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OZET

FARKL| ROBOT KOLLARI UZERINDEKi TEMASKUVVETI
KONTROL STRATEJILERININ KARSILASTIRILMASI

Gunumuzde robotlar cesitli alanlarda kullaniimaktadirlar. Robot kollarimin
cevreyle ve yabir nesneyle temasta oldugu bir cok dnemli uygulamalar vardir. Statik
veya dinamik hareketli, bir cismin kontrol i esnasinda cisim veya robot kolunun zarar
gbrmemesi gerekmektedir. Bu tir durumlarda etkilesim kuvveti 6nemlidir. Etkilesim
kuvvetlerinin hassas kontroltine bagli olarak gorev basarilabilir veya yapilamaz. Bu
ylzden etkilesim kuvvetlerini  kontrol etmek icin bir kuvvet agoritmasi
gelistirilmelidir. Bu tezde statige yakin temas durumu icin bir kuvvet algoritmasi
gelistirilecektir. Daha sonra bu durum dinamik durumlar icin de genisletilecektir.

Bu tezin amaci robot kolu ile cevreye temas halinde istenen etkilesim
kuvvetinin bagarili bir sekilde olusturulmasim saglayan bir kontrol stratejilerini
karsilastirmaktir.

Bu tezde, kuvvet kontrolti hakkinda yazilmis yayinlar incelenmekte, robot kolu
modelinin  olusturulmas  yapilmakta, temas amnda olusan Kuvvetlerin
degerlendirilmesi, uygun bir kuvvet kontrol algoritmasi olusturulmasi yapilmaktadir

ve bunlarin karsilastirilmas yapil acaktir.
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ABSTRACT

COMPARISON OF CONTACT FORCE CONTROL
STRATEGIESON DIFFERENT ROBOT ARM TYPES

Nowadays robots are used in various areas. There are extremely important
applications where the robot arm tip comes in contact with the environment or an
object. During controlling an object, static or in motion, the object or the robot arm
should not be damaged. The interaction forces are important in such conditions.
Whether the task succeeds or fails depends on how accurate the interaction forces are
controlled. The interaction forces are changed depending on the motion of the robot
arm. Therefore, to control interaction forces a force control algorithm must be
developed. In this research a force control agorithm will first be developed for the
quasi-static contact tasks, then it will be extended to the dynamic cases.

The goa of this thesis is to compare force control strategies to achieve the
desired interaction forces between the robot arm tip (end-effector) and the
environment during contact tasks.

This thesis includes a literature survey about force control, modeling of a robot
arm, evaluating measured forces during contact, constructing a suitable force control

algorithm, and comparing these control strategies.
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PART I.

INTRODUCTION AND DISCUSSION

|.1. INTRODUCTION

Research on robot force control has flourished in the past decades. Such awide
interest is motivated by the general desire of providing robotic systems with
enhanced sensory capabilities. Robots using force, touch, distance, and visud
feedback are expected to autonomously operate in structured environments other
than the typical industrial shop floor.

It should be no surprise that managing the interaction of a robot with the
environment by adopting a purely motion control strategy turns out to be inadequate.
The unavoidable modeling errors and uncertainties may cause a rise of the contact
forces ultimately to an unstable behavior during the interaction. On the other hand,
since the early work on telemanipulation, the use of force feedback was conceived to
assist the human operator in the remote handling of objects with a slave manipulator.
More recently, cooperative robot systems have been developed where two or more
manipulators are to be controlled so as to limit the exchange force and avoid
squeezing of commonly held object.

The force control problem is traced as the natural evaluation of the motion
control problem, where feedback of the contact force as provided by a force/torque
sensor is used to manage the interaction of a robot manipulator with a scarcely
structured environment. In this respect, those control strategies, e.g. hybrid

1



position/force control, devised for interaction with an accurately modeled

environment are not treated.

|.2. OBJECTIVES AND SCOPE OF THE THESIS

Nowadays robots are used in various areas. There are extremely important
applications where the robot arm tip comes in contact with the environment or an
object. During controlling an object, static or in motion, the object or the robot arm
should not be damaged. The interaction forces are important in such conditions.
Whether the task succeeds or fails depends on how accurate the interaction forces are
controlled. The interaction forces are changed depending on the motion of the robot
arm. Therefore, to control interaction forces a force control algorithm must be
developed. In this research a force control agorithm will first be developed for the
quasi-static contact tasks, then it will be extended to the dynamic cases.

The goal of thisthesisto compare force control strategiesto achieve the desired
interaction forces between the robot arm tip (end-effector) and the environment
during contact tasks. Energy methods will be utilized to derive equations of motions.
MATLAB package will be used for ssmulation and control studies.

TAGUCHI Methods will be utilized to find the best combination of control
parameters for each different robot arm. Then results will be compared among robot
arms to find the best combination.

After an introduction in Part I, this thesis includes a literature survey about
force control in Part |1, modeling of arobot arm, evaluating measured forces during
contact and constructing a suitable force control algorithm in Part 111. Results of the
Control Strategies and Taguchi Method applications are presented in Part V.
Conclusions reached in this work are listed in the Part V. Referred published and
nonpublished references are included in the References chapter. MATLAB files of

robor arms are included in the Apendieces.



PART II.

GENERAL BACKGROUND

In this chapter, aliterature survey and force control types of robot manipulators
will be presented about to force control of robot manipulators. In the subsection 11.1.
Control of Robotic Manipulators the definition of a robot, the necessity of force
control algorithms and a brief history of studies were done on force control of robot
manipulators. Then, in the subsection 11.2. Force control main force control
algorithms are presented.

1.1. CONTROL OF ROBOTIC MANIPULATORS

Robotic manipulators are dynamic systems and interact with other dynamic
systems such as mechanical objects, tools, other robots and humans or environment
[1].

The majority of contemporary robotic manipulators are utilized for tasks such
as material transfer, arc welding, spot welding, spray painting, pick-and-place, and
laser cutting to name a few, in which the manipulators do not come into touch (non-
contact tasks) [2], with the objects in the workspace (environment). Pure position
control (motion control or free motion control) is sufficient enough for the above
tasks. However, many tasks, such as assembly, drilling, grinding, deburring,
polishing, driving a screw, opening and closing a door, turning a crank, handling

fragile objects, etc., which involve extensive contact with the environment, are
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require the control of the interaction (contact tasks) forces arisen during the contact
(constrained motion) [2-6]. In other words, for execution of such tasks, traditional
pure position control strategies are obviously unsuitable since the environmental
dynamics will affect the stability and the performance of the robot’s position control
loop [2, 7-10].

The problems of controlling the mechanical interaction between a manipulator
and its environment have been addressed by many researchers. The inadequacies of
conventional position control are widely recognized and the alternatives are typically
referred to as force control, compliance, compliant motion control, fine motion
control, impedance control [7, 11-13]. The pure force control aong the normal
direction of the dynamic constraint is unsuitable since the contact discontinuity will
disable the force feedback loop and will in turn cause the robot to be driven by the
commanded force alone and crash to the environment. The traditional pure force
control is also unsuitable since the environmental dynamics will affect the stability
and the performance of the robot’ s position control loop [7].

The main force control types that they base many force control algorithms are
direct force control, compliance (stiffness) control —passive and active-, impedance
control, hybrid position/force control, resolved acceleration force control.

Research on compliant motion control of robotic manipulators actually begins
in the early 1970s. Since these early effects, alot of approaches have been devel oped
to ensure compliant motion. Salisbury and Craig have developed a so-called stiffness
control scheme, in which the position trgjectories are adjusted in terms of the force
feedback, as the name would imply. Whitney, Paul and Shimano have suggested a
method called damping control, in which the velocity of the end-effector is modified
by means of feedback. Later, Hogan has proposed an impedance control scheme as a
generaization of the two previous control schemes. Hogan used impedance control
in experiments involving contact transitions. His implementation achieved stability
against a stiff environment and avoided controller transitions and inverse kinematic
computations.

V ossoughi and Donath al'so employed impedance methods in tests with varying
environment stiffness.

Furthermore, Raibert, Craig and Mason have developed a control scheme,
termed hybrid position/force control, which controls the position of the end-effector
and the force exerted by the end-effector explicitly. Besides, there have existed the

4



so-called explicit force control and hybrid impedance control, a comprehensive
survey of compliant motion control has been given by Whitney. Nowadays, hybrid
position/force control (hybrid control) and impedance control have gained
considerable popularity over the other existing compliant motion schemes, thereby
becoming the major approaches for ensuring the compliant motion [12].

Actively compliant fingertips containing electro-rheological fluids were
explored by Akella, Siegwart, and Cutkosky, who managed to control the dumping
characteristics of fluid-filled fingertip to minimize for oscillations following the
onset of contact [14].

Y ocef-Toumi and Gutz developed a dimensionless representation of impact
behavior and used integral force compensation with velocity feedback to improve
impact response [14].

Khatib and Burdick proposed a method for dissipating impact oscillations that
involved increasing the velocity gains of a proportional -derivative force feedback
controller for a limited time following impact. By disabling the high velocity
feedback gain after the impact oscillations decayed, response times to subsequent
force commands were decreased [14].

More recently, Qian and de Schutter presented an active nonlinear damping
approach. This method examined the force signal derivative, and effectively added a
coulomb friction term to the output force command when this derivative exceeded a
threshold [14].

1.2. FORCE CONTROL

Force feedback applications can be divided in two types:

Applications, whereby the contact force is an essential part of the process itself
(grinding, polishing, deburring, etc.). Both the position of the end effector and the
force exerted by the end effector on the environment have to be controlled
simultaneously.

Applications, whereby the contact forces can be used as a source of information
on the actual position of the endpoint (gripper) of the robot relative to the
environment. Most operations during the assembly process belong to this category.
Force feedback offers an important means to enlarge the allowed region of

uncertainty, thus avoiding more severe requirements on the positioning accuracy of



the robot and the peripheral equipment. Compliance control and impedance control
are examples of this type of force control [15].

A pure force control with proportional gains (Kp) and (Kv) can be formulized in
the eqg. (11.2).

t=-K, f+K (f-f,) (1.1)

Force control techniques can be classified by getting control sgnals from a
force sensor in direct way or from position and velocity in indirect way. The first is
called explicit force control and, the second isimplicit force sensor

Explicit force control also has two types that are force based and position based
explicit force control.

Force based explicit force control describes aforce controller that compares the
reference and measured force signals, processes them, and provides an actuation

signal directly to the plant. General block diagram is;

R

L

Figurell.1. Block diagram of a generic force-based, explicit force controller

Position based explicit force control: A second class of explicit force
controllers consists of those based on inner position loop see Figure 11.2. These
controllers were probably implemented first for practical reasons— most commercial
manipulators have built in position controllers and do not allow direct access to
actuator torques. The commanded force is transformed into a commanded position
through and admittance, which is described as the inverse of second order
impedance. Joint torques are obtained through the transpose of the Jacobian, and

gravity compensator is employed [16].

fm
+
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Figurell.2. Block diagram of a generic position-based, explicit force controller

Implicit force control requires position or velocity feedback while the feedback
gains are adjusted to simulate environment stiffness; no force sensor is required [17].



Previous conventional force control algorithms could not control the robot
effectively with considering the variation of working environment, and sensed values
cannot be assumed to be precise unless considering sensing delay time of the sensor,
mechanical vibration due to sensor structure. This method is very sensitive to

inaccuracies in the dynamic model [2, 18].

11.2.1 Compliance (Stiffness) M otion Control
Compliance motion control some whereis called as stiffness control, concerned

with the control of manipulator in contact with its environment, represents one of the
most challenging research areas of today’s robotics. Compliant motion of a
manipulator occurs when the manipulator position is constrained by the task
geometry.

The idea behind the compliance control can be described as force and position
relation of force exerted on a spring. Thisrelation is formulated as,

=K {X-Xg) (1n.2)
where Ke is stiffness, x is actual position xo initial position and f is force exerted on
the spring.

If we know the displacement then we can find the force exerted to the spring. It
should be given attention to the equation. When the force can be controlled then
position can be controlled indirectly. It is true for vise. To control interaction force
position control is required. This is preferable than the use of pure force control
technique that is affected by the chattering and unstable of the force sensor signaling.

Environment that the robot manipulator is in contact has a spring property and
the interaction force can be simulated by eqg. (I1.2). Compliance is the inverse of the
stiffness and derived as

Co=K¢? (1.3)

Ce and Ke are compliance and stiffness of the environment respectively.

In the many literature, compliance and stiffness controls have the same
meaning.

Compliant motion may be produced either by a passive mechanical compliance
built in to the manipulator, by an active compliance implemented in the control servo
loop [19].



[1.2.1.1. Passive Compliance
Compliant motion may be produced either by a passive compliance built into

the manipulator structure. A passive compliance, well known as RCC (Remote
Center Compliance), can be realized by a mechanical device composed of springs
and dampers for the purpose of reducing the endpoint stiffness [5]. Using such a
device, asillustrated in Figure [1.3, certain tasks such as inserting apeg in a hole can
be accomplished under pure position control. A passive compliance is simple
structure and therefore inexpensive, for the feedback of the contact forces and
additional calculations are not required. However, a disadvantage of these devicesis

that their applications are necessarily limited to very specific tasks.
tz
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FigureI1.3. Conceptual sketch of RCC hand. (a) Structure, (b) Compliance to horizontal force,

(c) Compliance to moment [9]

For instance, passive compliance can not be applied for different peg-in-hole
insertion tasks. In order to achieve a wider application range, the active compliance
is more preferable. In contrast to the passive compliance, the active compliance is
produced by a control loop where the feedback of contact forces is generally
indispensable. Since an advantage of the active compliance is its reprogrammability
to suit various tasks, which is considered to be one prerequisite for advanced
manipulators, to realize the active compliance becomes the main current of the
compliant motion control, despite the necessity of complicated force sensors and
advanced manipulators, to realize the active compliance becomes the main current of
the compliant motion control, despite the necessity of complicated force sensors and
advanced control techniques [9, 12, 15, 19, 20].



[1.2.1.2. Active Compliance
For example, consider a drawing compliant motion task in which an intelligent

robot with vision sensors is required to draw a person’s resemblance on a sketchpad
with charcoal pencil based on the vision sensing information. In such a case, pure
position control is apparently unacceptable, since slight errors aong the normal
direction of the sketchpad may result in losing contact with the sketchpad or on the
contrary pressing too strongly to break the charcoal pencil. In order not to break the
charcoa pencil or paper, the interaction force between the charcoa pencil and the
sketchpad must be controlled in the normal direction, whereas in order to make the
sketch appear similar enough to the person, position control is required aong the
plane of the sketchpad. It is clear that both position control and force control are
needed for compliant tasks [12].

Compliant manipulation fundamentally requires the controlled robot not only to
follow the input trajectory exactly in free space, but also manipulate adaptively on
dynamic environments while making compliant contact with the environment’s
dynamic constrained space [8].

Mason first formalized the compliance coordinate frame for various contact
tasks. According to his definition of “Compliant Motion”, the contact forces modify
the manipulator’s trgjectory during motion when its position constrained by the
environment geometry (kinematic constraint) [8].

For most contact task, we not only require the robot to move (both free motion
and kinematically constrained motion) but also impose mechanical manipulations on
the dynamic manipulations on its environments and/or its operated environment. The
dynamics of the environment, in turn, will affect the performance of the robot’s end-
effector. Therefore, there is also a problem of how to be compliant with the dynamic
environment when performing the required manipulation on it. Waibel and
Kazerooni studied the robot’s compliant motion control when considering the
dynamic environment from the viewpoint of an unstructured model [8].

Assumed that the robot manipulator is described as
M(0)0 +B(6,0)+G@B) =1+ J"f, (11.4)
Thejoint torque is computed in

=3 (11.5)



where f, is the external force occurs during contact end effector with environment.
And it is produced when the surface is deformed during contact task. This relation is
described in mathematical expressionin eg. (11.6)
fe= KeXe (11.6)
Xe=X-Xg (1.7)
where Ke is environment stiffness, xe Cartesian displacement , x is the actual position
and Xxq isdesired or commanded position.

Thejoint torque now is
=J" KeXe (11.8)
The derivative transformation of joint velocity and linear velocity that is called

Jacobian is derived as

J=0x/60 (11.9)
If 6x and 50 very small then we get the relation
X=J60 (11.10)
Xeg= K= Jo6O (11.12)
Substituting eg. (11.9) into eg. (11.11)
=J" Ke J50 (11.12)
Kp= JT Ke J (11.13)
=K, 50 (11.14)

Thisrelation was derived by Salisbury [21] and was called active stiffness [22-24].
For example, suppose the tool tip comes into contact with a hard surface as

shown in FigureIl.4.

FigureI1.4. Robot manipulator in contact with hard surface

Here the environment imposes a natural position constraint, which prevents the

tool tip from penetrating the surface. When the tool is in contact with surface, it no
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longer makes sense to attempt to control position in the direction x orthogonal to
surface. However, we can control tool-tip force along x, for example, to maintain
contact with the surface. Furthermore, we can simultaneously control the tool-tip
position along directions tangent to surface. In this way the tool can be made to dlide
along the surface [11].

This is called a compliant along the surface, since the trgjectory is made to
comply with the natural constraints imposed by surface [11].

Compliance control based algorithms have been developed such as compliance
based fuzzy control [25,26], multi point compliance control [27], combined
compliance control [28] and compliance control using self-controlled stiffness
function [29] etc.

11.2.2 Hybrid Position/For ce Control
Hybrid control, initially proposed by Raibert and Craig, is based on an

orthogonal decomposition of the task space. Because the position of the end-effector
and the contact force with the environment along one degree of freedom can not be
controlled independently, the task space can be divided into two orthogonal
subspaces, namely, the position controlled subspace and the force-controlled
subspace.

A correction to the position formulation of the hybrid position/force control
scheme was needed because of mistake in the equation. In the original position
formulation, the derivation that uses the inverse of the Jacobian matrix to map from
Cartesian space to joint space was shown to be algebraically incorrect by [28-30].
This incorrect derivation causes the kinematic instability attributed to the hybrid
position/force control scheme. With the correct position formulation, the hybrid
position/force control scheme demonstrates kinematically stable behavior and was
applied to an example.

11



A block diagram of hybrid control is shown in Figure 11.5. and, the control law

of this control system is given below.

fy IS —» 77— K
Dir. Kin.
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+ —_—
J |

Figure11.5. Hybrid position/force control
T =K I S(x, = X) + K, I 'S(% — %)+ K, 3T (1 - 9(f, - T) (11.15)

As the name implies, positions are controlled to track the desired trajectories
along the other. A selection matrix, S, is utilized to decide which degrees of freedom
are positions controlled and which degrees of freedom are forces controlled. In the
original version of the hybrid control, the dynamics of the manipulator is not taken
into account. Since then, the importance of the dynamic model in the hybrid control
has been recognized. Shin and Lee, Khatib and Yoshikawa have presented the
dynamic hybrid control by the consideration of the manipulator dynamics based on
the computed torque method, the widely used control scheme for position control.
Besides, Y abuta and Hollberbach have discussed the stability issues related to hybrid
control. It has been shown by experiments that using the dynamic model of
manipulators leads to more accurate and stable force control [12].

Hybrid control on the basis of formulation is highly intuitive approach to
compliant motion. Recently, the equivalence between the hybrid control and the
constrained motion control is recognized. Constrained motion refers to the motion of
manipulators, during which the manipulator comes into contact with a rigid
environment. The basic theory for the dynamics of constrained mechanical systems
is well established. Nevertheless, it is only recently that the significance of the
dynamics of constrained system for the model and control of compliant motion tasks
has been recognized. In Kankaanranta and Koivo, a method for reducing the

dimension of the model of constrained motion is presented, and a control architecture
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which leads to exact decoupling of position and force controlled directions is
suggested. Similar studies are given in McClamroch and Wang, and the recent work
of Mills. These studies give hybrid position/force control a theoretical basis. From
the constrained motion perspective, the global asymptotic stability of the hybrid
control can be easily established. This is an improvement over the prior intuitive and
heuristic formulation [12].

Within the framework of the hybrid control, a prerequisite to the successful
execution of a compliant motion task is the availability of the data that describe the
task geometry or constraints imposed on the end-effector. Defining the task geometry
is a very complex work and requires complex programming, even when the task
geometry is known. Nonetheless, it is desirable to define the task geometry
automatically even though the task geometry is unknown. During recent years, there
have been several studies related to the automatic estimation of the task geometry.
Blauer and Belanger have proposed a method to estimate some unknown parameters
of the task geometry by using the extended Kalman filter. Merlet, Kazanzides,
Y oshikawa and Sudou have suggested a similar approach to determine the normal
and tangent vectors of the task geometry by the use of the force measurements end-
effector velocities [12].

In order to achieve robust compliant motion control, Sergji has presented an
adaptive hybrid control scheme [33], which is robust for unpredictable changesin the
manipulator parameters, since in the presented adaptive scheme the dynamic model
and parameter values of the manipulator are not required. Chen and Pandey have
proposed a robust control scheme for hybrid control to cope with the bounded
uncertainties of the manipulator parameters. Likewise, Kuo and Wang have given a
similar approach, caled nonlinear robust hybrid control. In impedance control, by
introducing the reference trgjectory of target impedance, which characterizes the
desired dynamic relations of the end-effector with the environment, Lu and Meng
have shown that the adaptive mechanism of Slotine and Li for motion control can be
applied to impedance control, and they have also demonstrated that performance
degradation due to parameter uncertainties in an impedance controlled robot system
can be prevented by utilizing the proposed adaptive impedance control agorithm.
Kazerooni have also considered the robust impedance control in the presence of
parameter uncertainties and high frequency unmodelled dynamics by using a
frequency domain design method [12].
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Research on hybrid position/force control continues by many researchers and
more of the results were printed. This control type applied to dua-arm robot
manipulators that interact each other [34, 35] and to robust control of industria
robots [36], for redundant manipulators extended hybrid position/force control
developed [9, 12, 44]. [37] Studied on the stable force controller design based on
frequency response identification.

After several new researches hybrid position/force control based new force
control types have been developed. These are fuzzy rule based position/force control
[38, 39], adaptive hybrid position/force controls [39-43] and extended hybrid
position/force controls [12, 44], etc.

11.2.3 | mpedance Control

As opposed to hybrid control, impedance control does not try to track position
and force trgectories directly, but rather to regulate the dynamic relationship
between the contact forces and manipulator positions, namely the mechanical
impedance. Impedance control focused on the design of a robot’s dynamic behavior
(mechanical impedance) as seen from the environment. In this control strategy, no
hardware or software, switch is needed in the robot’s control system when the robot
travels from the free motion space to the constrained space. The force feedback loop
closes naturally as soon as the robot interacts with the environment, which changes
the robot’ s impedance as seen from the environment [7, 8, 10, 45, 46].

By controlling the manipulator positions, and regulating their relationship to
the contact forces, the manipulator can be controlled to maintain appropriate contact
forces thereby accomplishing the compliant motion task. As mentioned before,
impedance control is introduced by Hogan as an extension of the stiffness and
damping control. Impedance control has an advantage; this control scheme is suitable
for both motion control and compliant motion control and compliant motion control
without mode switching or changing control parameters[12].

The choice of the appropriate impedance can be based on extremely sparse
information about the actual environment.

1. Almost no information about the environment (the four-bat linkage) need be

known to pick the manipulator impedance.
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2. Commands need not be accurate. If the commanded position (the lowest
point in the internal energy field) could not be reached because of the constraint, the
system simply finds the point of closest approach and stops.

3. Very little supervision is required.

4. Therequired instrumentation is extremely ssimple.

An impedance-controlled manipulator is multi-mode, parameter adaptive
device. Its mechanical behavior can be adjusted to suit the immediate task
requirements. As a result, the more conventional state control in which the
impedance has been fixed. Thus Impedance Control is quite general [18].

The dynamic interaction between manipulator and environment may then be
modulated, regulated, and controlled by that impedance. Thus, impedance control is
especially beneficial in contact tasks, co-operating robots, and assembly tasks [7,18].

Seen from the environment along any degree of freedom, physical systems
come in only two types; admittances, which accept effort (e.g., force) inputs and
yield flow (e.g., motion) outputs; and impedances, which accept flow inputs and
yield effort outputs.

The most important consequence of dynamic interaction between two physical
systems is that one must physically complement the other: Along any degree of
freedom, if one is impedance, the other must be admittance and vice versa. While a
constrained inertial object can always be pushed on, it cannot always be moved,
these systems are properly described as admittances. Seen from the manipulator, the
world is admittance [7].

When a manipulator is mechanicaly coupled to its environment, to ensure
physical compatibility with the environment admittance, the manipulator should
assume the behavior of admittance. Because the mechanical interaction with the
environment will change with different tasks, or even in the course of a single task-
the manipulator may be coupled to the environment in one phase and decoupled from
it in another-the behavior of the manipulator should be adaptable. Thus, the
controller should be capable of modulating the impedance of the manipulator as
appropriate for a particular phase of atask [7].

Impedance method, on the other hand, realizes the desired mechanica
impedance by driving joint actuators using feedback control based on measurements

of end-effector position, velocity, contact force, and so on [47]. The desired
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impedance of the end-effector expressed by the equation and represented as block
diagramin Figure1.6.
M ¢ (X=Xy) + By (X= %) + Ky (x=3;) =— 1, (11.16)
where Mg, Bq and Kgq representing the desired inertia, damping and stiffness

matrices of the robot manipulator [58].

)"(d
X4 + <
X
X n Robot !
Xa

FigureI1.6. Impedance control block diagram for (11.16) [58]

An important issue in robot action planning and control is to design a controller
to achieve a stable phase transition and output force regulation with minimum impact
forces and bouncing. Impedance control provides a stable and unified control
structure for the phase transition. The problem with the impedance control is that,
after contact has been established, the output force cannot be regulated unless the
exact environmental model was known and was integrated into the motion plan. In
contrast to impedance control, several discontinuous control schemes have been
proposed. The major result is that the output force can be regulated after impact. But
this may not be true if bouncing occurs during the impact. On the other hand, most of
the existing phase transition control design depends on the parameters of the
environment such as the dtiffness and the surface location. Sometimes these
requirements are not redlistic for different material handling. In addition, the
difficulty of the phase transition control is largely due to the existence of impact
between arobot and the environment [48].

However, despite the important benefits of impedance control to robotic
application this strategy is not widely used. That is mainly due to difficulties in
controlling the desired impedance. These difficulties may be attributed to lack of
accurate dynamic models and deficiencies in the proposed compensation

mechanisms [18].
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However, it introduces impedance errors whenever the actual position of the
robot differsfrom that of the model [18].

Mostly, impedance controllers were implemented in a computed torque way,
which means that an accurate model of the robot is needed. Hence, the controller is
likely to be very sensitive to model uncertainties. Perhaps this is the reason that in
industry impedance control is not yet widely used [47].

To overcome these problems new impedance control algorithms are developed
and have been investigated. There are many force control types that have been

presented.

[1.2.3.1. Instantaneous Mode Impedance Control
The proposed instantaneous impedance control is designed to overcome the

sengitivity of the dynamic based method to model uncertainties, and to improve the
impedance tracking of the position based method. Two generic strategies for
implementing impedance control have been described in the literature: the dynamic
based approach [7] and the position based approach [15]. The second method has
been introduced to eliminate the inherent sensitivity of the first method to the
accuracy of the dynamical model. However, it introduces impedance errors whenever
the actual position of the robot differs from that of the model. A proposed a new
method for implementing impedance control, which is designed to take advantage of
the error-correction capabilities of position controllers, while maintaining good
impedance tracking performance by [18]. Instantaneous model impedance control
reinitializes the impedance model to the current position of the robot so the model

does not accumulate position errors. Itsblock diagramisgivenin Figure I1.7.

[1.2.3.2. Adaptive and Robust Impedance Control
Parameter mismatching always exists in practice and further adjustments of

some parameters would be required in case of variable payloads. In such cases, it is

possible to resort to an adaptation mechanism, which provides an on-line update of

)Q)’X ’% ) X y X qd qu
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% Internal Control Loop
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External Control Loop Lkinematics

Figurell.7. Block diagram of instantaneous model impedance
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the estimates of the dynamic parameters as a function of the relevant errors. To this
purpose, adaptive versions of the force and position control schemes are developed
[23, 24, 49-53].

11.2.3.3. Sliding Mode Impedance Control
Sliding mode control is distinct for its robustness property. When the system is

in the sliding mode, its trajectories are reaching and are maintained on the siding
surface. The dynamics of the system, which is determined by the dliding surface, is
unchanged under disturbances and model uncertainties. The objective is to combine
the properties of diiding mode control and impedance control to make a robust
impedance controller. Sliding mode impedance control consists of two parts, a
nominal part and a robustness part. The nominal part is based on a nominal model of
the robot arm that partially compensates for the nonlinearities of the robot. The
robustness part compensates for the effect of the difference between the nominal
model and the true robot on impedance implementation. Based on the objective of
impedance control, an impedance error is defined as target impedance — apparent
impedance. Thus, when the impedance error is zero, the apparent impedance is equal
to the target one. To achieve zero error a sliding surface is defined as such that when
the system is in the sliding mode the state trajectory remains on, or very close to, the
dliding surface. The controller is formulated to guarantee the existence of reaching
and sliding mode in the presence of model uncertainties. The robustness part can be
switched, saturated proportional, or saturated proportional and integral differing in
chattering steady-state error and complexity [2, 54, 55].

Object impedance control for flexible objects: Object impedance control was
developed as an object-based control policy for multiple robotic arms manipulating a
rigid object. One of the benefits of flexible- object impedance control is the ability to
perform both free-space motions and contact tasks without switching control modes.
The stability of the flexible-object impedance controller when coupled to an arbitrary
passive environment is examined in [47, 56]. Dual robot operations [51, 52, 69],

which are used for handling an object or objects.

11.2.3.4. Hybrid Impedance Control
The hybrid impedance control scheme presented in this paper combines

impedance control and an I-type force feedback into one strategy. Used for handling

flexible beam. The hybrid impedance controller uses an inner control loop for
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manipulator dynamics linearization and decoupling. Impedance control substitutes
for the position control used on hybrid controllers position subspace. This way, a

desired manipulator dynamic isimposed [57-58].

11.2.3.5. Extended Impedance Control
Two control schemes, called extended hybrid control and extended impedance

control respectively are developed for assuring the compliant motion of redundant
manipulators. A method of compliant and collision avoidance control is presented.
The compliant control method, which is compatible with present computer’s facility,
for redundant manipulators is proposed. As a feasible algorithm for the
implementation of compliant motion and obstacle avoidance of redundant
mani pulators, we proposed an impedance control method that reduces the delay time
in sensing and control circuit [12, 41, 59-61].

[1.2.3.6. Spatial Impedance Control
Spatial parameters, e.g., principal directions of trandational stiffness, have

well-defined, intuitive, spatial transformation properties and can be selected
depending on the configuration of objects with which the robot must interact. Spatial
compliance control is a Euclidean-geometrical version of compliance control that is

parameterized in an intuitive way [1,61-63].

[1.2.3.7. Neura Networks Control Based Impedance Control
The purpose of the [53,65] is to improve the controller robustness by applying

the neural network technique to compensate for the uncertainties in the robot model.

The impedance control is used to control haptic devises. A haptic, or force-
reflecting, interface is a device that can sense a human operator’s hand motion, and
actuate the operator with forces or torques, without significantly impeding the hand
motion. These devices have been used for teleoperation of a remote robot, the
characterization of human motor performance, conducting psychophysical
experiments on haptics, and the interaction of a human with a virtual environment
[66, 67].

Variable impedance control in [68], Enhanced impedance control for spring-
like impedance modulation in human arm models were presented in [69]. Impedance
modulation in Human Arm Modelsin [70], Impedance control of generalized contact
force and position. In [71]. Severa methods for controlling the transition from free
motion to constrained motion, with an emphasis on minimizing fingertip load
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oscillations during the transition were examined in [71]. [14] Study on selection of
he robot’'s target impedance. Six-DOF impedance control based on angle/axis
represented in [72].

Dual robot operations [51, 52, 65], which are used for handling an object or

objects.

11.2.4 Resolved Acceleration Force Control
Resolved acceleration force control is a simple extension to resolved

acceleration position control by adding aforce loop
Position control part

K% = %y + K (% = %)+ K, (% % (11.16)
6* =J7(x*~J) (11.17)
r =R™(0,0,6%) (11.18)

where R represents the forward dynamics equation of the robot manipulator

Force control part

v, =J3(1-9K(f, - f) (11.19)

Resolved acceleration part

T
7=R7(0,0,0%)+1, (11.20)

Byn A ey T ~
T=R7(0,0,6*)+J (I -S)K,(f, - f) (11.21)

A force error f4-f is multiplied first by a force gain Ky and then by a selection
matrix 1-S to ensure the correct partitioning between position variables and force

variables. The transformation to joint torques is then accomplished with the

fg + <
d Ks > |-S > JT
Xd +_,
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FigureI1.8. Resolved acceleration force control
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transpose Jacobian matrix J'. Finaly, the outputs from the position and force
controllers are summed to produce the joint torques. The block diagram is given in
Figure 11.8.. Resolved acceleration force control is virtualy identical to other
Cartesian-based force controllers, such asimpedance control.

Resolved acceleration force control solves the problem, and is always stable, as

long as the dynamic model is reasonably accurate [73].

11.2.5 Computed Torque Control
This approach involves the computation of the appropriate input generalized

forces based on the robot dynamic model, using the measured values of the
generalized coordinates and velocities and the computed values of the generalized
accelerations. If the robot manipulator model and the load are precisely known, the
sensors and actuators are error-free, and the environment is noise-free the computed
torque method assures that the trajectory error goes to zero. Computed torque method
isrobust to small modeling error. [74]

The underlying principle of the computed torque control approach is to
incorporate the inverse robot dynamic model into the feedforward control law so that
the robot can be transformed into an equivalent linear and decoupled system. The
simplified system can then be controlled by linear control algorithms. [75]

When there are modeling uncertainties or disturbances, however, this control

method may result in poor performance.

I1.2.6 Parallel Force/Position Control

In order to combine the features of force control and position control, a parallel
force/position control is designed which has capabilities of controlling contact force
along the unconstrained task space direction and enf-effector position along the

fq =®=
PD g
+ f
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_+,®—> = Robot [——1¢
+

T _ 79

+

Pd —b(?-» K, Ky m—
Dir. Kin. [«

Figurell.9. Parallel force/position control
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constrained task space directions. The control input is chosen as the sum of a position
control action and aforce control action [76]. The driving torques is calculated using

eg. (11.22). The block diagram of this type of control is giveninthe Figurel.9.

r=37O)[K, (%, —X)+ f, +k, (f, - f)+Kj;(fd - f)at)—kvé+g(0) (11.22)
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PART II1.

MODELING, SSIMULATION AND CONTROL

1. 1.MATHEMATICAL MODEL OF ROBOT ARMS

In this chapter, dynamic models of robotic manipulators will be derived,

simulated under various conditions and force control of them will be performed.

111.1.1  Modeling of The 3 DOF Spherical Robotic

M anipulator
The robot arm used in this chapter is shown in Figure I11.1 in terms of its

degree of freedoms. Its kinematic and dynamic equations will be derived below.

This anthropomorphic manipulator is capable of a waist rotation ¢, about axis
z1, a shoulder rotation 62 about axis zz, an elbow 63 about axis z3, as shown in the
Figure I11.1. The tool origin position depicted in the figure might correspond to an
immovable tool tip, such as that associated with a welding gun or paint sprayer, with
the tool itself pointing in the approach direction. Other lengths are indicated on the
figure.
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Figurelll.1 3 DOF revolute type of robot arm

The appropriate D-H coordinate transformations in order to obtain the forward
kinematic equations associated with the first 3 DOF of the robot arm are given in
Tablelll.1.

Tablelll.1. Robot arm D-H representation

i Qi a 0i d
1 0 0 0, Ih
2 90 0 0, 0
3 0 |e 63 O
4 0 I¢ 0 0

Direct substitution of the individual row elementsinto eg. (I11.1)
Co, - S6, 0 a,

. |Ca;S0, Ca,CH -Sa; -dSe
" |Sa;S6, So,Co, Ca, dCa

0 0 0 1 (11.1)
The transformation matrices are givenin eg. (111.2-5).
C, -S, 00
T o S C, 0O
0O 0 1 I,
0 0 90 (111.2)
C, -S, 0 O
) 0 0O -10
T =
S, C, 00
0 0 01 (111.3)
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C, -S, 0 I
. ls, ¢ 0o
T2
0 0 10
0 0 01 (111.4)
1001,
, o100
T4 =
00 1
0001 (111.5)

From these the orientation coordinate transformation of each link with respect
to base are obtained in eg. (111.6-111.8)

cC, -CS, S 0
T2 = SC, -SS, -C 0
s, C 0 I,
0 o 0 1 (111.6)
C1C 23 Cl st Sl C1C2| e
_ SlCZS _81823 _Cl Slczle

To S, C, 0 Sl+I
0 0 0 1 (1.7)
CC, -GS, S GCC,l +CC,l,
ri_|SCa -88: -C. SClorscd,
S, C, 0 S,l;+S, +1,
0 o 0 1 (111.8)

Inertia matrices for dynamic equations of motion for waist, shoulder and elbow
aregivenin egns. (111.9-11). It should be noted that the waist is defined as a cylinder,

shoulder as a cone and elbow as a cylindrical rod.

1 2.1 2
_ 1 2.1 2
Il_ 0 2rnlr1+3rrhlh 0
2
0 0 mlr1

(111.9)
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_i , .
> m2r2 0 0
_ 1.2 2
I2_ 0 Zmzr2 +Em2|e 0
0 0 1m2r22 + 1mzle2
i 4 6 _ (111.10)
0 0 0

_lo imy.2
I3=]0 SmJ 0

1 2
0 0 Em3| ¢

L . (11.12)
Kinetic energy equations for the links are given in egns (111.12-14).
K, = léfllél
2 (111.12)
K, = i9.2T|29.2
2 (111.13)
K, = 1msvgv3 +193T 1,0,
2 2 (111.14)

Angular velocity of the link 1 (waist) with respect to the base frame is givenin
eg. (111.15), link 2 (shoulder) in eg. (111.16) and link 3 (elbow) in eq. (111.17).

0
6,=|0 (111.15)
1

0, =| C,0, (111.16)

| S
0, =| C,0, (11.17)
0,+0,
Linear velocity of link le (elbow) with respect to the base frameis

__ Iésczaél a IEfClst (92 +93) - leSLCZQl o leClSZQZ

Vs = IEfClczsél o %3523(92 + 93) + Ieclczél B |e51%92 (l I -18)

I C .
Ef Cy(6,+65) +1.C.0,
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Potential energiesof link 1, link 2 and link 3 are

R=0 (111.19)
I I
P, =m,g ge% + mag{lesz + Efsza}
(111.20)
P rnSg S23
(11.22)
Total kinetic and potential energies of the links are obtained as
K=K+ Ka>+Ks (11.22)
P=P,+P2+P; (11.23)
Defining the Lagrangian L as
L=K-P (111.24)

We can get the equations of motion of the robot links without any external
effects

d(aL oL

Tl o6 | o0
1 (111.25)

2
=[mrf+m;r {”” (Memfc 2”1“32+msllczczg]9;

, 2 oml 2 C ..
+ {(mzzz - (%+ 2ms)|e2) SC, - %fTSM -myld ( (C, S + SZCZS)]QlGZ

2mJ,’S,.Cys | - -
+{'rr5|e|fczsza‘ Myl O 2?)}9163
(111.26)
d [aL J oL
T2 = — |————
dt\ 06, | o6, 11,27
m.r mI2 . I’T'13|2 mll,C, ).
12_[ 242 +( 2+m3)l 33f +m3IeIfC3]92+( 3f + 2f 0,
2 2
o em 2 (M s c, + M S5Ca |, Ml (CSn + S.Ca)
4 6 3 2
IS, . . 1.C,,
_ Ml ezf 262-myl |, S.0.,6, - o 3C m, (IeC,+ - 2 2))
(111.28)
__d [aLj L
3
a 99, (111.29)
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ng(m“z mJJ, Q] ] Qs{malelfcz%+malf2823023J912
3 2 2 3
(111.30)
MR PRI

These equations are rearranged to obtain the general form of the robot arm with

external force applied to the end effector. The general fromis givenin theeq. (111.31)

M(6)0 +B(6,0)+G(0) -J(©O) f, =T (111.31)
where
M(6) : Massandinertiaterm matrix, (3x3)
B(0,0) : Coriolis and centrifugal term matrix, (3x3)
G(6) . Gravity term matrix, (3x3)
fe . External force term matrix, (3x3)
T :Input torque term matrix (3x3)

The matrix forms of these terms are,

M, M, My
|\/|(9)= le Mzz Mzs
My Mg, Mg (111.32)
where
2 2 | 2C 2
My = me + 2 (T (T e, T TR e ml ) CC
(11.33)
M, = m“ +(Fem)l” m“ smilJ
(1.34)
2 mjl
M23:M32:nﬂ§f _T,_mSefC'd
3 2 (111.35)
2
M., = m,|f
3 (111.36)
M12:M13: M21: M31:0 (|||37)
Cs, Cs, Csy|6, | [Cpy Cp, Cps| 6,
. Sy o
B(0,0)=|Cs,, Cs, Csu |6, [+|Cpy Cpy Cpy | 0.0,
s .
Cs;, Cs,;, Csy |0, Cpy Cps, Cpyg | 0,0, (111.38)

where
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Cs11= Csyo= Cs3= Csy= Cs33=0 (l [ 39)
2

2
oo = rm, ot (P, 2),C, + Tt T

2 (111.40)
m,l |
Cs;; =—Csp, = '3e—f%
2 (111.42)
CS31 _ rn3|e| fC2823 + m3| f ZS23C:23
2 3 (111.42)
2 2m,l,°S,,.C
Cpn = (m2 "2 - (&'Fzms )l e2 )Szcz R msl el f S223
2 3 3 (111.43)
2myl.*S,,C
Cpy, = 'malel 1C2 S, M
3 (111.44)
Cp, =-m,l S, (111.45)
Cpas= Cpz21= Cpz= Cpai= Cps= Cpzs=0 (111.46)
0 [,.C
G(0) = g(%+ m, (leC+ f223)) (111.47)
gmyCys
L 2 |
Jacobian matrix for the systemis given below
- Sl(leCZ + |f C23) - Cl(lesz + |f 823) _I f Clsz3
J=| GG, +1,C)  -S(S+1:Ss) -1,SS, (111.48)
0 1.C, +1,C,; l,C,
Kinematic equations for the systemis
PX: |eC1C2+ IfClC23 (l 1 49)
P,= [6S1Co+ 1S Cos (111.50)
P= IntleS+11S3 (1.51)

Inverse kinematics of the spherical model

61 isdual valued and explicitly given by
P

6, =atan?2 —y}
P
and

L~ X

(111.52)

[P
0, = atan2 —F"} or 6,=+180° (I11.53)

X
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 Jaelt? [P, IhY + B? + P —le? 1 2]
(P,-h)* +R2*+ P> —le*—If?

0, = atan2
(111.54)
I.e. both 6; and -6; solve eq. (111.54). It might be noted that this paricular
expression for 63 is dependent only on the known initial values associated with the
problem namely, Py, Py, P, l¢ |t and I,,. Therefore, 65 can be determined prior to and
independent of 6: if desired, although it is not really necessary to do so: i.e. eq.
(111.54) can also be directly used to determine 6, via(B1), once 6 is determined.
Once 61 is determined, 62 can be obtained as

If 61isgiven by eq. (111.52) then,

(P, —Ih)(e+IfC,) ~IfS,,[P2 + P,

0, = atan
(P, - IN)IfS, + (le+1fC;)|/R,* + B,®

(111.55)
On the other hand if 61 is given by eq. (111.53) then,

(P, - Ih)(le+1fC,) +1S,/P +P,?
0, = atan - -
P, —Ih)IfS, — (le+IfC,) /P + P
( z ) 3 ( + 3) X + y (III56)
Note that both of those expression for & are dual-valued because of 63, as

given by eq. (111.54), dual-valued.

These equations will be utilized in the next section for simulation studies.

111.1.2 Modeling of The 3 DOF Cartesian Robotic

M anipulator
The second type of robot manipulator is 3DOF Cartesian type manipulator. The

calculation of this manipulator is quite simple then the revolute type. All drivers are
work independent each other and are not affect their motion like revolute type. The
structure of this robot isdrawn in the Figure 111.2. 1, I, and | 3 represent link length of

the x, y and z axis respectively.
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dy
\L I3
Figurelll.2. 3 DOF Cartesian robot arm

Transformation matrices for this robot are given below

0 0 1 I,
o0 100 (111.57)
11 0 0 d '
0 0 01
0 -1 0 d,
0 0 -1 |
T2 = 2 111.58
110 0 O ( )
0 0 0 1
1 0 0O
0 0 11
T2 = 3 111.59
2 1lo0o-1 00 ( )
0 0 01
1 0 0 O
T;‘:O 100 (111.60)
0 0 -10
0 0 0 1
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100 l,
T2 10 " (111.61)
0 01 d,+d,—I,
0 0O 1
Kinetic energy equations for the links are given in egns. (111.62-64).
Klzimlvf
2 (111.62)
Kzzlmzvz2
2 (111.63)
K3:1m3v32
2 (111.64)
Potential energiesof link 1, link 2 and link 3 are
P1=0 (111.65)
P2=0 (111.66)
P3=mgg (111.67)

The force equations of the link 1 to link3 are solved using energy equation. The

results are given in egns. (111.68-70)

Fi= (ml+ my+ m3)a.1 (l ] 68)
Fo=(mp+mg)az (111.69)
Fs=ms(as*Q) (111.70)

[11.2.SIMULATION OF ROBOTIC MANIPULATORS

Above equations are modeled and solved using MATLAB SIMULINK. M files
that are used for Simulink files are given in Appendix A and Appendix B. Simulink
modeling diagrams are shown in Figure 111.2. to Figure I11.11. Simulink is a very
versatile program to simulate dynamic systems [77]. It solves the resulting
differential equations of the robot manipulator using functions of MATLAB , but it
has a graphical interface.

The desired forces are set asfx=10 N, f,=0 N, f,=0 N and the desired position is
set x=3 m, y=0 m, z=3 m. Initial position before starting motion is for x=2 m, y=0 m,
z=3 m. The contact position, x., of the end effector with the environment is equal to
2.8 min x direction. The motion is restricted only through x direction. End effector
move freely by the directions of y and z coordinates.

Desired force value is stored in the Fd block
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[11.2.1 Simulink Models of The Force Control
Algorithms

Three kind force controls were tested in the two types of robots. The blocks
that are used in the models are listed in the Table 111.2. In the second raw of the table

the properties of the blocks are given.

Tablelll.2. Block list and their properties that are used in simulink models

Blocks Property

out Desired force in cartesian space.

Fd

outy Desired position in cartesian space.
path

000 Desired velocity in cartesian space.
>> Position gain matrix.

>> Velocity gain matrix.

Kv

Fsensor P

Force sensor model.

v

>[x
XC error

Fsensor

|-S P
sh Selection matrix for

Selection matrix

>lerr

| crtfwdyn b Forward dynamics of the cartsian type robot arm. Inputs are
o combined array of x, X, X . Uses crtfwdyn.m (Appendix A)
MATLAB Forward dynamics of the revolute type robot arm. Inputs are
Function .
mi crofwdyn combined array of 0.0.0
jdurdtp Derivation of any input.
Derivative

Calculate the inverse, transpose and derivation of Jacobian
matrix for revolute type of robot. Uses microjacobian_sfun.m.

v

>lmicrojacobian

Bl See Appendix B
s| microdirkin Direct kinematics of robot arms. Uses microdirkin_sfun.m See
— Appendix B
dir. kin
,| MATLAB Gravity compensator to eliminate the effect of the gravity.
Function Uses crtgravity.m (Appendix A) for Cartesian and
con? ;z\g;yator microgravity.m (Appendix B) for revolute robot

Robot model of the cartesian type of the robot arm. Uses crt.m
file see Appendix A

> crt

robot
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>| micro_sfun Robot model of the revolute type of the robot arm. Uses
micro_sfun.m file. See Appendix B

robot

Force sensor block represents the contact force in the models. Force depends on
the stiffness of the environment and the deformation of the contact surface. It is
simply formulated as

Fe=Ke* (X-X.) (1n1.72)

Contact position and environment stiffness are assumed 2.80 m (in x direction)
and 100.000 N/m respectively. The force sensor is built using eg. (111.71) and is
shown in FigureI11.3.

XC
i 1€
XC error

>

XC —o\
O3
X — Fsensor
Switch ke
00 0]}

zero
FigureI11.3. Force sensor ssimulink block diagram

The selection matrix is used as a switch to activate or deactivate the force and
the position control algorithms when the end effector contact with the environment.
Only one of them are activated at the same by the selection matrix. The structure of

this block isseenin the Figure I11.4.

0

N

—e

zero

Sx )
>
err i — 4|-> S
Sy
AN
1 | .
Sz

one 11 1j———(" >
I-S

unit matrix

v v

.

Figurelll.4. Selection matrix block diagram

[11.2.2  Force Control Models For Cartesian Type of
Robot Arm
Simulink block diagrams of Hybrid, RAF and Parallel Force/Position controls

are depend on the related control equations. The control equation of each model is
referred before the block figures.



[11.2.2.1. Hybrid Position/Force Control
The block diagram of hybrid control in smulink model, as it seen in the Figure

I11.5., is built by adapting eg. (11.15) from joint space to the Cartesian space. The
model issimilar to the Figure I1.5.

Fsensor
+ I-S xc error ¢
3axis
Outl —}@—} PID | X Fsensor
Fd PID for force
I-S

s e —

Sel ection matrix

: ; :
outt —>©_:t X APb—V crt

path Kp robot dx

0 0 0] X b C-
S
y Kv Gravity compensator

Figure I11.5. Simulink block diagram of the hybrid control of cartesian type of robotic
mani pul ator

[11.2.2.2. Resolved Acceleration Force Control (RAFC)

Fsensor

Fsensor
i |:XC error X l
i err
out | 3axis 0
PID
Fd PID for force i
* Derivative x
outl +Pp»
O Taale \
th
pa Kp A 4 J —p> crtfwdyn —}@ crt 4
Outl +
_> b @’O d fwdyn robot
y' Kv dx
000]
V"

Figurell1.6. Simulink block diagram of the RAFC of cartesian type of robotic manipulator

RAFC looks like hybrid control. However, selection matrix switch only force
control part. When force control activated it added to position control as seen in the
Figurelll. 6. Acceleration obtained by derivation of the velocity.
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The structure of the block of selection matrix is used in this control scheme is
slightly different from of the hybrid control. This block enables or disables the force

control section without affecting the position control asin hybrid control.

1
i:\_
dyd2 I _é
X
1 <B .
i ,F
Sy I-S1
:E:\_
0 >
Sz u

dvd1
Figurelll.7. The structure of the block of selection matrix of RAFC

[11.2.2.3. Paralldl Force/Position Control

This control is added force and position control scheme like RAFC. No need to
switching to activate the force control section. Velocity gainis multiplied by velocity

without error detection. The Simulink structure of this control scheme is in Figure

1.8
Outl -C-
Fd i i Gravity compensator

Fsensor —}@—} 3Fa)'|)gs —P
P xc error b

PID for force
Fsensor
outl -—> b
Kv
path

Figure 111.8. Simulink block diagram of the parallel force/position control of cartesian type of

robotic manipulator

111.2.3  Force control modelsfor revolute type of robot

arm
Force control model of the revolute type of robot arm is more complicated then

Cartesian type. Link torques are dependent al links motion and end effector
propagated by each links. All links motion are rotational type and that's why
Jacobian matrix must be used to transfer Cartesian space force and position values to

joint space. Jacobian matrix calculations are made and are called from one function
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that is called microjacobian.m. The calculations are transpose, inverse and derivation
of the Jacobian matrix. In the models J represents transpose, inv(J) represents

inverse and dJ represents derivation of Jacobian matrix.

[11.2.3.1. Hybrid Position/Force Control
The Simulink control model of revolute type of robot little complex than the

cartesian type. This complexity comes from Jacobian matrix. For position control
and force sensing a conversion is needed from joint space to cartesian space. This
conversion made by microdirkin_sfun.m matlab file. The model is shown in the

Figurelll.9.
Selection
matrix
Fsensor
|x I-S q
Xc error -}errS
<
Fsensor > -
\ 4 microjacobian _>3aX|s.
outt {9 _>—> PID
u
S transpose(J) PID for force
Fd P
- i : q
bian micro_sfun —¢
" I—}mlcrOJaco )[>—> X 5
X +—+—Pp q
Outl P
_>?7 inv(J) Kp robot
path L
B microjacobian MATLAB
< AB e
0 0 O]l —p i Function
S inv(J) Kv gravity
X

y compensator
dx | microdirkin (<
dir. kin

Figure I11.9. Simulink block diagram of the hybrid control of revolute type of robotic

manipul ator

[11.2.3.2. Resolved Acceleration Force Control (RAFC)
The Simulink model of RAFC is graphica representation of eg. (11.21) by

block diagram. Figure I11.10 shows the block diagram of the RAFC for revolute type
of robot.
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path

dy
0 0 0]

outt —>
Kp
000 »@4»@-»

b4

%

Kv

d2y

Outl

l_>X

I

mi crojacobian

ik
£

inv(J)

mi crojacobian ¢

I N MATLAB
> Function i
microfwdyn

-
_>

microjacobian

transpose(J)

micro_sfun

robot

q

dg

XC error

Fsensor
Fsensor l

Fd

X

—+

dx

>

PID for forc

dJ
e |—> err

3axis
PID

™

microdirkin i«

dir

kin

FigureI11.10. Simulink block diagram of the RAFC of revolute type of robotic manipulator

[11.2.3.3. Paralldl Force/Position Control

This model looks like in the cartesian type of robot. Only transpose of the
Jacobian matrix and direct kinematic blocks are added to the model. In the Figure
[11.11 can be seen that this control scheme is the simplest of these three models. This

model depends on the eq. (11.22)

Outl

Fd

Fsensor

X
XC error

3axis
j’@' o [

Fsensor

path

Ooutl —p»

i PID for force

Ll»

microjacobian P

transpose(J)

microdirkin

<

Kv
] q
micro_sfun +——
d
robot a
MATLAB ¢
Function [
gravity
compensator

dir. kin

FigureI11.11. Simulink block diagram of the parallel force/position control of revolute type of

robotic manipulator
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PART IV.

RESULTSND EVALUATIONS

IV.1.STEP INPUT RESPONSE FOR POSITION
CONTROL

For both robot arms same target and step input response has been set. Position
and velocity gains, Kp and Kv, value are found under the predefined response
behavior using MATLAB Parameter Optimization Toolbox. It is desired that the
motion behavior of each robot at each control agorithm must be the same. That's
why upper and lower limit of the position response is the same for each control
schemes. Maximum overshoots are defined for x, y and z positions are MxOx=3.13
m, MxOy=1.13 m and MxOz= 4.18 m respectively. Settling time and allowable
tolerances, for all axes are the same, 1 sec. and %2 respectively. Initial position of
end effector is P(2,0,3) and the desired position after step input is P;(3,1,4). Position
and velocity gains and step input responses are given related subsections from 1V.1.1
tol1V.1.3.
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1V.1.1 Position and Velocity Gain of Hybrid
Position/For ce Control of Cartesian Type of Robot
The responses of the Hybrid Position/Force Control are in desired boundaries

for x,y and zaxes as seen in the Figure IV.1. The position and velocity gains are
Kp =[1058.60 623.20 129.49], Kv =[0193.88 116.80 27.03] respectively
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Figure V.1 Step input response of position of hybrid control of cartesian type of robot

1V.1.2 Position and Velocity Gain of RAFC of Cartesian
Type of Robot

The position and velocity gain values are small than the hybrid control. The
gain values are Kp = [144.21 118.27 066.46], Kv = [027.82 020.79 013.56].
Response graphs arein the limits Figure V.2,

~
@
©
5
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Time (sec)

Figure V.2 Step input response of position of RAFC of cartesian type of robot

1V.1.3

Position and Velocity Gain of Parallel
Force/Position Control of Cartesian Type of Robot

Position and velocity gains are close to the values of the hybrid control. The

response of all axes are in the desired range Figure 1V.3. The gain values for this
graph are, Kp = [1029.80 0511.46 0132.31] and Kv = [0190.11 0097.49 0027.76].

Time (sec)

Figure 1V.3 Step input response of position of parallel force/position control of cartesian type

of robot
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V.14 Position and Velocity Gain of Hybrid
Position/For ce Control of Revolute Type of Robot
The response of control algorithm in y and z axes are in defined range. But in X

axis overshoot is not in the range besides whole x axis graph Figure IV .4.. It istried
to bring the overshoot value in the range. But the response of the other axes are
changed and overshoot values are in the defined range. The response in x is accepted
asit seeninthe Figure IV .4. Therelated gain values are

Kp =[544.23 007.61 068‘.59], KY = [65?.71 009.00 04?.67]

| | | | | | | | |
= I I I I I I I I I
E I I I I I I I I I
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I I I I I I I I I
Py Qo I Lo P [, Qo [T, Lo [ |
| | I | | | | | |
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I I I I I I I I
1 T T T T T T T T
| | | | | | | | |
—~ I I I I I I I I I
E | | | | | | | | |
= 05 ——t === === - 4= === - 4= === == - 4= === == —
a I I I I I I | | |
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0 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 1C

—_ | | | | | | | | |
£ | | | | | | | | |
[ R [N Lo [ [ [N [N Lo [ -
& | | | | | | | | |
| | | | | | | | |
| | | | | | | | |
3o N ittt - fo-mm-- = -~ N it oo fo-mm-- === n
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Figure V.4 Step input response of position of hybrid control of revolute type of robot

V.15 Position and Velocity Gain of RAFC of Revolute
Type of Robot

The good graph of response of the revolute robot arm is gotten from this
control model. The graphs of all axes are stayed in the desired limits Figure IV.5.
Gain valuesfor this response are

Kp = [104.75 110.36 063.43], Kv = [019.10 022.30 014.74]
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Figure V.5 Step input response of position of RAFC of revolute type of robot

Position and Velocity Gain of Parallel
Force/Position Control of Revolute Type of Robot

1V.1.6

The response of the control algorithm is acceptable. There is a small steady

state error in the x-axis. This error is not taken in care of because of its small value.

The gain vdues that affect the result are
Kp =[077.80 730.67 017.80], Kv

[999.77 014.68 054.60]

Time (sec)

Figure I'V.6 Step input response of position of parallel force/position control of revolute type

of robot
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IV.2.REDUCED TAGUCHI L9 (3% TABLES

In this section, PID parameters of Force control algorithms are examined and
compared using Taguchi arrays [78]. Taguchi method is suitable for reducing
experiment number for large parameter with more than two levels. The response of
force control algorithms are adjusted by PID parameters. There are three levels of
PID parameters; that are the value found by Simulink Parameter Optimization
Method itself, which is placed in the second raw, %50 over and %50 under this
value. The first raw includes %50 small and the third raw includes %50 big values of
PID parameter. The table is organized using Taguchi L9 (34) arrays by three level
and three parameters. PID parameters in the nine rows are applied to force control
algorithms respectively. Steady state error (Error), percentage difference of
maximum overshoot (MxO) w.r.t. 10 N (desired force) and settling time (S.T.) are
results that are selected for comparison. Computing time (C.T.) is used when results
are near to each other for selection criteria.

Results are listed in the part (a) of the table. The values of the results are
divided by their maximum value by column. The results of this division are listed in
the part (b) of the table. At the part (c), the values are calculated using eg. (1V.1) and
listed at column Sqtreys. Results of eq. (1V.2) are also listed in the Sgtrgysc column
at the part (c).

Str s = VError? + MPR? + STR2 (IV.1)

Stry,, e = VError? + MPR? + STR? + CTR? (1V.2)
Minimum of the Sqtrgys is the best value of them. Maximum value Sqtreys is

the worst of them. Graph of the best and the worst are given after tables.

IV.21  Taguchi L9 (3% Tableof Hybrid Position/Force
Control of Cartesian Type of Robot Arm
Hybrid Position/Force Control type of force control includes two types of

controls, position and force control , works independent from each other and only
one of them works at the same axis. If robot arm tip moves freely position control
works otherwise during restricted motion or contact to an environment force control
part works. In the control equation as it seen force control part contain only

proportional gain. Integration and derivation gain are added to the force control.



Table V.1 Taguchi arrays of hybrid control of cartesian type of robot (@)

P I D Error | MxO |9%MxO| S.T. C.T.
0,85/ 0,25/ 0,83| 0,00 38,03| 280,30| 11,50, 52,66
1,70] 0,50/ 165/ 0,00/ 19,20] 92,00 9,50| 103,10
255 0,75 248| 0,00 13,35/ 33,50 5,00| 153,10
0,85/ 0,50| 2,48 0,00 13,30| 33,00 16,20/ 153,80
1,70| 0,75/ 0,83 0,00f 37,50| 275,00 7,00| 51,78
255 0,25/ 1,65/ 0,00/ 19,30] 93,00 7,00| 103,90
0,85/ 0,75/ 1,65 0,00 19,20/ 92,00( 15,00 104,50
1,70| 0,25/ 2,48 0,00/ 13,30 33,00 7,50| 152,50
2,55/ 050/ 0,83] 0,00/ 37,50/ 275,00 9,60| 52,72

Max= 1,00 280,30| 16,20| 153,80

OO NO|TA|WIN|F

Table 1V.2 Normalizing Taguchi arrays of hybrid control of cartesian type of robot (b,c)

Divided by maximum (b) (c)

ER MPR STR CTR SqrtEMSC SqrtEMS

0,000{ 1,0000{ 0,7099| 0,3424| 1,2732| 1,2263
0,000/ 0,3282| 0,5864| 0,6704] 0,9492] 0,6720
0,000 0,1195| 0,3086| 0,9954| 1,0490| 0,3310
0,000/ 0,1177| 1,0000{ 1,0000f 1,4191] 1,0069
0,000[ 0,9811| 04321 0,3367| 1,1237| 1,0720
0,000 0,3318| 0,4321] 0,6756| 0,8678] 0,5448
0,000/ 0,3282| 0,9259| 0,6795| 1,1945| 0,9824
0,000{ 0,1177| 0,4630| 0,9915| 1,1006| 0,4777
0,000 0,9811] 05926| 0,3428| 1,1963| 1,1462

O OINOUAWIN|F

The minimum value is in the 3. raw of the Sgrtgys column of the Table IV.2.
Maximum values of PID parameters are cause the minimum overshoot and settling
time values. The worst results, on the other hand, are found at the 1. raw of the table
with maximum vaue of Sgrtgys. PID parameters at the 1. raw are minimum.
Increasing PID values together decrease the the overshoot and settling time. But its
wise affect is increasing C.T. The response of the both position and force of end
effector for the best and worst values are seen at the Figure IV.7 and Figure IV.8
respectively.
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Figure V.7 The best value of the force and position graph of Hybrid Position/Force Control of
cartesian type of robot
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Figure 1V.8 The worst value of the force and position graph of Hybrid Position/Force Control

of cartesian type of robot
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1V.2.2

Taguchi L9 (3% Table of RAFC of Cartesian

Type of Robot Arm

The best and the worst values for this type are in the 2. and 8. column of Table
IV.1 and Table V.2 respectively. The best value shows that mean PID value cause
good value of MxO and ST as is seen in the Figure 1V.9. At the worst value, at
Figure 1V.10 it can be seen that the contact force is not stable and its settling time is
took long time. There is steady state error and can not reach the desired force.

Table 1V.3 Taguchi arrays of RAFC of cartesian type of robot (a)

@| P I D | Error | MxO [%MxO| ST. | C.T.
1 125,00/ 7,50/ 1,50| 5,00/531,00/5210,00/100,00/169,10
2 |250,00| 15,00/ 3,00/ 0,00| 21,50{ 115,00/ 25,00|343,30
3 |375,00] 2250/ 4,50/ 5,00| 54,00{ 440,00/100,00|364,60
4 |125,00{ 15,00/ 4,50/ 5,00|351,50{3415,00{100,00|458,50
5 |250,00| 22,50/ 1,50/ 5,00/ 91,00| 810,00/ 60,00{173,10
6 |375,00] 7,50/ 3,000 0,00/ 21,00] 110,00] 52,00|356,80
7 |125,00] 22,50/ 3,00] 5,00|124,00{1140,00{100,00|298,50
8 250,00/ 7,50 4,50/ 10,00|302,00{2920,00{100,00|387,70
9 |375,00| 15,00/ 1,50/ 1,00| 39,10| 291,00/ 0,64|213,60
Max=| 10,00 5210,00|100,00|458,50

Table V.4 Normalizing Taguchi arrays of RAFC of Cartesian type of robot (b, c)

Divided by maximum (b) (c)
ER MPR STR CTR | Sortemsc | Sartems
1 0,5000, 1,0000, 1,0000, 0,3688| 1,5447| 1,5000
2 0,0000, 0,0221| 0,2500, 0,7487| 0,7897| 0,2510
3 0,5000, 0,0845/ 1,0000f 0,7952| 1,3746| 1,1212
4 0,5000, 0,6555/ 1,0000f 1,0000f 1,6370] 1,2960
5 0,5000, 0,1555| 0,6000, 0,3775/ 0,8813| 0,7963
6 0,0000, 0,0211| 0,5200, 0,7782| 0,9362| 0,5204
7 0,5000, 0,2188/ 1,0000f 0,6510] 1,3121] 1,1392
8 1,0000{ 0,5605| 1,0000| 0,8456| 1,7404| 15212
9 0,1000, 0,0559, 0,0064| 04659, 0,4798| 0,1147
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Figure V.9 The best value of the Force and Position graph of RAFC of cartesian type of robot
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Figure IV.10 The worst value of the Force and Position graph of RAFC of cartesian type of

robot
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IV.2.3  Taguchi L9 (3% Table of Parallel Force/Position
Control of Cartesian Type of Robot Arm
At the 3. row, of Table IV.6, the value of PID is maximum, the value of

SOrtems is minimum. At the 1. row the value of Sgrtgys is maximum with minimum
PID value. Desired settling time is 10 sec. but non of them can reach this value. The
nearest settling time is 13,6 sec at the 7. row Table I1V.5. However, because of the
biggest overshoot and big ST values, row 7 isthe worst of them.

Table V.5 Taguchi arrays of paralel force/position control of cartesian type of robot (a)

@| P I D | Error | MXO |%MxO| ST. C.T.
12,00, 1,60| 7,50 0,00 25,60| 156,00 26,30] 423,30
24,00/ 3,20/ 15,00 0,00/ 18,05 80,50, 24,00/ 890,70
36,00| 4,80/2250[ 0,00/ 1550[ 55,00/ 22,00/1324,00
12,00, 3,20{22,50f 0,00{ 22,50| 125,00] 20,00{1360,00
24,00/ 4,80/ 7,50/ 0,00/ 18,30/ 83,00 19,00| 450,90
36,00] 1,60/15,00f 0,00/ 15,70 57,00/ 35,00, 906,70
12,00, 4,80{15,00f 0,00{ 22,60| 126,00 13,60| 879,40
24,00/ 1,60/2250/ 0,00 1812| 81,20, 25,00|1323,00
36,00/ 3,20, 7,50 0,00/ 15,80| 58,00/ 24,001 428,90
Max=| 1,00 156,00{ 35,00{1360,00

OO N[O T W[N|F

Table 1V.6 Normalizing Taguchi arrays of parallel force/position control of cartesian type of
robot (b, ¢)

Divided by maximum (b) (c)

ER MPR | STR | CTR | SOrtemsc | SOrtews

0,000 1,000f 0,751 0,311 1,289 1,251
0,000f 0/516] 0,686 0,655 1,080 0,858
0,000f 0,353] 0,629 0,974 1,211 0,721
0,000/ 0,801 0,571 1,000 1,403 0,984
0,000 0532 0543] 0,332 0,829 0,760
0,000 0,365/ 1,000 0,667 1,256 1,065
0,000/ 0,808/ 0,389] 0,647 1,105 0,896
0,000f 0521 0,714 0,973 1,314 0,884
0,000f 0,372 0,686 0,315 0,841 0,780

OO INO|O|AWIN|F
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Figure V.11 The best value of the force and position graph of parallel force/position control of

cartesian type of robot
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Figure IV.12 The worst value of the force and position graph of paralel force/position control

of cartesian type of robot
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IV.2.4  Taguchi L9 (3% Tableof Hybrid Position/Force
Control of Revolute Type Of Robot Arm

When derivative parameter is less than 10° simulation works. For the

derivative parameter that is greater than this value which the roots are not redl,

simulation is not run. That's why derivative parameter value is set to zero. Only Pl

parameters affect the results. But non of them settled during simulation. The contact

force varies between 0 and 19 N. Because of chattering, the system cannot reach the

desired force. The value of ST is written in the table as NaN its value is set zero for

calculation. The row number of best and worst values is the same as hybrid control

of cartesian type of robot. Minimum vaue of Sgrtems is 0,962 at row 3 and

maximum valueis. 1.00 at row 1 Table V.7, Table V.8

TablelV.7 Taguchi arrays of Hybrid Position/Force Control of revolute type of robot (a)

@ P I D Error | MxO |9%MxO| ST. | C.T.
1| 175/ 25/ O 0 22,46| 124,6| NaN| 1704
2| 350 50/ O 0 20,65/ 106,5| NaN| 166,1
3| 525/ 75| O 0 20,87| 108,7| NaN| 210,3
4, 175 50[ O 0 22,45 1245 NaN| 1447
5/ 350 75| O 0 20,66 106,6/ NaN| 1433
6| 525/ 25| O 0 20,88| 108,8| NaN| 263,5
7 175 75 0 0 2243| 124,3| NaN| 1264
8/ 350 25/ O 0 20,41 104,1] NaN| 204,5
9| 525/ 50/ O 0 20,99 109,9] NaN| 231,0

Max=| 1,00 1246 1,00] 2635

Table 1V.8 Normalizing Taguchi arrays of Hybrid Position/Force Control of revolute type of

robot (b, ¢)
Divided by maximum (b) ()
ER MPR STR CTR | SOrtemsc | Sgrtems
1/ 0,0000{ 1,0000[ 0,0000{ 0,6467 1,1909| 1,0000
2| 0,0000] 0,8547| 0,0000{ 0,6304| 1,0620| 0,8547
3| 0,0000] 0,8724| 0,0000[ 0,7981 1,1824| 0,8724
4| 0,0000{ 0,9992| 0,0000f 0,5491 1,1402| 00,9992
5/ 0,0000f 0,8555| 0,0000[{ 0,5438| 1,0138| 0,8555
6/ 0,0000, 0,8732] 0,0000] 1,0000{ 11,3276 0,8732
7| 0,0000 0,9976/ 0,0000] 0,4797 1,1069| 0,9976
8| 0,0000, 0,8355| 0,0000[ 0,7761 1,1403| 0,8355
9/ 0,0000f 0,8820[ 0,0000[ 0,8767 1,2436/ 0,8820
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Figure 1V.13 The best value of the force and position graph of Hybrid Position/Force Control
of revolute type of robot
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Figure V.14 The worst value of the force and position graph of Hybrid Position/Force Control
of revolute type of robot
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1V.2.5

Taguchi L9 (3* Table of RAFC of Revolute Type
of Robot Arm

This force control algorithm has the maximum contact force after impact with

small Pl parameters that are given at the 1. row of Table IV.9. Like former force

control algorithm small impact value is occurs for large Pl parameters that are given

at the 2. row of thetable. Thereis a %2.86 positional error at the z-axis as seen in the

Figure 1V.15 and Figure IV.16. This error occurs at the all Pl values. This difference

may caused by gravitational effect. This problem always exists for RAFC of revolute

type of robot arm.

Table 1V.9 Taguchi arrays of RAFC of revolute type of robot (a)

@| P I D | Error | MXO |%MxO| ST. C.T.
11250 (125|003 | 000 | 3611 |261,10| 7,59 | 34,83
2/ 500 | 2,50 | 0,05| 0,00 | 20,07 |100,70| 6,92 | 59,36
3/750[375|/008| 000 | 17,89 | 7890 | 6,64 | 82,13
4/ 250250008 | 000 | 27,18 [171,80| 4,66 | 72,86
5/500(375|003] 000 | 3526 |252,60| 5,32 | 41,83
6/ 750 | 1,25 0,05| 0,00 | 19,00 | 90,00 | 14,08 | 64,19
70250 ] 375|005 | 000 | 3235 |22350| 3,64 | 5381
8/500[125|008 | 000 | 1648 | 64,80 | 11,37 | 78,08
91750 [250|003]| 000 | 3224 [22240| 8,63 | 46,59

Max=| 1,00 261,10| 14,08 82,13

Table V.10 Normalizing Taguchi arrays of RAFC of revolute type of robot (b, c)

Divided by maximum (b)

(©

ER MPR STR CTR SqrtEM sc SqrtEM s
1, 0,000 1,000f 0,539 0,424 1,213 1,136
2| 0000 0386 0491 0,723 0,955 0,625
3] 0,0000 0,302 0,472 1,000 1,146 0,560
4/ 0,000 0658 0331 0,887 1,153 0,737
5/ 0,000 0967 0,378/ 0,509 1,157 1,039
6/ 0,000 0345 1,000] 0,782 1,315 1,058
7] 0,000 0,856 0,259 0,655 1,109 0,894
8/ 00000 0,248 0,808/ 0,951 1,272 0,845
9/ 0,000 0,852 0,613 0,567 1,193 1,049
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Figure V.16 The worst value of the Force and Position graph of RAFC of revolute type of

robot



1V.2.6 Taguchi L9 (3% Table of Parallel Force/Position
Control of Revolute Type of Robot Arm

The results of Pl of this type of force control is different from other types of

force control of both two types of robot arms. From the Table 1V.12 it is seen that the

best value is at the 7. row and the worst value is at the 6. row. Increasing “1” value

cause decreasing ST. Increasing or decreasing of Integral parameter which is effect
to the MxO is not gave any idea. On the other hand increasing P cause increasing
MxO. Same thing is occurred for affect on the ST for changing P value Table IV.11.

Table V.11 Taguchi arrays of parallel force/position control of revolute type of robot (a)

@ P I D Error | MxO [%MxO| ST. C.T.
495/ 050| 0,05| 0,00] 22,48| 124,80 24,60, 39,92
9,90, 1,00 0,10, 0,00| 1846| 84,60, 17,99| 73,03
1485/ 150{ 0,15/ 0,00{ 1857| 85,70, 14,10| 105,00
495/ 1,001 0,15] 0,00/ 17,20 72,00 13,90 96,23
9,90, 150/ 0,05/ 0,00| 3535| 253500 13,06| 47,73
14,85/ 0,50/ 0,10, 0,00| 25,19| 151,90, 32,80| 79,42
495/ 150] 0,10/ 0,00| 1815| 81,50/ 10,10| 6814
9,90, 0,50/ 0,15/ 0,00| 13,15| 31,50, 30,10| 102,40
14,85/ 1,00 0,05 0,00| 44,71| 347,10, 19,15| 54,22

Max=| 1,00 347,10, 32,80| 105,00

OO N|O|UAWIN(F

Table V.12 Taguchi arrays of Parallel Force/Position Control of revolute type of robot (b, c)

Devided by maximum (b) ()

ER MPR STR CTR | SOrtemsc | SOrtems

0,000f 0,360] 0,750/ 0,380 0,915 0,832
0,000 0,244 0,548/ 0,696 0,919 0,600
0,000f 0,247 0,430] 1,000 1,116 0,496
0,000 0,207 0,424 0,916 1,031 0,472
0,000 0,730 0,398 0,455 0,948 0,832
0,000, 0438/ 1,000{ 0,756 1,328 1,092
0,000f 0,235 0,308/ 0,649 0,756 0,387
0,000f 0,091] 0,918/ 0,975 1,342 0,922
0,000, 1,000, 0,584 0,516 1,268 1,158

OO N[O |OIAWIN|F
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Figure V.17 The best value of the force and position graph of parallel force/position control of

revolute type of robot
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IV.3. EVALUATION OF FINAL RESULTS

Table V.13-15 present the final results are for evauation of force control
schemes.

Row number of the best and the worst values are given in the Table 1V.13. In
this table, it is understand the effect of the PID parameters of force control types on
the robot arms.

For simplicity HP/FC abbreviated as Hybrid Position/Force Control, RAFC
abbreviated as Resolved Acceleration Force Control and PF/PC abbreviated as
Parallel Force/Position Control.

It can be seen that the response of HP/FC is good when PID parameters are big
and bad when PID parameters are small for both two robot arms (Table V.15). The
smallest values of MxO and ST of all experiments are get in HP/FC of Cartesian type
of robot. On the other hand, HP/FC is not suitable for revolute type because of non-
settling of contact force as it seen from Table V.15. MxO and ST of RAFC and
PF/PC are nearest each other. But RAFC has small MxO and ST values than PF/PC.

Table V.13. Row number of the best and the worst response

CARTESIAN | REVOLUTE

best | worst | best | Worst
HP/FC 3 1 8 1
RAFC 2 8 3 1
PF/PC 3 1 7 9

Levels of PID parameters of force control algorithms are listed in Table V.14.
Levels are shown as min for Level 1, mean for Level 2 and max for Level 3.

TableV.14. PID level s of the best and the worg response

CARTESIAN REVOLUTE
best Worst best worst
P | D P | D P | D P | D
HP/FC | max | max | max | min | min | min {mean| min - min | min

RAFC | max |[mean| min [mean| min | max | max | max | max | min | min | min
PF/PC [ max | max | max | min | min | min | mn | max |mean| max | max | min

At maximum value of proportional gain of al force control algorithms for
Cartesian robot arm cause the best response.

The best and the worst results of MxO and ST that are taken from force control
schemes for robot arms are given in the Table V.15.
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Table V.15. MxO and ST of the best and the worst response

CARTESIAN REVOLUTE
best worst best worst
MxO ST MxO ST MxO ST MxO ST
HP/FC | 13.35| 5.00 38.03 11.50| 20.41 NaN 20.46 NaN
RAFC | 21.50| 25.00 | 302.00 | 100.00 17.89 6.64| 36.11 7.59
PF/PC 15.50 | 22.00 25.60 26.30| 18.15 10.10| 44.71 19.15

As aresult the best force control agorithm is Hybrid Position/Force Control for

cartesian and Resolved Acceleration Force Control for revolute type.
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PART V.

CONCLUSIONS

In this thesis, three kinds of force control algorithms are used. This force
control algorithms are hybrid force/position control, resolved acceleration force
control and parallel force/position control. These control algorithms are applied to
two different types of robot manipulator for comparison.

The first control type, hybrid force/position control, is one of the earlier force
control type. It is an example of switching controls between force and position
control. Only one of two control schemesis active by sensing contact force.

Hybrid Position/Force Control of Cartesian type robot is sensitive to PID
parameters. Settling times are smaller then all other force control of two types of
robots. MxO values vary between 13.30 and 38.03. This means that this type of force
control can be used for Cartesian type robot if PID parameters adjusted carefully.

On the other hand, Hybrid Position/Force Control for revolute type is not
suitable because of non-stable response. MxO values are very close to 20 N. This
values is thealowable upper limit of the maximum over shoot value.

The second force control type, resolved acceleration control (RAFC), has
similar force and position control algorithm with hybrid control. The difference

between them is switching function. Force control activate when force sensed and
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feedback value is summing with the position control value. An addition to position
control typeis feedback from acceleration. Thisis the extrain the control algorithm.

RAFC of both robots are not suitable for force control. MxO values are out of
range for both robot types. Settling times for Cartesian type of robot are too long
from other types. RAFC is not advised to use for force control.

The third force control type, Parallel Force/Position Control, quite different
from two former force control type. Position control depends on only position error.
Velocity feedback is directly added to control value. Force control part is aso
different from others. Desired force and force error are used at the same time with
position control.

Parallel Force/Position Control of Cartesian type is looks stable to PID
variation. However, settling time is long from Hybrid Position/Force Control. And
simulation time is the longest of all the other runs.

Response of revolute type of robot is good at the parallel force/position control.
MxO valueislower then the other two force control of this robot.

This thesis shows that simulations of robot arms using Simulink is helpful for
researchers to adjust gains of control algorithms and test them virtually before using
real robot manipulators. Testing different control algorithms with different situations
in virtual world is useful to avoid robot manipulators from dangerous applications in
real world. Building models are simple using blocks. Changes in model are quite
easy to test at the different conditions and different values of parameters.
Mathematical model of robot manipulator is important to simulate real world in
virtual world. This is important case of simulation. Especialy it is very useful for
educational purpose to teach robot control.
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APPENDIX A

M FILES OF CARTESIAN TYPE OF ROBOT

CRT.M

function [sys,x0,str,ts] = crt(t,x,u,flag,px,py,pz,vx,vy,vz)
a=[px;py;pz];
av=[vx;vy;vz];
switch flag,
% Initialization %
case 0,
[sysxO0,str,ts]=mdllnitializeSizes(t,x,u,flag,q,qv);
% Derivatives %
case 1,
sys=mdIDerivatives(t,x,u);
% Update %
case 2,
sys=smdlUpdate(t,x,u);
% Outputs %
case 3,
sys=mdl Outputs(t,x,u);
% GetTimeOfNextVarHit %
case 4,
sys=mdlGetTimeOfNextVarHit(t,x,u);
% Terminate %
case 9,
sys=mdI Terminate(t,x,u);
% Unexpected flags %
otherwise
error(['Unhandled flag = ',num2str(flag)]);
end
% end sfuntmpl

%

% mdlInitializeSizes

% Return the sizes, initial conditions, and sample times for the S-function.
%
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function [sys,x0,str,ts]=mdlInitializeSizes(t,x,u,flag,q,qv)

% call simsizes for asizes structure, fill it in and convert it to a

% sizes array.

% Note that in this example, the values are hard coded. Thisisnot a

% recommended practice as the characteristics of the block are typically
% defined by the S-function parameters.

Sizes = simsizes,

sizes.NumContStates = 6;

sizes.NumDiscStates = 0;

sizesNumOutputs = 6;

sizesNumlnputs =3;

sizes.DirFeedthrough = 0;

sizesNumSampleTimes = 1; % at least one sample time is needed

sys = simsizes(sizes);
%

% initialize theinitia conditions
%

x0 = [g;av];

%

% str is always an empty matrix
%

str={J;

%

% initialize the array of sample times
%

ts =[00];

% end mdlInitializeSizes

%

%

% mdlDerivatives
% Return the derivatives for the continuous states.

%

%
function sys=mdlIDerivatives(t,x,u)

%s space x1 x2 x3 x4 ==> g1 g2 dgl dg2
[m,l,fc,pe]=crtparam;

%frictional term
b=[0;0;0];

91=0;

92=0;
03=9.81*m(3);

m=[m(1)+m(2)+m(3) 0 0; 0 m(2)+m(3) 0; 0 0 Mm(3)];
or=[g1; g2; g3;

to=[u(1); u(2); u(3);

ga=(inv(m)* (to-gr-b));

sys=[x(4); x(5); x(6);qal;

% end mdlDerivatives
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%

%

% mdlUpdate
% Handle discrete state updates, sample time hits, and major time step

% requirements.
0,
(0}

%
function sys=mdlUpdate(t,x,u)

sys=[I;
% end mdlUpdate

%

%

% mdlOutputs

% Return the block outputs.
%

%
function sys=mdlOutputs(t,x,u)

sys = [X(1);x(2);x(3);x(4);x(5);x(6)];
% end mdlOutputs

%

%

% mdlGetTimeOfNextVarHit

% Return the time of the next hit for thisblock. Note that the result is

% absolutetime. Note that this function is only used when you specify a
% variable discrete-time sample time [-2 Q] in the sample time array in
% mdlInitializeSizes.

%

%
function sys=mdIGetTimeOfNextVarHit(t,x,u)

sampleTime=1; % Example, set the next hit to be one second later.
sys=t+ sampleTime;

% end mdlGetTimeOfNextVarHit

%

%

% mdl Terminate
% Perform any end of simulation tasks.

%

%
function sys=mdI Terminate(t,x,u)

sys=[1;

% end mdl Terminate

CRTGRAVTY.M

function g=crtgravity
m=crtparam;

91=0;
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g2=0;
03=9.81*m(3);
0=[91; 92; g3;

CRTPARAM.M

function [m,l,fc,pe]=crtparam

m1=8; m2=6; m3=4;

1z1=1.3; Ix=0.1; 1z2=0.05; ly=0.05; 1z3=0.1;
m=[m1;m2;m3];

I=[1z1;1x;122;1y;123];

return

CRTFWDYN.M
function [sys,x0,str,ts] = crtfwdyn(t,x,u,flag)

switch flag,
% Initialization %
case 0,
[sysx0,str,ts]=mdlInitializeSizes;
% Outputs %
case 3,
sys=mdlOutputs(t,x,u,flag);
case{1,2,4,9}
sys=[]; % Unused flags
% Unexpected flags %
otherwise
error(['Unhandled flag = ',num2str(flag)]);
end
% end sfuntmpl

%

% mdlInitializeSizes
% Return the sizes, initial conditions, and sample times for the S-function.

%
function [sys,x0,str,ts]=mdlInitializeSizes

Sizes = sSimSizes,

sizesNumContStates = 0;

sizesNumDiscStates = 0;

sizes.NumOutputs = 3;

sizesNuminputs =09;

sizes.DirFeedthrough = 1;

sizesNumSampleTimes = 1; % at least one sample time is needed

sys = simsizes(sizes);

%

% initialize the initial conditions
%

x0 =[J;

%

% str is aways an empty matrix
%

str=1J;

%
% initialize the array of sample times
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%
ts =[-10];

%

%

% mdl Outputs
% Return the block outputs.

%

%
function sys=mdlOutputs(t,x,u,flag)

a=[u(1); u(2); u(3)];
gv=[u(4); u(5); u(e)];
ga=[u(7); u(8); u(9;

m=crtinertia;
g=crtgravity;
b=[0; 0; 0J;

sys=m*gat+g+b;

% end mdlOutputs

CRTINERTIA.M (Used in crtfwdyn.m)

function m=crtinertia
m=crtparam;

m1l=m(1); m2=m(2); m3=m(3);

%inertia matrix
mll=ml+m2+ms3;
m12=0;

m13=0;

m21=0;
m22=m2+m3;
m23=0;

m31=0;

m32=0;

m33=m3;

m=[m11 m12 m13;m21 m22 m23;m31 m32 m33];
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APPENDIX B

MATLAB FILES OF REVOLUTE TYPE OF
ROBOT ARM

MICRO_SFUN.M

function [sys,x0,str,ts] = micro_sfun(t,x,u,flag,q1,92,03,qv1,qv2,qv3)%,gal,qa2,qa3)
0=[g1;092;93];
av=[av1;qv2;qv3];
%qa=[gal;ga2;qa3];
switch flag,
% Initialization %
case 0,
[sysx0,str,ts]=mdlInitializeSizes(t,x,u,flag,q,qv);%,0a);
% Derivatives %
casel,
sys=mdlDerivatives(t,x,u);
% Update %
case 2,
sys=mdlUpdate(t,x,u);
% Outputs %
case 3,
sys=mdlOutputs(t,x,u);
% GetTimeOfNextVarHit %
case 4,
sys=mdlGetTimeOfNextVarHit(t,x,u);
% Terminate %
case 9,
sys=mdl Terminate(t,x,u);
% Unexpected flags %
otherwise
error(['Unhandled flag = *,num2str(flag)]);
end
% end sfuntmpl
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%
% mdlInitializeSizes
% Return the sizes, initial conditions, and sample times for the S-function.

%
function [sys,x0,str,ts]=mdlInitializeSizes(t,x,u,flag,q,qV);%,qa)

% call smsizes for a sizes structure, fill it in and convert it to a

% sizes array.

% Note that in this example, the values are hard coded. Thisisnot a

% recommended practice as the characteristics of the block are typically
% defined by the S-function parameters.

sizes = simsizes,

sizes.NumContStates = 6;

sizes.NumDiscStates = 0;

sizesNumOutputs = 6;

sizesNumlnputs = 3;

sizes.DirFeedthrough = O;

sizesNumSampleTimes=1; % at least one sampletimeis needed

SyS = sSimsizes(sizes);

%

% initialize the initia conditions
%

x0 =[g;av];

%

% str is always an empty matrix
%

str=11;

%

% initialize the array of sample times
%

ts =[00];

% end mdllnitializeSizes

%

%

% mdlDerivatives

% Return the derivatives for the continuous states.
%

%
function sys=mdIDerivatives(t,x,u)

a=[x(1); x(2); x(3)1;

av=[x(4); x(5); x(6)];

gs=[x(4)"2; x(5)"2; x(6)"2];
ap=[x(4)*x(5); x(4)*x(6); x(5)*x(6)];

ms=microstruct([q,qv],0);
m=ms.m;

CS=MS.CS,

cp=ms.cp;

g=ms.g;

b=(ms.b).*qv;% sign(qv);
invm=inv(m);

CSg=Ccs*gs;
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cpa=cp*ap;

to=[u(1); u(2); u(3)I;

ga=(inv(m)* (to-g-cs* gs-cp* qp-b));
X(7)=ga(1);

X(8)=qa(2);

X(9)=qga(3);

sys = [x(4); X(5); x(6); x(7); x(8); x(;

% end mdl|Derivatives

%

%

% mdlUpdate
% Handle discrete state updates, sample time hits, and major time step
% requirements.

%

%
function sys=mdlUpdate(t,x,u)

sys=[;
% end mdlUpdate

%

%

% mdl Outputs
% Return the block outputs.

%

%
function sys=md| Outputs(t,x,u)

sys = [x(2);X(2);x(3);x(4);x(5);x(6)];%0x(7);:x(8);x(9)];
% end mdlOutputs

%

%

% mdlGetTimeOfNextVarHit

% Return the time of the next hit for thisblock. Note that the result is

% absolutetime. Note that this function is only used when you specify a
% variable discrete-time sample time [-2 0] in the sample time array in

% mdlInitializeSizes.
%

%
function sys=mdl GetTimeOfNextV arHit(t,x,u)

sampleTime=1; % Example, set the next hit to be one second later.
sys=t+ sampleTime;

% end mdlGetTimeOfNextVarHit

%

%

% mdl Terminate

% Perform any end of simulation tasks.
%

%
function sys=mdI Terminate(t,x,u)

sys=1[1;
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% end mdl Terminate

MICRODIRKIN_SFUN.M
function [sys,x0,str,ts] = microdirkin_sfun(t,x,u,flag)

switch flag,
% Initialization %
case 0,
[sysx0,str,ts]=mdlInitializeSizes;
% Outputs %
case 3,
sys=mdlOutputs(t,x,u);
case{1,2,4,9}

sys=[]; % Unused flags
% Unexpected flags %

otherwise

error(['Unhandled flag = ',num2str(flag)]);
end
% end sfuntmpl

%

% mdlInitializeSizes
% Return the sizes, initial conditions, and sample times for the S-function.

%
function [sys,x0,str,ts]=mdlInitializeSizes

Sizes = simsizes,

sizes NumContStates = 0;

sizesNumDiscStates = 0;

sizesNumOutputs = 6;

sizesNumlnputs = 6;

sizes.DirFeedthrough = 1;

sizes.NumSampleTimes =1; % at least one sample timeis needed

sys = simsizes(sizes);

%

% initialize the initial conditions
%

x0 =1];

%

% str is always an empty matrix
%

str=1J;

%

% initialize the array of sample times
%

ts =[-10];

%

%

% mdl Outputs

% Return the block outputs.
%

%
function sys=mdlOutputs(t,x,u)
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cl=cos(u(1));
sl=sin(u(1));
c2=cos(u(2));
s2=sin(u(2));
c3=cos(u(3));
s3=sin(u(3));
c23=cos(u(2)+u(3));
s23=sin(u(2)+u(3));

qvl=u(4);
qv2=u(5);
qv3=u(6);
Qv23=qv2+qv3;

I=microstruct([0;0;0;0;0;0],7);
Ih=1(2); le=I(2); If=I(3);

Px=le*c1* c2+f*c1*c23;
Py=le*s1* c2+|f*s1*c23;
Pz=Ih+le* s2+f* s23;

vx=-le*s1* c2* qvl-le* c1* s2* qu2-1f* s1* c23* qvl-If* c1* s23* qu23;
vy= le*cl* c2* qul-le* s1* s2* qu2+If* c1* c23* qul-If* s1* s23* qv23;
vz= le*c2* qu2+If*c23*qv23;

x=[Px;Py;Pzvx;vy;vz];

sys=[x];

% end mdlOutputs

MICROFWDYN.M

function torque=microfwdyn(u)

agv=[u(4); u(s); u(6)];
ga=[u(7); u(8); u(9;
ap=[av(D)*av(2); av(1)*av(3); av(2)*av(3)];

ms=microstruct(u,0);
m=ms.m;

CS=MS.CS,

cp=ms.cp;

g=ms.g;
b=(ms.b).*qv;

torque=m* gat+cs* qv. \2+cp* qp+g+b;

MICROJACOBIAN_SFUN.M
function [sys,x0,str,ts] = microjacobian_sfun(t,x,u,flag,select)
% Jp=trandational Jacobian matrix, Jr=rotational Jacobian matrix
% Jselect=1 return Jp, Jselect=2 return inv(Jp), Jselect=3 return Jp', otherwise return Jf
switch flag,
% Initialization %
case 0,
[sysx0,str,ts]=mdlInitializeSizes;
% Outputs %
case 3,
sys=mdlOutputs(t,x,u,flag,sel ect);
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cae{l,24,9}

sys=[]; % Unused flags
% Unexpected flags %

otherwise

error(['Unhandled flag = ',num2str(flag)]);
end
% end sfuntmpl

%

% mdlInitializeSizes
% Return the sizes, initial conditions, and sample times for the S-function.

%

function [sys,x0,str,ts]=mdlInitializeSizes
Sizes = simsizes;

sizes.NumContStates = 0;

sizes.NumDiscStates = 0;

sizesNumOutputs = 3;

sizesNumlnputs = 6;

sizes.DirFeedthrough = 1,

sizes.NumSampleTimes = 1; % at least one sample timeis needed

sys = simsizes(sizes);

%

% initialize the initial conditions
%

X0 =1];

%

% str is always an empty matrix
%

str=1I;

%

% initialize the array of sample times
%

ts =[-10];

%

%

% mdl Outputs

% Return the block outputs.
%

%
function sys=mdlOutputs(t,x,u,flag,sel ect)

L=microstruct([0;0;0;0;0;0],7);
Ih=L(2); le=L(2); If=L(3);

qvl=u(4);
qv2=u(5);
gv3=u(6);
qQv23=qv2+qv3;

inp=[u(4); u(5); u(e)];
cl=cos(u(1));

sl=sin(u(1));
c2=cos(u(2));
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s2=sin(u(2));
c3=cos(u(3));
s3=sin(u(3));
c23=cos(u(2)+u(3));
s23=sin(u(2)+u(3));

switch select
casel
J=[-s1* (le* c2+If*c23) -c1* (le* s2+If* s23) -If* c1* s23;
cl* (le* c2+f*c23) -s1* (le* s2+If* s23) -If* s1* s23;
0 lexc2+lf*c23  If*c23];
sys=J*inp;
case2 %J
TI[-s1* (le*c2+f*c23) c1*(le*c2+If*c23) O;
-c1* (lex s2+If* s23) -s1* (le* s2+f* s23) lex c2+If*c23;
-If*c1*s23 -1f*s1*s23 If*c23];
Sys=TJxinp;
case 3 %inv(J)
iJ=[-sl/(s1n2+c172)/(lex c2+If*c23)  cl/(s1M2+c1n2)/(le* c2+If*c23) O;
c1*c23/(s1"2+c1M2)/(-s2* c23+s23* c2)/le  s1*c23/(s1M2+c172)/(-s2* c23+s23* c2)/le
s23/(-s2* c23+s23*c2)/1€;
-c1* (le* c2+If* c23)/(s1"2+c172)/(-s2* c23+s23* c2)/If/le -s1* (le* c2+ f* c23)/(s172+c172)/( -
s2*c23+s23*c2)/If/le - (le* s2+f* s23)/(-s2* c23+s23* c2)/1€/If];
sys=iJrinp;
case 4 %inv(J)
iTI[-s1/(s1"2+c1"2)/(le* c2+f*c23) cl*c23/(s1"2+c1n2)/(-c23* s2+s23*c2)/le -
cl* (lex c2+If* c23)/(s172+c1"2)/(-c23* s2+523* c2)/ 1 ellf;
cl/(s1r2+c172)/(le* c2+If*c23) s1*c23/(s1M2+c1M2)/(-c23* s2+s23* c2)/le -
s1* (le* c2+f* c23)/(s1M2+c1"2)/(-c23* s2+s23* c2)/1 el f;
0 s23/(-c23* s2+s23* c2)/1e - (le* s2+f* s23)/(-c23* s2+s23* c2)/1e/lf];
Sys=iTFinp;
case 5 %dJ
dJ=[-gvl*cl* (lex c2+If* c23)+qu2* lex s1* s2+qu23* If*s1*s23  qul*sl* (lex s2+If* s23)-qv2*le* c1* c2-
gv23*If*cl*c23 qgvl*If*sl*s23-qv23*If*cl*c23;
-quv1*sl* (lex c2+lf* c23)-qv2*le* c1* s2-qv23* If* c1*s23 -qvl*cl* (le* s2+If* s23)-qv2*le* s1* c2-
gv23*If*sl*c23 -qvl*If*cl*s23-qu23*If*sl*c23;
0 -Qv2*|e* 2-qv23*|f*s23 -Qv23*1f*<s23];
sys=dJ*inp;
end
% end mdlOutputs

MICROSTRUCT .M

function out = microstruct(u,outport)

%mi crostruct(x,outport)

%uislink anglesin radian

%outport is selection of output values

%

%output numbers defines:

%0 -> ms (ms.m=m; MSs.CS=CS; Ms.cp=cp; ms.g=g; ms.b=b;)
%1 -> m ([m11 m12 m13; m21 m22 m23; m31 m32 m33])
%2 -> cs ([cs1l cs12 ¢s13; cs21 ¢s22 ¢s23; ¢s31 ¢s32 ¢s33])
%3 -> cp ([cpll2 cpll3 cpl23; cp212 cp213 cp223; cp312 cp313 cp323])
%4 -> g ([91; g2; 93])

%5 -> b ([bl; b2; b3])

%6 -> Im ([m1; m2; m3])

%7 -> 11 ([Ih; le; If; 1])

%8 -> inv(m)

cl=cos(u(1));
sl=sin(u(1));
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c2=cos(u(2));
s2=sin(u(2));
c3=cos(u(3));
s3=sin(u(3));
c23=cos(u(2)+u(3));
s23=sin(u(2)+u(3));
s223=sin(2* u(2)+u(3));

gs=[u(4)"2; u(5)"2; u(6)"2];
ap=[u(4)*u(5) ;u(4)*u(6); uG)*u(e)l;

%link mass and length
m1=20; m2=12; m3=6;
Ih=3; le=2; If=2; r=1,

%inertia matrix
M=[26+29* c2"\2+8* c23"2+24* c2*c23 0 0 ; 0 43+24*c3 8+12*c3; 0 8+12*c3 §];

%diagonal terms of coriolis matrix
cs=[0 0 0; 29* s2* c2+8* S23* c23+12* 223 0-12*s3; 12* c2* s23+8*s23*c23 12*s3 (];

%non-diagonal terms of coriolis matrix
Cp=[-58* s2* c2-16* s23* c23-24* s223 - 24* c2* s23-16* s23*c23 0; 0 0 -24*s3; 0 0 O];

%gravitational term
0=[0; 196.2* c2+58.86* c23; 58.86* c23];

%frictional term
b=[0; 0; 0];

if outport==
ms.m=m;
MS.CS=CS,
ms.cp=cp;
ms.g=g;
ms.b=b;
out=ms;

elsalf outport==1
out=m;

elsalf outport==2
out=cs*gs,

elsalf outport==3
out=cp*qp;

elsaif outport==
out=g;

elseif outport==5
out=b;

elsaif outport==6
out=[m1; m2; m3];

elsalf outport==7
out=[lh; le; If; r];

elsaif outport==8
out=inv(m);

end
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