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Summary

The underactuated H-drive system with rotational link in the DCT-lab has been adapted with a rotational
link with increased inertia and mass, a DC-motor and a planetary gearbox. Such underactuated systems
are characterized by the fact that there are more degrees of freedom than actuators.A second-order chained
form feedback controller, also called the high-level feedback controller, has been proposed to achieve tracking.
Here, it appears that the high-level tracking controller su�ers severely from the presence of friction in the
rotational link. In this work, this in
uence of friction on the tracking perf ormance will be investigated both
in simulations and experiments.
Moreover, the friction in the rotational link will be compensated for and t he high-level tracking controller
will be retuned to achieve better tracking results . The friction compensation and high-level retuning are
also assessed by means of simulations and experiments.
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Chapter 1

Introduction

Underactuated systems are characterized as systems which have more degrees of freedom than actuators.
Some underactuated systems in real life are: wheeled or caterpillar tracked mobilerobots, spacecrafts, sur-
face vessels, helicopters, underwater vehicles and, as considered in this work, an H-drivewith an unactuated
rotational link.
The underactuation is often formalized by means of nonholonimic constraints. Inmechanical systems,
�rst-order nonholonomic constraints regularly appear. In classical mechanics, �rst-order nonholonomic con-
straints are de�ned [7] as constraints of the type �( q; _q; t) = 0, where the generalized coordinates are denoted
by q and the generalized velocities by _q. Another class of nonholonomic constraints are second-order non-
holonomic constraints of the type �( q; _q; •q; t) = 0, where •q represents the generalized accelerations. The
H-drive with a rotational link as considered in this work is an example of a mechanical system with such a
second-order nonholonomic constraint.

A problem occurs when controlling H-drive; the second-order nonholonomic constraints will generate
nonlinear control problems that cannot be solved with smooth, time-invariant control laws as described in
Franklin [2]. However, Aneke [1] has solved the tracking control problem for the second-order nonholonomic
mechanical H-drive system. In that work, a second-order chained form feedback controller, also called the
high-level feedback controller, is proposed. The tracking controller is validated with an experiment. Herein,
the feedback controller assumes that all states (positions and velocities) are measured accurately, which is
not the case in practice. Therefore, van der Steen [8] has implemented an observer to estimate the states
which cannot be measured accurately.

In the meantime, the H-drive setup has been adapted by Janssen [5],[6], where a DC-motor is imple-
mented to actuate an adapted rotational link. With the adapted H-drive, the experiments performed by
Aneke will be performed again. However, with the increased mass at the end of theenlarged rotational link
and a great deal of friction in the DC-motor and gearbox, the second-order chained form feedback controller
has to be adjusted.
Work on such adaptations has been performed in simulation by Geurtsen [3] andhe has changed the control
design of Aneke [1] on a theoretical level. Note that the friction in the rotational link has not been incor-
porated in that work.

In this report, the theoretical results of Geurtsen will be implemented on the H-drive, available in
the DCT-Lab. Moreover, the presence of friction and in
uence of friction compensationon the tracking
performance will be investigated both in simulation and in an experiment.
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CHAPTER 1. INTRODUCTION 2

1.1 Problem formulation

The H-drive is expanded by Janssen [6] with a DC-motor and a planetary gearbox toactuate an adapted
rotational link. The presence of the friction in the rotational link will hav e a negative in
uence on the
tracking performance of the experiment. The purpose of the DC-motor is to compensate the friction in the
rotational link without controlling it; so the system remains underactuated. Her e, the following questions
will be addressed:

� Design a tracking controller for the adapted underactuatedH-drive system;

� Study the in
uence of the friction in the rotational link on t he tracking performance and reduce this
in
uence by means of friction compensation;

� Validate the control design on the experimental setup.

1.2 Outline of the report

This report is organized as follows. The H-drive servo system and its dynamical model with friction is
introduced in Chapter 2. In Chapter 3, we discuss the tracking control strategy for the underactuated
H-drive and friction (compensation). In Chapter 4, the simulation results with or without friction and
friction compensation are presented. Chapter 5 contains the experimental resultsand �nally conclusions
and recommendations are presented in Chapter 6.



Chapter 2

The H-drive Servo System

The H-drive servo system is located in the DCT-lab. Philips has used the system asa pick-and-place robot
before it was moved to the DCT-lab. The H-drive consists of two parallel Y-axes (Y1 and Y2) connected by
an X-axis like the capital letter H, see Figure 2.1.

X

Y1

Y2

Encoder
Actuator
Gearbox

Extra mass
Rotational link

Figure 2.1: H-drive servo system with rotational link.

Each axis will be actuated independently by a Linear Motion Motor System (LiMMS) with as inputs
the respective currentsI X , I Y 1 and I Y 2. There are three encoders to measure the absolute positions of the
X -axis and both Y-axes. A small rotation of the X-axis is possible when actuating theY-sleds indepen-
dently. However in the high-level controller, the position of both Y -sleds will be considered to be equal, i.e.
Y1(t) = Y2(t) 8 t. Therefore, tilt dynamics of the X -axis can be neglected.

Janssen [6] has added a rotational link with a DC-motor, a planetary gearboxand an encoder to determine
the position of the rotational link. The system can still be considered to be underactuated, since the
rotational link is not controlled (the DC-motor is only used for the purpose of friction compensation). So
there are more degrees of freedom than actuators.

2.1 Dynamic Model

A simpli�ed model of the underactuated H-drive is depicted in Figure 2.2. It represents the robot which
moves only in the horizontal plane; consequently the in
uence of gravity is absent. Using a Lagrangian
approach, the dynamic model is constructed. Here, the generalized coordinates are writtenin terms of
encoder measurements, which are depicted in Figure 2.2, areq = [ X; Y1; Y2; � ]T , where Yi , with i = 1 ; 2,
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CHAPTER 2. THE H-DRIVE SERVO SYSTEM 4

represents the longitudinal position of the Y-sleds,X the position of the X -sled and� denotes the angle of
the rotational link. The origin of the �xed frame is in O.

Y1

Y2

X l
r y

r x

X -axis

Y -axis

�

�

D

%

O

Figure 2.2: The dynamical representation of the H-drive.

The dynamical model is derived in Aneke [1] and is written in the following formof equation (2.1), where
M (q) represents the normalized mass matrix,C(q; _q) the column of centrifugal and Coriolis forces, � the
column of actuator forces andTw ( _q) represents the velocity dependent friction forces:

M (q)•q + C(q; _q) _q = � + Tw ( _q); (2.1)

with the following matrices and parameters:

M (q) =

2

6
6
6
4

1 0 0 � m 3 L
m X + m 3

cos(� )
0 1 0 � m 3 L

m Y 1 + m 3
2

sin (� )

0 0 1 � m 3 L
m Y 2 + m 3

2
sin (� )

� ( 1
� cos(� ) � 1

� sin (� ) Y2 � Y1
D ) � 1

� sin (� ) 1+ X
D

X
�D sin (� ) 1

3

7
7
7
5

;

C(q; _q) =

2

6
6
6
6
4

m 3 L
m X + m 3

sin (� ) + _� 2

� m 3 L
m Y 1 + m 3

2
cos(� ) + _� 2

� m 3 L
m Y 2 + m 3

2
cos(� ) + _� 2

� 1
� sin (� ) � 2 _Xsin (� )

_Y2 � _Y1
D

3

7
7
7
7
5

;

� =
h

FX
m X + m 3

FY 1
m Y 1 + m 3

2

FY 2
m Y 2 + m 3

2
1

i T
;

Tw ( _q) =
�

0 0 0 Tf riction � 
T f riction
� T

:
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Tf riction and 
T f riction , where 
 denotes the compensation rate [%], will be explained in Section 2.2 and
Section 3.2. The rotational link with added mass will be modeled as a rigid link with its center of mass on
� distance from the center of rotation:

� =
I 3

m3L
=

0:4295
8:6434� 0:3

= 0 :1656m;

where I 3 is the inertia of the rotational link, m3 the mass of the link including the added mass and L
the length of the link.

The origin %of another coordinate system is located at (X; Y ) = ( � 0:3; 0:5) in terms of the �xed
coordinate system inO and the positions r x and r y , indicating the position of the X -sled with respect to
the coordinate frame in%in Figure 2.2, can be expressed in terms of encoder measurements [X; Y 1; Y2]. The
input for the high-level controller will be given in the new generalized coordinatesqr = [ r x ; r y ; � ], because
the position of the Y-sleds will be considered equal. Herein,

r x (t) =
Y1(t) + Y2(t)

2
� 0:5 ; r y (t) = � X (t) � 0:3 : (2.2)

2.2 Friction

Modeling friction for the X -axis and both Y-axes is not necessary because the low-level controller achieves
the tracking with a small error in the range of 1 � 10� 3 m without compensation of such friction with a
friction map, see Aneke [1], van der Steen [8] and Chapter 5. However, the frictionin the rotational link,
which is uncontrolled, in
uences the experiment dramatically. Therefore, friction in the rotational link will
be modeled and friction in the X -axis and Y-axis will be neglected.

In Janssen [6], a friction model has already been built for the rotational link, for _� = � 5 until _� = 5 rad=s,
see Figure 2.3 (dash-dotted line). However, the experiments in Janssen [6] di�er from the experiments in
Aneke [1]. Namely, the angular velocity of the rotational link in [1] is supposed to converge to zero. Clearly,
in such case the friction near zero velocity is important.
On the other hand, the friction model of Janssen is rather inaccurate at small angularvelocities. Therefore,
a friction measurement will be performed again at small angular velocities.

Note, that the old map and new map will be collinear for _� < � 0:5 rad=s.

2.2.1 Friction Identi�cation

An experiment is conducted to identify the friction map of the rotational link. With a PD-controller, the
rotational link will follow a constant reference velocity _� ref [rad=sec]. Once the 'constant velocity' control
goal has been achieved, the controller output of the rotational link (motor current I T [A]) is measured which
directly relates to the friction torque Tf riction [Nm] via the motor constant � M

T [-] and the transmission
ratio i [-] of the planetary gearbox:

Tf riction = � M
T I T i : (2.3)

The procedure has been repeated for a whole range of references velocities,_� ref = � 5; : : : ; 5 rad=sec, to
dertermine the velocity-dependency of the friction torque.
To measure the static friction, another procedure has been performed. The rotational link will be placed
at an certain angle where we want to measure the static friction (e.g. at� = 0 � ). When increasing the
motor current i carefully from zero amp�ere, the rotational link eventually starts to rota te (i.e. _� > 0) which
indicates that Tmotor > T f riction . This procedure is also followed for the negative rotational direction (_� < 0).

Figure 2.3 displays the old friction map as identi�ed in [6] and the new friction map. It can be seen that
the friction torque is asymmetric.
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Figure 2.3: Friction map, - � - = old map and � = new map.

2.2.2 Friction Model

It is the intention to approximate the new measured friction curve, see Figure 2.4(a), by a continuous friction
model:

Tf riction ( _� ) = abs(�sign ( _� ) + � + ( � _� ))(
2
�

atan(� _� )) � M
T i; (2.4)

where the meaning of the parameters� , � and � are classi�ed in Figure 2.4. The factor � M
T i acts as a

gain in the simulation to simulate the friction torque Tf riction ( _� ) [Nm]. At the H-drive system, friction will
be compensated for by the DC-motor of the rotational link. The input of the DC-motor for compensating
friction will be the current I f riction [A], and the constant � M

T i will be omitted, leading to the following
friction compensation current:

I f riction ( _� ) = abs(�sign ( _� ) + � + ( � _� ))(
2
�

atan(� _� )) ; (2.5)

where � = 0 :05, � = � 0:1, � = 0 :23 and � = 1 � 105. The modeled friction is only non-zero when _� 6= 0
because we opt for a continuous, smooth friction model.



CHAPTER 2. THE H-DRIVE SERVO SYSTEM 7

T
fr

ic
tio

n
[N

m
]

_� [rad=s]

2�

�

�

(a) Friction map, - - = old and � = new.
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Figure 2.4: Continuous, smooth friction model of the rotational link.



Chapter 3

Control Strategy

In this chapter, the control strategy de�ned by Aneke [1] will be discussed. Here, the controller consists of a
high-level controller to determine the H-drive tracking trajectory and a low-level controller to stabilize the
H-drive.

3.1 Low-level and high-level controller

Aneke [1] used the 'virtual internal model following control' approach as a control strategy, see Figure 3.1.
This means that the controller for the H-drive consists of a low-level servo-loop and a high-level servo-
loop which calculates the desired trajectory for the low-level servo loop. Usingthis strategy, the system is
controlled by only two inputs whereas the system has 3 degrees of freedom: [r x r y � ] where� is uncontrolled,
see Figure 2.2 for the meaning of these coordinates.
The variables in Figure 3.1 are summarized in Table 3.1.

+-

+ -

High -level servo -loop

Low -level servo -loop

Feedback
Transformation

Tracking = Stabilising
Controller

Feedback
Transformation

Coordinate
Transformation

Coordinate
Transformation

Servo
Controller

H � drive
Manipulator

Feedback
Transformation

Derivative
Calculation

1
s2

qr � r � � � _� u •� d •qd qd

qad
� qaI

qa

�� _� �

Figure 3.1: Low-level and High-level controller.

The desired tracking trajectories for the low-level controllers of both theX - and Y-axes will be formulated
by the high-level servo-loop. Here, the reference trajectory will be denoted byqr .
The feedback transformation fromqa to � , see equation 3.2, is used to describe the system in so-called second-
order chained-form, which will be used to facilitate control design. The coordinate transformation from •� d

to •qd, see (3.3), will be used to describe the second-order chained-form back to the system-coordinates. The
coordinate transformation from qd to qad :

xad = r yd + 0 :3 ; yad = r xd + 0 :5 ;

is used to describe the relative coordinates [r xd ; r yd ] to absolute coordinates [yad ; xad ]. The following

8
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Table 3.1: Variables of the controlled H-drive system.
parameter indication comment

qr [r xref ; r yref ; � ref ] reference values
� r [� 1ref ; � 2ref ; � 3ref ] � reference values
� � [� 1 � � 1ref ; � 2 � � 2ref ; � 3 � � 3ref ] � error values
� _� [ _� 1 � _� 1ref ; _� 2 � _� 2ref ; _� 3 � _� 3ref ] _� error values
u [u1; u2] control action
•� d [ •� 1d; •� 2d; •� 3d] chained-form desired acceleration coordinates
•qd [•r xd ; •r yd ] relative desired acceleration coordinates
qd [r xd ; r yd ] relative desired position coordinates
qad [xad ; yad1; yad2] absolute desired position coordinates
� qa [X � xad ; Y1 � yad1; Y2 � yad2] absolute position error

I [I X ; I Y 1; I Y 2; I f riction ] input current H-drive servo's
qa [X; Y 1; Y2] absolute position H-drive system
� [� 1; � 2; � 3] � variable H-drive
_� [ _� 1; _� 2; _� 3] _� variable H-drive

reference trajectory qr is de�ned in Aneke [1] for the H-drive:

r xref (t) = 0 :4cos(!t )
r yref (t) = 0
� ref (t) = 0 :

(3.1)

Aneke [1] has used the second-order chained-form, which is given for a system with 2 inputs and 3 degrees
of freedom as:

•� 1 = u1
•� 2 = u2
•� 3 = � 2u1 ;

where u1 and u2 are the inputs.
The chained-form variables, or� -variables, are de�ned by the feedback transformation fromq- to � -variables:

� 1 = r x + � (cos(� ) � 1)
� 2 = tan(� )
� 3 = r y + �sin (� ) :

(3.2)

When di�erentiating the � -variables twice, the second-order chained-form acceleration variables,•� -variables
rewritten in •q-variables:

•r xd = •� 1 + •��sin (� ) + _� 2�cos (� )
•� = •� 2cos2(� ) � 2_� 2tan(� )
•r yd = •� 3 � •��cos (� ) + _� 2�sin (� ) ;

(3.3)

will be formed to calculate the control action u = [ u1 u2]T .

3.1.1 High-level servo-loop

The high-level controller works as follows: � � is the chained-form of the position-error. With this position
error the high-level controller calculates, as described in Appendix A, the control action u. Next, the
feedback transformations transforms theu-inputs into desired •� d-variables and the coordinate transformation
transforms the desired•� d-variables into the desired acceleration variables •qd. When the desired acceleration
variables are integrated twice, the relative desired position coordinatesqd are obtained. By transforming the
relative qd- to absolute qad -coordinates, the input for the low-level controller of the H-drive will be formed.
For more details on the high-level controller, see Aneke [1].
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3.1.2 Low-level servo-loop

The low-level servo-loop, see the darkest box named'Low-level servo loop' of Figure 3.1, ensures that the
desired trajectoriesqad (t), calculated by the high-level controller, for the X - and both Y-axes of the H-drive
are stabilized and the measured outputs,X; Y 1; Y2 and � , of the H-drive are sent to the high-level con-
troller (after appropriate coordinate- and feedback transformation from qa to � ). Janssen [6] has derived the
low-level control designs, which are given by the transfer functionCX (s); s 2 C, for the X -axis (lead-lag
controller) and the transfer function CY (s); s 2 C, for both Y-axes (lead-lag + integrator controller):

CX (s) =
1

2�f s + 1
1

2�f s + 1
; CY (s) =

1
2�f s + 1

1
2�f s + 1

1
2�f s + 1

1
2�f s

:

3.1.3 High-level gains

Tuning the high-level controller is a very complex process, since changing an individual gain ki , with
i = 3 ; :::; 6, will change the overall gainsGj , with j = 3 ; :::; 6, di�erently, see Appendix A for the equa-
tions of the overall gains. Tuning Gj separately without a�ecting the other overall gains is not possible with
only the high-level gainski .

The gains k1 and k2 are the only two parameters which will not change the overall gainsGj ; tuning the
control action u1 with the high-level gains k1 and k2 will give no problems.

Aneke [1] already has tuned the high-level gainski , i = 1 ; :::; 6. However, since the H-drive is adapted, the
high-level gains will have to be retuned. In Chapter 5, tuning the high-level gains will beaddressed again.

3.2 Friction Compensation

The new friction map depicted in Chapter 2 will be used in the experiment for the purpose of friction
compensation.

The di�culty of compensating friction is not to over-compensate. Namely, the rot ational link will
then react in an unstable fashion which is unacceptable. Since in practice exact friction compensation is
impossible for obvious reasons, the compensation ratio
 will be chosen to be 90% of the simulated friction
Tf riction [Nm], see Figure 3.2.

-4 -3 -2 -1 0 1 2 3 4
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Fr
ic

tio
n

To
rq

ue
[N

m
]

_� [rad/s]

Tf riction


T f riction

Figure 3.2: Friction compensation with 
 = 90%.



Chapter 4

Simulation Results

An H-drive system with rotational link will be used in the DCT-lab for an experimental assessment of the
performance of the previously discussed tracking controller. In this chapter, asimulation without friction of
the experiment will be performed to predict the results and the dynamic behavior ofthe H-drive. Next, we
will discuss a simulation with friction and a simulation with frictio n compensation. And �nally a simulation
with a controller with dead-zone will be discussed.
The higher the high-level gainski (de�ned by Aneke [1]), with i = 1 ; :::; 6, the better the simulation results
will be, what is not the case in practise. Therefore, tuning the high-level gains will be done experimentally
in Chapter 5.

4.1 Simulation without friction

4.1.1 Simulation Results

In Figure 4.1, a trajectory of the H-drive simulation is shown. Here, the �rst 5 seconds is the initial-
ization phase in which the H-drive initializes its sleds and rotational link, and moves to its begin po-
sition [r y r x � ] = [ � 0:01 0:1 0], where r x and r y are given in meters and � in radians. The experi-
ment starts at t = 5 sec. Note that the initial position does not coincide with the reference trajectory
[r yref r xref � ref ] = [0 0:4 0] at t = 5 sec and only the rotational link has no begin error.

The variable r xref (t) represents a cosine trajectory, whiler yref and � ref will be zero, see (3.1). Here, the
high-level controller induces another desired trajectory, depending on the high-level gains. Dueto practical
workspace restrictions of the H-drive, the maximum values of the position-coordinates are given in the table:

Min. position Max. position
r x � 0:5 m 0:5 m
r y � 0:3 m 0:3 m

The r x - and r y -coordinate cannot exceed these parameters; otherwise the safety mechanism (called
'airbag' of the H-drive) will be activated and the H-drive will stop immediately. Mo reover, for the rotational
link; when j� j � �= 2 rad, the � -transformation is not valid since in those cases singularities occur, which
results in large inputs.

As can be seen in Figure 4.1(a) , at approximately 15 seconds, the rotationallink and both X - and
Y-sleds are on their desired trajectory. As con�rmed by Figure 4.1(b), the � -variables converge to their
respective reference trajectories.
See Appendix C for more information on the H-drive simulation without fricti on. Here, it depicts the
trajectory of the H-drive, the high-level error and the chained-form errors � � and � _� , the chained form
variables � and _� , and the control actions u1 and u2, which are generated by the high-level controller.

11
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Figure 4.1: Simulation H-drive experiment.

Table 4.1: High-level controller parameters.
Gains k1 k2 k3k4 k3 + k4 k5 k6

4 2
p

2 40 9 5 100
reference u1d u2d � 1d � 2d � 3d

� 0:4cos(t) 0 0.4cos(t) 0 0

4.1.2 High-level gains

From the fast convergence of the� - and _� -variables in Figure 4.1, one can conclude that the controllers are
working well with the high-level gains k1, k2 and ki , where i = 3 ; :::; 6, proposed by Aneke in Table 4.1.
However in simulations, most combinations of the high-level gains are possible and the higher the gains, the
faster the convergence toqr occur without j� j � �= 2 rad. Therefore, we will not change the high-level gains
in the simulations, despite the fact that the H-drive has been adapted with another rotational link and the
parameters have been changed.

Information on the time evolutions of the � -, _� - and u-variables in this simulation are plotted in Appendix
C.

4.2 Simulation with friction

To study the behavior of the H-drive with friction in the rotational link, a simulation has been performed,
see Figure 4.2, with the smooth friction model proposed in Section 2.2.

One can compare Figure 4.1(a) with 4.2(a) and 4.1(b) with 4.2(b) and conclude that the friction largely
a�ects the behaviour of the H-drive; e.g. the position of the rotational link still has a maximum error of
� 0:906 rad (51:9� ) at t � 5 sec. The maximum r y -error is � 0:2075 m, caused by the error variables � � i

and � _� i , where � and _� acts as virtual inputs. Here, � � i = � i � � iref and � _� i = _� i � _� iref , where i = 2 ; 3,
in the equation:

u2 = u2d � G3(t)(� � 2) � G4(t)(� _� 2) � G5(t)(� � 3) � G6(t)(� _� 3); (4.1)

and u2 is the X -sled control input for the r y -direction, see appendix A for more details on the overall gains.
The variables G5(t)� � 3 and G6(t)� _� 3 will cause the r y -tracking trajectory to diverge; due to the change
of sign of parametersG5 and G6 for t = 0 :5�; �; 1:5�; :::; n� sec , see Figure 4.4. However, the variables
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G3(t)� � 2 and G4(t)� _� 2 will compensate the � - and _� -error, what results in an oscillatory motion in the
r y -direction, as can be seen in Figure 4.2(a).

Information on the high-level tracking errors with friction, in terms of � and _� , are given in Appendix D.
It can be concluded that the reference trajectory of the rotational link and the X -sled cannot be achieved
due to friction. In section 4.3, the behavior of the H-drive system with friction and friction compensation
will be studied.
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Figure 4.2: Simulation H-drive experiment with friction.

4.3 Simulation with friction compensation

Since the friction cannot be compensated exactly and since we want to avoid overcompensation, the compen-
sation ratio 
 will be 90% of the simulated friction. Figure 4.3 shows the e�ect of 90% friction compensation
of the rotational link. It can easily be seen, from Figure 4.2 and 4.3, thatthe maximum error of the rota-
tional link has reduced from � 0:906 rad (51:9� ) to 0:0906rad (� 5:19� ). The fact that the error is reduced
with a factor 10 after 90% friction compensation relates the 10% remainingfriction in the rotational link.
Furthermore, the maximal r y -error in Figure 4.3(a) has been reduced to 0:0205m. Note that the tuning of
the high-level gains, see Table 4.1, can be improved to attain smaller errors.
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Figure 4.3: Simulation H-drive experiment with 90% friction compensation.

4.4 Simulation with dead-zone

In Chapter 5, it will be shown that the simulation results of section 4.3 and the experimental results will
not agree. Due to friction and play of the angle� of the rotational link near 0 rad in the experiments, the
high-level controller will try compensate every error in � by actuating the X -sled. Since the sticking e�ect
of friction prevents the rotational link to start rotating, the X -sled will react more dramatically, caused by
the overall gainsk1, k2 and Gj , where j = 3 ; :::; 6, than both Y-sleds to rotate the link. Therefore, we want
the X -sled to react less dramatically for angles near� = 0 rad without adjusting the overall gains. To solve
this problem a dead-zone is introduced.

The high-level controller computes the desired trajectory for theX -sled with the error variables � � i and
� _� i , where i = 2 ; 3, multiplied with the overall-gains Gj , where j = 3 ; :::; 6, see Section 4.2 and Appendix A.
However, we want to have no in
uence of the� -error when j� j � � 1 rad and when j _� j � � 2 rad=sec; this is
called a dead-zone. Inside the dead-zone we compute the high-level desired trajectories as if� = _� = 0. This
will change the u2-variable, which then is not in
uenced by the error of the rotational link, see Table 4.2,
where (a) denotes the idle dead-zoneand (b) denotes the active dead-zone('normal' tracking controller).
Table 4.3 shows the in
uence of the dead-zone on the other variables where the last column denotes the
active dead-zone.

Figure 4.5 displays the trajectory of the H-drive with friction, 90% frict ion compensation and a dead-
zone:

� 1 = 0 :0349rad (2� )
� 2 = 0 :1 rad=s ;

(4.2)

where� 1 is chosen to be 2� (0:0349rad). � 2 is determined from simulation results, depicted in Figure 4.3(a):
While r y is converging to r yref , the maximum value of _� is j0:1j rad=s.

The stability determined in Aneke [1] (Lyapunov,Hurwitz) is not valid anymor e, due to the friction,

Table 4.2: Dead-zone in
uence onu2.
(a) u2 = u2d � G3(t)( � 2 � � 2ref ) � G4(t)( _� 2 � _� 2ref ) � G5(t)( � 3 � � 3ref ) � G6(t)( _� 3 � _� 3ref )
(b) u2 = u2ref � G5(t)( � 3 � � 3ref ) � G6(t)( _� 3 � _� 3ref )
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Table 4.3: The e�ect of the dead-zone (last column) on the high-level controller.
j� j > � 1 or j _� j > � 2 j� j � � 1 and j _� j � � 2

� 1 r x + � (cos(� ) � 1) r x

� 2 tan(� ) 0
� 3 r y + �sin (� ) r y
_� 1 _r x � _��sin (� ) _r x
_� 2

_�
cos2 ( � ) 0

_� 3 _r y + _��cos (� ) _r y

Vx u1 + _� 2�cos (� ) + f u2cos2(� ) � 2_� 2tan(� )g�sin (� ) u1

Vy u1tan(� ) + _� 2�sin (� ) � f u2cos2(� ) � 2_� 2tan(� )g�cos (� ) � u2�
u1 u1d � k1(� � 1) � k2(� _� 1) u1d � k1(� � 1) � k2(� _� 1)

friction compensation and the dead-zone. However, still we would like to investigate the performance of the
controller in simulations and experiments.
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Figure 4.4: Overall gainsG3; G4; G5 and G6.

Furthermore, it appears that the overall gains G3; G4; G5 and G6 in Table 4.2, are dependent on the
reference variableu1d and its derivatives _u1d; •u1d and

...
u 1d. The amplitude of the overall gains, see Figure

4.4, depends on the high-level gainski , with i = 3 ; :::; 6, as depicted in Table 4.1, see Appendix A. The
problem is that these derivatives are time-dependent and will change sign, which is notdesired for the r y

tracking controller u2,

u2 = u2ref � G5(t)( � 3 � � 3ref ) � G6(t)( _� 3 � _� 3ref ) ;

without in
uence of the rotational link error. As the dead-zone is idle, j� j > � 1 or j _� j > � 2, and the overall
gainsG5 and G6 are positive, divergence occurs instead of convergence of ther y tracking trajectory. To solve
the problem, the overall gainsG5 and G6 are kept constant and negative when the dead-zone is active. From
simulation results, these constant values are set to -30; the� 3 and _� 3 variables will not converge too fast.
Otherwise, increasing the overall gainsG5 or G6 will cause the link to rotate and j� j will exceed parameter
� 1 (see Figure 4.5(a)); if j� j > � 1, the dead-zone is not valid anymore. The results of the simulation are
depicted in Figure 4.5 and in Appendix F.






















































