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ABSTRACT

The main objective of this research is to study feedforeword and recurrent
neural networks (RNN) for nonlinear dynamic system identification and control. To
be able to control, predict or analyze any system, accurate model is essential. Most
real-world applications have inherent nonlinearities. Conventional PID or state
feedback controllers are usually not capable of dealing with severe process
nonlinearity, variable time delays, time-varying process dynamics and unobservable
states. This research work will study RNN based controllers as a viable alternative to
handle these difficulties. Due to the intrinsic characteristics of RNNs in having
internal memory, they are capable of modeling any linear or nonlinear dynamic
system.

In this research work we will develop an adaptive RNN-PID controller to
compensate for the nonlinearity of a servomechanism.

There are different learning strategies available for updating the weights of RNNs. All
of these techniques are based on the gradient descent algorithm. In this research
project the Real-Time Recurrent Learning (RTRL) technique will be applied for
updating the weights. Numerical simulation will be used to validate the proposed

algorithms.



CONTENTS

LISTOF FIGURES.......ctii i e e e eV

LIST OF TABLES. ... e e s iX
ACKNOWLEDGEMENTS. ... .o e e e e X
Chapter

1. INTRODUCTION. ..o e e e e e e e ee e e 1

Literature REVIEW ......ccuvieie vt e e 2
Objectives 0f RESEAICH. ... oot 7
Research Organization..........o.ocouve e veiieeie e e e e e eenend

2. FEEDFORWARD NEURAL NETWORKS.......coiiiiiiii e 8
Model Of NEUION.......ceie e 8
Back-Propagation Algorithm.......... ..o e, 10

Nonlinear Function ApproxXimation.............coceeevievevinvenienienennnnn 13

3. RECURRENT NEURAL NETWORKS (RNN)....c.oiiiiiiiiii i 16
ATCRITECIUNE ...t nre s 16
Jordan FOrmM.......oo i, 17

EIMan FOrm ... e e e 17

Training Algorithms for Recurrent Neural Networks........................19
Gradient-Descent Algorithm.............oooiiiiii i 19

Real-Time Recurrent Learning (RTLR)...........................20

Basic RTRL Algorithm...................cocen021

Normal RTRL Algorithm...................ocennl 023

Update Equations Based on RTRL Algorithm........................... 24
General RNN Update EQUatioNS..........ooovuiiein i e 31



Program FIOWChart............coeiiiiii 0. 32

4. SYSTEM MODELING USING RECURRENT NEURAL NETWORKS.....33
Pendulum Dynamics..........covveiiii i e e e a0, 33
RNN Discrete Transfer FUNCLION.............coviiiiiiiiiiii e, 35
System Identification With RNN.............ccooiiiiiii e, 37

Input Data Transformation...............ccceee i 39

Training and Testing Results.............ccccoeeiiiiiiiiicie e el 40

5. RECURRENT NEURAL NETWORKS CONTROLLER DESIGN............... 45
Discrete-Time PID Controller ...........coooviiiiiii i, 45

Integral Term... ..o s 46

Derivative Term......oe it e e e e e 46

RNN Controller Design..........ccoovviiiiiiie i e AT
PID Update EQuations............ccovveviviveiieiieieneeenn .. 48

Off-Line Adaptation...............cooooiiiiiiii e, 50
Adaptive PID Controller..........cc.veiiiiiiii e 54
Adaptive PID Controller without Emulator......................54
Adapting EQUAtioNS...........cooviiiiiie i 55

System Jacobian...............co i, 56

Reference Model Difference Equation.................... 57

Simulation Results with Constant Mass.................. 58

Simulation Results with Variable Mass.................. 60

Adaptive PID Controller with Emulator ..................coooii e, 62
Jacobian Computation.............oooie i 62
Adaptive Control System Using Simulink ... 68

Robot Arm Control........oooveeieie i 10

6. CONCLUSION AND RECOMMENDATIONS.......cooiiiiiiiiiee e, 73

REFERENCE LIST ... e e et e e (D



APPENDICES

A. BILINEAR APPROXIMATION RULE..........coiiiiiiiiiieee e (1

B. RUNGE-KUTTAMETHOD......cooiiii e 79
C. NONLINEAR FUNCTION APPROXIMATION WITH FFNN................ 82
R I 84

Vi



Figure

LIST OF FIGURES

1.1 Basic Architecture of an Auto-Tuning Neuron ............ccccevvvvveennd
1.2 A Multi-Variable PID Control Structure with Auto-Tuning Neurons......... 4
1.3 Control Systems ArchiteCture...........covuviiiiii i e 5
1.4 Direct Adaptive Control..........cccoeviiiiiii i e eeenenB
1.5 Indirect Adaptive Control............cooiiiiiiiii e 7
2.1 Model of Neuron or Single Perceptron...........cc.ccoviiiiiiiie i, 9
2.2 Sigmoid Activation FUNCHION....... ..o 9
2.3 Tangential Activation Function.................cccoceeiiiiiiii e enn 20 10
2.4 General Layout of FFNN..........cccoiiiiiiiieceece e 10
2.5 Multilayered Perceptron..........cooviiii i i e e 11
2.6 Feedforward NN Block Diagram ..........ccccooviiiiiiii il 13
2.7 NN Program Flowchart ...........c.ooviiiii e 14
2.8 Results After 10000 Herations ..........ouvreeriiiriie e e e 14
2.9 Results After 10000 IErations ........o.eveveeriiiniieie i e e ee e 15
3.1 RNN General Layout...........ccoiiiiiiiiiiiiiei i, 16
3.2 Fully Connected RNIN ....uieiieie e e e e e e e e e 17
3.3 Jordan ArchiteCture ..........covvvieiie i e 18
3.4 RNN AIChIteCtUIe ....oeieieie i e 18
3.5 Principle of the Steepest Descent (Gradient) Method ........................20
3.6 Two-Layered Fully Connected RNN........cccoeiiiininininiiiene 22
3.7 RNN AFCIITECTUIE ...ttt e e e e e e e e e e 24
3.8 Other RNN ArchiteCtures.........covvvviviiiieiie i e e e e 30
3.9 General Architecture for RNN ..o, 31
3. L0 RNN Flowchart......c.o o e 32
4.1 Pendulum DYNAMICS ... ..uiniitee e e e e e e e e ee e 33
4.2 Pendulum Block Diagram ..........cccevviieie i iiiiiieiieenen 34
A3 RNN AICRITECIUIE ... e e e e e 36
4.4 RNN Architecture for Pendulum Identification...............................37
4.5 Off-Line Identification .............coooiii i e e 38
4.6 Pendulum Block Diagram in Simulink ........................onllll0.38
4.7 Pulse Input Signal and Desired-Actual Output.................... 40

vii



4.8 Sum of Squares of Errors .........c.oevveiviiiiiiiiiiiiiii i 4l

4.9 Network Parameters for the Last Iterations .............ccovoiviieiiiiinennn. 41
4.10 Testing RNN After Training .......ccovvvvveiiiiieie e i e e een s 42
4.11 Input Signal and Desired-Actual OQutput .............ccoeiiiiiiiii e, 42
4.12 Sum of Squares OF ErTOr.... ..o, 43
4.13 Network Parameters for the Last Iterations .............cccveevevivennennne. 43
4,14 TeStiNg RESUILS.......coooi i e e, 44
5.1 RNN Based PID Controller ..........oooiiiiiieiie i e e 48
5.2 Complete Control System Block Diagram............cccveiiiiiiiininiennen. 50
5.3 Simulink Block Diagram for Pendulum with PID Controller ............... 51
5.4 SIMUIAtion RESUILS ......vieiie e e 52
5.5 Off-Line Adaptation ReSUItS..........cvveiiiiiiiie e, 53
5.6 Adaptive PID without Emulator .............coioiiiiiiiiiici e, 55
5.7 Input Signal and Initial System ReSpoNSe. .........ccvvviviiiiiieie e, 58
5.8 System Response and Sum of Squares of Errors After 100 Iterations .....58
5.9 PID Gains and System Jacobian After 100 Iterations......................... 59
5.10 System Response to the Mass Disturbance without Adaptation .......... 60
5.11 System Response and Sum of Squares of Errors After 130 Iterations....60
5.12 PID Gains and System Jacobian After 130 Iterations ......................61
5.13 Adaptive PID with Emulator .............cccoviii i, 63
5.14 Program FIOWChart..........cc.ove i e e e e 64
5.15 Input Signal and Initial System Response .............coecvvviivvennnnn.....64
5.16 Results After Adaptation with 7, =0.2 SEC........ocovvviiiiiiin i 65
5.17 System Response without Adaptation with z,, =0.3 seC.................. 66

5.18 Results After Adaptation with 7,, =0.3 SEC .......ccovviiiiiiiiii i

5.19 Schematic RNN-PID Controller Block Diagram..............cccovevvneenn. 68

5.20 Model of RNN-PID Controller ..........coooiiiiiiiii e,
5.21 Robot Arm Desired Velocity and Position ................ccccoviiieinninn

5.22 Initial System Responses with Disturbance................c.ccoveiennnn 71

5.23 Results After Adaptation............oouveiiein i e e

viii



Table

TABLES

4.1 SYStEM Parameters. .. ... ettt e e e e 40
5.1 System and Simulation Parameters for Off-Line Training.................. 51

5.2 Simulation Parameters for the Adaptive PID Controller with Constant

5.3 Simulation Parameters for the Adaptive PID Controller with Mass
Disturbance .......cooviii i e 0L

5.4 Simulation Parameters for the Adaptive PID Controller with Emulator....66



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my advisor, Dr. Rached
Dhaouadi, for his support, advice and guidance throughout my master thesis at the
American University of Sharjah. My sincere thanks are due to him for taking time
from his busy schedule to guide me on my research. I thank him for introducing me to
the area of adaptive control using Recurrent Neural Networks and for fostering an
atmosphere of openness, creativity and support. 1 am also grateful to Dr. Khaled
Assaleh for his great material on the basic fundamentals of Artificial Neural networks
which was really helpful.

I would like to thank Dr. Jarrah for his strong support on continuing my
research work.

Grateful acknowledgement is extended to Dr. Yousef Al-Assaf for introducing me to
the area of intelligent control.
Finally, this research can never be completed without the continuous support, love

and encouragement of my parents. This dissertation is entirely dedicated to them.



	ADAPTIVE PID CONTROLLER FOR A NONLINEAR PENDULUM SYSTEM USIN
	ABSTRACT
	CONTENTS
	LIST OF FIGURES
	TABLES

