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Abstract

The utilization of robots for planetary exploration has reveled itself a promising

way of understanding the history of the solar system. Scientists have already acquired

precious data in the recent robotic missions to Mars and the Itokawa asteroid. Now,

after forty years that man has first landed on the Moon, the efforts continue on

understanding its formation. With forty years worth of technology development,

robots are the key to a successful mission.

In the beginning of the robotic exploration, the idea was mainly to take the

cameras closer to the surface so that images could be analyzed by scientists on Earth.

In time, the role of the exploration robots has evolved into more sophisticated tasks

requiring greater automation in navigation and the capacity to deploy instruments for

in situ analysis. For future missions, the objective is quite the same and the main task

of the exploration robots will be to collect and analyze samples of soil and regolith of

the host planetary body. For that, and other purposes that require interaction with

the environment, a robotic arm, or manipulator, is required.

Many researches presented manipulators for planetary exploration, but most of

them are designed for a specific set of tasks or with limited application. Most of the

times the arms would get too heavy if they were built to perform all the desired task.

Recently, the Japanese Aerospace Exploration Agency, together with The University

of Tokyo and Chuo University, has put some effort towards a general purpose ma-

nipulation technology for lunar exploration. The idea is to utilize lighter materials

to fulfill the general purpose requirements and increase task capability. The resul-

tant system is a light-weight six degrees-of-freedom (6-DOF) smart manipulator that

is actuated by ultrasonic motors (USM).This master thesis describes and evaluates

the developed system and proposes the necessary control scheme that better fits the

system towards general purpose application.

The main challenge was to overcome all non-linearities presented by the USM

system and also reduce the residual vibration caused when considerable load was
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applied to the moving end. The solution that was studied and adopted was to combine

a s-curve input shaper with a PID controller to track the desired velocity. Satisfying

results were obtained with this method.
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Chapter 1

Introduction

1.1 Motivation

The constant progress in robot technology have allowed mankind to reach places that

some decades ago it was only imagined to be possible to reach. Motivated by the

desire to understand where we came from, where we are now and to what part of the

universe we are all going, scientists and engineers began to develop robots. These

robots are supposed to investigate other planetary bodies and look for clues on how

to answer those questions.

The first step towards achieving such knowledge is to understand the formation

of the solar system. Once we can certainly explain the formation of our little space,

perhaps the same logic can be applied to understand the mechanics of the entire

universe. One of the points of interest to the scientists is to find out how the geological

formation of planets and other celestial bodies differ from or resemble to each other.

That could prove if the solar system was once a big galactic Pangaea for example.

Therefore the task to be accomplished at this stage is to collect and analyze soil

samples from different planetary bodies and create a pattern throughout the solar

system.
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1.2 Background

After the success of NASA/JPL’s MER and Phoenix missions that took robots to

Mars and JAXA’s Hayabusa and Kaguya(SELENE) missions that explored Itokawa

Asteroid and surveyed the Moon respectively, both agencies plan to provide more

scientific power to robots. As the American agency aims to send another rover to

Mars, JAXA plans on exploring the surface of the moon to get prepared for a possible

manned mission.

One of the intended goals for future missions is not only to provide robots with

means of performing soil analysis in situ, but also to collect samples to be sent back to

earth. Sending collected material back to earth means that a whole launching system

should be provided in the first place. Considering all the required resources for that

purpose, it is expected that sample return maneuvers would only happen a couple of

times. Therefore, it is important that a large number of samples should be collected

at each time. Meaning that rocks and regolith from several different places should be

collected in the shortest time possible.

The idea then is to create smaller and simpler robots that would work together to

reach a wider area of the host planet’s surface. Another idea is to provide landers and

bigger robots with a greater capacity of interaction with the environment. That also

means to increase the degrees of freedom that a robotic manipulator can move to per-

form a desired task. For this purpose, The University of Tokyo and Chuo University,

together with JAXA, have put some effort towards the development of small-sized,

low-weighted robotic devices that would comply with that idea, considering that until

now, more degrees of freedom meant more weight. One of the achieved results was a

robotic arm actuated by ultrasonic motors [7].
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1.3 Goals and Approach

Based on the novel manipulation idea explained in the previous section, the purpose

of this thesis is to describe and analyze the responses of the robotic arm actuated

by ultrasonic motors and propose a suitable control scheme that will provide a satis-

factory performance of the system. During this process different methods of control

were studied and, when necessary, put into test in the manipulator system. For being

a light weighted system, it is expected for parts of it to present some flexibility when

load is applied. In most cases, flexibility generates residual vibration. Depending on

the amplitude of this residual vibration, the manipulator could present hazardous be-

havior or imprecision in movement and tasks. Besides the residual vibration problem,

the USMs are also known by their non-linear behavior due to contact characteristics

between rotor and stator. Therefore, all these characteristics of the smart manip-

ulator system were evaluated and considered for the development of the controller.

Another important point that had to be taken into consideration, is that the system is

supposed to work in foreign unknown environment so robustness is essential. For that

reason, control schemes that require training were studied but not considered. Also,

for cost reduction matters, commercial off-the-shelf actuators and sensors were used.

Finally, a simulation environment that can work as framework for the development

of task algorithms was part of the goal of this work.

1.4 Related Work

In terms of controlling the USM there are several propositions that consider Fuzzy

Logic, such as [1] and [11] and Artificial Neural Networks as shown in [12]. But as

explained before this work focused in combining precise positioning with vibration

suppression using robust methods that do not require neither training nor extra sen-

sors. In terms of vibration suppression in end-to-end motion, the works related to

feed forward input shaping techniques, such as [6], [13], [8] were considered. These
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techniques rely on approximate models of the flexibility behavior of the system to

provide considerable reduction on residual vibration. The point to be considered here

was that for USM the shaped input must respect the timing of the controller response

to compensate the dead-zone of the motor.

1.5 Thesis Organization

This document is devided in seven chapters each of which will address the following

topics as it will be explained. Chapters 1 and 2 give a general view of space mission

requirements and describe the robotic manipulator system in detail. The analysis

and responses obtained from the system are addressed in Chapter 3. Chapters 4 and

5 show the study made on control methods and the suggested method that better fit

the system and compare the results obtained using simulation models. Chapter ??

addresses the test results obtained using the suggested method and compares with the

simulated results. Finally, conclusions and considerations about the results presented

in this report are discussed in Chapter 6.

4



Chapter 2

Smart Manipulator

Since the beginning of the studies considering manipulators for planetary exploration,

a 6-DOF manipulator (necessary to provide any attitude of the end-effector inside

the working space) was avoided due to excess of required weight, as explained in [4].

Robots studied in JPL [3] and [10] also considered only 4-DOF.

In this chapter all the components of the manipulator system will be described.

Details and their relevance to this work will be explained.

2.1 Robotic Arm

The robotic arm is a spherical wrist connected to an elbow manipulator. This means

that there are six revolute joints, hence a 6-DOF robotic arm. Each part will now be

explained in detail.

2.1.1 joint

The joint is a cylindrical case that lodges an ultrasonic motor, an optical encoder and

a harmonic gear drive. The joints were designed in a way that there is no transversal

between two joints. That means that all the joints will belong to the same plane no

mater the configuration of the arm.

5



(a) Revolute Joints Scheme (b) Smart Manipulator Deployed

Figure 2.1: The 6-DOF Smart Manipulator System

2.1.1.1 Ultrasonic Motors

The ultasonic motor is a device that converts electricity in mechanical energy by

creating a traveling wave between to surfaces pressed together. The stator part of

the motor is assembled on the top of a piezoelectric ceramic ring. By applying a pair

of sinusoidal voltages fazed in 900, a traveling wave is generated. According to the

properties of the ceramic used, a proper frequency is required so that the propagating

velocity of the traveling wave will make rotor part of the motor run.

The motor used in the joint is a commercial, off-the-shelf, model. The USR30

made by Shinsei Motor. It is important to notice though, that this motor requires a

special driving system that generates the proper signal. The commercial driver, made

by the same company, was used to provide the signal to actuate to joint.

Table 2.1.1.1 summarizes the characteristics of the motor

There are a few reasons why the USM was chosen instead of a electromagnetic

motor. When both motors are compared taking torque capacity as reference, the
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Rated Output Power 1.3W

Rated Speed 250rpm

Rated Torque 0.1Nm

Retention Torque 1.0Nm

Table 2.1: USR30 specifications

following advantages can be told about the USM.

• Compact and light-weighted

• Zero power self-retention

(no free motiom)

• Lower speed

(smaller reduction gear stage required)

• High responsiveness

(motion inertia compensated by internal friction )

One important thing to consider is that when used with the commercial driver as

a set, the operation of the motor changes compared to normal FEM motors. There

are three different input signals required to operate a USM. A 0 3V analog input that

controls the motor rotation speed and two TTL digital inputs that select direction

and defines the on/off state of the motor. When both TTL signals are low, the motor

is in its off state. That means that it is retained and no matter the amplitude in the

speed control input, the motor will not operate. If one of the directional inputs is on

its high level, the motor will operate to the direction determined by the chosen input

port and the speed will be defined by the speed control analog input. In this case,

even if the analog input level is 0 (zero) and the rotor is at rest, the phased sinusoidal

voltages will still be applied to the stator, hence the current maximum torque will

not be the retention torque.
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2.1.1.2 Optical Encoder

The optical encoder converts pulses into angular displacement information. The

model used here is the HEDS-9140 from Avago Technologies. The reasons to adopt

this device are as follows.

• Resolution of 500 pulses per revolution

• No signal adjusment required

• Small sized

• -40Â◦C to 100Â◦C operating temperature

2.1.1.3 Harmonic Gear Drive

The harmonic gear drive is a coaxial reduction stage that offers high reduction in

reduced space. Some of the advantages of its usage are as follows.

• 1:100 coaxial reduction

• Compact size

• No backlash

With the reduction obtained in this stage the joint angular displacement has a

50000 pulses per revolution of resolution.

2.1.2 Links

The links used in the proposed system are carbon fiber made tubes. A light but

extreamily rigid material. Different lenghts of links were considered depending on the

total payload of the wrist and the necessary torque for the tasks.

8



2.1.3 End-effector

The end-effector of the manipulator system, as the name already says, is the end part

of the system that is supposed to interact will the environment, in other words, it

will be the agent responsible for causing a desired effect. By the time that this study

was made the end-effector had not been developed yet. Altought as its design was

originally part of this research, some of the ideas will be presented in the appendix

REF.
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Chapter 3

System Response and Modeling

This chapter will describe the tests into which the manipulator system was submited.

It was according to the results obtained at this stage that models of the system could

be defined and a proper control scheme could be studied.

3.1 Testbed Setup

To obtain relevant information of the system to be modeled, it had to be submitted

into different kinds of tests. It would be ideal if all the necessary data could be col-

lected from the sensors already mounted on the manipulator. Unfortunately though,

some of the tests required other kinds of sensors. Responses from motor input sig-

nals were measured through its optical encoder, but flexibility measures had to be

undertaken with the assistance of an accelerometer.

To operate the system and capture the encoder response, the manipulator was

attached to a DSP board that operates using a proprietary software. This sys-

tem called dSPACE R©and interface creator ControlDesk R©can be used together with

MatLab R©Simulink R©to operate input signals and capture sensor data.
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3.2 Joint Response Analysis

The first step on understanding the functionality of the robotic arm is to analyze its

actuator. Even though the motor itself is somehow understood, when combined with

the other elements of the joint there might be other characteristics to be considered

from controlling purposes. For that reason, the joint actuation unit was submitted

to different kinds of tests.

3.2.1 Frequency Response

(a) 0.1 to 30 Hz chirp (b) Frequency domain

Figure 3.1: Frequency Response of the Joint with a 10Hz cut-off LPF

Figure 3.1a shows how the joint responds sinusoidal input varying from 0,1 Hz to

30 Hz. This result was actualy the signal from encoder passing through a low-pass

filter with a 10hz cut-off frequency. Changing the frequency of the filter and rerunning

the test showed that the high responsiveness of the motor surpasses its physical limits.

The application of higher frequencies caused to motor to stop working. The frequency

response analysis gives a approximate idea of the joint response. Ideally, this is the

desired response to be used to model the system and develop a controller for it.
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Although, according to results presented by different authors [2] [5] [11] the non-

linearities originated in the mechanical contact between stator and rotor of the USM,

considerably change the response of the system in time.

3.2.2 Constant Response in Time

The joint response in time to a constant input also presented some considerable

variation. Most of the effects are from the USM, but it might also be caused by

imperfections in the joint assembling. Due to this characteristics that it was decided

not to use the rated speed of the USM as the maximum speed. It was decided to

leave a small margin that could be compensated by the controller in case the motor

parameters change in time. To get a better idea of the signal response in time, a

low-pass filter with a 10Hz cut-off frequency was applied to the capturing interface.

(a) Angular velocity in time (b) Output X Input

Figure 3.2: Residual Vibration

Figure ?? shows what could be imperfections in the coupling of the joint elements.

Perhaps an inclination in the motor axis that leads the harmonic gear drive. But more

than that reveals the extream non-linearity near 0V. Dead-zone and output off-set

12



are expected as motor response.

3.2.3 Flexibility

The smart manipulator system is a light-weight robotic arm with rigid links, but when

submitted to a end-to-end motion with heavy load in the moving end it produces

what is called residual vibration. According to its mechanical characteristis is could

be observed that the vibration is originated in the harmonic gear reduction stage. The

flexible cup that is connected to the link bends in a torsional way causing vibration.

The oscillaation is naturally damped due to mechanical hysteresis. But as observed

in the modeling section, there might also be coulumb damping due to friction in some

amount.

(a) Vertical (b) Horizontal

Figure 3.3: Residual Vibration

Considering that the optical encoder is only sensitive to the motor output, to

measure the flexibility of the arm accelerometers were used. Vibrations were then

measured as the output of the angular acceleration impulse, i. e. the angular velocity

step. Figures 3.3a and 3.3b show the resultant residual vibration from both vertical

13



and horizontal motions.

3.3 Modeling

3.3.1 Motor

Considering the complexity of the functionality of the ultrasonic motor, it is quite

a challenge to model it with fidelity, or at least some approximation. Some authors

have proposed physical models or ways to represent it in a more practical way. But

to use a reliable model would mean to increase the complexity of the control system.

Besides, it would require more sensors just to acquire the necessary data to confirm

the validity of the model since its parameters depend on time, temperature and so

on.

For that reason, only the most relevant characteristics of the motor were considered

in a approximate way to create a model. That model was only used during simulation

stage to represent the high non-linearity of the system.

Basically the most relevant characteristics of the motor are:

• Input dead-zone between 0 0.3 V

• Off-set speed at 0.3V

• Speed varies according to the applied load

• Frequency response in the linear interval.

3.3.2 Vibration

For modeling the flexibility of the arm it was assumed a second order (spring-damper)

system. Normally, the equation that describes the motion of a spring-mass-damper

system of a mass m connected to a spring of constant k and damper constant c is

written as follows.

14



ÿm+ cẏ + ky = u(t) (3.1)

with u(t) as the system’s input. Although, as shown in Figure 3.4, the motion is

an angular motion and the mass is submitted to a momentum of inertia. Hence, the

new equation becames

θ̈j + cθ̇ + kθ = u(t) (3.2)

in which j is defined as j = m.l with l being the distance from the center of

rotation to the center of mass.

Considering that the manipulator has an elbow, the distance of the mass to the

center of rotation will also depend on the current angle of the elbow and the total

residual vibration in the wrist will be the sum of all the residual vibrations of each

previous joint. Nevertheless, in this study it was only considered the resultant vibra-

tion of the shoulder joints. That is because the residual vibration originated in the

wrist due to the elbow joint is not as significant as the vibration due to the flexibility

in the shoulder.

To determine the constants of the equation 3.2 two parameters had to be acquired

from the response analysis of the system. The natural damped frequency ωd and the

damping ratio ζ. With those parameters, c and k can be obtained using 3.3, 3.4 and

3.5 as explained in [9].

ωd = ωn

√
1− ζ2 (3.3)

ζ =
c

2sqrtkm
(3.4)

ωn =

√
k

m
(3.5)

15



Figure 3.4: Vibration Modeling Schematics

(a) Vertical - 9Hz (b) Horizontal - 4.7Hz

Figure 3.5: Natural damped frequency on the shoulder joints

From the measurements obtained before, the natural damped frequency was mea-

sured in a frequency analysis, as shown in Figure 3.5, and the damping ratio ζ was

obtained according to the exponential decay of the resultant vibration and calculated

using equation 3.6.

ζ =

1
n−1

(
ln x1

xn

)
√

4π2 +
[

1
n−1

(
ln x1

xn

)] (3.6)
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Figure 3.6: Vibration model and measured

Looking at Figure 3.6 it is possbible to observe that the measured vibration

changes frequency along the settlement. It is possible that at some level there is

a superposition of damping effects. It could happen that for very small angles a

coulumbian damping effect takes place changing the damped vibration frequency

near settlement. Considering that the elastic properties of the system is the same

even with extra damping, the modelled frequency was kept.
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Chapter 4

Proposed Control Method

4.1 Control Analysis

4.1.1 Response Evaluation and Signal Feedback

In control theory, using response feedback is a common way to automatically adjust

input for achieving a desired response of the system. The most common usage is with

PID controllers. Those actually consider the error between input and output as a

reference for changing the input of the controlled system.

PID response for position control

The control design for controlling robotic arms has being studied since the first robot

was invented. It depends on what kinds of disturbances and the effects caused by

those disturbances that have to be reduced, nulled or compensated. Some of the most

common purposes for controlling robotic arms are precise positioning, force/torque

matching and residual vibration suppression. There is also somewhat of a common

sense of the order to be followed when designing control systems. The first step is to

ensure that motor and sensors respond efficiently to provide the desired motion and

positioning. If this is the only problem to be solved, the controller mainly focus in
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the optimization of the time taken and the reduction of the final position error. The

PID controller would probably suffice for such case. As seen in Chapters 2 and 3,

the USM has a peculiar response to the input. Normally, servo systems also present

similar non-linearity as response as well, mostly due to friction between gears and

so on. Although, different from electromagnetic motors that the voltage input has

a direct relation to the output torque, and that angular velocity is a result between

the balance of forces, USMs provide angular velocity as output instead of torque. Of

course as any other physical system, it will present losses according to the applied

load, but it is a much more complicated relationship in which torque depends mostly

on the contact friction between stator and rotor. In [2] a circuit analogy to the USM

for control purposes was proposed, but it is still a time dependent set of parameters.

For such reason, even though the use of a simple PID controller could provide a way

for positioning the motor, it was not enough to compensate the non-linearities of the

USM.

PID response for velocity control

In the other hand of the results obtained using a PID for positioning of the robotic

arm, it served as a great tool for compensating most of the non-linear problems to

stabilize the angular velocity. The USM is not an unstable system, but due to its

intrinsic mechanics and also some imperfections in the kinematic design of the joints,

the motor output presented a harmonic oscillation in constant speed. Figure 3.2b

shows how is the angular velocity output of the joint.

Using a PID to control the output considerably reduced that effect. Also, as will

be explained in this chapter, the angular velocity control is a key part of the controller

design. Another thing that could be observed latter during the experiments, is that

the same controller could compensate possition error by using a double integrator.

In that case, instead of using the whole position error as input, it just considerd the

instantaneous error due to the time response of the velocity controller.
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4.1.2 Response Estimation and Signal Feed-Forward

When there is confidence in the model of a determined system, it is possible to esti-

mate its response before the input signal is actually applied. In such cases it becomes

useful to change the input signal previously according to the expected response. For

example, flexible beams, robotic arms and so on, might produce residual vibration. If

a model of the vibratory oscillation is obtained, the input of the system can be shaped

to nearly null the effect. Based on the oscillation model obtained in Chapter 3 it is

possible to establish a acceleration profile that if respected will reduce the amount of

residual vibration in the end-to-end motion.

Input Shaping

In the case of reducing the amount of residual vibration in an end-to-end motion,

one has to reduce the amount of energy in the spectrum band in which the natural

frequency of the system and its multiples are located. Considering that most of the

actual robotic systems are controlled in a discrete time basis, most of the changes in

the input signal becomes a step like signal. As its known, this kind of signal produces

frequency components in a wide range of the spectrum. If the stimulus to vibration

is the derivative of this signal it becomes even worse. As suggested by [6], the proper

train of steps with the right amplitude of the input signal in the proper allocation in

time, cancels out the effects of residual vibration in optimum systems. For situations

when there is uncertainty about the model of the system to be controlled, there

must have be some compensation of this uncertainty. Nevertheless, recent studies

concerning these methods do not take into consideration what kind of actuator that

is being used. Unfortunately, the difficulty to predict the output of a USM makes it

almost impossible to use such a method.

For the present study, the alternative for the controller was to use a continuous-

like input shape approach to compensate the limitations of the USM. In this case

a PID controller was used to ensure that the motor would track the desired input
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according to the desired profile.

(a) Trapezoidal Curve (b) S-curve

Figure 4.1: Acceleration and Velocity Profiles for Input Shaping

Determination of the input profile

Given a target position and the constraints of the system, it is possible to create a

end-to-end motion profile that discribes the desired system response. An end-to-end

motion requires the final velocity to be zero. Consequently, all its derivatives should

be zero as well. In such a case, one could either consider a constant acceleration

segmented motion or even create more segments of the motion by considering the

derivatives of the acceleration. Figure 4.1a show the trapezoidal velocity profile that

is obtained when constant acceleration is used. When the acceleration derivative, i.

e. the jerk is taken as the reference, the result is the s-curve as shown in Figure 4.1b,

a more refined profile that reduces stimulations caused by jerk impulses like in the

previous example.

Another point to be considered in the determination of the input profile is the

symmetry of the input references. according to what paramenter and maximum
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values that must be respected, different results of speed and position can be obtained

during the motion. This characteristic is used to make position adjustments when

required. One example was proposed by engineers at Toyota [8]. For them, it was

assumed that the maximum physical velocity of the system is never reached so there

is no considerable no-jerk or no-acceleration time.

If the time reference to accelerate and decelerate from the symmetric profile is

used as reference for an asymmetric acceleration shape, having the maximum values

of velocity and acceleration fixed, the position reached at the end of the motion can

be changed. Based on that idea that it was decided to put it into test to be used as

fine position control. This method uses both response analysis and estimation. That

is because the maximum amplitude of the variable position in the end depends on

the shaping time references and the position correction will depend on the response

of the system.

4.2 Input Shaper

As mentioned before, the purpose of the input shaper stage is to reduce the residual

vibration in the end-to-end motion by limiting the the band of input frequencies

according to the natural frequency of the manipulator system. Although, another

characteristic of input shaping was examined. That is the capability of adjusting the

position error by changing the input profile.

4.2.1 Symmetric Profiling

Basically, to create the desired velocity shape to be followed by the controller in a

end-to-end motion, a symmetric motion profile is calculated. Figure 4.1b shows the

basic steps to determine the times and maximum values. The first step is to calculate

the time to reach the target displacement ttarget when the angular velocity is ωmax

and constant. Next, a trapezoidal curve of the velocity is created by applying a

22



constant acceleration to reach ωmax. The maximum acceleration is determined based

on the maximum angular velocity and the period of the natural damped frequency Tω

obtained in the vibration model. The time tvmax is then obtained. Applying the same

logic to the acceleration profile, using a constant jerk, the jerk time tj is obtained.

Summing up all the times along the motion curve, the s-curve velocity profile can

be determined. With this technique of input shaping, the residual vibration can be

considerably reduced, but there is no guaranty for precise positioning.

4.2.2 Asymmetric Profiling

So the idea is to redefine the jerk values and times according to the evaluation of

the output to provide a fine tune in the position control. Since there is no way to

estimate the position error before the motion starts, the only possible way to change

the input profile is to calculate the error estimative during the motion for as long

as it is possible. This means that only the deceleration part of the input gets to be

changed. Another important point that has to be considered, is that there is a limit

of how much the final position can be shifted. Furthermore, the position shift comes

with the cost of smoothness in one point of the stop motion. To calculate how much

can be shifted in the final position, firstly it is required to know the displacement

variation during the deceleration period as shown in Figure 4.2. Normally the jerk

time during acceleration and deceleration periods are 1/4Tω for each jerk, but here it

had to be calculated as two different times.

θdec = θ̇maxtj1 +
θ̈max

tj1
+

θ̇max −
θ̈maxt

2
j1

2tj1

 tj2 − θ̈maxt
2
j2 +

θ̈maxt
3
j2

6tj2
(4.1)

after some algebraic reductions it becomes

θdec =
θ̈maxt

2
a

3
− θ̈maxtatj2

6
(4.2)
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Using tj2 = Tω/4 the displacement during deceleration in a symmetric profile is

obtained. Varying tj2 from 0 to Tω/2, the limits of variation of the final displacement

are obtained. The adjustments will always fit inside these limits. From Equation

4.2 one can understand that the maximum variation of the final displacement also

depends on Tω.

(a) Angular Displacement and Velocity (b) Angular Acceleration and Jerk

Figure 4.2: Angular displacement during deceleration

4.2.3 Angular Velocity PI controller

It is according to the error between the actual angular velocity ω and the desired

shaped angular velocity ωm that the controller will actuate. The challenge here is

to determine the proper controller gains so that the actuation of the joints will not

generate undesired vibration. Figure 4.2.3 shows the whole controller scheme.

As explained in chapter 3 the frequency response of the motor observed by the

controller will depend on the filter used to reduce noise generated by both motor and

encoder. The choice of a low cut-off frequency allows the usage of higher controller

gains. The desire to increase controller gains is explained not only by the necessity
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Figure 4.3: Controller diagram

of a rapid response but also because the PI controller alone does not compensate

the position error once the angular velocity is stabilized. The greater the integrative

gain is, the smaller the position error until velocity stabilization. On the other hand,

the increment of the controller gains might generate oscillations in the input until

settlement. If these oscillations enter the band of frequencies that stimulates the

natural oscillation of the arm, forced vibration will be generated. Hence, all this has

to be considered for stablishing a proper set of gains for the controller.

One proposed solution to compensate position error during motion was to add

a second integrative stage to the PI controller. Naturally, the output of the first

integrator will represent the position error during motion. This error tends to be

compensated in the end of the motion. Nevertheless, if the the gain is too small the

input signal might fall under the dead-zone limits and the position error will never

be compensated. That is why it should be compesated eighter using higher gains to

the controller or some other way during motion. The extra integrative gain balances

the stabilized input signal between integrator and the proportional controllers.
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Chapter 5

Simulation Results

5.1 Vibration Suppression

Simulation tests were conducted firstly to analyse the effect of the input shaping

according to the acceleration time in a symmetric acceleration basis. The acceleration

time period was decided according to the natural vibration frequency of the arm.

Normally for the optimum system, the minimal time to apply and remove force with

provoqueing any vibration is the period of the damped vibration frequency. The

times ta = Tω, 1.5Tω, and 2Tω. Naturally, the chosen time will directly influence the

applied jerk. The standard motion adopted to conduct the simulation was 50 degrees

of horizontal movement of the shoulder joint. Maximum velocity of 15 deg/s and PI

gains of 1 and 10 respectively. Gains were defined by system response observation.

Figure 5.1 shows the effectiveness of the preshaping technique compared to the

no-controlled result. Nevetheless, one of the purposes of this research was to find

ways to reduce the necessary power to perform all the manipulation tasks, and that

includes computer power. To understand the consequences of adapting the algorithm

to lower computational capable systems, the results using ta = 2Tω were compared

to the same procedure under biger time sampling steps.

Though it is possible to understand that no considerable change in the residual fre-
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Figure 5.1: Comparison of vibration suppression results according to maximum jerk

quency was observed, there is a clear statement that the final position error increases

with the increment of the sampling time. For that reason a model error compensator

algorithm is proposed as following.

5.2 Compensation of Numerical Errors

As showed in the last section, the bigger is the time step to conduct the input profiling

and the control of the system, the greater the final position error. Observing the

behavior of changing acceleration symmetry in the input profile, it could be observed

that it is possible to change the final displacement by adjusting both or one of the to

acceleration profiles.

figure 5.2 shows that all the constraints of the system can be kept and yet refine

the final position by deducing the error during motion and re-profiling the final ac-
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Figure 5.2: Comparison of vibration suppression results according to sampling time

celeration period. There is off course a limit of how much change can be done to the

final position in the modeled input. Figure 5.2 explains how this logic works.

5.3 Comparison of Results

Here the results of applying the modeling error compensator will be presented for

sampling times from 0.1 ms to 10 ms.

For all the considered cases the logic promoved great compensation of the error

and increase precision in the positioning of the joints.
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Figure 5.3: Changing the final target position by changing acceleration profile

Figure 5.4: Limits in the variations of jerk time and amplitude

29



Figure 5.5: Normal and error compensated results for 0.1 ms sampling time

Figure 5.6: Normal and error compensated results for 0.5 ms sampling time
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Figure 5.7: Normal and error compensated results for 1.0 ms sampling time

Figure 5.8: Normal and error compensated results for 5.0 ms sampling time

31



Figure 5.9: Normal and error compensated results for 10.0 ms sampling time
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Chapter 6

Conclusions

This work has presented a study of a smart manipulator system that was developed to

be applied to remote planetary exploration. This is a novel system because it allows

a grater number of joints to be used so consequently a greater number of degrees-of-

freedom. This was only obtained by using ultrasonic motors. Although it has many

advantages, controlling the ultrasonic motor with simplicity, as is required by space

missions, is still a challenge. This thesis showed that it is possible to provide a control

system to the smart manipulator. That was done by using an asymmetric s-curve

velocity profile combined with a PID controller to follow the desired velocity. The

results also allow the possibility of improvement of the idea in cases where estimation

can be used to calculate how the profile of motion should change. Finally, as part

of the initial goal of this research, a visual simulator was developed to assist in the

creation of task algorithms.

The work realised in this thesis allows the continuity of the development of the

Smart Manipulator. As future work it is expected to extend the logic presented here

to all six joints of the arm considering any type of motion. Futhermore, it will be

required to develop a compatible end-efector that complies with the multiple task

capability requirement.

33



Bibliography

[1] M. Ahmad, A. Nasir, N. Hambali, and H. Ishak. Vibration and input tracking

control of flexible manipulator using hybrid fuzzy logic controller. In Mecha-

tronics and Automation, 2008. ICMA 2008. IEEE International Conference on,

pages 593–598, Aug. 2008.

[2] E. Bekiroglu. Ultrasonic motors: their models, drives, control and applications.

Journal of electroceramics, 20(3/4):277–286, 2008.

[3] R. G. Bonitz. Mars surveyor ’98 lander mvacs robotic arm control system design

concepts. In Proceedings of the 1997 IEEE International Conference on Robotics

and Automation, pages 2465–2470, Apr 1997.

[4] A. S. Dave Barnes and S. Pugh. Autonomous sample acquisition for the exomars

rover. In Proceedings of the 9th ESA Workshop on Advanced Space Technologies

for Robotics Automation, Nov 2006.

[5] F. Giraud, B. Lemaire-Semail, J. Aragones, J. Robineau, and J.-T. Audren. Pre-

cise position control of a traveling-wave ultrasonic motor. Industry Applications,

IEEE Transactions on, 43(4):934–941, July-aug. 2007.

[6] W. S. Joshua Vaughan, Aika Yano. Comparison of robust input shapers. Journal

of Sound and Vibration, 315(4-5):797–815, 2008.

34



[7] T. Kubota, K. Tada, and Y. Kunii. Smart manipulator actuaded by ultra-sonic

motors for lunar exploration. In Robotics and Automation, 2008. ICRA 2008.

IEEE International Conference on, pages 3576–3581, May 2008.

[8] M. I. Masafumi Yamamoto, Kazuaki Ito and N. Matsui. Position command

shaping for vibration suppression considering target position correction. Electri-

cal Engineering in Japan, 168(3):627–634, 2009.

[9] K. Ogata. Modern Control Engineering. Prentice Hall, third edition, 1997.

[10] R. P. R. W. J. B. R. Volpe, T. Ohm and R. Ivlev. Mobile robot manipulators

for mars science. Space Technology, 17(3/4):219–229, 1997.

[11] T. Senjyu, T. Kashiwagi, and K. Uezato. Position control of ultrasonic motors

using mrac and dead-zone compensation with fuzzy inference. In Power Elec-

tronics Specialists Conference, 2001. PESC. 2001 IEEE 32nd Annual, volume 4,

pages 2031–2036 vol. 4, 2001.

[12] T. Senjyu, H. Miyazato, S. Yokoda, and K. Uezato. Position control of ultra-

sonic motors using neural network. In Industrial Electronics, 1996. ISIE ’96.,

Proceedings of the IEEE International Symposium on, volume 1, pages 368–373

vol.1, Jun 1996.

[13] O. M. WeiMin TAO, MingJun ZHANG and X. YUN. Residual vibration analysis

and suppression for scara robots in semiconductor manufacturing. International

Journal of Intelligent Control and Systems, 11(2):97–105, 2006.

35



Publications

Rodrigo MINGHINI, Takashi KUBOTA, Masatsugu OTSUKI, Takahiro SHINOT-

SUKA, Takuya NIIBORI and Yasuharu KUNII. ’Instrument Deployment System For

Remote Science Using A Smart Manipulator With USM’. System Integration Sym-

posium 2009 - SI2009

Takashi KUBOTA, Masatsugu OTSUKI, Rodrigo MINGHINI, Manabu SUGIURA

et.al. ’Autonomous Mobile Robots for Observation of Volcanic Activity’. Fist Izu

Oshima Symposium on Robotics for Observation of Volcanic Activities 2009.

36


