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ABSTRACT

This thesis covers the topic of command input shaping for flexible systems. Input
shaping is a set of commands designed in order to cancel the residual vibration of a system.
Traditional input shaping commands do not take into consideration the effect of nonlinearities
such as Coulomb friction and saturation of the system because of the difficulty of obtaining a
closed form solution for such problems. In this research, a methodology for generating input
commands is introduced. Examples are given for a one degree of freedom system under a
proportional-integral (PI) controller and a two degree of freedom cart-pendulum system. For
the one degree of freedom under PI control, nonlinearities of Coulomb friction and saturation
are included in the shaper development. A model is developed and the time solution of the
motion is solved numerically. Global and local optimization methods are used to determine
the optimum command set for the system. The two degree of freedom systems considered
had a proportional-derivative (PD) controller, and nonlinearities including the effect of
Coulomb friction and saturation. For both models, a comparison with linear input commands
is done, and genetic algorithm is used to determine a near optimum command. Experimental
results for the models are tested and compared to simulated commands. It is shown in the
results that the newly developed commands offer better response than the linear ones with

respect to residual oscillations.
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NOMENCLATURE

Aj : ith Impulse or step amplitude (incremental values)
EIl : Extra insensitive input shaping commands
F : Total force on the system
Feont : Controller force
In : Current to the motor
Jo :The moment of inertia of the pendulum around the pin

Je :The moment of inertia of the pendulum around its centroid
K, :Gear box ratio
Kn :Motor torque constant
L :Half the length of the pendulum
N :Normal reaction (y-direction)
Objfun : Objective function definition
Objfunl : First objective function used in the one degree for a three step command
Objfun2 : Second objective function used in the one degree for a three step command
PD : Proportional-derivative controller
PI : Proportional-integral controller
PID : Proportional-integral-derivative controller
R :Motor armature resistance
Trad.Obj  : Traditional objective function
Vin :The input voltage to the cart
\% : Residual vibration of a system
V; : Residual vibration of the first mode
V, : Residual vibration of the second mode
VA" : Zero vibration input shaping commands
ZVD : Zero vibration and derivative input shaping commands
ZV. fft : Objective function using Fast Fourier Transform
77 : Array removed from the search space in the genetic algorithm code
c : damping of the system
cthd : Expression for the equation of the angular acceleration of the pendulum
cxd : Expression for the equation of the acceleration of the cart
Fft : Fast Fourier Transform

finalangle  : The angle of the pendulum after the last input step
finalanglvel : The angular velocity of the pendulum after the last input step
finalpos : The position of the cart after the last input step

finaltime  : the time of the last input step

finalvel : The velocity of the cart after the last input step
ka :The derivative gain of the system
ki :The integral gain of the system
kp: :The proportional gain of the system

my :Mass of the block

- o 2VE I, P [



tstep
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Xdprev

XN
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Hs
W0d

Oy

: time step for the integration
:The position of the cart
: Desired position of the cart (position of the controller)

: Current position of the controller
: Previous position of the controller

: Point from the population of the genetic algorithm code

: Locally optimized point in the genetic algorithm code
:Angle of the pendulum

:Dynamic friction

:Static friction

: Damped frequency

:Angular velocity of the motor

: Natural frequency

: Damping ratio of the system



CHAPTER 1

INTRODUCTION

This chapter gives a brief review of the current input shaping practice, the motivations
behind the presented research, the approach followed during the research, the scientific

contributions and an overview of the thesis.

1.1. REVIEW OF INPUT SHAPING PRACTICE

One of the interesting problems in control and dynamics fields is the time response of
flexible structures (lightly damped structures). These structures have been used for a long
time in applications such as tower cranes, overhead cranes, robot manipulators and large
structures in space. Ship decks floating on sea surfaces can also be treated as flexible
structures during loading and unloading, where large oscillations are induced. The flexible
structures offer many advantages since they have less mass, thus lighter weight, which is
especially useful in robot and spacecraft applications. Moreover, due to its high flexibility, it
induces lower stresses in the material, thus increasing the durability of the machine. By
decreasing the components and mass of flexible structures, the cost is decreased also.

However, some problems arise from the high flexibility of these structures including
their sensitivity to external disturbances, large amplitude oscillation, and long settling time.
Many techniques were developed in order to reduce or eliminate such drawbacks. Two broad
control schemes can be applied, which are feedback and feedforward control. The former is

useful in case of reducing the effect of disturbances on the system (structural model under
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two responses. However, this type of control is not useful in reducing the oscillations of the
system for a given input command (impulse, step, ramp) due to its delay in response. In such
a case, feedforward control is more useful, since it provides a series of input commands that
will result in anticipation of oscillation and elimination of their occurrence. One of these

forward methods is input shaping in which a desired input command is broken into steps that

cancel the vibration out.

Input shaping can be illustrated by the simple cart and pendulum example shown in Fig. 1-1
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Fig. 1-1: Mlustrative drawing of the application of input shaping to a cart and pendulum model

The cart should be moving between an initial and a desired position, while minimizing the
oscillations of the attached pendulum. Instead of displacing the cart instantaneously (step
input command) to the desired position, the cart is subjected to a series of instantaneous
displacements at specific timings that will cancel the pendulum oscillations. The cart is

subjected to a step input at the initial position that is only sufficient to move it to the



1.2. MOTIVATION

There exists a constant need to suppress the oscillations of the different flexible
structures. In most cases these structures have a non-linear behavior. Moreover, in many
applications, high positioning accuracy is required. There are several approaches in practice
that can be used to suppress such oscillations. One of these approaches is input shaping,
which presents an easy, simple and cheap way for the achievement of such goal. Recently
there has been some research in hybridizing input shaping with conventional controllers (such
as proportional-integral (PI) and proportional-derivative (PD) controllers). However, this
seminal work is confined to linear systems, where only the system's natural frequency and
damping ratio are considered. There are other parameters that need to be taken into
consideration in order to properly describe the systems such as friction and saturation.
Therefore, there is a need for an input shaping algorithm that will take into consideration such

extra non-linear parameters.

1.3. OBJECTIVES AND APPROACH

The objective of the research reported in this thesis is to develop a procedure for
determining the optimal input shaping command set for non-linear systems. This goal is
achieved in this thesis using the following approach:

1. The equations of motion of an exemplary system composed of a cart and pendulum are
developed, including the effect of non-linear parameters such as friction and saturation.
2. A numerical integration algorithm using the Runge Kutta method is developed to obtain

the system response. The developed algorithm ensures compatibility between the
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3. System identification experiments were applied on an experimental setup of a cart and
pendulum system to determine its parameters that include friction and damping
coefficients.

4. An optimization algorithm is developed to find the optimum input command set for the
cart and pendulum system. The optimization algorithm is based on the hybridization of
genetic algorithm and direct search methods.

5. Verification experiments are performed to compare the actual system response with the

simulation response.

1.4. CONTRIBUTIONS

The research presented in this thesis makes the following contributions in the area of
input shaping:

1. Optimized input command sets can be developed for different nonlinear systems. To date,
no optimization method have been developed for command input shaping for nonlinear
systems.

2. A novel hybridization of the optimization of input shaping commands and the
conventional feedback controllers, especially the integral controllers, has been developed.
This hybridization offers the chance of benefiting from the property of the integral
controller to eliminate the steady state error of the system, while canceling out the extra

oscillation induced by such controller.

1.5. THESIS OUTLINE

The thesis is divided into six chapters and two appendices:



Chapter one includes the introduction, motivation, research objectives, approach, and the
list of contributions to input shaping field.

Chapter two presents a literature review about feedforward control, input shaping, the
different hybridization schemes, and the combination of command input shaping with
optimization and nonlinear systems.

Chapter three addresses generally optimization as a tool for the solution of the input
shaping problem, and Genetic Algorithm as the optimization tool used in this thesis. This
chapter is a prelude to the work done in the consecutive chapters.

Chapter four presents the one degree of freedom system composed of a cart and a
controller. The chapter introduces optimization of the input shaping commands with the
inclusion of nonlinearities in the system, and compares the final response with that of a
linear system. In the chapter, the equations of motion, and the objective function for the
different models are developed. The sequence of solution and implementation to the
actual experimental set is presented. System identification process is described and the
simulations as well as the experimental results are presented.

Chapter five describes the two degree of freedom system composed of a cart, a pendulum
and a controller. Modifications to the Genetic Algorithm code will be explained and the
system identification process will be briefly discussed. Simulation and experimental
results will be compared.

Chapter six concludes the thesis and provides suggestions for future research.



CHAPTER 2

LITERATURE REVIEW

2.1. INTRODUCTION

There are many types of strategies that are mentioned in the literature dealing with
vibration suppression of flexible structures such as optimal control approaches, and optimal
feedback control which usually are difficult to calculate and implement for many systems
(Singer and Seering, 1990). Some of these commands will be discussed, while input shaping
will be carefully surveyed. The research in the input shaping field assumed two main
directions: the first deals with theoretical formulations of the input shaping commands in
order to provide a general solution that can be applied to most linear cases. The second is
concerned with applying these results with either modification to the system to which they

are applied or modifications of the commands themselves.

2.2. FEEDBACK CONTROL

Feedback control is one of the widely used types of control, where a feedback command
is developed based on the difference between the actual response of the system and the
desired response. In the case of flexible structures, such a broad type of controller wasn't
successful to cancel the vibration of the system during its transient response. Feedback
control proved to be successful in system disturbances rejection (Mohamed and Tokhi, 2003),
yet limited oscillation suppression was achieved using this technique in displacing flexible

structures due to the delay in its feedback commands (Singer and Seering, 1990).



2.3. FEEDFORWARD CONTROL

Feedforward control is based on priori information of the system under consideration.
Based on this information, the input command set anticipates the future oscillations, and
cancels them out. The benefit of such type of control is that it doesn't wait for an error to
occur in the system in order to take an action, but rather estimates any deviation before hand.
Many types of feedforward control can be applied including inverse dynamics, input shaping,

and time optimal control.

2.3.1. INVERSE DYNAMICS

In inverse dynamics, input commands are designed based on the desired output of the
system. Given a desired output response function for the system, the function coefficients are
deduced by backward solution of the system equations. In order to apply such method, the
desired function has to be differentiable and continuous (Singer and Seering, 1990).
Examples of output functions include the third order exponential function. In addition to
being limited to a specific number of output functions, the method suffers from disadvantages
that include the restriction of the speed by the actuator limits and inapplicability at high

speeds. Nevertheless, the method has an advantage of high robustness (Sahinkaya, 2001).

2.3.2. INPUT SHAPING

The development of input shaping was done by breaking the input command into
several delayed steps that cancel out the vibrations (Smith, 1958). For a one degree of
freedom system, a two-impulse command was developed by setting the residual vibration

s m 1N eanal to zero. and solving the equation for the impulses amplitudes and



V(o,8)=e[c@.¢)f +[8(0.¢)f (2-1)
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Clo,¢)= z":Aieg"” cos(w,t,)
i:l (2-2)
S(@,8)=Y A sinfw,t,)

i=1

®q is the damped frequency of the system described by the following expression

0, =lo1-¢7) 2-3)

This type of command is called the zero vibration shaper (ZV). The main variables in this
model are the impulses A; and their timing t. The response of a model subjected to this
impulse is described in Fig. 2-1 (Singh and Singhose, 2002). The solutions to this problem
include the trivial one of impulses of zero amplitude, which will cause no motion. In order to
avoid this case, another condition has to be specified which sets the sum of the normalized

amplitudes equal to zero (equation (2-4)) to ensure that the desired position is reached.

Z A =1 (2-4)
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An expression of the first impulse and the timing of the second impulse are shown in

equation (2-5).

i
e =4
4, = &
140 (2-5)
m
t, =—
y

Systems in real life are usually subjected to step and ramp response rather than simple
impulses. Thus in order to obtain the desired shaped step, the obtained impulses could be
superimposed on the desired step response in order to obtain the final command as shown in

Fig. 2-2 (Singh and Singhose, 2002).

Step Shaped

A=

Impulses

Fig. 2-2: Convolution of impulses with a step command

It was found that this type of shaper is rather sensitive to system parameter variations.
To improve the robustness of the input command, another method, called zero vibration and
derivative (ZVD) shapers is developed. A ZVD shaper has an additional constraining
equation, which sets the derivative of the vibration equation with respect to the natural
frequency of the system to zero (Singh and Singhose 2000):

—a—V(a),é’) =0. (2-6)
ow

With equations (2-1), (2-4) and (2-6)

, it is possible to solve for five variables considering that the initial time is set a free choice.
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timings of the second and third impulses (t, & t3). It was shown that this type of command
produces much less vibration than the ZV shaper as shown in Fig. 2-3 (Singh and Singhose,
2000)

More robust shapers can be designed by increasing the number of impulses. These
shapers are called the extra insensitive (EI) shaper. In the single hump extra insensitive
shapers, the vibration level is constrained to a limit value V, at the model frequency, and is
set to zero at two other locations around the model frequency (single hump EI). This leads to
higher robustness that minimizes the vibration level below V for a variation of frequency of

+20% as shown in Fig. 2-3 (Porter et al., 1995).

ZV Shaper
a5 ——Raobust (ZVD) Shaper
| ‘,,‘ ----- Very Robust Shaper

Percentage Vibratinn

0.5 075 1 125 1.5
Normalized Freguency {00/@y)

Fig. 2-3: Comparison of ZV, ZVD & Extra Insensitive shapers (Singh & Singhose 2000)

However, in many systems there exist model nonlinearities related to either large
motions of the system, presence of friction or input limits of the actuators. As the system
nonlinearities increase, these types of shaping commands sometimes fail to reduce the

vibration level considerably. Thus more robust shapers were designed by increasing the
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vibration level is equal to zero. This comes at the penalty of increasing the time delays
(Porter et al.,1995).

It was shown that for multi mode systems; input shaping can be applied by the
convolution of the different steps of each mode (Singer and Seering, 1990). This encouraged
many researchers to apply this concept to flexible link by using the previously discussed

shapers (ZVD, EI) in order to damp the vibration of flexible links.

2.3.3. TIME OPTIMAL CONTROL

Time optimal control is based on setting the values of the input parameters of the
system to their maximum, in order to either accelerate or decelerate it. Such a way ensures
that the optimum performance of the system is achieved. Pao and Singhose (1997) developed
a time optimal control shaper (constant amplitude input commands) for the zero-vibration
(ZV) and the zero-vibration-derivative (ZVD) cases. They compared its performance to that
of a standard shaper (variable amplitude input commands). It was shown that no general
expression could be provided for the time optimal control shaper. Moreover, a comparison of
the behavior of the variable amplitude shaper and the time optimal control shaper shows that
the former excites less higher-mode oscillations and has higher robustness. Yet, it is slower
than the latter (Pao and Singhose, 1995). One of the applications in which ZV, ZVD and time
optimal control shapers were tested is the motion of cranes with and without hoisting.
(Kension and Singhose., 2000). It was shown that time optimal control for a rigid body leads
to large swing angles, while time optimal control of a flexible body reduces the vibrations.

However the time optimal control of flexible bodies is sensitive to modeling errors.

Moommorre 4o malendatinne are ta he faund for each displacement size. and the implementation



reduce the transient vibration when compared to optimal control commands. If negative
impulses are used in the case of variable amplitude input shaping, shorter time delay is

achieved, with larger transient oscillations.

2 4. HYBRIDIZATION OF INPUT SHAPERS WITH CONTROLLERS

As shown previously, input shaping is a useful method in suppressing the vibration of
flexible systems. Hybridization of input shaping with different types of controller yield better
results than simply using these controllers. The main concept behind such hybridization is
that the input shaping commands are designed to suppress the vibration, while the different
controllers are responsible for accurately positioning the system. Many types of controllers
were used with input shaping including a proportional-derivative controller, low pass and

band pass filters and other types of controller.

2.4.1. PROPORTIONAL AND DERIVATIVE (PD) CONTROLLER

A PD controller is a feedback controller that takes action based on the rate of change of
the system's error. A method was suggested for the design of both input shaping and PD
controllers simultaneously. The simulation results showed that the analytical solution
developed yielded better results with less overshoot, settling time and sensitivity than for a
PD control alone, yet the only disadvantage of this method is the higher disturbance
amplification (Kension and Singhose, 2000). Input shaping combined with PD and lead
controllers were applied to a single flexible link in order to reduce residual vibrations (Kuo
and Kuo, 1992). By computer simulation, it was shown that this method was effective in

reducing such vibration and improving tracking properties of the system.



2.4.2. Low PASS AND BAND PASS FILTERS

Filters are devices that determine the range of signal that is allowed to reach the system.
For low pass filters, only low frequency signals are fed to the system while the higher
frequency signals are cancelled. For the band pass filter, signals with specific range of
frequency are allowed to pass. Input shaping with two and four impulses was used in
combination with low pass and band pass filters in order to reduce vibrations of different
modes, where the filters were applied to the input command to ensure that the imposed
frequency is different from the natural frequencies of the different modes of the system
(Mohamed and Tokhi, 2002). It was shown that the input shaping command have high
robustness toward errors, while low pass filter was shown to perform better than band pass

filters.

2.4.3. OTHER TYPES OF CONTROLLER

Hybrid control schemes and input shaping were applied to a flexible manipulator
model. Proportional-derivative PD, proportional-integral-derivative PID and the combined
PD and PID controllers were used for the input tracking of the manipulator and a four
impulse shaper was used for the vibration suppression (Mohamed and Tokhi, 2003). It was
shown by simulation that PD controller with input shaping performed better than PD
controller with PID controller in terms of vibration reduction at the end point tracking of the
manipulator. Other works include the combination of input shaping to reduce modes
vibration of flexible links and sliding mode tracking control to overcome friction problems

(Romano et al., 2002).



2.5. INPUT SHAPING OF NON-LINEAR SYSTEMS

Nonlinearity presents a major problem in the design of the input shaping command. The
effect of friction as a nonlinearity in the system, was introduced by Lawerence, et al. (2002)
who analytically solved a one degree of freedom model with a PD controller in the presence
of Coulomb friction. They compared the results of the new input commands with the
conventional input shaping commands. The former gave the system a better response by
accurately positioning the mass and by eliminating the need for a large derivative controller
that causes higher overshoot.

Moreover, some research was done in the case of multi-degree of freedom systems
(Banerjee and Singhose, 1998). The objective was to determine an analytical solution for an
input shaping command for a two link flexible robot in order to dampen two modes of
oscillation of its links. This was combined with nonlinear feedback control. Simulation

results showed that an improved response was obtained.

2.6. INPUT COMMAND OPTIMIZATION

One of the useful ways in determining new input commands is optimization where
nonlinearities could be included. A trajectory optimization problem using recursive quadratic
programming algorithm was implemented to a single flexible link in order to reduce
vibrations. A numerical model was made taking into account the flexibility of the link and the
friction. An optimized trajectory was calculated in order to eliminate two modes of vibrations
of the link, in addition to the use of a PD controller for the angle of the link. It was shown

that the optimization method offered a solution that reduced the tip vibration of the link, and
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dampen further vibrations induced in the system due to model inaccuracies (Wilson and Starr,
1996). As the nonlinearities increase, this optimization method could fail in finding the global

optima especially for large variations in the natural frequency of the system.

2.7. CONCLUSIVE REMARKS

From the above literature review the following areas of research present vacant gaps
that need further studies in the subject of input shaping commands of flexible structures:

1. Hybridization of input shaping with proportional-integral (PI) controllers for nonlinear

systems: PI controllers have the advantage of eliminating the steady state error of the
system as opposed to PD controllers. One of the major challenges is to hybridize input
shaping with PI controller in nonlinear systems since there is no analytical solution for the
optimum input command needed to suppress the vibration such system.

2. Large nonlinearity effect in flexible systems: One of the major sources of nonlinearity is

saturation. An example of saturation is in the case of DC motors. If large input voltages
are applied, these voltages will be down scaled to the maximum allowable voltage of the
motor. Saturation has an effect equivalent to altering the natural frequency of the system.
This feature represents a major nonlinear factor that is not included in the design of input

shapers.

3. Global optimization for nonlinear two degree of freedom systems: The optimal selection

of input commands to minimize oscillations, have been approached with optimization
techniques that linger in local minima. However, due to the highly nonlinear nature of the

oscillation function, it is expected that it would contain several minima. Therefore a
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The previous research gaps are addressed in the present thesis. A new approach for the
determination of the input command for nonlinear systems is developed and applied to two
models. This approach models the system numerically, and then genetic algorithm is used to
optimize the input commands by varying their amplitudes and timings. A one degree of
freedom system is modeled. This system, with a PD controller, is modeled to verify that the
new approach for determining the input commands produces the same results as in the
literature. The system will then include a PI controller in the presence of both friction and
saturation for the sake of studying the hybridization of input shaping with PI controllers in
nonlinear systems. In addition, a two degree of freedom system is modeled including two
nonlinear terms representing the effects of friction and saturation. An optimized input
command set is developed for such a model using genetic algorithm as a global optimizer to

escape the expected local minima. The results for both systems are verified experimentally.



CHAPTER 3

GENERAL METHODOLOGY

This chapter shows how optimization theory can be used in general to find optimum
input shaping commands. This basic presentation is imperative to the understanding of the
work done in the consecutive chapters. Section 3.1 presents the layout that is used in order to
use optimization with input shaping. Sections 3.2 will briefly discuss the genetic algorithm as

a global search method and how it is introduced in the solution scheme.

3.1. OPTIMIZATION OF INPUT SHAPING COMMANDS

It is clear that a simple analytical solution could be found for linear model. However,
when different types of controllers are included in the model and with the presence of friction
and saturation, the closed form solution is tedious to find, and sometimes it is not possible to
find one. While analytical solutions are difficult to obtain, numerical modeling can predict
the system response with high accuracy. Moreover, the input shaping problem presents itself
as an optimization problem where the main constituents are the objective function to be
minimized, the system variables that are substituted in the objective function and a set of
constraints that have to be satisfied. The way to conform the input shaping problem to these
optimization points are different. In some cases the objective is to produce the shortest
amount of an input command sequence, and in this case the constraint is to set the vibration
level equal to zero. In this thesis, this problem layout is inappropriate, since the presence of a

zero vibration level as a constraint is not assured in the case of the different types of
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constraints are specified. First the time should be less than a limiting value depending on the
system natural frequency thus minimizing the time instead of including it in the objective
function. Second, the sum of the impulses is scaled to unity in order to reach the desired
position. Third, All the impulses are positive in order to decrease the search space for the
optimization problem since the use of the negative impulses is not applicable in all systems.
The decision variables are the impulses amplitude and the corresponding timing.

The problem is set to be solved as an optimization problem where the values of the
variables are fed into the numerical model of the system, and the corresponding objective
function value is evaluated. The next step is to choose which optimization technique to be
applied. Since the function is highly oscillatory, the local optimization method could not be
applied directly. Instead, a near global optimization method is applied, such as genetic
algorithms and then the solution is used as an initial guess for the local optimization method.

The sequence in the design, modeling and calculation is based on two rﬁain codes. The
first code is the optimization code, which is responsible for producing results depicting the
optimum solution. This code calls the second one, which is the objective function code. The
latter code involves the numerical model of the system response. In the schematic diagram in

Fig. 3-1, the relation between the codes is presented.



OPTIMIZATION CODE Objective Function

e Suggests values for the e Starts the numerical
design vanables. integration based on

e  Obtains results from the [ the input from the
objective function to optimization code.
decide the next search
move.

Model Code

o It includes the
equations describing
the model whether
one or two degree of
freedom

Fig, 3-1: Schematic diagram for the sequence of code steps

32. GENETIC ALGORITHMS

In the following chapters, genetic algorithms will be the global search method used in the
optimization of input shaping commands. Since the input shaping optimization is a
continuous variable optimization problem, a special kind of genetic algorithms is adopted.
This is the real-coded genetic algorithm. The method is reviewed in this section in addition to
some search features that suit the problem at hand.

The genetic algorithm (GA) is a global optimization method that is based on using
multiple points in its search in order to find a near global optimum solution. The structure of
the GA's differ from one problem to the other depending on the complexity of the problem,
the number of variables, the shape of the objective function and other factors. However, the

main components of the optimization problem in this thesis are:



The decision variables in case of the ZV input command set were the amplitude of the first
step A; and the timing of the second step t,. For the ZVD models the four variables were the
amplitude of the first and second step A; & A, and the timing of the second and third step t;
and t;. In case of the two degree of freedom system they were three amplitudes and three
timings in the case of the four step command.
¢ Constraints
Step timings:
The timings of the input commands should have values greater than zero (#20), and they
should not exceed a value equal to the period of oscillation of the system.
Amplitudes:
The normalized amplitudes should satisfy equations (2-4) and (3-1).
4,20, fori=1,2,3 (3-1)
The constraint of equation (2-4) can be satisfied by using decision values that represent
ratios of the amplitudes (between zero and one), instead of the direct use of the amplitudes
themselves. This guarantees that the amplitudes will sum up to be equal to 1.
e Objective Function
The objective function in this thesis is the minimization of the vibration level, as will
be described in sections 4.3 and 5.2.
REAL CODED GENETIC ALGORITHM
Traditional genetic algorithms converted the decision variables from their real domain
to a binary code. This code was used in turn in the search process. However, such coding was

found unsuitable for continuous domain optimization, and was replaced with the real-coded



version of genetic algorithms (Herrera et al., 1998). The general algorithm for a real-coded

genetic algorithm is as follows:

Randomly initialize a population of points within the boundaries of each decision
variable. Each decision variable is assumed to be ranging between an upper and a lower
bound.

For the generated points, the objective function has to be evaluated. These points
represent the initial population of the GA.

Such step is the start of the generation loops where every step including this step will be
repeated for a specified number of generations.

The generated points are to be ordered based on their objective function value, depending
whether this is maximization or a minimization problem. In this case (minimization), the
points are ordered in ascending order of the objective function.

Then a fitness function for each point has to be defined in order to rate the probability of
selecting this point to survive in other generations. This fitness function will help
selecting the different points probabilistically. Another option that was used in the GA's is
to use geometric probability distribution in order to choose probabilistically the best
points. This guarantees that even if the size of the population size is increased, still the
best chromosomes (points) will remain on the next generation.

Create a temporary population in which new points and points from the previous
generation are put. The way to fill this temporary population is by the following
operators:

Selection



A number of points are selected from the population of the previous generation without
any modifications. The selection process is either based on the fitness function previously
defined or on a random variate from geometric distribution. In the case of a single degree
of freedom system, 20% of the population was selected. In the two degree of freedom
system 70% of the population was selected. This selection operator ensures that the high
fitness chromosomes are present in further generations.

Cross Over

This general type of operator is based on a two point averaging method. Such averaging
leads to two new search points, which are referred to as the children of the old ones. This
cross over is sometimes intended to randomize the search so as to break off one of the
local optima and sometimes it is a selective operator that improves the actual solution.
The following types of cross overs where used (Michalewicz and Fogel, 2002) including
arithmetic cross over, simple cross over, and heuristic cross over.

Mutation

The mutation operator modifies one point either randomly or in a specific search
direction. In many cases, the mutation could help in breaking off local optima. The role of
the mutation depends on its type. The mutations that are used in the genetic algorithm
code in this thesis are (Michalewicz and Fogel, 2002) including uniform mutation, whole

uniform mutation, boundary mutation, non-uniform mutation and Gaussian mutation.



CHAPTER 4

ONE DEGREE OF FREEDOM SYSTEM

In this chapter, input shaping is applied to a one degree of freedom model. The main
contribution in this model is that it combines input shaping, with a PI controller in the
presence of nonlinearities. Section 4.1 describes the general model. Section 4.2 introduces the
previously researched one degree of freedom model with PD controller and Coulomb friction,
and the new model with PI controller in the presence of friction and saturation. Section 4.3
defines the objective function for these two types of models for the zero vibration (ZV) input
command set and the zero vibration and derivative (ZVD) command set. Sections 4.4
describes the sequence of solving the model and applying it to the experimental set up and the
system identification procedure. Finally, in section 4.5 the simulation and the experimental

results are presented and compared.

4.1. DESCRIPTION OF THE MODEL

The first model that was used in the application of input shaping is a one degree of
freedom model consisting of a mass, a damper and a controller. Although this model is
simple, yet the presence of nonlinearities such as the Coulomb friction and saturation
complicates it. This model was based on an experimental device produced by Quanser

Consulting Inc'. Fig. 4-1 is a schematic representation of the actual model present in the lab:
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Fig. 4-1: Schematic drawing of One degree of freedom model

The mass block represents a cart subjected to both static and dynamic friction depending on
the status of motion of the mass. The friction applied to the cart is both sliding friction and
rolling friction. The front of the cart is held on two small rods to which a gear and a pinion
are attached that allow the motion of the cart on a linear rack (see Fig. 4-2). The gear acts as
an encoder that allows the measurement of the position of the cart. The back of the cart is
held on a long rod that causes the sliding friction of the cart. There is an extra weight added
to the cart to prevent it from being lifted off the track. The cart is driven by a motor that

delivers the motion to the gear thus causing the motion of the cart to the right and left.
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The controller is mainly designed in a computer program and communicates with the
cart through a board and wires connected to it. The wires represent another type of friction
that affects the motion of the cart. Depending on the position of the cart the wires increase or
decrease the friction. In Fig. 4-1, the controller is represented by physical components such as
a spring for the proportional controller (k) and a damper for the derivative controller (kqg).
The position of the controller is the desired position of the cart (Xgesired), While the actual
position of the cart is Xacrual. The damper on the left is a physical representation of the back

EMT of the motor. The expression for this term will be developed in the section 4.4.

4.2. ONE DEGREE OF FREEDOM MODEL WITH PD AND PI CONTROLLERS

In this section, the equations describing two models are presented. The first model is the
one with a PD controller, which was researched by Lawerence, et al. (2002). The second is

the same model with a PI controller.

4.2.1. PD MODEL

The first model that is used simply expresses the schematic diagram in Fig. 4-1. This
case of PD controller has been solved previously, and also analytical results were obtained
for such model whether with friction (Lawerence et al., 2000) or without friction (Singer and
Seering, 1990). However, it is essential to demonstrate at this stage thé possibility of using
optimization together with numerical integration to prove that the new approach for the
determination of the input command is capable of producing same results as the analytical
solution, and that it is general since it can include any nonlinearity in the system, which is

sometimes difficult to include in case of analytical solution.



The model is presented in state space equations on which the numerical integration is
based. In this case there are two state space variables which are the position of the cart and

the velocity. The equation describing the model is:

m, x=(FCONT —,uKNOsign(x)—kpx—(c+kd)xJ (4-1)
where F,on is the controller force represented by the following expression

F

cont

=k x, ki xa 4-2)

where x,,xq are respectively the desired position and velocity of the controller. Since the

controller is digital, the velocity of the controller is calculated based on the rate of change of
position using the same time step as the one used in the integration code.

. X —X
Xd = deur dprev (4_3)
t

step

where x4 is the current position of the controller, Xgprey is the previous position of the
controller and e, is the time step. The time step shouldn't be less than the sampling time of
the controller. The numerical integration used is Runge Kutta RK4 where the two equations to

be solved are:

for:xl=x,x2=;c
x.l=x2 )
X, =l (FCONT —/‘KN°Sign(x)—kpx_(c+kd);Cj

myp

Two conditions are to be specified which deal with the maximum input voltage to the system
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V., (voltage) =k, [(—xi——xdﬂz—xz} +k, (xd —xl) (4-5)

step

A condition is specified to set the velocity and acceleration equal to zero when the force

applied is less than the static friction force, and the velocity is less than 0.001 m/s. By

developing the Runge Kutta integration code, with appropriate time step, a response for the

system is developed. The structure of the code is as follows:

1. Determine the input to the system: impulse or step

2. Apply it by varying the value of the desired position of the controller at the required time
of the input application. In order to calculate the velocity of the controller, the previous
value of the position has to be recorded. For the first step, the value of the previous
position (X4prev) is equal to zero.

3. Perform the calculation for the constants of the RK4. In each calculation, the function
with the equations describing the model (Model Code) is called.

4. Then the value of the velocity and acceleration is determined for this time step, and are
used as the initial point for the next integration step.

5. Steps 3 and 4 are repeated until the end of the period of integration.

4.2.2. PI MODEL

This model is an extension of the previous model where instead of a PD controller, a PI
controller is used. In this case all the sequence of equations will be the same as the PD model,

except for the controller equation which will be:

Fo=kx,+k (3 error¥,., (4-6)



In equation 4-6, the integral controller gain is multiplied by the integration of the error
function. In this case, the integration code will include an extra expression for calculating and

recording the cumulative error at each time step in order to feed it to the model code.

4.3.  OBJECTIVE FUNCTIONS FOR THE MODEL WITH PD AND PI CONTROLLERS

The definition of the objective function varies with the type of the model and the type
of the input command. There are two main types of input commands that are investigated
which are the zero vibration (ZV) and the zero vibration and derivative (ZVD) input
commands. Thus, objective functions will be defined for four models:

- Model with PD controller and ZV input command.
- Model with PD controller and ZVD input command.
- Model with PI controller and ZV input command.
- Model with PI controller and ZVD input command.

For the ZV shaper with PD controller case, the goal was to reach the desired position with
zero velocity, thus the objective function is:

Objfun = |x - x4| + |velocity] (4-7)

The above function has two terms, and since each term has to be minimized, the function
yields itself as a multi-objective optimization problem. However, when there are several
objectives at hand, they should be having the same order of magnitude, otherwise one of the
objectives will dominate the other during the search. Therefore the velocity term is scaled by
dividing it by the natural frequency of the system, which is a constant value. This was found

to keep both terms in the same order of magnitude. Moreover, an undamped system with an



Objfun = |x - xdl + (4-8)
@y

For the ZVD shaper with PD controller, the objective function is composed of two main
parts which sets the vibration equal to zero and the derivative of the vibration with respect to
the natural frequency equal to zero. In order to obtain an expression for the derivative of
vibration level function with respect to the natural frequency of the system, numerical

differentiation with three points forward differencing will be used. For a function f to be

differentiated with respect to one of its variables x, the first derivative will be computed as

follows:

f2 dx

: :l(—f(x)+4f(x+dx)—3f(x+2dx)j (4-9)
where dx is the change in the variable x. In the case of the model, x is be the natural
frequency, and dx and 2dx represent 2.5% and 5% changes in the natural frequency
respectively. The computer code will calculate the response for these extra two values of the
natural frequency at each time step. Central differencing method was not suitable for this
kind of application because of the symmetry in the sensitivity graphs of the ZV and ZVD
shapers. In Fig. 2-3 it can be seen that around the designed value of the natural frequency,
both ZV and ZVD have zero vibration level. Moreover, at any two symmetric points at the
frequency axis, the level of vibration is the same. Thus, in order to be able to distinguish
between the response for ZV and ZVD input commands, two successive non symmetric

points will be used, which favors in this case the use of either backward differencing or the

forward differencing method. The terms used in defining the objective function are:



Term, =\x—xdl+i (4-10)

a)n
Term, =|x2—xd[+———xi— (4-11)
w,+dw,
Term, = [x3 —xd|+ . - (4-12)
w, +2do,

where the subscript 2 & 3 designates the values of position and velocity obtained by

increasing the gain by 2.5 % and 5% respectively. Thus the objective function becomes

(4-13)

—term, + 4term., — 3term
Objfun =term, +( . 2 2 ]

2dw

n

In the case of PI controller, the objective function definition is modified because of the
presence of the integral controller. The input shaping commands dampen the oscillations of
the system. However, by definition, the integral controller takes action based on the
summation of the error function. Thus it cumulates the error in the response at each stage, and
feedbacks a signal based on this error summation. Although the system response might reach
the desired position, yet, the integral controller still inputs further signals to the system
leading to further oscillations. This is seen in Fig. 4-3 where the response obtained from the
linear ZV input command set reaches the desired position, then starts to oscillate again. This
is the same for the response obtained from the input command optimized using the previous

objective function. In other words, the integral controller adds another pole to the system,
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yet the third pole of the integral controller which is an overdamped one had not settled yet.
The current definition of the objective function (traditional function)® doesn't include the
settling of this last pole. Another objective function is defined based on the Fourier series of
the response. By obtaining the Fourier transform of the response between the end of the final
step and an extra oscillation period, the frequency of the oscillations in the response. By
minimizing this function, all the oscillations should cancel out.

Some oscillations remain because the command that executes the Fourier transform is
based on summing the responses at each point. The oscillations of the two underdamped
poles are superimposed on the settling curve of the third pole. It is necessary to separate these
two types of responses in order to apply the Fourier transform effectively. This is done by
assuming that the settling curve of the over damped pole is a straight line connecting the start
point after the final input step and the end point after a period of oscillation. This line is
subtracted from the total response of the system after the final input step, and then the Fourier

transform is applied.
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Fig. 4-3: Comparison of the simulation response for the linear ZV command, and the commands
generated by the traditional objective function and the new objective function.

By comparing the linear ZV command (described in the literature review), the traditional
objective function and the new objective function, it can be noticed that the latter leads to
zero oscillation (see Fig. 4-3). It slightly overshoots; however, it reaches the desired position
without vibrations. It also gives the same response as that of the linear ZV command.
Moreover, as shown in Fig. 4-4 and Fig. 4-5 , the mesh plot for the variation of the traditional
objective function versus the step amplitude and timing for a ZV command has several local

optima as compared to the new objective function.
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is done by computing the Fourier transform for the two other frequencies, and performing the
forward differencing differentiation as previously described. This method gives better results,
yet a problem remains since the final position is not accurate. Thus another term comparing
the final position of the cart to the desired position is added. For the ZVD case, two objective
functions were applied; the first takes the derivative of the Fourier transform part with respect
to the natural frequency, without taking the derivative of the error in the final position. The
second takes the derivative of the total error function. The reason for that is to test different
objective functions, and their corresponding command.

With these variations, the PI system with ZV input command has two choices of objective
functions, one setting the error in position and velocity equal to zero (Traditional ZV
objective function), and the second (ZV/fft) taking the Fourier transform of the oscillatory
response. The PI system with ZVD input command has also two choices of objective
functions: the first one (Objfunl: (4-14)) using the Fourier transform and it derivative with

respect to the natural frequency, and including the error in position only.

(l + —a—j [fft(response) + |x -X, \ (4-14)
ow

n

The second function (Objfun2: 4-15) uses both the Fourier transform & the error in the

final position and their derivatives.

(1 + 88 )(fft(response) + |x - X, D (4-15)
wn



4.4. IDENTIFICATION AND VERIFICATION OF THE MODEL

In this section, a general sequence is presented to show how to apply a given set of
input on to the experimental set up, showing how the voltage is transferred to a force applied
to the machine.

The desired controller is designed on SIMULINK using the parameters previously
calculated. The model is built by a C code provided by the supplier in order to be able to
communicate with the physical device. The newly built code is run giving a signal for the

motor to start. The motor equations which are depending on the voltage are as follows’:

V=I R +K,K,o,=I,R,+K,K, >~ (4-16)
r

The torque and Force generated by the motor are

T=K,K,I,
(4-17)
F=1
r

By developing the above equation, a final expression of the force can be generated based on

the voltage:

2 2
KK, KK

F X 4-18
Rxr Rxr’ ( )

The coefficient of x represents the back EMF of the motor and this is represented on the
schematic drawing by a damper (Fig. 4-1). Equation 4-18 offers a theoretical formula to
calculate this damping factor. However, the actual damping and the friction force are
determined in the lab in order to recalibrate the device. Once the machine starts to move, the

e s oo coee the position of the cart and feeds it back to the computer



in order for the controllers to produce the next set of signals. Real time graph plots are
developed on the computer describing the motion of the mass.

The next step is to define the different parameters of the system. The main parameters
that need to be determined are the dynamic friction of the model and the damping coefficient.
These parameters are defined by performing a series of experiments where the input is a ramp
with different values. The input voltage is compared to the desired velocity value (ramp
value), and by linear regression, a line is fitted to these points. The steps to determine the
friction and the damping of the system start by inputting a ramp command and its opposite
one to the system such that it covers the whole track of the cart back and forth. From the
velocity graph of the cart, an average value of the velocity for the forward and backward
travel of the cart can be obtained. The previous steps are repeated for 40 different input
voltages. After obtaining the 40 points, a linear line is fitted where the x-axis is the velocities
of the cart, and the y-axis is the input voltages (see Fig. 4-6). Finally, from the intercept and
the slope, the friction voltage and the damping of the system can be determined respectively.

It should be noted from the results that the friction is not exactly the same in the
forward and the backward travel; however, an assumption is made that they are the same
since the difference is very small. The friction is not the same all over the travel track due to
the wear in the different parts of the track. Moreover, the presence of the wires at the back of
the track affects the friction. When the cart is at the beginning of the track, the wires are in a
position of pulling the cart in its direction of motion, which decreases the effect of friction. At
the end of the track, the wires are pulling the cart in the reverse direction to its motion, which

increase the effect of friction. For this reason, an average value of the friction is calculated by
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Fig. 4-6:Plot for the friction and damping identification of the cart model

After determining the required parameters of the model, the computer simulation of the
model was compared to the actual motion. This was done by inputting different step sizes to
the actual system, and comparing it to the computer simulation results. Correction factors are
used in order to adjust the differences in the natural frequency and the damping of the
simulated and the actual system. By using these correction factors, it is shown that the two
responses are quite close with small difference at the end of the step due to the difference in

the modeling of the friction as seen in Fig. 4-7.
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Fig. 4-7: Comparison of the computer simulation and the actual responses

4.5. DISCUSSION & COMPARISON OF COMMANDS AND RESPONSES

For the one degree of freedom model, several comparison scenarios were developed in
order to obtain comprehensive results that could be later used without restrictions. All the
scenarios that were developed were based on expected performance of the system under the
specified conditions. The main factor that determined these scenarios is the effect of
nonlinearities on the different responses of the system due to different input commands.
These cases, with its corresponding input command will be presented briefly in order to
clarify the objective of each one.

The first case is the linear system ZV input command, which was presented in section

2.3.2. As was seen, this type of command was able to set the vibration level to zero, in case of



reduction in oscillations will still take place; however, it is expected that oscillations will be
induced. This command will be referred to as theoretical ZV command. The second case is a
normal step response, but with higher damping (damped step). This type of command is
frequently applied to systems when no oscillations are desired. Yet the main problem of such
command is the high overshoot after this step, which is not desirable in many cases, in
addition to the delay that it causes in the settling time of the system. The third case, which is
similar to the previous case, is for an S curve input with high damping. This command
climinates the discontinuity in the input command set as compared with a step input.
However, due to the fact that the input time is small, still the effect of such input will lead to
high overshoot. The results of this type of command are listed in Appendix A for all step
sizes. For these three cases, two optimized input commands will be compared. These two
commands are based on the optimization of the model with PI controller and ZV input
command set using the two objective functions previously specified. The first objective
function (Trad.Obj) is the traditional objective function that sets the error in position and the
velocity equal to zero. The second objective function (ZV:ffi) is the one that uses Fourier
transform to describe the oscillations of the system response.

Considering the ZVD models, the comparison will focus on the theoretical ZVD
command that is developed for linear system (Theoretical ZVD). As compared with the ZV
inputs, this command is more robust when dealing with variations in the system, thus less
vibrations are expected. Yet, as the nonlinearities increase, more oscillations are induced.
This theoretical command is compared to two commands developed by optimizing the model

with PI controller and ZVD input command using also the two objective functions previously

— . . Y



the response, its derivative and the position error. The second objective function (Objfun 2) is
defined by taking the Fourier transform of the system response, the error in position and the
derivative of both terms. This latter objective function is expected to yield more robust
results. A comparison of the robustness of such command will be developed by varying the
K, and K; of the controller by 15%, and considering the corresponding changes m the
response.

In order to facilitate the comparison between these different cases, some response
parameters are used. The first is the percent overshoot of the final step. This parameter is a
key parameter in describing the ability of the system to eliminate extra motion. Second, the
settling time required to reach a response within the limits of 5% of the desired position
reflect the speed of the response. It is desired to decrease this parameter. The rise time, which
designates the time it takes the cart to reach the desired position for the first time, is another
measure of the speed of response. The difference between the rise time and the settling time
is a good indication of the speed of the response. For fast responses, the settling time and the
rise time are the same. Finally, the percent deviation in the final position measures the error
in the final position of the response with respect to the desired position. The main essence of
this parameter is to ensure that the error in position is within a small percentage. It is shown
that these deviations are very small in all cases (see Appendix A)

These different parameters will be used in order to compare the response of the system
when the values of the controller are changed. The discussion will focus on cases based on

the step size first, than a general comment will be made summarizing all the cases.



STEP SIZE: 1CM

At this step size, the main nonlinearity is the effect of friction on the system. As previously
mentioned, the effect of friction on the final position of the cart is cancelled by the integral
controller that eliminates the steady state error. The responses of the ZV and the ZVD case
are presented in Fig. 4-8 and Fig. 4-9 respectively. For all the cases, the cart reaches the final
position with a maximum error of 0.87% for the theoretical ZVD and a minimum of 0.04%

for the optimized ZV (Trad. Obj).
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Fig. 4-8: ZV Response for step size 1cm for PI controller
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Fig. 4-9: ZVD responses for step size: 1cm for PI controller

The S-curve results were eliminated from the comparison because of the high
overshoot it causes to the system (see Fig. 4-10). Fig. 4-11 summarizes the results for the
different input command sets. The details of the results are shown in Table A-2, where the

amplitudes of the incremental step sizes, and the cumulative times are included.
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Fig. 4-11: Comparison of results for step size:1cm for PI controller
QOvershoot:

The theoretical ZV command minimized the overshoot considerably if compared to



respectively 7.66% & 11.87%. The theoretical ZV command, which is only based on the
damped frequency of the system and damping ratio, ignores the effect of friction on the
system. Thus when comparing the optimized commands with the theoretical ZV, it is clear
that the former ones lead to a smaller overshoot. The command obtained from the traditional
objective function (Trad.Obj: setting the error in position and velocity equal to zero) results
in 1.15% overshoot, while the ZV:fft objective function is 6.86%. It was expected that the
traditional ZV objective function would result in further oscillation. As previously explained,
this objective function provides a set of input commands that damp the two complex poles,
while not taking into consideration the third overdamped pole. Yet, due to the fact that the
displacement is small, the vibrations induced by this third pole are damped by the presence of
friction, and thus don't appear neither on the simulated nor the actual response. Unexpectedly,
the theoretical ZVD command resulted in higher overshoot than the theoretical ZV. The
reason for that is the presence of friction for a small step size, which substantially magnifies
the effect of nonlinearity in the system. For the optimized command using objective function
1 or 2, the overshoot was 2.5%, which is considerably low as compared to the (ZV: fft) case.

Rise & Settling time:

The rise and the settling time of the theoretical ZV are respectively 0.3 and 0.7 seconds,
while the results of the optimized command (ZV: Trad.Obj) are respectively 0.1 & 0.1. It can
be seen that for this command that the position is reached directly, thus offering a fast
response as compared with the theoretical ZV. Although the damped step response has a
small rise time (less than 0.1), yet the high overshoot increased the settling time to 0.6

seconds. As can be seen, the optimized command (ZV: fft), lead to fair results in terms of the



the rise time is higher than the case of the ZV, which is attributed to the delay in the
command by half a period. Yet, the settling time of the theoretical ZVD (0.5 seconds) is less
than the theoretical ZV. For the optimized commands, the settling times of Objfunl &
Objfun2 are respectively 0.4 and 0.1. It can be noticed that these two commands settle

quickly, thus the settling and rise time are the same, thus leading to a fast response.

Variation of Parameters
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Fig. 4-12: Effect of controller parameter variation on the different commands (1cm) for PI controller

The variation of the controller parameters is applied to the best ZV optimized command
(ZV: Trad.Obj) and the three ZVD commands. This change leads to a considerable increase
in the overshoot percent of the ZV command to reach 12.9%, an the settling time (0.2

seconds) while for the theoretical ZVD command, the overshoot decreased to 20.6%, and the
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seen that the ZVD optimized command maintained some robustness to variation as compared
to the ZV optimized command (see Fig. 4-12). From the computer simulation responses, the
ZVD 2™ objective function was expected to have higher robustness as compared to the first
one, yet it showed increase in overshoot and settling time. This is mainly attributed to the
presence of some modeling error.

Thus for this step size, the theoretical commands lowered the vibration level as
compared to a step response. However, due to the presence of nonlinearity, the optimized
commands offered lower overshoot % and faster settling time. The robustness of the
theoretical ZVD and the optimized ZVD using the second objective function were highest
compared to the other remaining cases, yet the optimized ZVD commands still lead to lower
vibration level for the designed and the varied cases.

STEP SIZE: 5CM

As the step size increases, the friction force becomes less effective as compared to
smaller step sizes. The effect of saturation starts to affect the efficiency of the theoretical
commands. Moreover, the overdamped pole of the system induces further vibrations that are
not cancelled by the effect of the friction. The S-curve input command with high damping
results in very high overshoot for the ZV and the ZVD case, thus it will be eliminated from
the comparison (see Appendix A). The comparison of the results is presented in Fig. 4-13 (for

result details see Table A-3).
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Overshoot:

The highest overshoot result from the damped step command to reach 33% of the step
size, while the theoretical ZV command is 16%. This shows the effect of applying input
shaping to minimize vibration. However, the theoretical ZV command was expected to
further reduce the vibration, but due to the presence of the saturation and friction, it still
produces a higher overshoot. The two ZV optimized commands offer a lower overshoot
ranging from 6% for the traditional objective function (ZV:Trad.Obj) to 7% for the ZV:fft
objective function. The oscillations are still low (Trad.Obj) due to the presence of friction,
which is still not negligible at this step size. The overshoot decreases considerably by using
the ZVD commands. The values of the overshoot of the theoretical ZVD, ZVD (objfunl) and

ZVD (objfun2) are respectively 10%, 5% and 8%. As expected, the theoretical ZVD is able to



overshoot especially using the 1% objective function (fft+ derivative (fft) + the final position
error). The decrease in the overshoot is 50% when comparing the optimized command
(objfunl) and the theoretical ZVD.

Rise and settling time:

Although the rise time of the damped step is the lowest, yet the settling time is large
due to the high damping and the large overshoot. While the overshoot of the theoretical ZV
command is high compared to other commands, and so is the rise time (0.2 sec), yet the
settling time (0.4 sec) is lower than the optimized ZV commands (0.5 sec). The settling time
for the optimized ZV command using the traditional objective function (Trad.Obj) is close to
theoretical ZV command. For the ZVD theoretical commands, the rise time and the settling
time is higher than the theoretical ZV which is expected. As for the optimized ZVD
commands, the rise time (0.2 sec) is nearly the same as the optimized ZV. This might lead to
slight decrease in the robustness of these commands. However, it can be noticed that the
settling time of the command (Objfunl) are the smallest (0.3 sec) as compared to all other

responses.

Variation of Parameters

By varying the controller parameters by 15%, it can be noticed that slight variations in
the parameters of the response changed. However, the response could be qualitatively judged
to have more oscillations. For the optimized ZV command using the ZV:fft function, the
overshoot increased from 6% to 7.5%, and the settling time slightly increased. The

intermediate oscillations are higher in this case. For the theoretical ZVD command, the



response, while (Objfun2) maintained higher level of robustness. The response for the
different cases is presented in appendix

STEP SIZE 10CM

At this step size, the effect of friction can be considered as negligible, and the main
source of nonlinearity is the saturation of the system and the presence of the overdamped pole
that will cause further oscillation by exciting the other two complex poles. By closely

examining the results shown in Fig. 4-15, the following can be noticed (for result details see

Table A-4):
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Fig. 4-15: Comparison of results for step size: 10cm for PI1 controller

QOvershoot:
The theoretical command whether the ZV one or the damped step, will result in an

overshoot of 49% to 51%, which is certainly very high. The main factor that leads to the



and objfun2 the overshoot was 8.5%. The optimized ZVD commands reduce vibration
considerably as compared to all other commands.

Rise time and Settling:

The rise time for all ZV commands varies with a limit of 0.2 (sec), while for the ZVD
commands it ranges from above 0.2 in the optimized cases, to 0.3 in the theoretical case. As
the overshoot of the theoretical ZV and the damped step is high, their settling times (1.2 and
0.8 seconds respectively) are high. For the optimized ZV commands, the settling time 1s
much lower (0.6 seconds). As for the ZVD commands, the optimized command offers the
smallest settling time (0.3 seconds)

Variation of Parameters:

As shown in Fig. 4-17, by varying the controller’s parameters by 15%, slight

increases in the overshoot and settling time occurred.
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Tt can be seen that the main variation is in the response shape in the case of the ZV
commands where more oscillatory response is depicted, whereas the ZVD commands still
maintain nearly the same shape. It can be seen that the optimized ZVD commands perform
better that the optimized ZV command and the theoretical ZVD commands.

Thus, for this step size, the optimized ZVD commands provide the smallest overshoot, and
the fastest response in terms of seftling time. Although these command have a slight delay in
the rise time, but the fact that the oscillation level is minimal leads to this fast and steady
response.

STEP SIZE 20CM

Similar to the previous step size, the same nonlinearity effects are present with are
larger pronounced effect of the saturation and the extra pole in the integral control. The

results in Fig. 4-18 show the following (for result details see Table A-5):
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Overshoot

In the case of the theoretical ZV command and the damped step, the overshoot
percent reaches 62% and 67% respectively. By considering the optimized command, the
overshoot increased as compared to the previous step sizes, yet its values are far less than the
theoretical command. The ZV optimized command using the traditional objective (Trad.Obj)
function leads to an overshoot of 21.5% as compared to the other optimized command (ZV:
fft) where the overshoot is 19.6%. By examining the two responses, it will be found that the
oscillation level for the first case is much higher than the second case where there are almost
no oscillations. The theoretical ZVD command failed also to reduce vibrations since the
overshoot is 38%. It is clear that at this stage, the saturation caused a considerable shift in the
natural frequency of the system thus canceling the damping effect of the theoretical ZVD
commands. For the optimized ZVD commands, the overshoot is within the same ranges as
the previous step size cases. For the case of objfunl and objfun2 the overshoot is 8% and
10% respectively. Moreover, the system response has slight oscillations, which is reflected in
the low settling time.
Rise time and settling time
The rise time for all commands falls within the same range of 0.3 to 0.4 seconds. It is worth
mentioning the substantial variations in the settling times of each command. The theoretical
7V command and the damped step have a settling time of 1.5 and 0.9 sec respectively, while
the settling time for the optimized commands using the traditional objective function
Trad.Obj and the ZV:fft function are 1 and 0.7 (sec) respectively. While these numbers differ

by fraction of seconds, however, the variation increased considerably for this step than



of 1.3 (sec). The optimized ZVD commands have settling times of 0.7 and 0.5 (sec) for
objfun1 and objfun2 respectively.

Variation in parameters

At this step size, the variation in the controller parameters slightly affects the
parameters of the ZVD commands. The main considerable change is a decrease i the
overshoot of the optimized command (objfunl) from 8% to 6.6%. However, all other
parameters are the same. For the ZV command, the overshoot decrease from 21.5% to 19 %,
and the settling time from 1 sec to 0.7 sec, thus indicating more variation in the response.
Although these variations show less vibration level, however, it can be seen that it shows that
this type of command is more susceptible to changes than other types of ZVD set of

commands (see Fig. 4-19).
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Thus the ZVD optimized commands maintain an overshoot value and a settling time
comparable to previous steps. At the same time, the optimized ZV commands lower the
vibration level when compared to the theoretical steps; however, it can be noticed generally
that the overshoot values are higher than previous step. The response induced by the
traditional objective (Trad.Obj) function is more oscillatory than the one obtained by using
the ZVfft function.

STEP SIZE: 30CM

Qvershoot:

As expected from the previous results, the theoretical commands will lead to a high
overshoot while the optimized commands will keep the same range of values for the
overshoot. As shown in Fig. 4-20, for the ZV theoretical command, the damped step and the

7VD theoretical command the overshoots are 69%, 75% and 50% respectively.
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The corresponding values for the ZV optimized values are 23% for the traditional objective
function (Trad.Obj) and 18% for the ZV:fft function. Similar to the previous step size, the
ZVD optimized commands have the lowest overshoot of 11% for Objfunl and 9% for Objfun
2 (for result details see Table A-6).

Rise and settling time:

The rise time varies within the same range for all the types of command; however, the
settling time varies greatly from the theoretical command to range from a minimum of 1.5
seconds to 1.9 seconds, whereas the optimized commands have a maximum settling time of
12 in the case of the traditional ZV objective function to a minimum of 0.8 seconds for the
ZVD optimized cases.

Variation in parameters:

As mentioned for the previous step size, the parameters that depict the percent

overshoot and the settling time will result in the same value for all cases (see Fig. 4-21).
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However, during the intermediate response, there are some variations in the case of the ZV
command when compared with the ZVD commands. It can be noticed that as the step size
increases, the effect of these variations decreases due to the fact that the nonlinear terms are
more pronounced.

The responses that describe the motion of the cart for the different input commands

are shown in Fig. 4-22 and Fig. 4-23
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Fig. 4-22: ZV response for step size:30cm for PID controller
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Fig. 4-23: ZVD response for step size:30cm for PID controller
SUMMARY OF RESULTS

From the above results, it can be shown that the theoretical input shaping command fail
to reduce the vibration in the case of nonlinear models. The effect of these nonlinearities
varies with the step size of the motion of the cart. For small step sizes, the friction plays the
main role as a nonlinear factor in the model. As the step size increases, the friction effect
diminishes while the effect of the saturation of the system is more pronounced. It was also
shown that the traditional objective function (Trad.Obj) that settles the error in position and
velocity to zero is not effective for the case of the integral controller, since this controller
adds an extra pole that takes longer time to settle, thus exciting the two complex poles. This

is apparent for large step sizes where the oscillations are higher. A comparison of the



overshoots and settling time for the different commands is presented in Fig. 4-24 and Fig.
4-25 respectively.
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Fig. 4-24: Comparison of overshoot percent for different command & different step sizes

For the settling time, the optimized ZVD commands offer the smallest settling time as

compared to all other commands. By comparing the optimized ZV commands with the

theoretical ZV commands, it is found that the settling time in the first case is in general

smaller than the second case especially for the extreme cases of nonlinearities (very small

step size and very large step sizes).
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Fig. 4-25: Comparison of settling time for different commands & step sizes

By comparing the robustness of the different commands, it was shown that the ZV
commands, although might show small variations in the overshoot and settling time, yet
changes in the intermediate response values are more apparent than in the ZVD cases.
Moreover, the optimized ZVD commands showed better responses than the theoretical ZVD
ones. As expected, the optimized ZVD commands using the second objective function
(Objfun 2) was more robust than all other commands except for the step size of lcm.

Tt is necessary to compare the trends of the amplitude and timing of the different input
steps for the different commands. For the traditional objective function, the amplitude of the
first and second input step follows a near constant line for all step sizes except for the lcm

step size. For this step size, the friction effect is high, thus a higher values of A; is required to

.. q R




displacement step size. This is attributed to the effect of saturation of the system (see Fig.

Trend line for the amplitude and timing vs step size (for Trad.Obj)
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Fig. 4-26: Trend for the amplitudes of the two step and the timing of the second step for a ZV command
for the traditonal objective function versus step size.

For the fft objective function, the amplitudes of the first and second step are constant, except

for the step size of Scm. The timing of the second step also increases linearly with the step

size (see Fig. 4-27)



Trend line for the amplitudes and timing vs step size (Objfun:FFT)
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Fig. 4-27: Trend for the amplitudes of the two step and the timing of the second step for a ZV command
for the fft objective function versus step size.

For the ZVD case using Objfunl, the amplitude of the third step decreases linearly with the
step size. For the smallest step size (1cm), the amplitude of this step is small, which indicates
that the amplitude of the first two steps is high in order to overcome the friction effect. As
shown in Fig. 4-28, no trend is identified for the amplitude of the first or second step. This
indicates that the derivative part of the objective function (4-14) is not completely optimized.
The scaling of this term has to be modified. The timing of the second and third input steps

increases linearly with the step size of the displacement. This is due to the effect of saturation

(see Fig. 4-29).



not optimizing the derivative of the objective function (see equation 4-15). The time of the

different steps increases linearly with the step size. As shown in Fig. 4-31, the timing of the

input steps does not follow the same trend. This is attributed to the effect of friction.
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Fig. 4-30: Trend for the amplitudes of the three steps of the ZVD command for Objfun2 versus step size.
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Fig. 4-31: Trend for the timing of the two steps of the ZVD command for Objfun2 versus step size.

Thus, it is shown that for the ZV objective function a trend for the amplitude and timing can

be detected. Moreover, for the ZVD objective functions the timing of the mput steps



to be done for the objective function in order to ensure that the different terms are properly
scaled.
LIMITATIONS

Although the optimized results offer better responses than the conventional types of
input steps, there are some limitations in the model that affected these results. The modeling
of the friction presents one of the limitations of the model. As shown in the system
identification parameters, the friction is not constant all over the track. Moreover, it was
shown that the backward friction is different from that of the forward direction. The presence
of the wires at the back of the cart affected also the motion of the cart. In the comparison
between the different commands, the same starting position for the cart was used. In the
model, the friction was specified as a constant value at all positions. Thus more refinement in
the model could be included in order to obtain higher accuracy.

Some differences were noticed between the response of the actual model and that of the
simulation. These differences result from the fact that the parameters of the model are slightly
different from the actual ones.

It was desired to use smaller step sizes; however, the minimum size of the displacement

was limited to 1cm in order to have accuracy in the measurement.



CHAPTER S

TwoO DEGREE OF FREEDOM SYSTEM

In the previous chapter, the focus was on a one degree of freedom system with friction
and saturation. This chapter is concerned with a two degree of freedom model with low
damping where the effect of input shaping will be examined. In this case, there is an extra
mass added to the previous system where the vibration level of this additional mass is
affected by and affects the vibration level of the first mass.

In the coming sections, section 5.1 presents the equations for a linear model without
friction in order to show the procedure for the calculation of the theoretical input command.
Section 5.2 develops the equations of motion for the nonlinear two degree of freedom model
and defines the objective function. Section 5.3 describes the modifications made to the
Genetic Algorithm code to escape possible genetic drift phenomena that arose during the test
runs. Section 5.4 will briefly describe the system identification process for this model which
is similar to the previous model. In section 5.5, the results are compared for different cases

and input command sets.

5.1. LINEAR TwO DEGREE OF FREEDOM MODEL WITHOUT FRICTION

The problem of command input shaping that cancels out the vibration for a two degree
of freedom system is already solved in the literature for linear systems. The solution can be
obtained by different methods. In this case, there are four main equations that need to be

equal to zero which are the two equations for the vibration levels of the first mass and the

n 1



respectively, are unknown together with t, and t3 the timings of the second and third step
respectively. The response of a mass subjected to three impulses, where their sum is equal to
1is:

for:t>t,
X(t) — e‘(lwl(t"l)eiﬂ’l(l“tl) + e"{lwl(t_tz)eiwl(l_tz) + e*(l”)l(’_fa)eiml(l—’a)

(-1

For the two degree of freedom model, it is required that the residual vibration of the first and
the second modes be set to zero. By referring to (5-1), the expression of the residual vibration
of the two modes at t3 is:

— (=Goty) (i) (6o (t,-1)) (i (t-12))
Vl_Alellzelz_*,Azellazexaz +A3

5-2
V2 =Ale(—§2a’2f3)e(iwz’2) +Aze(_gzwz(lz—tz))e(ia’z(’a“’z)) +A3 ( )

where A, A; & Aj are the amplitudes of the three steps and t, & t; are the timings of the

second and third step respectively. ®;, @;, ; and & are the damped frequency and the
damping ratios of the system respectively. The objective is to set |V1| + |V2] equal to zero. For

this equation, there are many solutions depending on the period of time through which the
system should stop vibrating. As can be seen this equation is applicable to any system that is
modeled linearly.

Another way to obtain a set of input commands is done by finding the command needed
to set the vibration of the first mode shape equal to zero, and similarly for the second mode.
Then the two sets are superimposed on each other. In this case there will be four main steps.
For a linear system, this solution is feasible. The calculations are the same as described in
section 2.3.2, which determine the appropriate input shaping command for a one degree of

freedom system, and then the procedure is extended for the two degree of freedom model.



These two methods of obtaining an input command that will set the vibration level to
zero will be used in order to check the model formulation and calculation (without friction),

as well as the ability of the optimization procedure to give same results.

5.2. CART AND PENDULUM SYSTEM

The model that is used in this chapter is a further extension of the one degree of
freedom model in which a cart connected to a PD controller moves on a track. A rod is linked

to the cart by a joint (see Fig. 5-1). The experimental setup used is shown in Fig. 5-2.
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Controller

Fig. 5-1: Schematic diagram of the two degree of freedom system

Wires at the Rod on which the
back of the can cart is sliding

The cart

Pendulum




The objective is to position the cart at a certain point with no vibration of the cart and the
pendulum. In order to achieve this, the same procedure that was used in the one degree of
freedom system is used in this case. The equations describing the model are specified, then
rearranged in a way to be able to apply numerical integration. The genetic algorithm code is
adjusted accordingly in order to find the optimum solution.

The equations for the model are the block and rod translation in x direction, y direction and

rotation (see equations 5-3, 5-4 and 5-5).
(my, +m,)x,+m,lcos@)6, =k, x,+k,x, —(c+k,)x, —k,x +m,lsin®,)0,— w Nsignx,) (5-3)
N=(m,+m,)g+ m,le2 cos(d,) + m,l@.2 sin(6,) (5-4)

J, 9.2 +m, x.2 Icos(8,)+m,I* éz =—m, Igsin(6,) (5-5)
The nonlinearities in the model are several. Some of them are included while others are
ignored depending on the relevance of each to the models.

The model has to include both the static and dynamic friction in order to be able to
obtain an accurate representation of the experimental setup. Moreover, the saturation of the
system which greatly affects the efficiency of the generated input command had to be
incorporated in the code.

The structure of the code is as follows:
e Input the parameters of the model: m., my, 1, Jr, kg, kp ik and ¢

e Define the input variables of the model function, which are the angle 0,, position xi,

angular velocity 6, and velocity x;.

e C(alculate the state variables based on the equations previously described with the



" The nonlinear terms of the angles will be linearized since there effect is minimal on the
system response. The linearization will be done by assuming that:
cos(8) =1, Sin(0)=0, 6°=0 (for small 8);

The equations will be as follows:

X, —X
V., (voltage) =k, {(—d;ﬂ—xz} +k, (xd _xl)

step

_Jo(mb+mr)+ml

cthd = .
m,l
2
oxd = +m, —(mrl)
J,
9, =0, (5-6)
P e p; Nsign(x,) + (m, +m,)g0,
2 cthd
X, =X,
2
e - Noign(ey) + £
X, = £

cxd

. In practical applications, the allowable voltage of the system is limited, which usually
causes saturation. Thus a limit was put on the absolute values of the voltage in order not
to exceed 5 volts.

_ The initiation of the motion requires the cart to overcome static friction. Similarly, at the
end of the motion, where the vibration supposedly should be set near to zero, there is a
point where dynamic friction changes into static friction. This was applied in the model

through the following condition:



k,(x, —x 2
p =504 = Xpe) : ) (e, —5) = (e k), +——(’”r? g4
step 0

Conditions: F < u;N & x, <0
6, =0 (5-7)

x =0

t

step

X, =X
kd(—d—dp—rei—xzj+kp(xd -x)—F+(m, +m,)gb,

L]

cthd

The code for the numerical integration will be the same as for the one degree of
freedom model with the only difference that there are four equations, which are put in a
matrix form in order to decrease the computational time. At the beginning of this code, the
input command applied to the controller is defined with the amplitudes and timing. At the end
of the integration code, the objective function has to be evaluated. For the analytical solution
of the model without friction, two equations have to be satisfied in order to achieve zero
vibration which consists of setting the vibration of the pendulum equal to zero, and so for the
cart. This leads to four equations, two for each component of the system. Thus the command
that can be generated consists of three steps. Thus, the minimum number of steps needed in
order to set the vibrations of a two degree of freedom to zero is three. However, the
difference between the natural frequencies of the system causes some problems especially
with the presence of nonlinearities to the system. The small natural frequency (pendulum)
required two steps with large timing, while the larger natural frequency (cart) required two
successive steps with much smaller time in between. This could not be solved with the three
step command since some oscillation for the cart will be induced at one of the intermediate

commands due to the difference between the frequencies of the cart and the pendulum. A four



step command will be required to set the vibration of both elements of the system equal to
zero. Thus two unknowns will be added which are Az and ts.

The next step in the integration code is to define the objective function that will set the
vibration equal to zero (near zero). The definition of the obj ective function is more
complicated since the terms that describe the level of vibration are numerous. Several
objective functions were suggested:

The first objective function consists of simply setting the different terms of position and
velocity equal to zero. This is achieved by the following equation:

Obfun = [ finalpos - x, \ + i ﬁnalvel| + | ﬁnalangle‘ + ‘ ﬁnalanglvel| (5-8)
where the first term refers to the error in the final position of the cart, the second term refers
to the final velocity of the cart, the third term refers to the final angle of the pendulum and the
fourth term refers to the final angular velocity of the pendulum.

It was noticed that this function led to the development of a larger number of local minima
which rather prevented the program from finding the near global optimum. Thus a
modification was done to the objective function. The final time of the command was included
in the objective function, taking into consideration that it will be scaled by multiplying it with
one of the terms of the objective function. It was noticed that the optimization code failed to
find a consistent solution or even a solution that will lead to low level of vibration. This is
explained by the fact that it is not recommended that any of the decision variables of the

optimization (which is the time in this case) be included in the objective function (5-9).
Obfun = (1+ finaltime) x ‘ finalpos — x, I + ] ﬁnalvell + \ ﬁnalangle| + ] ﬁnalanglvel} (5-9)

Tt was noticed that the number of terms in the objective function is large. Only three of



Thus an extra term was added in order to achieve no vibration of the cart after the first two

steps. The new objective function became:
1=ty =21, =21,

Obfun:§|x—xdll+ ,—Zt‘x_x”‘-‘_ ;I@] (5-11)
where t; is the timing of the second input step, t3 is the timing of the third input step.
The previous equation gave better results, yet it was noticed that at time ty, which is the
timing of the final step, the actual position was still far from the desired position. This is the
same for the position of the first two steps. This definition still created some undesired local
optima by not including the fact that by the time the final step is applied, the cart or the
pendulum should be near their desired position. In the current definition, the cart or the
pendulum is at its position after the command is done. Moreover, the summation term

continued until a long period after the final step, which hid the substantial overshoot at the

timing of the final step. The final objective function was as follows:

t=1.4¢ =14z,

Sle-x,|+ Dl (5-12)
=t _ t=t4‘

t=t,
Obfun= Y |x—x,|+
t=t__

where, t,” is one time step before the second input step, and t4” is one time step before the
final input step.

All of the previously described objective functions describe responses with zero vibration;
however, the method of defining the objective function is essential in changing its shape, thus
leading to less local optima, which decreases the chances of drifting in the search for the

global optimum.



5.3. MODIFIED GENETIC ALGORITHMS

At this stage of the programming of the genetic algorithm code, it was noticed that a drift
towards local optima was happening. This problem occurs when the objective function values

of the local optima are close to each other, which can cause a premature convergence of the

code (see Fig. 5-1).
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Fig. 54: INustration of the genetic drift

This problem is highly dependent on the definition of the objective function. As was
explained in the previous sections, the objective function for the one degree of freedom
system required some modifications. However, the normal GA's perform well in such

problems. For the two degree of freedom model, the case is different, since the number of



code. The solution suggested for such a problem is the use of a modified GA code, in order to

avoid the occurrence of such phenomena.

The modification to the GA mainly consists of investigating completely some search
area and then removing them from the total search space. It is desired that as the number of
generations increase, the search space decreases, thus focusing the search on smaller areas.
Thus the best point of each subregion is saved in an array and the search proceeds in the
remaining area. The method of coding such a concept required the following modifications mn
the GA code.

Local optimization mutation

An extra operator was added which is applied to the point with the highest fitness in each
generation. After sorting the points based on the normal fitness function, this point is locally
optimized. As a new local optimum is found, a Cartesian region is created around this point,

which is a prohibited area to search in (see Fig. 5-5).
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This is imposed in the selection, crossovers and mutations. The formulation of this step is
done as follows:
For the best point of an generation i X, = {xil IS F SUING } ,
the locally optimized points is X», = $ny, Xy, X0y .. XN, }, and the region that is removed
from the search space is defined by the following two column array:
ZZ, =3n, X, (5-13)

In this case a condition has to be imposed in order to guarantee that this region does not




This method created an array with i rows (number of generations) with boundary limits in
each row that are not to be searched. Thus this newly optimized point is removed from the
population list and put in the candidate array points in order to be compared to other
generated points from later local optimization in order to find the global optimum.
Selection

For the selection operator, caution should be made in order not to fall into a drift of local
optimum. This could be due to the fact that the high fitess points are usually close in value
to the best point of the current generation. Thus although this point was eliminated from the
search space with a region surrounding it, the following points in the sorted list could be very
close in value to it. This leads to a long and ineffective computational time. The reason is that
any point found in one of the prohibited regions, it will only be moved to the boundary of the
region. This will create a high density of points around this current local optimum that will be
attached to it all over the generations. Thus the selection is based on a uniform probability
instead of a geometric distribution.
Other Operators
The crossovers and mutations are applied normally without modification. The only change
that will be done is that if a newly generated point falls in between the limits of the prohibited
array (Region), it should be moved to the boundary of this row on this area. The boundary, to
which the generated point will be moved, will be chosen randomly. It can be seen that as the
number of generations increase, the search area decreases, leading to more effective search.

The comparison of the results of the normal and modified GA’s is shown in Table 5-1.



Table 5-1: Comparison of results for the normal and modified GA

Ay A, A3 T, Ts T, Objective function value
Normal | 0483 | 0.793 | 0.853 | 0.963 | 0.884 | 0.620 0.912
GA 0972 | 0501 | 0.473 | 0.636 | 0.095 | 0.651 0.846
Results 75976710560 | 0934 | 0.658 | 0.106 | 0.934 0.643
Iézdiﬁed 0489 | 0727 | 0.751 | 0.286 | 0.356 | 0.286 0.609
Results | 0498 | 0.800 | 0.747 | 0312 | 0.334 0.283 0.433
0.500 | 0.823 | 0.829 | 0.306 | 0.340 | 0332 0.306

It can be seen that the normal GA's yield different results, while the modified one yields
nearly the same results. There are two disadvantages to such method. First, for large number
of variables, the computational time will be very high. Second, the assumption that the region
around the locally optimized point is symmetric is not always true.

However, since the number of variables did not exceed 6, then the computational time
was appropriate. As for the second disadvantage, this is solved by the fact that points at the
boundaries of the locally optimized point can still be selected, which includes the probability
of choosing them for local optimization. Moreover, this method offers reliable and consistent
results which were applied on the experimental apparatus and gave appropriate results.

LocAL OPTIMIZATION METHODS

The local optimization is an essential part in the solution of the input shaping command
using the GA in order to achieve a good command. Although, the command is not supposed
to give fully accurate results due to modeling error; yet the command was always closely
equal to the theoretical values of the analytic solution of the model without friction, and

resulted in no vibration for the actual models with friction and saturation. Several local




optimization techniques were used including Nelder Mead and the sequential quadratic

programming (Rao, 1996).

54. FRICTION AND DAMPING IDENTIFICATION

Once the genetic algorithm has been modified, the next step was to compare the actual
system with the theoretical model. This required the determination of the coefficient of
dynamic friction of the model and the damping of the motor due to its back EMF. This was
done by inputting ramp commands with specific voltages, and comparing the actual velocity
of the system with these voltages. This generated a set of points that were fitted using linear
regression. The slope of the line determined the damping of the motor, while the intercept

determined the friction force of the system (see Fig. 5-6).
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T T T

»
0 “*

Friction|Volitage (f:nrward diréection)

Friction Voitage (backward direction)

input Voitage (Volt)

Pramlcasd Lialnati s alblan Mavk flm amaloasd



There were two methods to perform such experiment; the first was to use the cart only
in order to reduce the oscillations of the system, then determining the coefficient of friction.
However, this would not be representative enough for the actual system, since the effect of
the pendulum on the cart won't be included in these calculations. Moreover, even if it is
included in the normal reaction force, it would provide rather a theoretical representation of
the effect of the pendulum rather than an actual representation. The other choice was to
include the pendulum in the friction determining experiments. The drawback of this choice is
that the graph representing the velocity of the cart will be more oscillatory. Thus the average
velocity would be difficult to obtain accurately. However, by investigating the graph (see Fig.
5-6), it would be clear, that the points form a straight line.

The steps for these runs were the same as in the previous model. In this case, the static
friction was assumed based on the dynamic friction. Higher variability in the plot points was
noticed as compared with the case of the cart alone. The cause for that is the swing of the

pendulum that slightly affects the results (see Fig. 5-7).

Velocity response of the cart due to 2 ramp input

Velocity in (cmised)




The next step was to input a step command to the actual system, and compare it to the

same step command of the computer simulation (see Fig. 5-8).
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Fig. 5-8: Comparison of the computer simulation and the actual responses

At this stage, the integration code and the model code are ready to be used for

optimization.

5.5. DISCUSSION AND COMPARISON OF COMMANDS AND RESPONSES

This section will present some of the results obtained for the different step sizes,
highlighting the main difference between the calculated commands, the theoretical

commands and the actual responses. The responses for each case are presented in detail in



Appendix B. In order to be able to evaluate the results properly, the different cases are stated
and the objective of each comparison is highlighted.

There is a theoretical command input made out of two steps that can be generated for
any one degree of freedom system that would result in no vibration for linear systems. The
convolution of different set of steps of each mode of a higher degree of freedom system
should result in the same response as for each mode separately. Thus the total response
cancels the vibration of all modes in case of a linear system, while some oscillations will still
be present in case of a nonlinear system. It is expected that the optimized shaper obtained by
taking into account the nonlinearities of the system will perform better than the convolved
step input command, and will lead to minimum vibration level. Thus a comparison between

the convolved steps (Convolved step) of the pendulum and the cart, and the calculated shaper

are compared experimentally.
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Fig. 5-9: Dllustration of the convolved steps for the cart and the pendulum

For a two degree of freedom system, the current practice is to use a controller to damp
the motion of the cart, and use input shaping to suppress the pendulum oscillations (low

frequency). The increased damping of the PD controller has two main effects, which are a



response. For the input command obtained from the optimization, the model did not require
damping in order to eliminate vibration, because the modeling of the nonlinearities in the
system should result in almost no vibration. Thus a comparison is made between the
optimized command and a two step command for the pendulum with high damping for the
cart (damped two step).

By closely examining the response for a two step shaping command, it is found that it
has an S curve shape. Thus, in many applications, this curve is used as an input command so
as to eliminate vibrations. This is applied to the cart and pendulum system with high dampimng
for the high frequency mode (Scurve).

Although the modeling was intended to thoroughly include the substantial
nonlinearities; however, there are still some discrepancy between the calculated model and
the actual one. Thus the response for the optimized command on the computer simulation 1s
compared to the actual response for the same commands.

Since the friction is not constant all over the length of the track, it was expected that
the response would differ slightly depending on the location of the cart track. Thus a
comparison between the responses at the different locations is presented.

Thus from the previous comparison, the results will include 5 main cases which are:
1. ZV commands for each mode (convolved step)
2. Two step command for the pendulum with large damping for the cart (damped two
step)
3. S curve command with large damping for the cart (Scurve)

4. Optimized command response based on the computer simulation and the actual



5. Optimized command response at different location on the cart track.

Several parameters where calculated in order to be able to evaluate the response in each

case objectively (see Fig. 5-10).
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Fig. 5-10: Parameters that are used to describe the response of the cart and pendulum system

These parameters are the position and angle settling time, the maximum peak of the cart after
the last and first set of steps, the final position of the cart, the maximum angle of the
pendulum, and the maximum angle after the last step. The position settling time is the time it
takes the cart to reach 5% of each steady state value (after the last step). The angle settling
time is the time it takes the pendulum to oscillate naturally (after the last step). Both these
parameters measure the speed of the response of the system. Maximum peak of the cart (after
last step) is the maximum value of the position after the last step. This is used to indicate the

oscillation level after the input command. In case of no overshoot, the position value will just



position. The maximum peak after the first set of steps is similar to the previous parameter,
and is intended to indicate the oscillation level after the first step in case of a two step input
command or the second step in the case of four step input command. The final position is the
steady state position reached after all steps. This is a good indication of the effect of friction
on the system response. Finally, the angles, which are measured by an encoder in the
experimental setup, indicate the level of oscillation of the pendulum. The maximum angle of
the pendulum is the largest angle for the whole response of the pendulum. Although this is
not included in the minimization of the vibration level at the end of the steps; however, the
smaller this angle is, the smaller are the extremes of the motion, which is in sometimes
required in the specifications of some systems such as robots manipulators. The maximum
angle of the pendulum after the last command is the angle limit after the final step of the
input command is applied to the system.

For the previous types of commands and the comparison parameters, many results were
obtained. The responses for a 1cm step size and a 10cm step size will be presented, while the
remaining responses will be presented in Appendix B, with the amplitudes and timing of the
different command steps. For each step, trend lines will show the difference between the
different types of commands.

Step Size: 1¢m

This case represents mainly the effect of friction on the response of the system. As was
determined in the identification section of the system, the dynamic friction voltage was equal
to 0.6 Volts. Since the value of the proportional gain is 5Volts/cm, then the expect deviation

of the cart from its desired position is 0.12 ¢m, which represents 12% deviation in the case of
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Fig. 5-11: Simulation response for Optimized command 1(step size 1cm)

As seen in Fig. 5-11, the optimized command simulation show excellent response if
compared with other commands applied on the computer simulation. It has not overshoot in
the position response, and the final angle after the last step (0.015°) and the deviation in the
steady state position (0.5%) is smaller than other commands applied to the computer
simulation. Moreover, the settling time is smaller in the case of the optimized command then
the convolved steps. From the simulation response of the convolved step Fig. 5-12, it is clear
that this type of command fails to position accurately the cart, and causes larger oscillations
for the pendulum after the final steps. The actual response shows the same trends of the

simulations (see Fig. 5-13).
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By comparing the actual results obtained from the lab, the following will be noticed see Fig.

5-14 and Fig. 5-15:

Cart position results for step size: 1cm
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Fig. 5-14: Cart position results for step size 1cm
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Fig. 5-15 : Pendulum angle results for step size 1cm

The convolved steps produced a steady state error in the position of 6% while the high



the steady state error is 3.8%, which is the same as the damped case. The overshoot in the
high damping case (12.3%) is higher than the optimized case (8.9%). For the case of the
convolved step, there was no overshoot because the cart didn’t reach its desired position. For
the first set of the steps, there is overshoot in both the damped case and the optimized case.
For the convolved step, the cart still didn’t reach its desired position, and there is no
overshoot. The maximum angle of the pendulum after the final step is the same for the
damped and the optimized case (0.09), which is small as compared with the convolved step
angle (0.176). The maximum angle of the response is higher in the case of the damped and
the optimized case as compared to the convolved step cases. However, for small
displacement, this is of relatively lower significance as compared with the other parameters.

From the above results, it can be seen that the response of the optimized command is
faster, with lower steady state error and vibration level after the input command as compared
to the convolved step. The damped case performs similar to the optimized case with the only
difference that it has higher overshoot at the final step. It can be concluded that the optimized
command offers much better response than the convolved steps, and slightly better than the
damped two steps. Other input commands from the optimization program set are tested. The
results of these commands are compared in Fig. 5-15, and are detailed in Table B-2.
Step size: Scm

At this displacement value, the effect of friction is smaller than the previous step size,

yet it is not small enough to be ignored since it represents a deviation in the steady state
position of 2%. The other non-linearity at this stage is the saturation of the system, which is

not significant at this step size; however, still makes some differences especially in the final



will be seen that the problem of this command is that the final oscillations of the pendulum
are high compared to the other cases. For both the convolved steps and the damped 2steps
case, the maximum angle of oscillations after the final step is 0.265°, which are very small
compared to a normal step response, or the response generated from an S curve input function
(6.4°). For the 3" case of optimized commands, the final angle is 0.085°, which is 67% lower
than the conventional command generated.

By considering the above result, it can be seen, that the 3™ case of optimized commands
optimally position the cart at the desired position with a minimum angle of oscillation as
compared with other commands. The higher overshoot of the 3™ case of optimized
commands compensates for the friction force, thus considerably reduces the error in the final
position of the cart (for result details see Table B-3).

Step size: 10cm

For this step size, the friction plays a minor level as a nonlinear factor in the system. It
is noticed that the value of the deviation of the position from the desired position is the same,
but when compared to the desired position value, it represents a small percentage value. Due
to the large step size of the displacement, the saturation effect is more pronounced. At this
level of saturation, and with higher step sizes, the conventional input commands fail to
produce acceptable results.

As seen in the table for the 10cm results (see Appendix B), there are two optimized sets
of commands, which when compared to each other produce similar results. Both of the two
sets have 0.8 seconds settling time and no overshoot after the final step. The overshoot after

the second step for the 1% case is 3%, while for the second is 13%. The deviation of the



after the last step for the first case is 0.02°, while for the second it is 0.1°. This difference in
the final angle lead to the fact that the first optimization set was chosen to be the first in the
group of points locally optimized by the genetic algorithm program (see Fig. 5-18 and Fig.
5-19) . However, due to some modeling differences, it will be seen that the second optimized

command will have smaller oscillations at the end of the command.
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Fig. 5-18: Simulation response of the optimized command 1 (step size 10cm)
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Fig. 5-19:Simulation response of the optimized command 2 (step size 10cm)

As mentioned previously, the conventional commands (convolved and the damped
2step), although will reduce vibration, but not as efficient as the optimized commands. This 1s

shown by the following responses (see Fig. 5-20 ) and the following comparisons (see Fig.

5-21 and Fig. 5-22):
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Pendulum angle resuits for step size:10cm
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Fig. 5-22: Pendulum angle results for step size 10cm

It can be noticed, due to the presence of saturation, the settling time increased in both
the convolved and the damped 2step cases to reach 1.1 and 0.95 seconds respectively. For the
optimized command, the settling time is 0.8 seconds. The convolved step produces an
overshoot after the last step of 10.7%, and 24.5% after the second step. The damped 2steps
produce an overshoot of 7.4% after the last step and 18.67%. For the 2™ case of optimized
step there is no overshoot after the last steps, and 9.9% overshoot after the second step. The
deviation of the final position for the conventional command is 0.4%, while for the 2%
optimized command is 0.03%. The maximum angle after the last step for the conventional
commands ranges from 0.53° to 0.62°, while for the 2™ set of optimized command is 0.088°,
which is of the same order of the corresponding angle in the lcm and the 5¢m displacement.

Moreover, the maximum swing angle is 6.05° in this case as compared to 7° in conventional



The commands obtained from the optimization program are far more effective n
accurately positioning the cart and reducing the vibrations of the pendulum with minimum
settling time.

Step size: 20cm

At this stage, the saturation highly influences the responses of the system. This will
appear in the high overshoots of the cart, which has a high frequency, thus requiring large
steps for small periods, and causing saturation. It will be shown that the same trend in the
previous step will appear when comparing the optimized commands with the theoretical ones.
Two optimized commands were chosen from the optimized command set obtained from the
Genetic algorithm code. By comparing the two commands, it can be seen that both have a
settling time of 0.9 seconds. while the second command has no overshoots after the final step
and an overshoot of 21% after the middle step, the first command has an initial overshoot of
2.5% and a final overshoot of 0.63%. The final position of the first command varies by
0.63%, while the second command position the cart at the desired location. The final angle
for the second command is 0.1° while for the first is 0.36°. From the above results, the second
command shows better response in terms of all parameters except for the high overshoot after
the middle steps. By comparing these commands with the theoretical command, the following
can be found (see Fig. 5-23 and Fig. 5-24)

The settling times of the convolved steps command is higher than all other
commands. This is due to the high oscillations induced in the cart response due to the
saturation. The settling time of all other commands fall around the same value (0.9 seconds).

The overshoots of the convolved and the damped commands are 12.5% and 5.5%



no overshoot after the final step. Although the saturation shouldn't affect directly the response
of the pendulum since its natural frequency is low; however, the high overshoot induced by
the convolved and the damped steps lead to a final angle of 1.15° and 1.75°. At the same
time, the final angle for the optimized command is 0.88°. Moreover, the optimized command
positions the cart accurately with an error of 0.05%. Thus it can be seen that the increase in
the step size increases the nonlinearity of the system causing the theoretical commands to
induce higher vibration level in terms of % overshoot and final angle as compared to the
optimized command that keep the different values within the same range for all steps (for

result details see Table B-5).
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Fig. 5-23: Cart position results for step size 20cm



Pendulum angle results for step size: 20cm
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Fig. 5-24: Pendulum angle results for step size 20cm

Step Size: 30cm

The same pattern as the previous step size can be depicted in the results for this step
size. Two optimized command where developed. The first one has an advantage in its low
cart overshoot which are 0.67% after the last step, and no overshoot after the middle step.
Moreover, this command positions the cart exactly at 30cm and causes 0.04° oscillation for
the pendulum after the final step. As for the second optimized command, although its
parameters are higher than the first one; however, in the practical application, it gave better
performance in terms of damping the oscillations of the pendulum with high accuracy in
positioning the cart. The results of these commands on the actual system are shown in Fig.
5-25 and Fig. 5-26. The two theoretical commands have a very high overshoots after the final
step with considerably longer settling time (1.3 seconds). Moreover, they still produce high

avershoots for the middles steps. It can be seen that the optimized commands are able to



one produces a 3.7% overshoot. These values for the worst case (2“d optimized command)
represent 50-60% decrease in the overshoot as compared with the theoretical commands. This
is also applicable to the results of the angle where the maximum angle of the theoretical steps
varies around 16.5° and the maximum angle after the last step varies around 4°. For the
optimized cases, the maximum angles don't exceed 14.9°, and the settling angle is 2° for the
first command and 0.18° for the second command. As for the positioning of the cart, it can be
seen that due to the high value of the step size, all commands position the cart more or less

accurately (for result details see Table B-6).

Cart position results for step size: 30cm

20.00%
18.00% 17.33%
16.67% ;
16.00% | ﬁ
14.00% | n ,,,,,,
i
. 12.00% - il o
$ I k’ PMax peak Cart (Last|
£ 10.00% | I 31 step)
3 : }sMax peak (middle |
= 8.00% | i 1 step) i
b TiFinal Position \
6.00% - % }
;

Convolved Damped 2steps S curve with Optimized Optimized Optimized Optimized
Step highdamping  Command Command  Command2  Command 2
1(simulation) 1(actual) (simulation) (actual)
Case

Fig. 5-25: Cart position results for step size 30cm



Pendulum angle results for step size: 30cm
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Fig. 5-26: Pendulum angle resulis for step size 30cm

SUMMARY OF RESULTS

From the above results, general trends of the different types of command could be
determined. These trends are depicted by plotting the variation in the percent overshoot of the
cart after the last step, the final angle of the pendulum and the final position of the cart versus
different step sizes. For the final position of the cart, the convolved steps yield very high %
deviation in position for the small step sizes, while it decreases as the step size increases,
which is a normal trend showing that this type of command is unable to position accurately
the cart. For the damped response, it shows the best positioning ability for small steps, yet, as
the steps increases, it fails to position accurately the cart. For the optimized commands, the

final position is always better than the previous commands, which can still be improved by

- 1° Vs I o o e Y A Y



Final position deviation comparison for different commands and steps sizes
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Fig. 5-27: Percent deviation of the final position of the cart for different step sizes and commands

For the final angle of the pendulum, the convolved step command offer acceptable
oscillations for small step sizes, while these oscillations increase considerably as the step size
increases. The damped two step command fails to damp the oscillations of the pendulum,
which is related to the high overshoot of the cart and the saturation of the system. For the
optimized commands, the angle is minimum and nearly constant all the time, which indicates

the ability of such commands to deal efficient with oscillation reduction of the pendulum (see

Fig. 5-28).



Final angle comparison for different commands and steps sizes
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For the overshoot of the cart after the final step, the convolved steps command yields low
overshoots for small step sizes, which reflect its inability to position accurately the cart at
these step sizes. These overshoots increase substantially as the step size increases due to the
saturation of the system. For the damped response, the overshoots are always large, which is
one of the disadvantages of derivative controllers. The optimized command, although having
the same settling time for small steps as the other commands, it has larger overshoot at small
step sizes compared with the convolved steps. However, this higher overshoot is required to
overcome the effect of friction. As the step size increases, the overshoots follow a constant

percentage curve which is very low compared to other commands (see Fig. 5-29).



o, Final overshoot comparison for different commands and steps sizes
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Fig. 5-29: Percent overshoot for different step sizes and different commands.

By comparing these three graphs, it can be seen that the angle of the pendulum is the
lowest for the optimized command as compared with the conventional ones. There is a trade
off between the overshoot percent and the deviation percent of the cart that the optimization
command keep at the minimum as compared with the theoretical commands that offers poor
response at the large step size, and variable response at the small step sizes. It can be seen,
that the optimized command can deal efficiently with such systems, where the step sizes
varies from the very small to the very high ones.

The timing and amplitude of the best optimized command in the computer simulation are
analyzed. The timing of the second and fourth input step increases with the displacement step
size. This is related to the effect of saturation. Saturation affects mainly the response of the

cart. For this reason the timing of the second and the fourth input step increases. For the



Trend of timing vs step size (Best simulation)
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As shown in Fig. 5-31, the amplitudes of the first and third step are large for the step size of
lcm, in order to overcome the effect of friction. It can be seen that the amplitude of the
second and fourth input step follows the same trend. The summation of the amplitude of the
first and the second step represent the first step for the pendulum. It is shown that the value of

this step is constant for all step sizes, except for the smallest one where the effect of friction

is pronounced.



CHAPTER 6

CONCLUSION

The objective of this thesis was to provide a new methodology for the development of
input command sets that cancel the vibration out of flexible structures, while including the
nonlinearity effect. Two systems were used to develop such methodology. These systems
have no closed form solution in the literature. This methodology consists of using a
numerical approach to obtain the system response, then applying a global optimization
method to find a near optimum solution for the input shaping problem. This method allowed
for the incorporation of nonlinearities in the system, and finding solutions for problems that
are tedious to solve.

The first system was a one degree of freedom model which had a PI controller to
climinate the steady state error. Using the optimized input shaping commands, it was shown
that the response exhibits less vibration level as compared with the conventional input
shaping commands. It was shown that at different step sizes, the optimized commands
performed similarly, while for the conventional commands, the increase or decrease in the
step size greatly affected the response of the system. A new set of commands were developed
for such system.

The second system was a two degree of freedom model. The system consisted of a mass
and pendulum setup was a PD controller connected to the mass. Optimized input commands
were used to eliminate the oscillations of both the cart and the pendulum, and accurately

position the cart at the desired position. It was shown that on the simulation, the optimized



that the optimized command produced much better responses than the conventional
commands for large steps. Moreover, it was noticed that the error level for the optimized
commands has a constant trend for all types of nonlinearity, contrary to the conventional
types of command, which usually produces varying results. Such a feature indicates that the
optimized commands are more robust compared to the conventional ones.

Genetic algorithm codes proved to be successful in finding near global optimum for the
different problems. Some modifications to the genetic algorithm code were incorporated in
order to insure a near global optimum solution. A hybridization of genetic algotrithm and
local search method was implement and yielded very good results in the input shaping

problem.

FUTURE RESEARCH WORK

As this method proved to be effective by the use of numerical integration and global
optimization, many nonlinear problems could be solved using it. One challenging problem is
the use of input shaping for the vibration elimination of a two degree of freedom model
where friction acts on both masses of the system. Also, the combination of input shaping in
other controllers such as lead and lag controllers could be investigated. Moreover, other types
of nonlinearities could be included in the model such as the variation of the natural frequency

of the model during the response.
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APPENDICES

APPENDIX A: ONE DEGREE OF FREEDOM RESULTS

VALUES USED IN THE MODEL
Table A-1: Values used in the one degree of freedom model
Mass of Block: m;, (Kg) 0.522 ]
Half the Length of Pendulum: 1 (m) 0.305
Derivative controller gain: Kg(underdamped cases) (Volt.sec/cm) 0
Derivative controller gain: Ks(overdamped cases) (Volt.sec/cm) 1
Proportional controller gain:K, (Volt/cm) 3
Integral controller gain:K; (Volt/sec/cm) 12
Damping of the motor:c (cm/sec) 0.05
Correction factors for the cart 1.32
Dynamic friction voltage:py (Volts) 04
The amplitudes of the steps are incremental A;=Step_Size-A A2
Table A-2: Results for One degree of freedom system-lcm step size
Step Size: 1cm
o Settling | Input
Rise | Settling | Deviation 0v°ershoot Deviation | ;e Commai
Case Overshoot | o | Time | :2sec | 1o% | 18% | 1s% At
variation | variation variation | A, t; t]
FA') [0.5476
Theoretical 7.55% 0.3 0.7 027% | ... 0.165]

D d St

0.04%

ZV:(FFt) 6.86% | 0.1 07| 087% 0.1578]
[0.2999
0.4955
ZVD 0.1663
Theoretical 2230% | 0.3 05| 087%| 2064% | 0.74% 0.5 | 0.3325]
[0.5672
0.2887
ZVD 0.1217
Obifun(1) 250% | 0.4 04| 042% 0.3667]

N asnd



P . Simatation resposse:siep sire Tom Actual Position of the Cart
D O S S St e A A
26 whftua 1
7Dz abjfun 2
T oa B T2 U SUVUU UL SUNURRIIOUERN. SRR g
2 8
T N s i «
F Y S £ Sttt S At S
S IS NS NI AU RS WSS S S
e i 02 0.4 0.8 o8 1i2 14
ting (in auc)
. . . - ig. A-2: respon r e
Fig. A-1: Simulation response for optimized commands Fig. A-2 dACt't'al ,e p‘; :: for Seurv
(step size lem) commands (step size lcm)

Table A-3:Results for One degree of freedom system-Scm step size

Step Size: 5cm

. Input

. . . % % Settling

% Rise | Settling | Deviation i g s Commal

Overshoot | Time | Time %:2seC :);rozrshoot- |135e°\/r:at|on- :"5',‘,2 [At2 11
Az t; t3]

[2.738
0.165]

Case

FA'
Theoretical 16.19% 0.2 0.4 0.4%

Damped Step 33.12% 0.1 0.6 0.2%

[2.870
6.08% | 0.2 0.181]
g [2.997
5 0.189]
[1.4995
2.4775
0.1663
0.33% 0.4 | 0.3325]

ZV:(Trad.Obj.)

ZVD
Theoretical

10.00%

[2.9305
0.0668
0.0237
0.1852
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Table A-4:Results for One degree of freedom system-10cm step size

Step Size: 10cm

input
. . % % Settliing
% Rise | Settling | Deviation e . Commar
Case Overshoot | Time | Time | %:2sec Overshoot- De:/ fation- tm:e- At 114
15% 15% 15%
A tr t]
zv [5.476
Theoretical 51.11% | 0.2 1.2 0.25% 0.165]
Damped Step 49.00% 0.2 0.8 0.06%
[6.738
ZV:(Trad.Obj. 13.379 | 0.259]

ZVD
Theoretical

0.24%

10.51%

0.10%
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Table A-5:Results for One degree of freedom system-20cm step size

Step Size: 20cm

ZVD
Theoretical

. Ing
. i % % Settling

% Rise | Settling | Deviation . . Co

Case " . o Overshoot- | Deviation- | time-
Overshoot | Time | Time %:4sec 15% 15% 15% E\Az
zv [1c
Theoretical 6237% | 04 1.5 0.34% 0.1

Damped Step 66.97% | 03 0.9 0.01%

[11
ZV:(Trad.Obj.) 21.53% 1.0 0.23% 0.3
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Table A-6:Results for One degree of freedom system-30cm step size

Step Size: 30cm

. : o % Settling | P
Case Gvershoot | Time | Tima | dodsec . | Ouershoot- | Deviation- | time- EX’
zv [16
Theoretical 68.81% | 0.5 19| 013% 0.1
Damped Step |  75.49% | 0.5 15|  0.15%
ZV:(Trad.Obj.) 23.43% [1.6

zvD 0.1
Theoretical 49.84% | 0.5 16| 015% | 5030% |  0.16% 1603
[13
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APPENDIX B: TWO DEGREE OF FREEDOM RESULTS

Table B-1: Values used in the two degree of freedom model

Mass of Block: my (Kg) 0.522
Mass of Pendulum: m, (Kg) 0.21
Half the Length of Pendulum: 1 (m) 0.305
Derivative controller gain: Ks(underdamped cases) (Volt.sec/cm) 0
Derivative controller gain: K g(overdamped cases) (Volt.sec/cm) 1
Proportional controller gain:K, (Volt/cm) 5
Damping of the motor:c (cm/sec) 0.05
Correction factors for the cart 1.568
Dynamic friction voltage: (Volts) 0.6

The amplitudes of the step size are incremental. A,=Step Size- A;+4 A3

Table B-2: Resulis for two degree of freedom system-lcm step size

Step Size: 1cm

Command 3

Case Positio | Angl | Max Max Final Max Max input Command
n e peak | peak | Positio | Peak Swing | [AjAxtxtsjor [A A
Settling | Settli | Cart (middl | nemor | pendulu | ofthe | Azt ta ]
Time ng (Last |e % m (Last | pendul
time | step) | step) step) um
Convolved 0.9 0.9 | 0.00% | 0.00% | 6.00% 0.18 0.44 [0.30 0.200.30
Step 0.131 0.642 0.773]
Damped 0.9 09| 1230 1833} 4.00% 0.09 0.80 [0.5 06424]
2steps % %
S curve with 0.6 | none | 0.00% NA | 0.04% 1.05 1.05 NA
| high damping
Optimized 0.8 0.8 | 0.00% | 0.00% | 0.50% 0.02 0.81 {0.48 0.1250.353
Command 0.18 0.65 0.807]
1(simulation)
Optimized 0.9 0.8 890% | 23.08} 3.80% 0.09 0.80
Command %
1(actual)
Optimized 0.8 0.8 | 0.00% | 0.00% | 5.00% 0.02 0.79 | [0.475 0.115 0.31
Command 0.132 0.66 0.75]
2(simulation)
Optimized 0.8 0.8 | 0.00% | 6.35% | 2.50% 0.26 0.79
Command
2(actual)
Optimized 0.7 0.9 | 0.00% | 0.00% | 0.00% 0.02 0.77 | [0.40230.340.11
0.62 0.84]



Actual Angle of the Pendulum -- Opimized 2
j H |- - Optimizad 3

T e e R
B e S iy .
£ g2f = -
Y
2
<

& .

25 35
Time fin sec}
Actusi Position of the Cart

; :

, P S
= -~ Optimized2
598 <o Optimed3
£
kil
g
4

02
I3 &
Time G sec) 3

Fig. B-1: Actual response for the optimized
command 2 and 3

Astuat Anghe of the Pendutum

1
[ s ;
& 0 3 7
£ /
& X F
< os! .
/
]
1 4
Tima (in sac)
- Astual Pasition of the Cart.
T i
1. :
N 7 7
5
]
B o4 3
o i
a )
Time (:n sec) s

Fig. B-2: Actual response of an Scurve command

(step size 1cm)

Table B-3:Results for two degree of freedom system-Scm step size

Step Size: 5cm

Max Max
Posi@ion Angle | peak :\)/leaaxk Final Peak '\SA\%' g of Input Command
Case ?etthng Settiing | Cart (middie | Position pendulum | [Ar A ta 3] or
ime time (Last step) (Last pendulum [A1 Az As b 13 1]
step) step)
Convolved Step 09| 09| 0.00%| 0.00%| 0.20% 0.26 290| [48°02 %
Damped 2steps 1 1120.40% | 38.00% | 0.20% 0.27 4,30 [25 0642
S curve with high
X 0.85 | noe 9.20% | NA 0.80% 6.40 6.40 | NA
damping _ - —— -
Optimized ' A ]
L [1.7 0.9 1.4
0.161 0.604 0.
Optimized
Command 3 08 08| 4.00% | 26.92% | 2.00% 0.00 4.30
(simulation) [2.31 024 1.
Optimized | | | 0246 0643 (
Commend ~ | 08| o0 oo 420
3(actual) s Ll S ‘
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Fig. B-3: Simulation response of the optimized
command 1 (step size Scm)
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Fig. B-4: Actual response of the optimized
command 1 (step size Sem)
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Fig. B-5: Simulation response of the optimized
command 3 (step size Scm)
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Fig. B-6: Actual response of an Scurve
command (step size Scm)
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Fig. B-7: Actual results for the following commands: Optimized 3, Convolved steps and Damped 2steps




Table B-4: Results for two degree of freedom system-10em step size

Step Size: 10cm

Max Max
Position | Angle | peak Mee:(k Final Peak gﬁ; of input Command
Case Settling | Seftiing | Cart fmiddle Poetion | Pendulum | 2 907 | 1A, Astots] or [#
Time time (Last t (Last dul Az fr t3 1]
step) step) step) penduium
o [2.97 2.03 2.
Convolved Steps 1.1 1.1 ] 10.70% | 24.48% | 0.40% 0.62 7.2 0131 0642 0.
Damped 2steps 0.95 095 7.40% | 1867% | 0.50% 0.53 6.9 {5 06424
S curve with high o o
damping 0.8 10 | 11.00% | NA 0.10% 13.9 13.8 1 NA
Optimized
0, 0, 0,
?c;rirl;]rnz!;r;?on 0.8 08| 000% | 3.80% | 1.00% 0.02 6.8 [3.99 127 3,
0.234 0656 (
Optimized o L
Command 2 08}
(simulation) . [2.98 2.11 3.
Optimized Saraibe 0.154 0.656 0.
-Command 2 ' 08 6.05
(actual} b
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82 04 Tﬁg{mfﬁ) 12 14 02 o4 I%ri(mu;) 12 14 Aotual ?leﬂbn of the Cart .
Dxpl‘mut‘ﬁhmmmt - : Velocky of the Cartvs Time '§~ ________________
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T T‘liL ST VTR R e i Fig, B-9: Actual response of an Scurve command (step
size 10cm)
Fig. B-8: Simulation response of optimized
command 1(step size 10cm)




Table B-5:Results for two degree of freedom system-20cm step size

Step Size: 20cm

(actual)

Max Max
Position | Angle | peak | box | L. | Peak Max o | Input Command
Case Setting | Setting | Cart | P nal. | endufum 90T | (A Astats or [A
. ; (middle | Position the
Time time (Last step) {Last pendulum As b t3ty)
step) step)
. 593 407 5
Convolved Step 1.3 1.3 ] 12.25% | 22.00% 0.20% 1.15 13.26 0.131 0.642 0.
Damped 2steps 0.95 095 5.50% | 11.16% | 0.40% 1.75 12.1 [10 0.642
S curve with high 0.85| none | 12.50% | NA 0.50% 273 27.3 | NA
damping
Optimized
Command 0.93 093| 250% | 553% | 0.63% 0.36 11.96 [8.58 1.96 7
1(simulation) o ’ 0.969 0.657 0
Optimized = il agr 11.95 ’ ) )
Command 1(actuat) ' o W
Optimized et S
‘Command 2 01 12.1
(simulation) s [3.42 6.14 8.
Optimized S S 0.14 063 0.
Command 2 088 121




Angle of the Pendutum vs Time Angular Velocky of the Pendubsm vs Time
5 v g T T
b3
10} A s S
H K g o :
L sl : g /
b £ / 3
B o 20 e o T S o eR
X i :
< H EIOP A S -
Kl B L [
i H v
Gz 04 96 98 1 12 14 0 02 04 06 OB 1 12 14
Time(in sec) Tima{n sac}
Displacomt of the Cart vs Time Velocity of the Cart vs Time
* )
T & ‘ -
n A
5@ ]
=4 4 e i \
- FONTERR [}
) g™ T
% ol 3 e i
hX
® 02 04 06 08 1 12 14 “o 02 04 06 08 2 14
Time(in sec) Tane(in sec)

Fig. B-10: Simulated response of the optimized
command 1(step size 20cm)
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Fig. B-11: Actual response for an Scurve (step size
20cm)
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Fig. B-12: Simulated response of the optimized
command 2(step size 20cm)




Table B-6: Results for two degree of freedom system-30cm step size

Step Size: 30cm

T
| Max ‘ Max
Position | Angle | peak gﬂeaa)ic Final Peak '\SA;;‘ of input Command
Case Settiing | Settiing | Cart Imiddle | Position | PENAUUM | 4 0 [ArAr o tsjor T/
Time time (Last | Looy | (Last pe“{, i | Aete ot k
i } step) ) step)
| l 180158 o
Convoived Step 1.3 1.3 ] 9.00% | 16.67% 0.13% 4.55 16.8 | L., 3,80 642 O
Damped Zsieps 1.2 12 7.87% ) 1400%  0.73% 3.45 16.6 {15 0.642-
Soaneviniah | 03| none l1730% | Na | 027% 385] 385 NA
Optimized : T G ey ; ,
~Command -4 | 000% 1 004 14.92 :
11(ssmulatmn) e s [10‘;3243 02557 11‘
|  Command 1(actual) b . B i
- Optimized
| Command 2 1.2 12| 517% | 13.44% | 067% 1.25 14.86 :
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Fig. B-13: : Actual response for an Scurve (step size 30cm)
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Fig. B-14: Simulated response of the optimized
command 1 (step size 30cm)

Fig. B-15: Simulated response of the optimized
command 2 (step size 30cm)
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Fig. B-16: Actual response for the following commands: Optimized 1, Optimized 2, Convolved Steps and
Damped Zsteps
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