the joint with Tustin's rule: 
1 . . 

9 . r k 1 = e, r k - 1 1 + - c e.[ k - 11 + e. r k n . 
I 2 I 1 

(S-7) 
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A trial and observation procedure is adopted to detennine the "caling 

factors GE, GC and GU. The selected value is not a unique solution, there may be 

more than one possible combination to give a roughly equi\·alent system 

performance. Generally speaking, increasing the scaling factors make~ the 

performance measure more sensitive around the setpoint and less sensitive in the 

reaching-stage. Decreasing the scaling factors has the opposite effect on the 

system performance. So the selection of scaling factors is a compromise between 

error sensitivity and controller stability. 

The low limit value of GE and GC is to keep the normalized input error in 

the range of non-saturation in the FLC input. The choice of GU is related to the 

maximum DC voltage applied to the DC motor and the quantitization level ut the 

output variable in FLC. The scaling factors GE, GC and GU are chosen on the 

basis of (3-0): 

GE = (LE- 1) I (Emax - Emin) 

GC = (Lc -1) I (CEmall - CEmm) 

GU = (Lu - l)I(Umax - Umin). 

The quantization levels are selected as: 

LE = 13, Lc = 13, Lu = 13 . 

The range of input/output variables is related to the requuements of system 

performance, control plant and the controller itself. 

So. 

(Emax- Emin) = 7- ( -7) = 14deg 

(CEn\iU - CEmin) =50- (-50)= 1 OOdeg/ s 

(AU max - AU min ) = 1 00- ( - 1 00) = 200 Nm . 

G£=(13 - 1)114=0J~6 
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GC = (13 -1) I 1 {){J = 0.1 2 

GU = (13 -1) I 200 = O.Oo . 

The scaling factors are roughly determined by these equations. in actual "in1ulation 

they are adjusted slightly to accompany the actual environn1ent. 

5.2 The Simulation Results 

With the setup of the fuzzy logic controller configuration and simulation 

algorithm, it is readily to verify the control algorithm developed in the previnlJI, 

chapters. Although the actual control signal is the voltage applied to the actuators. 

it gives more straight view of the system behavior if we use the torques applied to 

the joints of the manipulator as the control actions . The system perfonnance is in 

the form of the error of the joint positions, which are also the input signals to the 

fuzzy logic controller. 

5.2.1 Joint Trajectories in Simulation. 

The trajectory used for simulation is first chosen in Cartesian space, then 

the Cartesian coordinates are converted into the coordinates in the joint space. 

finally using the cubic spline to get the joint velocity profile. Figure 5-l (a) "hows 

the trajectory P. which is used for most of the simulations in this study . The joint 

velocities of the joint are moderate. the robot configuration changes moderate!). 

Figure 5-l(b) shows the trajectory V, which is used to simulate the high velocity 

and greatly changed configuration of the robot. A joint velocity of about -l .5 rad/s 

is very high for most industrial robots. The coupling between the joints can not be 

ignored in this case. All three joints move around all the possible angular positions 

in their angular spaces. 



5.2.2 Selection of Resetting Coefficient for FLC. 

The basic FLC is tested with the ideal initial control rule base \\ ith 

different resetting coefficient r. This coefficitent determines the effect of the 

previous states on the current control action. The selection of r is the compron1i-..e 

between the small position error and moderate control actions. The simulation 

results are shown in Figure 5-2 and Table 5-1. 

Both the maximum and final period position error is small when r is 0 .2 or 

0 .5. When r is 0 .0, the maximun position is large . In case r = O.X. the position error 

oscillate around the zero and the mean value of the absolute position error is lager . 

The control actions are stnall and smooth when r is 0.0 or 0.2 . To obtain -.;n1all 

joint angular position error and smooth control action, it is clear that r = 0.2 should 

be a good choice. 

Table 5 .I Simulation results of basic FLC with different r 

m lml i) max m lml 8 max 

r = 0.0 r = 0.2 

Joint I 1.03 1.03 1.08 2.05 0.83 0.83 0.88 1.79 

Basic Joint2 3.60 3.60 3.92 7.36 1.88 1.88 1 11 5.Y(l -·--
FLC Joint3 0.22 1.15 1.40 -3.74 0.07 0.79 1.05 -3.22 

r = 0.5 r = 0.8 ' 
I 

Self- Joint I 0 .51 0 .54 0.62 1.3Y 0.25 1.30 1.-U~ 2.76 

learning Joint2 1.17 1.23 1.57 4.60 1.35 2.10 2.54 5.Y7 

FLC Joint3 0.06 0.76 1.05 -3.35 0 .27 1.98 2 .32 5 .67 
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5.2.3 On-line Automatic Rule Modification. 

In this simulation, the initial control rule base is considered to be clo-..e to 

the ideal one, which is tabulated in table 4-1. Only some small modifications are 

needed to improve the system performance. It is possible for the control s ystern to 

perform the control rule modification on-line. 

The first simulation is to test the FLC performance under the condition of 

different payloads. If the payload m2 = I Okg, the self-learning FLC h slightly 

better than the basic FLC. The final point angular position is smaller and the error 

approaches the zero line more quickly in the self-learning FLC. When payload m2 

increases to 20kg, both types of FLC have worse performances. But the '-~elf 

learning FLC obviously gives the better results. These simulation results are sho\' .. ·n 

in Figure 5-3 to Figure 5-4 and Table 5-2. 

The second simulation is carried out for a different joint velocity profile . 

The trajectory V is used in this simulation. The robot manipulator moves along 

the same trajectory in a different period T. When T = Is, the maximum joint 

velocity is around 4.5 rad/s. The basic FLC performance becomes worse as the 

interaction between the joints is significant now. The self-learning FLC shows 

much better performance in this case. For joint 2 the maximum angular position 

error is reduced from 9 degrees to less than 3 degrees. When the motion time for 

the san1e trajectory V increases to T = 3s. the maximun1 joint velocity reduce .... to 

about l.Srad/s. In this case, the self-learning FLC is not clearly better than the 

basic FLC and the control action prones to oscillate. This is because in the vicinity 

of the origin_ in the state plane. the system states do not give sufficiently correct 

information about the system. These simulation results are shown in Figure 5-5 to 

Figure 5-6 and in Table 5-3. 
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Table 5-2 Simulation results with different payload 

m2 =lOkg ffi2- 20kg 

m lml 8 max m lml 8 max 

Joint 1 0.83 0.83 0.88 1.79 0.90 0.90 1.00 2.33 

Basic Joint 2 1.88 1.88 2.22 5.90 2.24 2.24 2.62 6.60 

FLC Joint 3 0.07 0.79 1.05 -3.22 0.24 0.85 1.12 -3.80 

Self- Joint 1 0.73 0.73 0.80 1.77 0.71 0.72 0.87 2.28 

learning Joint 2 1.47 1.47 1.98 5.94 1.68 1.68 2.32 6.64 

FLC Joint 3 0.46 0.55 0.77 -3.22 -0.29 0 .79 1.02 -3.80 

Table 5-3 Simulation results with different velocity profile 

T=ls: m lml B max T=3s: m lml B max 

Joint I 2.17 2.36 2.96 5.08 0.53 0.53 0.62 1.22 

Basic Joint2 2.29 2.61 3.43 8.71 0.80 0.80 0.93 1.52 

FLC Joint3 -1.51 1.67 2.07 -5.18 -0.27 0.28 0.30 -0.49 

Self- Jointl 1.61 1.73 2.20 4.94 0.82 0.82 0 .97 2.24 

learning Joint2 0.88 1.00 1.20 2.62 0.80 0.80 0.93 1.54 

FLC Joint3 -1.42 1.42 1.69 -3.79 -0.27 0.28 0.30 -0.50 

63 



5.2.4 Off-line Automatic Rule Generation. 

The self-learning FLC is also able to generate the control rule ha-,t: with 

little or even no initial knowledge of the control system. Generally thi-, rule 

generation procedure should run several times otT-line to obtain an adequate 

control rule base. We can n1ake some intuitive assumption~ about the initial 

conditions of the control rule base. Three initial conditions are correspondent to 

the various values of linguistic variable x in the initial control rule ba...,e as Table 5-

4: 

(a) initial rule base I. x = ZR; 

(b) initial rule base 2, x = PZ: 

(c) initial rule base 3, x = PE: 

the mean of these linguistic values is the same as in ( 4-3b ). If x = ZR, no initial 

knowledge is available and the FLC will issue initial control actions of zero no 

matter what the input states are. PZ is the minimum discretizing level of the output 

control actions, the FLC will initially issue the control actions of the same small 

amplitude except around the switchiing line. Near this line, the control actions are 

close to zero depending on the input states. The sign of the control action depends 

on the input states. When x = PE, the control actions are similar to those of initial 

rule base 2 except for the saturated amplitude. These initial control actions are 

close to those of bang-bang control. The simulation conditions are set up as: 

r = 0.2, P- trajectory, T = 1 s. 

The initial rule base (a) and (b) give very poor performance in the first three 

learning runs . The initial rule base (c) gives good initial response. The bang-bang 

control nature of this initial rule prevents the deterioration of the performance with 

the greater control actions in the initial stage . After the fifth learning run. the 

perfonnance of the FLC seen1s to cease to improve any n1ore. This is partially 
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because this kind of self-learning FLC will forget what it learned in the past it the 

current performance index shows some modifications are necessary. The joint 

position errors in these simulations are shown in Figure 5-7 and Figure 5-X gi\ t:~ 

the control actions of joint 2.The simulation results are tabulated in Table 5-5. The 

signs in these tables are: m - the mean position errors; lml - the absolute mean 

position errors; () - root-mean-square position errors~ max.- the maximum 

instaneous position errors. 

Table 5-4 Initial control rule base in lookup table forn1 

ERROR 

NE NX NB NM NS NZ ZR PZ PS PM PB PX PE 

PE ZR X X X X X X X X X X X X 

PX -X ZR X X X X X X X X X X X 

PB -X -X ZR X X X X X X X X X X 
I 

PM -X -X -X ZR X X X X X X X X X 

ERROR PS -X -X -X -X ZR X X X X X X X X 

CHANGE PZ -X -X -X -X -X ZR X X X X X X X 

ZR -X -X -X -X -X -X ZR X X X :\ X X i 
! 

NZ -X -X -X -X -X -X -X ZR X X X X X 

NS -X -X -X -X -X -X -X -X ZR X X X X 

NM -X -X -X -X -X -X -X -X -X ZR X X X 

NL -X -X -X -X -X -X -X -X -X -X ZR X X 

NX -X -X -X -X -X -X -X -X -X -X -X ZR X 

NE -X -X -X -X -X -X -X -X -X -X -X -X ZR 
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Table 5.5 Rule generation simulation results with different initial rules 

initial rule set 1 initial rule set 2 initial rule se1 3 

m lml B max m lml ~ max m lml B max 

1ST RUN 

~oint 1: 2.95 3.56 4.35 8.69 1.37 1.37 1.99 4.49 2.17 2.21 3.39 8.71 

Joint 2: 13.2 17.4 20.9 35.7 5.65 12.9 14.9 26.0 -0.40 0.61 0.96 2.52 

Joint 3: -0.81 5.25 6.95-17.0 0.34 4.97 6.07 -11.9 1.45 1.45 1.83 -4.96 

3RDRUN 

Joint 1: 0.18 0.59 0.77 2.17 0.35 0.42 0.77 2.14 -0.31 0.58 0.63 1.34 

Joint 2: 2.86 7.64 8.68 13.8 3.98 4.02 5.48 11.0 1.14 1.39 2.11 5.94 

Joint 3: -1.66 4.01 4.65 -8.11 -0.45 1.41 2.01 -5.58 -0.59 1.25 1.57 -3.87 

5TH RUN 

Joint 1: -0.37 0.76 0.83 1.74 2.17 2.21 3.39 8.71 0.38 0.46 0.52 1.34 

Joint 2: 2.00 2.08 3.34 9.02 -0.40 0.61 0.96 2.52 1.07 1.17 1.80 5.41 

~oint3: -1.15 1.21 2.00 -4.86 1.45 1.45 1.83 -4.96 -0.14 0.77 0.89 -2.88 
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CHAPTER VI 

CONCLUSION 

The goal of this study is to investigate the feasibility of applying fuzzy logic 

control to the field of robot dynamic control. From the analysis and the results on 

the previous sections we can make two major conclusions. First, a basic fuzzy 

logic controller can be applied to the robot dynamic control in some cases. Second. 
t 

it is also possible to automatically generate or modify the control rule base with a 

properly selected performance index and learning algorithm. 

The controller structure, control rule base and selection of the scaling 

factors and discretizing level are the main considerations in the design of a basic 

fuzzy logic controller. The PI type fuzzy logic controller with a certain resetting 

coefficient produces the better system response. The self-learning fuzzy logic 

controller generally gives a similar or superior perfonnance than that of the basic 

fuzzy logic controller even with no initial knowledge of the control system. In the 

case that the robot moves at high speed, the self-learning fuzzy logic controller 

operates well despite the considerably increased coupling effect. The performance 

of both controllers are similar around the equilibrium states, this is due to the limit 

of the system resolution and uncertainty of the states in this region. 

In this study, the fuzzy logic control is used as the sole feedback controller 

in the system. It is desirable to adopt the idea of fuzzy modeling to realize the 

primary controller in the feed forward path. It is also deserved to try the multiple 

control rule base in the self-learning. The precision of the fuzzy logic controller 

should be the objective of further study as well as the stability of the system. 

MIMO fonn of fuzzy logic controller should be included in further research. 
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