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Abstract

Cable-based robots generally perform better than other parallel robots with rigid links
in terms of wider workspace and higher acceleration of end-effector because of light weight
of robot links. Cable robots allow easy installation for outside applications at the expense
of the requirement of a precise assembly of its components at the cable anchor points. In
this study, system identification and adaptive control of cable planar robots are consid-
ered. Firstly, a parametric model is developed for estimation of position errors of anchor
points for fully-constrained and redundant planar cable robots. A novel method based on
inclusion of virtual cables facilitates the linear separation of the uncertain parameters from
the input-output signals for redundant planar robots. A least-squares and gradient based
parameter estimation algorithm provide the estimates of the system parameters. Further,
this work deals with the design and comparison of three adaptive position control schemes
combined with a classical PID controller for fully constrained and redundant planar robots.
Then, three Lyapunov based adaptive controllers based on the (i) sliding mode, (ii) PD
and (iii) backstepping schemes are designed to compensate for the matrix uncertainties ap-
pear in the system dynamics resulting from errors in the anchor point locations. Next, the
adaptive controllers are evaluated and compared with a classical PID controller through
simulations for a desired 2D singularity-free pose of the mobile platform. Supremacy of the
PD control scheme over the aforementioned control schemes is observed through simula-
tions. The least-squares algorithm is compared with the gradient-based method in terms of
the speed of convergence of the estimated parameters as well. Finally, we establish linear
parametric forms for common friction models, recursive least-squares on-line friction esti-
mator is presented and adaptive friction compensation scheme is designed. The efficiency
of this design is discussed via simulation results.
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Chapter 1

Introduction

Parallel robots generally have better acceleration and stiffness than serial robots. How-
ever, high precision problems are still an issue for accurate parallel manipulator design.
Conventional parallel robots usually have limitation about their workspaces and contain
singularity inside the workspace region.

Cable-based parallel robots can be favored instead of conventional parallel robots be-
cause they can reach wider workspace. Cable robots have some advantages in compar-
ison with conventional parallel robots in industrial applications because of their large
workspaces, heavy payload, easy remounting and transportation, and low-inertia [1]. How-
ever, this requires a precise assembly of the components that require knowledge of actuator
positions of the robot. Error or uncertainty in actuator positions may generate uncertainty
in the structure matrix which is transferred as an error in cable tension and length.

Parallel mechanisms generally contain heavy rigid links while cable parallel robot sys-
tems can use light flexible wires [2]. They can reach high speeds and acceleration because
of the inclusion of cable links which are lighter than conventional robotic links [3]. Despite
these advantages of cable robots; they have some disadvantages such as the pull working
condition, need for a number cables higher than degrees of freedom (DOF) and work only
under tension.

The number of cable links in an actual industrial parallel robots are usually higher than
the numbers we consider in this study. The number common strategy for maintaining
the positive constraint condition in a cable robot is using more cable than DOF. For
example, the NIST robocrane has a suspended mobile platform connected by six cables to
a fixed platform [4]. This robot has a large workspace for material handling in warehouse



and storage facilities. The Falcon-7 robot uses a rigid link with seven cables to improve
stiffness [5].

The cable robots have different features than other robotic systems in terms of mathe-
matical modeling, designing, and workspace analysis [6] [7]. According to Hiller et al. [§]
cable robots can be divided into three different categories: incompletely restrained, com-
pletely restrained and redundant restrained. Completely constrained and redundant planar
cable robots are studied in this thesis. The number of cables need to be only one more
than DOF count to define a completely constrained cable robot. On the other hand, in a
redundant parallel robot the number of actuators are more than the number of DOFs [8].
In addition, redundancy in conventional parallel robots are used for avoiding singularities
in workspace while in cable robots are used for ensuring necessity cable tension forces in
the workspace.

A common strategy for maintaining the positive constraint condition in a cable robot
is the addition to the system of more cables are called antagonistic. Distinguish them from
the parallel cables, which work along the same direction, principally to support the same
payload. Thus, a fully constrained cable robot has only one extra antagonistic cable than
DOFs to completely define the position of the mobile platform; for example the Falcon-7
robot [5] has seven cables to completely restrain its six DOFs mobile end-effector. On
the other hand, redundant cable robots use two or more antagonistic cables than DOF's
in order to fully constraint any motion of the mobile platform; for example, the Charlotte
robot [9], has eight cables to fully constrained the spatial movement of its mobile platform.

Redundancy might result favorably to generate stable motion of the robot’s mobile
platform by changing the cable lengths accordingly and balancing the tensions among
cables [10,11]. However, any force formulation must ensure that all cables are in tension
to avoid the mobile platform collapse. These tension formulations, [12-15], are based on
the structure matrix which contains parameters related to the geometry of the cable robot,
i.e. the length and orientation of cables.

Previous studies on compensating for cable length/orientation errors can be classified
into three main approaches: 1) improvement of the mechanical winch device, 2) develop-
ment of complete mathematical models, and 3) design of alternative control schemes. The
work done by Pham et al. [16] are an attempt to improve the cable drive unit by allowing
the winch to have a coordinate motion (translation and rotation) while the cable is wound.
Kawamura et al. [3] apply a PD control law with gravitational force and internal tension
compensation by assuming an accurate measurement of the cable lengths with a nonlinear
spring model of the winch and cable elasticities. Fang et al. [17] compensate for cable
length errors by modeling the elasticities of both drive units and cables as linear springs.



The authors use this model to calculate the cable tensions in a joint-space motion control
without considering any on-line cable length estimation. On the other hand, Kino et al. [18]
verify experimentally that a task-space adaptive control is beneficial in compensating for
variations in static anchor points.

Adaptive controllers require a parametric model and an adaptive law to adjust the sys-
tem’s controller parameters in response to uncertainty affecting a system’s model [19,20].
The construction of parametric model is based on separation of the uncertain parameters
from the measurable input-output signals, such that the parametric model has a linear
structure. On-line parameter identification algorithms generate estimates of unknown plant
parameters using past and current signal measurements continuously [20]. The adaptive
law (parameter estimator) updates the estimated parameters using an on-line algorithm
and an estimation error, which might converge to zero. Our focus, in this study, is devel-
oping a main framework for parameter identification rather than solving an identification
problem for a specific robot. Hence, for brevity, we selected our problem setting to involve
less number of cables. This work presents the design and analysis of three indirect adaptive
controllers using the modular parameter identification based on methodologies of a pro-
portional derivative adaptive (PDA) controller, backstepping adaptive (BA) and a sliding
mode with saturation adaptive (SMsatA) controller. The performance of these three de-
signs are compared with a classical proportional integral derivative (PID) controller when
uncertainties in the measurements of anchor points are consider during the motion of the
mobile platform.

The study is organized as follows. First, model description of completely constrained
and redundant planar cable robotic systems are given. Also, we develop the kinestatic
model of the cable robots using loop closure equation. Second, we derive two identification
models using three different parameterization methods. Then, recursive least squares and
gradient identification algorithms are presented. Further, the adaptive and robust control
strategies are designed and analyzed using Lyapunov stability methods. Next, the control
strategies are compared via simulation and four performance indexes. Lastly, we establish
linear parametric forms for a common friction model, recursive least-squares on-line friction
estimator is presented and adaptive friction compensation scheme is designed. Hence, we
implement simulation for these design. Finally, the results of this thesis are discussed and
summarized.



Chapter 2

Background

A representative physical robotic system is presented in Figure 2.1. The theoretical
model of this system is formulated assuming that each cable is always under positive tension
for a given pose of the mobile platform.

static platform actuator

encoder

T

cable

force

sensor
end-effector

Figure 2.1: Components representation of cable robot.

Consider the Chebychev-Grbler-Kutzbach (or mobility formula) criterion [21] for multi-
loop mechanisms with independent closed-loop rigid kinematic chains and the same motion
parameters, formulation of number of degree freedom, m, can be written as

m = byMiodies — Z (by — m;) (2.1)



where m is number of degree of freedom, b, is motion parameter (b,=6 for spatial movement
and b,=3 for planar movement), Myogies is numMber of moving bodies, mpints defines number
of joints, m; describes number of degree of freedom of the j joint. However, this formula
(2.1) can not be used for parallelogram and paradoxical mechanisms. Thus, we need to
assume the system has only free-singular configurations.

%

Figure 2.2: Model representation of spatial case.

Based on the model as shown in Figure 2.2, the number of bodies of the each cable is
Mpodies = 1 winch+1 rod+1 mobile plat form = 3, number of joints is M jpints = 2S+1P =
3. The spatial cable model can consider in the form of the cable anchor points with the
static platform as spherical joints (three constraints), the anchor points with the mobile
platform as spherical joints (three constraints), and the change of cable length as prismatic
joints (five constraints). Using the Grbler-Kutzbachs formula Eq. (2.1) for spatial motions,
the total number of DOF of the system is

Mjoints

M= 6Mpodies — Y, (6—m;) =6(3) = (26-3)+(6-1)=18—11=7.  (22)

Jj=1

If one of the two links twist is ignored (it does not affect the positioning of the mecha-
nism), the total number of DOF of the system can be written m = 6.

Also, the planar model in Figure 2.3 has the cable anchor points with the static platform
as revolute joints (two constraint), the anchor points with the mobile platform as revolute
joints (two constraints), and the change of cable length as prismatic joints (two constraint).
In case of the planar system, we can calculate as follows
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Figure 2.3: Model representation of planar case.

Mjoints

M = 3Mpodies — P (3=m;) =3(3)—(B-1)+(B-1)+(B-1)=9-6=3 (23)

j=1

Thus, for a spherical and planar fully constrained cable robot, six and three DOF
require a minimum of seven cables and four cables to allow the complete motion of the
mobile platform, respectively.

Cable elastic properties are modeled by the inclusion of a four linear springs with an
axial stiffness coefficient, K,, and three perpendicular stiffness coefficients, Kp;, Kps and
Kps, are presented in [22]. The position and force sensor outputs are represented as the
variables | and 7, which measure the cable lengths and tensions, respectively. Finally,
disturbances, denoted by Fg, represent the external force/moment applied to the mobile
platform.

Based on the model as shown in Figure 2.1, a general kinematic and dynamic formu-
lation are developed. Figure 2.4 shows the closure position vectors for a cable ith in a
general spatial n cable robot. A coordinate system is fixed at the mass center of the mo-
bile platform, C', and another is fixed at origin of the reference point O. In addition, ¢
denotes the cable number, L; denotes ith cable’s length vector, a; denotes reference point
of the system to the ith anchor’s point, p shows the reference frame to the position vector
on end effector, r; is the radius vector of the end effector. e,, e, and e, denote the unit
vectors in x, y and z directions, respectively. A; and B; represent ¢th anchor’s point at the
static and mobile platform, respectively.
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Figure 2.4: Kinematic parameters of cable robot.

Thus, constant vectors a; and r; are placed with respect to the base and the mobile
coordinate systems. Using the transformation r; = [R]r;, where [R] is the rotation trans-
formation matrix with the using Euler angles for the desired orientation of the mobile
box.

The general kinematic models of the robotic systems can be formulated with combina-
tion of two below loop closure equations.

OB, = OA, — B,A, (2.4)
OB, = OC + CB., (2.5)

Substituting the Eq. (2.4) into (2.5), general kinematic model can be expressed as,

OA, = OC + OB, + BiA, (2.6)

General kinematic equation can be written using Eq. (2.6) as



where
= (aix — Pz — rix)ex, Vi=1,..,n.

Lim
Ly = (aiy —py —Tiy)ey,  Yi=1,.,n.
Li. = (ai- — p: — ri2)es, Vi=1,.,n. (2.8)

The ith cable’s length is obtained by applying the 3-norm Euclidian norm to Eq. (2.7)
as

Eq. (2.9) can be rewritten as

li = \/(aix — Do — Tiz)? + (Giy — Py — Tiy)? + (Qiz — D2 — 742)2, Vi=1,---,n. (2.10)

Differentiating equation (2.7) results in

Li:ﬁ—}-wpxri, Vl=1,,n (2]‘1)
where AL g

Hence, the Eq. (2.11) can be rewritten as

For the mobile box, p and w,, which are the linear and angular velocities of point C'
according to reference frame. Expressing each cable vector in its Cartesian components
define the unit vector as follows

li = HTH = lig + liy + 1;2, (2.14)
where
[y = (¢iz = ]l% — Tm)em Ly = (aiy _Zl)y — Tiy)ey, and [;, = (0 — ];Z — riz)ez. (2.15)



where L; shows position vector along the [; which is unit vector. Both sides of the
Eq.(2.13) multiply with /; to obtain the rate of the change in the cable length as

where [l =|| I, |’=1 and lvi(—wi x L;) = 0 because [, L (—w; x Ly).

Therefore, the rate of the change in the cable length can be written as follows

where p = [Py, Dy, P-]7 and wy, = [wys, Wpy, Wpz|” are the moving platform linear and angular
velocity vectors, respectively. Eq. (2.17) can be rewritten in matrix form as

[ =Jv,, (2.18)

where [ = [l 1,]7 € R™is the cable velocity vector, moving platform velocity vector
denoted by v, = [Pz, Py, Das Wpar Wpys Wpz]* € R™*! | and J is an n X m matrix composed of
the the velocity of end-effector and vector of the changing ratio of cables. In addition, rank-
deficiency of Jacobian can generate geometrical singularities which occur at the boundaries
of the robot workspace. Therefore, the actuators of the robot give more force for providing
all cables in tension. However, this can cause damage for the robotic systems.

The static analysis is necessary for all cables in positive tension. The force analysis deals
with the problem of finding the forces (cable positive tensions) for a specific equilibrium
by the addition of the translation motion.

2.1 Static model

The force analysis is used for a specific equilibrium point of the system to find the
forces. The static model analysis can start with the static equilibrium as following. Figure
2.5 shows the free-body diagram for the dynamic study [23].



o

Figure 2.5: Dynamic parameters of cable robot.

This analysis is based in the following assumption:

Assumption 1 Cables are massless and the friction with air is also neglected.
Assumption 2 External forces and moments applied on the mobile platform are
constant.

Assumption 3 The gravitational acceleration is acting along the Z axis.

Thus, the mobile box statics force/moment equations are

v

F = Zﬂ(lvm + iiy +1;2),
i=1

n

M =) nil(r x Lo + (ri x L)y + (ri x 1)), (2.19)

=1

where F = [F,, F,, F,]" and M = [M,, M,, M,]" are the external forces and moments
applied to the mobile platform.

10



The Eq.(2.19) can be written in matrix form as,

F,= AT, (2.20)
where
i le Z2x an |
luly l}y lvny
llz l23 lnz
A= o o v 2.21
(7”1 X l}):p (7’2 X {2)3: (Tn X {n)x ( )
(r1 % lvl)y (19 X lu?)y e (X lvn)y
_(Tl X ll)z (7"2 X lg)z s (Tn X ln)z_

The matrix A is called the structure matrix and depends on the parameters of the
robot and the pose of the mobile platform. General disturbance force/ moment vector ,
denoted by F, = [F,, F,, F,, M., M,, M,]", represents external force/moment applied to
the mobile platform and as in which 7 = [r; - - - 7,,]T is the vector of cable tensions. Cable
tensions to balance wrench can be found by inverting A, ensuring that at least all cable
tensions are always positive. However, for fully constrained cable robots, the number of
cables n are larger than the degrees of freedom m of the mobile platform; in consequence,
A e R(™™) " and it may have infinite cable-tension solutions (an under-determined linear
system). This solution can be expressed as

T=1T,+ T, (2.22)

where 1. e R" is a given solution that might contain negative tensions, and 1y € R” is the
homogeneous solution to find a feasible cable tension vector. Any vector solution added
to the null vector of A is indeed a solution of Eq. (2.20), such that 79 = Nh where
N e Rx(=m) ig the nullspace or kernel of A and h, e R("*~™) must be determined such
that all cable tensions be positive (minimum requirement).

However, in real applications, cable tensions are bounded by lower and upper cable
tension limits because lower tension limits maintain cables taut, ensuring a minimum
overall stiffness of the robot, and upper tension limits avoid excessive deformation of the
cables and the use of big actuators. Here, the minimum 2-norm solution is used to select
a point h that minimizes the tensions among all cables while all cable tensions remain
bounded; in other words

11



min || T ||
subjectto Fy = AT, and
0< Timin S T; S Timaz (223)

where 7,4, and 7,,;, are the given upper and lower bound cable tension vectors respectively,
and AT = AT(AAT)~! denotes the pseudo inverse of A. These conditions can be used to
generate different workspaces.

2.2 Dynamic model

The dynamic approach used for this cable robot is the Newton-Euler method. The
dynamic equations of the mobile box can be developed by using the statics Eq.(2.19) adding
the translational and rotational motion about the centroid point. Then, the robot dynamic
equations are

> 7ili+ F =m,G + mya,,
i=1
D (rix (7)) + M= I+ w x (Iw). (2.24)
i=1
where m,, is the mass of the mobile box, G = 0,0, —m,G]| is gravitational acceleration
vector; [ is the 3 x 3 inertial tensor of the mobile box with respect to the centroid point
P, @y = [Pu, Py, P-]" is the linear acceleration of the mobile box; w, = [w,,w,,w.|’ and
a = [ag,ay, a7 are the angular velocity and angular acceleration of the mobile box.
The mass of the cables and their inertia forces are neglected, which reduces the dynamic
equations complexity.

The Eq. (2.24) can be written in matrix form as

mp(G + ap) — F

lao+wx (Iw)— M = AT, (2.25)

where A and 7 have the same meaning as Eq. (2.20).
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Thus, the dynamic model of a cable robot can be expressed as,

C

MpPx {1:2 {2:;: luzr _71- F,
mpPy lvly €2y {Jny T F,
- mpp; _ hz Loz Inz_ 5 F, —m,G
(l:a + wp X ([:'wp))z (r1 x 1)z (r2 X 12)s (rn X 1n)s M,
(Lo +wy X (Twp)), (ry X fl)y (ro X lv2)y (rp X lvn)y M,
[Toetwy x (Twp))=] (1 x 1)), (ra % bo). (rax D). ™ L M.
(2.26)

Now, for a constant orientation of the mobile box and supposing free singularity posi-
tions and the translation motion is in direction of z and y. In addition, the external force
and moment are not applied:

71
T2

|:mp 0:| |:p:v:| — |:Z:1z liQa: Z:nz:| T3
0 my jjy lly l2y lny .

Tn

(2.27)

Eq. (2.27) is valid if the robotic system can always ensure positive tensions in cables.
Thus, the representation form of the dynamic equation in (2.27) can be written as follows

M,j = Ar, (2.28)

where M, = [diag(m,, m,)] represents end-effector diagonal inertia matrix, p = [p,, p,|”
is acceleration matrix of end effector, A is an m X n matrix called as structural matrix and

T is n x 1 matrix, defines cable tensions.

2.3 Kinematic uncertainties

In this study, we assume the positions of the mobile platform are obtained with a
camera mounted above each cable robotic system, the cable tensions and length of the
cables are perfectly measured with strain gauges and encoders, respectively. In addition,
the system is planar cable robot , its end effector is point mass and no external force on
the end-effector. Anchor location errors result in an imprecise mobile platform pose. In

13



the presence of these kinematic uncertainties, the computation of the structure matrix is
not accurate and Eq.(2.21) is replaced with its approximate

A = f(aig, iy p, 1i),  Vi=1,.n. (2.29)

where a;;,a;, denote the ith estimated anchor points coordinates which generate an ap-

proximate structure matrix A. Substituting Eq. (2.29) into Eq. (2.28), the dynamic model
of a cable robot with kinematic uncertainties is

M,p= Ar. (2.30)

The feasible workspace under kinematic uncertainties is defined by substituting Eq.
(2.25) into Eq. (2.23), and analyzing the upper and lower kinematic uncertainties. In that
sense,

Find 7o=Nh
subject to Ty >0 (2.31)
and

0< Tmin S 7,; < Tmaz-
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Chapter 3

Parameter Identification of Planar
Cable Robotic Systems

On-line parameter identification algorithm is systematical designed in three main
steps: formation of a parameter model, design of adaptive law and establishing condi-
tions for convergence of parameter estimate to their actual values [20]. Fully constrained
robots contain only one more number of cables than numbers of DOFs. Fig. 3.1 presents
a fully constrained planar cable robot which has two DOF's and three cables. The number
of cables of a redundant robot are at least two more than the DOF count. Fig. 3.2 depicts
a redundant planar cable robot which has four cables and two degrees of freedom.

Figure 3.1: Fully-constrained cable robot.

The feasible workspaces of two general planar cable robot configurations in presence of
kinematic uncertainties are analyzed. In each configuration, a reference coordinate system
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is located in one point inside the static platform and a moving coordinate system is attached
to the center of the point-mass mobile platform, p, to describe its translational motions.
Cables pass through pulley guides which are placed at anchor points denoted as a;. For
each cable i, the cable length [; is defined between the position of the mobile platform and
the anchor point, as shown in Fig. 3.1 and 3.2.

Figure 3.2: A redundant planar cable robot.

The first configuration consist of a planar cable robot with m = 2 DOFs and n = 3
cables as shown in Fig. 3.1. Without of generality, the location of each anchor point with
respect to the reference coordinate system is established based on the following geometric
conditions:

A1y < A3y < Q24

Aoy < A1y < A3y. (31)

In the second configuration, a redundant planar robotic system is presented in Fig.
3.2. Four cables with variable lengths are used to control the translational motion of the
end-effector with respect to a surrounding quadrilateral static platform delimited by the
anchor points a; to ay4. A reference coordinate system is located at some point inside the
static platform such that the following conditions hold:
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(12 + 4z) < (a3z + Q24),
(a1y + azy) < (asy + agy). (3.2)

Conditions as defined in Eq. (3.1) and (3.2) ensure that the cable tensions can
work antagonistically and therefore, fully constrained a free-singularity position of the end-
effector. In both configurations, it is assumed that the exact position of the end-effector is
obtained by means of a camera mounted above each cable robotic system. Also, encoders
and strain gauges are used to provide reliable measurement for each cable length [; and
cable tensions 7;, respectively.

3.1 Parametric model of fully-constrained planar ca-
ble robot

As shown in Fig. 3.1, completely constrained planar cable robot force balance equa-
tions under zero external force are written as

1 To1 + 2 P To2 + & b To3 = 0,
ll l2 l3
a azy —
ly pyT + 2y py To2 —+ gy—z)yfrog — O (33)
ll l2 l3
k=2 =18 Yk € R (34)
To1 To1

The homogeneous cable tension solutions for the three-cable robot [24] are given by

Tor = o1 (Go203y — GogPy — G2yl + GoyDy + A3eDy — A3yDs),
Toz = alo(1,03y — Q1uDy — Q1yQ3, + Q1yPs + A3aDy — A3yDy),

Toz = al3<a1xa2y = Q1zPy — Q1yA2g + A1yPx + A2y Py — a2ypy)- (35>

where constant « is selected such that Eq. (2.31) is fulfilled.
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3.2 Parametric model of redundant planar cable robot

In order to solve the redundancy and establishing the conditions to select the internal
cable tensions, the 4-cable redundant robot kinematics can be transformed to one of the
four possible cable triplets as shown in Fig. 3.3.

Figure 3.3: Possible cable triplets in the 4-cable redundant manipulators.

Next, we drive a generic parametric model that applies to each of these triplets. Later,
we will use an averaging technique to have consensus on the estimation results obtained
using each of these four triplets. The below condition is used for formulation of the four
possible integer triples (i j k) of manipulators,

where
1<i<j<k<A4 (3.6)

18



Force balance equations under zero external force are formulated as

Qi — Pz Ajz — Pz Az — Pz

Toi + To; + Tor = 0,
I 0 L, 0j I\ Ok
iy — pmi + e _,py'Toj + Dy — Py Tor, = 0, (3.7)
l; L Uk
ko = 29 = %y ko k€ RE (3.8)
Toi Toi

The homogeneous cable tension solutions for the four-cable robot [24] are given by
7:01 = QIZIZQ(&4xpy + CAL3yp$ - d3yd4a: - d3$py - &4ypz + d3xd4y))

7:02 = 0425112(&4351731 + CAL3yp$ - d3yd4a: - &3$py - &4ypz + d3xd4y))
Tos = —0qlal3(Qagpy + Q1yDy — Q1y0ay — Q1oDPy — QayPy + Gayliy)
— olyl3(Qazpy + QoyDy — Goylag — GogPy — QuyPy + QayQog),
Toa = olols(Qrype + G32Dy — A3201y — Q3yDz — 12Dy + A1203y)

+ aolyly(Goypy + Q34Py — Q3502 — G3yPy — oDy + G2y03y), (3.9)

where constant «; and s are selected such that Eq. (2.31) is fulfilled.

3.3 Parameter identification of fully-constrained pla-
nar cable robot
3.3.1 Parametric model

After separating the unknown parameters from the measured signals, the general static
parametric model is obtained [25] as

Zm = (05)7 &, (m=1,2). (3.10)

where
21 = Pz, 22 = Py- (311)
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Here, z; and z, are available for measurements.
Unknown parameters can be shown in Eq. (3.12)

07 = [alx A2y an]Tv

05 = [aly A2y a3y}T7

o= [(ala) kibls sl "

o o o

where
g = lglg + kllllg + kglllg.

3.3.2 Estimation model

Parametric estimation model can be expressed as:

Em=0L1)@(), (m=1,2)
where 0,,(t) is the estimate of 8}, at time ¢

0,(t) = [, Gor a3s]

05(t) = [a1, a2y asy) -

3.3.3 Adaptive laws

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

In this work, we use a recursive least squares algorithm with forgetting factor and
gradient algorithm for each parametric model. The benefit of recursive least squares algo-
rithm as opposed to gradient algorithm can be clear in simulation based comparisons. The

adaptive laws are described as follows:
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3.3.3.1 Recursive least squares algorithm

The least squares algorithm [20] is obtained by considering the cost function as shown
in Eq. (3.17).

J(6) = 1 /Ot e Pt=7) [zm(7) — OZI(t)QS(T)]QdT + %e‘ (01, — 60)" Qo(6,, — 6y),  (3.17)

2 m3(7)

where Qy = QF > 0, 8 > 0 are constant values and 6y = 0(0) is the initial parameter
estimate. The local minimum will satisfy as

0J(0,,(t)) =0 Vt>0. (3.18)
Hence,

3J(8) = e ' Qo(0,(t) — 6o) — /0 P ) ;129(72;’5)"5“)(;)(7)657 =0.  (3.19)

Then, yield of the non-recursive least squares algorithm is

_ —Bt ' B(t—T) Zm(7)P(7) 11
0(t) = Pu(t)le™"' Qobo + /O e dr] . (3.20)
where covariance matrix P(t) has form as
—Bt (r)¢" (7) 11
P, (t) Qo + / 20 e dr] T (3.21)

Generally, the recursive LS algorithm with forgetting factor can be defined taking the
differential of 6(t)

6, = Pren, 0,000 =0y,  (m=1,2) (3.22)
=P, — P,¢"P,,,P,(0) = P, = Q,". (3.23)
where P,, for m = 1,2 is the covariance matrix and S is the forgetting factor. The

estimation error term €, is given by

-3 — 0L (¢
e = S Sm I Qm( ) m=12) (3.24)




where m? > 1 is a normalization signal designed to guarantee that

% e with m? =1+ agp’ ¢, a > 0. (3.25)
ms

We can say value of the forgetting factor § has effect the stability properties.

Convergence conditions for the estimate 6,,(t) to 67, for the algorithm are established
in [20].

3.3.3.2 Gradient algorithms

The gradient algorithm is used for each minimize cost function J(f) with the each
gradient method.

The cost function is written as

R G S
J(6) = _ ! o ), (3.26)

where my is the normalizing signal as mentioned in Eq. (3.24). Then, the gradient algo-
rithm has form as

6,, = —TAJ, (3.27)
m = OT
where I' = I'"" > 0 is the adaptive gain and AJ is —w = €,¢. Thus, we obtain
ms
the gradient algorithm as )
where .
Zm T Zm
€m = ——5—, (3.29)

where m? > 1 is the normalizing signal which is to bound ¢ from above. The normalizing
signal as mentioned Eq. (3.29) can be expressed as,

m? =1+n? (3.30)

where ng (ns > 0) is static normalization signal for providing L2 is bounded from above.
ms

Convergence conditions for the estimate 6,,(t) to @7, for the algorithm are established

in [20].
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3.4 Parameter identification of redundant planar ca-
ble robot
3.4.1 Parametric model

The general static parametric model for any of the four possible manipulator triples
i, 7,k can be written in the form of Eq. (3.10) where

21 = Dz, 22 = Dy, (3.31)

07 = [aiz Qs akx}T, (3.32)
* T

0; = [aiy ajy ax] | (3.33)

kolily  kylil; 1"

¢=|(-—) (3.34)
Oe O Oe
Oc = l]lk + kalilk + k’blilj, (335)
3.4.2 Estimation model
Parametric estimation model is again given by using Eq. (3.15) as,

.. . T
91(75) = [am Qjx akx} (336)

A . 9T
Hg(t) = [aiy Ay aky:| (337)

3.4.3 Adaptive laws

Conditions that are given in section (3.3.3) also hold for this type of cable robot model.
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3.5 Simulation

In this section, the robot parameters as listed in Tab. 3.1 are used in order to generate
the end effector position signal of the cable robots. In the simulation, the recursive least
squares algorithm and the gradient algorithm are used to estimate the values of the anchor
points with constant forgetting factor (f=1) and velocity of convergence of the gradient
algorithm (I'=6) for fully-constrained and redundant planar cable robots. This simulation
results are based on the established input signals (p,, p,), which benefit the motion of the
end-effector along the whole feasible workspace of the cable robot.

3.5.1 End effector position signal

The input signals (the pose of the end-effector) must be selected carefully in order
to obtain the information that the estimation algorithm needs. The persistent excitation
signals are established for fully-constrained and redundant planar cable robots as

Pz = £21 + dwotcos(w;t)

Py = 29 + dwotsin(wit) (3.38)

Here, we select signal parameters values from the Tab. 3.1 to generate the end effector
position signals.

Table 3.1: Parameters of position signals of the systems.

Signal parameters Fully constrained cable robot Redundant cable robot

(P 0.83 0.83
2 -4.33 -4.33
Wo 9 10
w1 T T
d 0.024 0.03
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3.5.2 Parameters of the fully constrained planar robot.

The parameters of fully-constrained planar cable robot of anchor point parameters are
given in Tab 3.2

Table 3.2: Parameters of the fully constrained planar cable robot.

Anchor points parameters

Point Actual [m] Initial [m]
A1z -15 -14.25
ai, 14 13.75
Aoy 17 16.5
s, 13 12,75
asy 0.5 0.75
as, 14 14.25

The 3-cable robot shown in Fig. 3.1 is analyzed in this subsection. The unknown
the anchor points are estimated using the recursive least squares algorithm and gradient
identification algorithm.

3.5.3 Recursive least squares and gradient algorithms

The fully-constrained planar robot trajectories are established using the position sig-
nals for the least squares algorithm in fifteen seconds and gradient algorithm in fourty-two
seconds as shown in Fig. 3.4, respectively. Applying the trajectories for both estimation
algorithms, we can obtain actual estimation anchor points position as shown in Fig. 77. In
this simulation, we suppose a set of actual and initial values of the anchor points showed
in Tab. 3.2.
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Figure 3.4: Path of the end-effector fully-constrained planar robot (a) for least squares
algorithm and (b) for gradient algorithm.

Fig. 3.5 shows estimated values of the coordinates of the three anchor points to actual
anchor points. The recursive least squares algorithm converges to actual values of anchor
points in less than 15 seconds. On the other hand, even if the gradient algorithm converges
to zero for estimation error of y component of anchor points in less than 15 seconds,
however; convergences of the x component of anchor points to their actual values are
succeed in more than 30 seconds.
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Figure 3.5: Actual and estimated parameters fully-constrained planar robot.

3.5.4 Redundant planar cable robot

In this subsection, we show the estimation of anchor points of the redundant planar
cable robot. The recursive least squares and gradient algorithms are applied with setting
the initial and actual points. The parameters of redundantly planar cable robot of anchor
point are given in Tab 3.3
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Table 3.3: Parameters of the redundantly planar cable robot.

Anchor points parameters

Point Actual [m] Initial [m]
A1y -15 -15.25
ar, 14 13.25
a2z 17 16.5
Gz, 13 13.75
. 12 12.5
as, 14 14.25
A4z -13 -13.5
ayy 16 15.75

3.5.5 Recursive least squares and gradient algorithms

The redundant planar cable robot trajectories are established using the position signals
for least squares algorithm in fifteen seconds and gradient algorithm in fourty seconds as
shown in Fig. 3.6, respectively. The position information of end effector of the robot is
obtained by these trajectories.

p, (M)

0 10 ‘ |
p, (M) -0 p0(m 120 20

-10

(a) (b)

Figure 3.6: Path of the redundant planar robot end-effector (a) for least squares algorithm
and (b) for gradient algorithm.
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Figure 3.7: Actual and estimated parameters of redundant planar cable robot.

The errors of estimation anchor points of redundant planar cable robot converge to
zero with the recursive least squares and gradient algorithms. Fig. 3.7 shows the actual
and estimated values of the coordinates of the four anchor points. Fig. 3.7 indicates that
convergences of the unknown anchor points to their actual values are achieved less than
fifteen seconds with recursive least squares algorithm while the anchor points are estimated
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to the actual values in more than 30 seconds with gradient algorithm.
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Chapter 4

Adaptive and Robust Controllers

For a pick and place operation, the predominant concern is to make the mobile plat-
form reach a desired target position, p; = [pya, pya]’ - Consider the general dynamic for-
mulation of cable robot can be expressed as

M,p = At + F, (4.1)

where M, = [diag(m,, m,)] represents inertia matrix, p = [Py, p,]*, Fuy = [Fy, )7 is the
disturbance force matrix, A is 2 x n structural matrix and 7 = [r; ... 7,)7 is n X 1 tension
matrix. The general parallel robots motion control scheme can be shown as

P
J
d ¥
Tinin Tmax
.'.
Tpp
. Controller l Ta J{
pd i . + K E
é I R
edundanc
¢ . ¥ || Forward &
resolution dynamics
- 4
p
. Inverse \\
P4 dynamics T
1D

Figure 4.1: General motion feedback control scheme of cable robot.
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In the Fig. 4.1 shows the general motion feedback control of cable robot in closed-loop
system. Using the closed-loop system, we can generate the position error in respect to
desire position. The position error data is directed to controller because it minimizes the
position error by building the appropriate commands for actuators [26].

According to [26], the controller calculates the required actuator force and torques to
provide the desire motion of the end effector. In general, adaptive and robust controller
methods are used for compensation of lack of information. The adaptive and robust control
methods provide for keeping closed-loop well performance of the manipulator with different
ways although the system contains uncertainties and external disturbances. The adaptive
control system is shown in Fig. 4.2.

8(¢)

Controller n-line Plant Parameter
Strategy Estimation
O—»[ Controller ]7 Cable Robot ] 5 B
Desired J Output
Actuator

Position Position
Forces

Figure 4.2: Adaptive control with parameter estimation.

In general, the control problem is, for the initial position of the mobile platform p =
[Pz, py]"s to reach the desired position p; = [pz4,pya]’ and stay there as time goes to
infinity, and to force the error position, e = [e,, €,]”, go to zero at the same time the
velocity, é=[é,, é,]7, goes to zero [25]; that is

e=(pt) —py;(t)) >0 as t— oo, (4.2)
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ét)=pt) -0 as t— oo, (4.3)
pt) =0 as t— oo, (4.4)

[\H
Y
~
N—
Il

Next, sliding mode (SM), backstepping (B) and proportional derivative (PD) feed-
back controllers are considered to asymptotically stabilize the cable robot to a desired po-
sition of the end-effector while the inputs satisfy all positive tension conditions [24]. The
design of the controllers are based on a Lyapunov candidate function V(p) > 0, ensuring
the Lyapunov function derivative V(p) is negative definite. The following assumptions are
made for the design of each controller in this study.

Assumption 4 : The desired position of the mobile platform, p,, belongs to the feasible
workspace of the cable robot.

Assumption 5 :The pseudo inverse of the structure matrix exists.

4.1 Sliding mode adaptive control

SM control is generally used against the system is exposed to uncertainties and exter-
nal disturbances. The sliding mode control has two part controller design. The first part
involves the design of a sliding surface so that the sliding motion satisfies design specifi-
cations. The second is concerned with the selection of a control law that will make the
switching surface attractive to the system state [27].

The Fig. 4.3 shows block diagram of SMsatA control system. SM surface systems are
designed to drive the system states on to a particular surface which is sliding surface in
the state space.
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Sliding Mode with Saturation
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Figure 4.3: Block diagram of adaptive sliding mode with saturation control system.

Reordering the general dynamics Eq. (4.1) after using the assumption (4) and (5) as
shown

P = [po By =M, 'Fy+ M, ' AT = M, ' (F; + AT). (4.5)
The general non-linear equation of motion is obtained as
p=[f(p)+9(pu, (4.6)
where
f(p) =M, 'F, 4.7
g(p) = M, ' A, (4.8
u=T (4.9)
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Figure 4.4: Representation of sliding surface with saturation control system.

In the Fig. 4.4, geometrical point of the s(p,t) = 0 represents the surface which is
called sliding surface in the error space. The sliding surface depends on the tracking error
and its certain derivatives. Sliding surface provides the stability for the system that means
tracking error might be almost zero in finite time.

An SM controller for a desired constant position of the end-effector is obtained con-
sidering a time varying sliding surface is given as

d
(dt—l—)\)e—e—i-)\ef() VA>0 (4.10)

where A = [diag(\, \)] is arbitrary diagonal matrix, and defines the unique pole of the
resulting reduced dynamics of the system when in sliding and sliding surface is an s(p)

s(p) =

The derivative of sliding surface is:

$=E+ e (4.11)

Substituting Eq. (4.3) and Eq (4.4) into Eq. (4.11), derivative of sliding surface can
be written as

§=¢é+Xée=M " (F,+ At)+ Ap. (4.12)
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The Lyapunov function is defined as

1
V(s(p)) = §ST8. (4.13)
Its derivative is desired to satisfy
V(s(p)) = s's < —K|s], Vp # 0, for some K; > 0. (4.14)

This condition will guarantee that the sliding surface is reached in finite time. This can
be done by selecting to control law so that the derivative of s satisfies

$ = —Kisgn(s), (4.15)

where

sgn(s) = sgn(|s1, ..., sn]T) = [sgn(s1), ..., sgn(sn)]T. (4.16)

Based on assumption (5) and substituting Eq. (4.12) into Eq. (4.15), the control input
is defined as,

Te = AT(Fd+Mp(_)‘15_K139n(3)))7 (4.17)

where A=[diag(\, \)]and K;=[diag(K, K;)| is a positive constant. This control input sat-
isfied the stability condition. The all-positive cable tension conditions are satisfied by
adding the internal cable tensions 7y to the control input, as was established in Eq. (2.22).
Thus, the SM controller is obtained as

T = AV (F;+ M,(—Ap — K 59n(8))) + T0. (4.18)

The inclusion of a discontinuous term; i.e the signum function, in Eq. (4.18) generates
the well-known undesired chattering as shown in Fig 4.3. In order to solve the chattering
problem, the term K;sgn(s) is substituted by the smooth term Kjsat(¢'s), in which € is
boundary layer thickness,

where
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-1 if s<—¢€
sat(e's) =4 €ls if —e<s<e (4.19)
1 if s>F€

Then, the sliding mode with saturation (SMsat) controller is expressed as,

T =A"(F; + M,(—\p — Kysat(e's))) + 70 (4.20)
-K1 sign(s) & Control input
\ Ki
-Ki sat(s/e)
> s
-K;

Figure 4.5: The sliding mode with saturation (SMsat) controller.

It is necessary the knowledge of the anchor points in order to apply Eq. (4.20) as a valid
control law. If these parameters were unknown, an adaptive control law can be applied.
The on-line estimates of the coordinates of the anchor points are obtained to estimate the
structure matrix as was established in Eq. (2.29) and Eq. (2.30). The all-positive cable
tension condition is satisfied by adding the internal cable tensions defined either in Eq.
(3.5) or (3.9). Thus, the SMsatA controller scheme is shown below.
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4.1.1 Parametric Model
4.1.1.1 Fully constrained planar cable robot
The general static parametric model is obtained [25] as
Zm = (05)7 &, (m=1,2). (4.21)
where

2 = Dy, 22 = Dy- (4.22)

Here, z; and z, are available for measurements.

T
l5l kilyls  kolyl
¢: (ﬁ) 10103 20102 ’ (423)
o g g
where
g = l2l3 + kllllg + k?glllg. (424)

Unknown parameters can be shown as

OT = [alx A2 a3$]T7
9; = [aly Aoy agy}T. (425)

4.1.1.2 Redundant planar cable robot

The general static parametric model for any of the four possible manipulator triples
i,j, k can be written in the form Eq. (4.21) where

21 = P, 22 = Dy, (4.26)

z1 and zo are available for measurements.

T
oo [(ly Rl kli (127)
Oc O¢ Oc
where
Oc = l]lk + kalilk -+ kblll] (428)
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Unknown parameters can be written as follows

GT = [aix ajx akz}T, (429)

0; = [aiy Qjy aky}T. (4.30)

4.1.2 Estimation Model

4.1.2.1 Fully constrained planar cable robot

Parametric estimation model can be expressed as:

b = 0, (1) (1),

where 6,,(¢) is the estimate of 8, at time ¢

6:(t) = [a1z G20

02<t) = [dly d2y

4.1.2.2 Redundant planar cable robot

Parametric estimation model is given by Eq.

nipulator triples 4, j, k as

02(t> = [diy &jy
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(m=1,2) (4.31)

dsy] " - (4.32)

ire] (4.33)

ary) - (4.34)



4.1.3 PI algorithm (Adaptive laws)

4.1.3.1 Recursive least squares algorithm

0., = P.end, 0,(0) =806, (m=1,2) (4.35)
P,=pP,—P,¢"P,, P,0)=P=Q;" (4.36)

where P,, for m = 1,2 is the covariance matrix and [ is the forgetting factor. The estima-
tion error term ¢, is given by

Zm = 2m Zm— OL (1)
em =" = m? ®) : (m=1,2) (4.37)

m? > 1 is a normalization signal designed to guarantee that

¢2 e with m?=14+agp’¢p, o>0. (4.38)
ms

4.1.3.2 Gradient algorithm

0, =Tendp, (m=1,2) (4.39)

where

ey = 2 Zm (4.40)

2
mg

where m? > 1 is the normalizing signal which is to bound ¢ from above. The normalizing
signal mentioned Eq. (4.40) can be expressed as

m? =1+n? (4.41)
where ng (ns > 0) is static normalization signal for providing L is bounded from above.
m

Convergence conditions for the estimate 6,,(t) to 67, for the zilgorithm are established
in [20].
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4.1.4 Resultant control input

The resultant control input can be define as

7= AN (F; + M,(—Ap — Kysat(e's))) + 7o, (4.42)
A

where A is estimation of
the previous section.

which is generated using the estimation scheme presented in

4.2 Proportional-derivative adaptive control

/ Actuator
Forces

+ T

£ PD Control Cable Robot p—"‘
Desired Y Gotaii
Position Posiﬁon

' »
On-line Parameter

» Estimator

v

Calculation of

Control Parameters
L - -

Figure 4.6: PD adaptive control block diagram.

A PD controller can be designed by using the following Lyapunov function and its
derivative as

1 1
Ve, é) = 5éTMpé + 5eTer, vV K, >0. (4.43)

where K e is the proportional feedback effort.
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The Krasovskii-LaSalle principle [28] gives a criterion for the asymptotic stability of
the system in case V(p) < 0, i.e V(p) is only negative semi-definite that means it does
not assure success asymptotic tracking . In addition we can note p,; and py are equal zero
for constant desired trajectory. Thus, the time derivative of the Lyapunov function can be
derived as follows

Ve, é) = el (M,é + %Mpé + Ke), (4.44)

where
M,é = M,p = F; + At. (4.45)

Hence,
Vieé)=¢é"(F;+ At + Kpe). (4.46)

Selecting the control input 7. in Eq. (2.22) as
T.= AN (F; — K,e — K, é). (4.47)
Eq. (4.46) can be rewritten as
Vieée)<—é'K,e, ¥V K,>0. (4.48)
Thus, the PD control law is obtained as follows
T=A(F;— K,e — K,é) + 1. (4.49)

where K, = [diag(K,, K,)] is proportional gain matrix and K, = [diag(K,, K,)] represents
derivative gain matrix . The internal cable tension vector 7, is added to the control law
in order to ensure the always positive cable tension conditions. The above control law is
valid if all parameters are known.

Again, when the structure matrix A is unknown; its estimate A is generated using the
estimation scheme presented in the previous section and the certainty equivalence approach
is used. The internal cable tensions are defined by either in Eq. (3.5) or (3.9). Thus, the
PDA controller scheme is shown below.

42



4.2.1 Parametric Model
4.2.1.1 Fully constrained planar cable robot
The general static parametric model is obtained [25] as
= (0370, (m=1,2). (4.50)
where

2 = Dy, 22 = Dy- (4.51)

Here, z; and z, are available for measurements.

T
Il kilils  kolql
¢: (2) 191643 20102 ’ (452)
g g g
where
g = l2l3 + ]{fllllg + k?glllg. (453)

Unknown parameters can be written as

OT = [alx A2 a3$]T7
9; = [aly Aoy agy}T . (454)

4.2.1.2 Redundant planar cable robot

The general static parametric model for any of the four possible manipulator triples
i,j, k can be written in the form Eq. (3.10) where

21 = Pz, %2 :py7 (4-55>

z1 and zo are available for measurements.

T
oo [(ly Rl kli (456)
Oc O¢ Oc
where
Oc = l]lk + kalilk -+ kblll] (457)
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Unknown parameters can be written as follows

OT: [ai:p Qg akz}Ta
0; = [ai, ajy aky}T

4.2.2 Estimation Model
4.2.2.1 Fully constrained planar cable robot

Parametric estimation model can be expressed as:

where 6,,(¢) is the estimate of 8, at time ¢

0,(t) = [&m A2g Cl3:c]T;

05(t) = [ar, a2y asy) -

4.2.2.2 Redundant planar cable robot

(4.58)

(4.59)

(4.60)

(4.61)

Parametric estimation model is given by Eq. (4.60) for any of the four possible ma-

nipulator triples 4, j, k as

0:(t) = [an 50 ara]”

0(t) = [diy Ajy gy
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4.2.3 PI algorithm (Adaptive laws)

4.2.3.1 Recursive least squares algorithm

0,, = Phend, 0,,(0) = 6 (m=1,2) (4.64)
P, =3P, - P,¢"P,, P,(0)=P=Q;" (4.65)
where P,, for m = 1,2 is the covariance matrix and S is the forgetting factor. The

estimation error term e, is given by

Zm = 2m Zm— OL (D)
em =" = — : (m=1,2) (4.66)

m? > 1 is a normalization signal designed to guarantee that

¢ e with m?*=1+a¢p’ ¢, a > 0. (4.67)

2
my

4.2.3.2 Gradient algorithm

0, =Tep, (m=1,2) (4.68)

where

Zm — Zm

where m? > 1 is the normalizing signal which is to bound ¢ from above. The normalizing
signal mentioned Eq. (4.69) can be expressed as

m? =1+n? (4.70)
where ng (ns > 0) is static normalization signal for providing L is bounded from above.
m

Convergence conditions for the estimate 6,,(t) to 67, for the zilgorithm are established
in [20].
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4.2.4 Resultant control input

Resultant control input can be define as
7= Al(F,— K,e — K,&) + %, (4.71)
h

where A is estimation of A which is generated using the estimation scheme presented in
the previous section.

4.3 Backstepping adaptive control

Lets us consider dynamic equation in Eq.(4.1) with no external force, we can rewrite
the system equations in state-space form as

D1 =D (4.72)
P2 =M, AT, (4.73)
where p = p; and p = p-.

The output of this system is p; = p = [ps, p,]? which follows the reference signal. The
defining intended errors can be expressed as e; = p; — Py, €2 = P1 — Pg. Then, the state
equation of these tracking errors is written as

é1 = €9
{ &= M At — (4.74)
where Mp_lAT = 1.

Define the following new state variables for the design backstepping controller.

21 =P1—DPd =€
4.75
Z2:€2—€2d:€2+K61. ( )

where ey = —Ke; is the desired value of the ey. Taking the derivation of the Eq. (4.75),

21:62

2y — éy+ Ké. (4.76)

Substituting the Eq. (4.75) into Eq. (4.76), the new state variable can be written as
follows

46



z1 = —Kzi + 29,

. . . 4.77
zzzu—pd+K(—Kz1+z2):—K2z1+Kz2+u—pd. ( )
Selecting the @ = a;21 + a2z5 + Py to remove Py, the Z can rewrite as

2'52 = (a1 — K2)Z1 + (CLQ + K)ZQ. (478)

We can express the new derivation of the state variable with matrix form as

tj - [(al_—KKQ) (azi K)] Ej : (4.79)

Lets propose a; = K? and ay = —2K. Then, we can rewrite as
[Z.l] ~E [zl] , (4.80)
<2 <2
-K 1
where E = { 0 —K} .

Backstepping controller back-steps the control Ke; through the integrator as mentioned
above. Backstepping controller can be completed by using the following Lyapunov function
and its derivative as

1
V(z1, 22) = §(Z1TZ1 + 21 25), (4.81)

V(z1,29) = 2] 21 + 2725 < 0

<0

(4.82)

where E < 0 — negative definition. Substituting the equations (4.75) and (4.76) into Eq.
(4.82) the derivation of Lyapunov function can be rewritten as

V=-K%?—-Ke2+ (1-2K?ee; <0. (4.83)
Recalling the @ in Eq. (4.74) and (4.77), the equilibrium can be defined as follows

a=M, AT = K’z — 2Kz + Pa. (4.84)
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The input can be defined by 7 is

T =(K?2, — 2Kz, —i—j)'d)MpAT.

(4.85)

The general form of the input function can be written with substitution of the Eq.(4.75)

into Eq. (4.3)

T.= (—K%; — 2Ke, —|—i)'d)MpAT.

(4.86)

The internal cable tension vector 7y, is added to the control law in order to ensure the
always positive cable tension conditions. The below control law is valid if all parameters

are known.

T = (—K2€1 — 2K€2 —f-pd)MpAT + 79.

Thus, the Backstepping controller scheme is shown below.

4.3.1 Parametric Model

4.3.1.1 Fully constrained planar cable robot

The general static parametric model is obtained [25] as

Zm = (05)7 @, (m=1,2).
where
21 = Pz, 22 = py-

Here, z; and z, are available for measurements.

o= [(als) kibls sl "

o o o

where
g = lglg + kllllg + k?glllg.

Unknown parameters can be shown as

07 = [alx A2z CLS:E]Ta

0; = [aly A2y (l3y:|T .
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4.3.1.2 Redundant planar cable robot

The general static parametric model for any of the four possible manipulator triples

i, 7,k can be written in the form Eq. (4.88) where

21 = Pz, 22 = Dy,

z1 and z are available for measurements.
zjzk) kolily  Kylil; 1"

Oc Oc Oc

¢ = |(

where
Oc — ljlk + k’alilk + kblzlj

Unknown parameters can be written as

HT = [aiz Qi ak:c:|T7

05 = [aiy, ajy aky}T.

4.3.2 Estimation Model
4.3.2.1 Fully constrained planar cable robot

Parametric estimation model can be expressed as:

En =0, (0(t),  (m=1,2)

where 0,,(t) is the estimate of 8 at time ¢

01<t) = [dlas d?x &SI]Ta

0(t) = [a1, oy dsy) -
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4.3.2.2 Redundant planar cable robot

Parametric estimation model is given by Eq. (4.98) for any of the four possible ma-
nipulator triples 4, j, k as

~ N N T
0(t) = [aiy Ajy ak’y} . (4.101)

4.3.3 PI algorithm (Adaptive laws)

4.3.3.1 Recursive Least squares algorithm

P,=pP,—P,p"P, P,0) =P, =Q;". (4.103)
where P,, for m = 1,2 is the covariance matrix and S is the forgetting factor. The

estimation error term e, is given by

—2 — 0% (¢t

2 2
mg mg

m?2 > 1 is a normalization signal designed to guarantee that

32 e with m?=1+a¢p’ ¢, a > 0. (4.105)
m

S

4.3.3.2 Gradient algorithm

0., =Te,d, (m=1,2) (4.106)
where
€m = ———, (4.107)

where m? > 1 is the normalizing signal which is to bound ¢ from above. The normalizing
signal mentioned Eq. (4.107) can be expressed as

m? =1+n? (4.108)

20



where ng (ngy > 0) is static normalization signal for providing i is bounded from above.
m

Convergence conditions for the estimate 6,,(t) to 67, for the aslgorithm are established
in [20].

4.3.4 Resultant control input
Resultant control input can be written as

7= ATM,(—K%e, — 2K e, + Pg) + o, (4.109)

where A is estimation of A which is generated using the estimation scheme presented in
the previous section.

4.4 Proportional-integrative-derivative control

PID control is a simple law which is known by its robustness. Cable robots use the
following PID control law with the condition of all-positive cable tensions:

t
Tpip = AN (Fy — K,e — K,é — Ki/ —e(T)dT) + 7o, (4.110)
0

where K, = [diag(K,, K,)], Vr = p,v,i. The all-positive cable tension conditions are also
ensured by adding the internal cable tensions to control input. If bounded errors in the
measurement of the anchor points are considered during the motion of the mobile platform,
the structure matrix A and the internal cable tensions 79, used in Eq.(4.110) are affected.
Here, the inexact structure matrix A and and the erroneous internal cable tensions 7
are established by the initial values of the anchor points. Thus, the PID controller with
uncertainties is defined as

t
Fpip = AN(F; — Kye — K,é — K/ e(T)dT) + 7. (4.111)
0
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4.5 Simulation

Using the two types of planar cable robots, three types of computer simulations are
conducted by using MATLAB. First a parametric estimation of the anchor points is de-
veloped by using the gradient algorithm and least squares command given in [14]; then,
a fourth-order Runge-Kutta method with a constant step of 1 ms is used to evaluate the
performance of the controllers with and without the inclusion of uncertain anchor point
coordinates in the system. The mass of the end-effector is m,=50 Kg. The initial position
of the end-effector is located at the origin and the desired position of the end-effector is
established at p,q=6 m, pyq=-10.0 m.

In the simulation, the recursive least squares algorithm (3.3.3.1) and the gradient al-
gorithm (3.3.3.2) are used to estimate the values of the anchor points with constant for-
getting factor ( f=1) and velocity of convergence of the gradient algorithm (I'=6) for
fully-constrained and redundant planar cable robots.

4.5.1 Control schemes comparison setup

A quantifiable criterion based in the L, norm of position errors is selected to evaluate
the performance of the three controllers.

Ly(e) = \/ﬁ/ I e(t) [|* dt (4.112)

In addition, the maximum position error at the last 5 seconds of the trajectory is
included in the evaluation.

— max e(t

o= max (e )
For a fair comparison among the controllers, the gains are tuned such that the consumed

kinetic energy by each control is similar. The kinetic energy of the mobile platform is:

D2
E, = / (AT).dp, (4.113)
p1
where p; = [p1z, p1y|T and pa = [pas, p2,]” are the initial and final position of the mobile
platform, respectively. Assuming no external forces are applied, Eq. 4.113 can be rewritten

as follows:
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D2 T dp T
E), = / M, pdp = m, / pdt =m, / ppdt. (4.114)
P1 t t

Also, the maximum position error at the first 5 seconds is used to ensure a fair com-
parison among the controllers. This index is expressed as

_ t
e = max (e(t) )

The above indexes have been implemented in MATLAB together with each of the
analyzed controllers.

4.5.2 Fully-constrained planar robot

The robot shown in Figure 3.1 is analyzed in this subsection. The robot parameters used
in simulations are listed in Tab. 4.1.

Table 4.1: Parameters of the fully constrained planar robot.

Point Actual [m] Initial [m] Control gains

1y 15 “14.25 2=0.2
ay, 14 “13.75 K1=9.0
oy 17 16.5 =5
sy 13 -12.75 K,=5.0
sy 0.5 0.75 K,=30.0
as, 14 14.25 K;=0.01

The lower and upper bounds of the anchor points are established 0.25m with respect to
the actual values. The constant o = 0.1 for the homogeneous solution in Eq.(3.5) is estab-
lished such that the bounded cable tensions are 7,,;,=200N and 7,,,,=2000N. The control
gains were determined by a trail-and-trail-error method in order to ensure controllers do
not show overshoots and cable tensions are bounded with respect to the given minimum
and maximum values.

The feasible workspace is shown in Fig 4.7.
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Figure 4.7: Feasible static workspaces with anchor points uncertainties: lower bound values
(dot lines), upper bound values (dash lines), and actual values (continuous lines and shaded
area).

In the following simulations, the anchor points are estimated on-line and used in the
adaptive controllers. The initial values of the parameters, shown in Tab.4.1, are used
to compare the adaptive controllers with the PID controller. The simulation results are
established of fourty seconds.
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Figure 4.8: p, and p, position controller comparison for the three-cable robot with uncer-
tain parameters.

Although the SMsatA and BA controller does not present shattering they take the
maximum time to reach the desired position. The PID controller is the fastest method to
achieve the goal position; this contoller presents a small offset, which remains all the time.
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Figure 4.9: Cable tensions comparison for uncertain parameters.
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Bounded positive tension conditions are accomplished in the three controllers. Also,
similar cable tension solutions for the three controllers are observed in cable 2 during
the 15 seconds. At the desired position, cable 2 achieves the maximum tension which is
almost four times below the given maximum bounded tension conditions. In addition,
cable 3 reached the minimum tension which is almost two times above the given minimum
bounded tension conditions.
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Figure 4.10: Estimated values of the coordinates of the three anchor points to actual anchor
points with recursive least squares algorithm.

Fig. 4.10 shows estimated values of the coordinates of the three anchor points to actual
anchor’s points. The recursive least squares algorithm generally converges to actual values
of anchor points in less than 25 seconds.
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Figure 4.11: Estimated values of the coordinates of the three anchor points to actual anchor

points with gradient algorithm.

On the other hand, gradient algorithm converge to anchor point actual values are not
succeed in 40 seconds as shown in Fig. 4.11.

The performance of each controller is summarized in Tab. 4.2.
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Table 4.2: Comparison of controllers for the 3-cable robot.

Wi Ly(e) ef e Controller
1835.265 16.284 0.0018 11.661 PDA
1804.566 16.250 0.137 11.661 PID
1813.381 16.2532 0.021 11.661 SMAsatA
1808.488 16.3084 0.0051 11.661 BA

A fair comparison among the controllers is achieved by observing the similar values of
the kinetic energy and initial position error during the first 5s. After the first five seconds of
the trajectory, it is observed two main differences among the controllers. First, the largest
error is presented by the BA controller. Lastly, the PID presents the worst behavior during

the last five seconds

4.5.3 Redundantly planar cable robot

The robot shown in Fig. 3.2 is analyzed in this subsection. The robot parameters
used in simulations are listed in Tab. 4.3. Simulation results of fourty seconds are shown

below.

Table 4.3: Parameters of the redundantly planar robot.

Point Actual[m] Initiallm] Control gains
a1z -15 -15.25 A=0.2
ar, 14 13.25 K,=9.0
A2y 17 16.5 €=H
A2y -13 -13.75 K,=5.0
. 12 12.5 K,=30.0
a3y 14 14.25 K;=0.01
4z -13 -13.5
ayy 16 15.75

The workspace is depicted for 4+ 0.25 m varition of the lower and upper bounds of
the anchor points with respect to the actual values. Constant a; = a; = 0.006, for the
homogeneous solution in Eq. (3.14), are established such that the bounded cable tensions
are Ty, = 50N, and 7,4, = 2000N.
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The feasible workspace is shown in Fig. 4.12.

Figure 4.12: Feasible static workspaces with anchor points uncertainties: lower bound
values (dot) lines, upper bound values (dash lines), and actual values (continuous lines and
shaded area)

Fig. 4.13 shows the tracking motion of the mobile platform supposing uncertain anchor
points in the robotic system. The four controllers achieve the regulation goal under the
uncertainty of the anchor point coordinates.
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Figure 4.13: p, and p, position controller comparison for the four-cable robot with uncer-
tain parameters.

The SMsatA controller is the last to achieve the desired position. The PDA and PID
controller have similar performance during the first ten seconds; however, PID controller
present a small offset with respect to the desired position, which remains until the end of the
simulation. Although the first regulation control condition is accomplished, it is necessary
to verify that the tension in four cables are always positive during all the simulation time.
Thus, cable tensions results are shown in Fig 4.14.
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Positive cable tensions are accomplished for the four controllers. Highest values of
the cable tensions are below the given bounded maximum tension value. In addition,
minimum cable tensions are above the given bounded minimum tension. Cable 3 reaches
the lowest tensions values in four cables. In addition, cable 1 and 2 shows almost similar
cable tension results. In the Fig. 4.14, PID controller has generally higher tension value
than other controller.
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Figure 4.15: Estimated values of the coordinates of the four anchor points to actual anchor
points with recursive least squares algorithm.
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Figure 4.16: Estimated values of the coordinates of the four anchor points to actual anchor
points with gradient algorithm.
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Figures 4.15 and 4.16 show estimated values of the coordinates of the four anchor points
to actual anchor points. The recursive least squares algorithm converges to actual values
of anchor points in less than 25 seconds. However, gradient algorithm is not succeed in 40
seconds to converge to actual values of anchor points as shown in Fig. 4.16.

Tab. 4.4 shows the performance indexes for each controller as follows.

Table 4.4: Comparison of controllers for the 4-cable robot.

Wi Ls(e) ey e Controller
1679.224 16.51069 0.005104 11.6619 PDA
1685.163 16.44889 0.135 11.6619 PID
1645.779  16.4399 0.025 11.6619 SMAsatA
1653.089 16.5278 0.0094 11.6619 BA

A fair comparison among the controllers is achieved by observing the similar values of
the kinetic energy and initial position error during the first 5s. After the first five seconds of
the trajectory, two main differences among the controllers are observed. First, the largest
error is presented by the BA controller. Lastly, the PID presents the worst behavior during

the last five seconds.
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Chapter 5

Friction estimation and compensation

Mechanical friction can not be omitted in cable robots because the actuators in the
system are affected by mechanical friction such as static and Coulomb friction. Hence,
cables can not be in desired tension [2]. In general, we can say the friction raises position
error in a trajectory. According to Kino [2], increasing the internal force causes enhancing
load on the shafts which is in each actuator unit and pulley as a result, mechanical friction
in actuators is increased. We can conclude that even if increasing the internal tension to
decrease the position error, this increases directly mechanical friction. That’s why as a
result precision of position error is increased. The author [2] uses the dither technique to
overcome effect of friction. The author in [29] presents tension distribution algorithm with
dual-space feed-forward scheme adding viscous and static motor friction effects. Cazalilla
et al. [30] use adaptive control approach to identify the friction parameters in actuated
joints of 3-DOF parallel manipulator.

Decreasing tracking errors and compensating friction force are crucial components of
cable robotic system owing to friction effect. Friction is a disturbance force and it causes
tracking error throughout motion. The tracking error can be diminished with friction
parameters identification and compensation.

We start the chapter with a short review of the friction models used robotic control
design, presented in Section 5.1 [31]. Among these friction models, we use general static
friction model with a recursive least squares adaptive law for cable robotic system because
of overcome mechanical friction in actuators and then, establish an adaptive motion control
scheme based on the adaptive law.
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5.1 Friction models

5.1.1 The Capstan friction for pulley

The Capstan friction is a friction formulation between the cables and anchors. The
Capstan friction model can define as follows

Ty = TyeMP. (5.1)

In Eq. (5.1) represents a relationship with output 77, and input tension of cables on
the pulleys. p is friction coefficient and 3 is cable angle which is contact with pulley.

Figure 5.1: Free body diagram.

Using the free body diagram in Fig. 5.1, the equilibrium forces [32] in direction of x
and y can be written respectively as follows

ZTx = TCOS(%Q) + u(dN) — (1 + dT)COS(?) = u(dN) —dr =0, (5.2)
ZTy =dN — (T + dT)sm(%e) + Tsin(%e) =dN — 7df = 0. (5.3)
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Substituting Eq. 5.2 into Eq. 5.3, we can rewrite the equations as follows

d—: = pdf. (5.4)

Taking the integration of Eq. 5.4 as

m B
/ —T:/ 1udo. (5.5)
T1 T 0

The general Capstan equation can define as
Ty = et (5.6)

Based on the Eq. (5.6), we can say the tension on the pulley, the coefficient of friction,
angle of contact the pulley affect the friction force.

5.1.1.1 Classical friction models

Classical or static friction models are generally formulated a combination of viscous,
static and Coulomb frictions. There are several study about classical friction models in
literature. Firstly, Canudat et al. [33] define static friction force as combination of viscous
and Coulomb friction forces in Eq.5.7.

4 >
- { o 4T v>0, (5.7)

To + Ty v < 0.

In Eq. (5.7), 7, 7o and 7, define the Coulomb friction forces and viscous friction force,
respectively and v represents the velocity of friction regime. Fig. 5.2 shows two different
friction model representations which are Coulomb friction and combination of Coulomb
friction and viscous friction, respectively. The fact that for Fig. 5.2b there is slope due to
viscous friction in comparison with Coulomb friction.
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Figure 5.2: Representation of a) Coulomb friction and b) Coulomb+viscous friction models.

Next, Amstrong et. al. [34] define general formulation of static friction as follows

T(U) if v §é 0
=% T ifv=0and |7.| <75 (5.8)
Tssgn(Te) if v =0and |7'e| > Tg

where 7, is external force, 7, is static force and 7(v) is arbitrary force formulated as

7(v) = 10 + (15 — 70)e /US40, (5.9)

where v, is the Stribeck velocity, ds defines the shape factor for Stribeck velocity. In
addition, [35] presents a static friction model as follows

+ —v/vl (1 — —v/v, >
_ { Tge VVsi+ 1 (1—eVs2) 4+ 10 v >0 (5.10)

rge s (1—e /) + v v <0

where v ,vg,,0d; and vg, define the velocity constants.

As shown in Fig. 5.3 d), stribeck friction has negative viscous friction force, which
decreases then velocity increases and as velocity continue gets larger then friction force

starts increasing. In addition, Fig. 5.3 ¢) shows extra friction at zero velocity because of
static friction effect.
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Figure 5.3: Representation of a) Static+Coulomb + viscous, b)Static +Coulomb + viscous
+ stribeck friction.

5.1.2 Dynamic friction

In this section, we will show several dynamic friction models in literature.

5.1.2.1 The Dahl model

Dahl [36] formulates the model for rolling and sliding friction simulations, which is
related to pre sliding regime. The model idea is started with observation of bearing pre-
rolling friction results close to solid material internal friction. In addition, meaning of the
model is fixed friction in sliding regime such as static friction. The general Dahl model [37]
can be written as

dry _
de

f
1——=
CSng(U)

isgn 1— Lsgn(v) ), (5.11)
(1= Zont0)

TC

o

where 7¢ is the Coulomb friction force o is the initial stiffness at velocity reversal, v is
velocity, and ¢ is the model exponent parameter that defines hysteresis shape. Using the
the Dahl model as shown Eq. 5.11, we can obtain position dependent hysteresis loops.
However, the model does not contain Stribeck effect, friction lag and break away force.
There are several studies with using the directly basic model or the modified models in
literature.
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5.1.2.2 The LuGre model

The LuGre [38] model is one of the dynamic friction model to cover Stribeck friction
effect in which the Dahl model has not contain. The general idea of the model is based on
the fictitious bristles on which is stationary surface as shown in Fig. 5.4.

N Bonded
Bristles

Sliding Body B

LSV N S N N WY

Stationary_—-—-—"—"

Surface

Figure 5.4: The bristle model.

Lets define the z as average deflection bristles and then, we can write derivation of the
average deflection as follows

dz ]

i b 5.12

a ' g(v) = (5.12)
where velocity of the sliding surface is called v and g(v) > 0 defines the Stribeck friction
which is gradually decrease from g(0) when the velocity get increase. In addition, it relates
to material properties, temperature and lubricant.

The friction force can be written based on the fictitious bristles model as
dz

Ty = 09z + oy (5.13)
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where oy is stiffness coefficient, oq is the viscous damping coefficient. After adding the
viscous friction term, the general friction force equation is

dz
Tf = 002+ 01+ 0o, (5.14)
where o4 is the viscous friction coefficient.

Stribeck term can be written as follows

009(v) = ¢ + (15 — 1C)e1V/USF (5.15)

where g is static friction, 7¢ is Coulomb friction and wvg is Stribeck velocity.

In general, we can say the model contain Stribeck effect, friction lag and break away.
However, friction forces do not only relates to current values of displacement but also it
carries on with its past extremum values that can be called as the hysteresis behavior with
nonlocal memory. [39].

5.1.2.3 The Leuven model

The Leuven Model is modeled to overcome the problem which is hysteresis behavior
with nonlocal memory. Leuven model [40] can be written as

d
77 = Tl(2) + o1 + 030, (5.16)

% - (1 - sgn<8<v;d_ Tb) n) (5.17)

where 7, (2)=74+7, defines the hysteresis friction force is , 74, and 7, are friction force at
the starting of the transition curve and s(v) is stribeck velocity.

Td

s(v) — 7

We can say the model cover the Stribeck effect, friction lag, break away force and
hysteresis behavior with nonlocal memory, however; the model could contain discontinuity
in the friction force because of equality of 7, to earlier values of 7,(z). By replacing

14(2)/(s(v) — 1) with 7,(2)/s(v).
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This problem was beat with modification which is using 7,(2)/s(v) instead of 74(z) /(s(v)—
7) in [41]. Thus, the Eq. (5.17) can be rewrite as

i ()

5.2 Parametric estimation and adaptive feedback con-
trol of planar cable robot

Th(Z)

s(v)

n) (5.18)

Adaptive motion control scheme involve on-line friction adaptive estimation and com-
pensation, are shown in Figure 5.5.

- On-line
Tr Friction
Estimation
T N T N
R, + _ R, l' o
+
. Ue T Y o p
pHdJr}ControllertthJru—»Jr— Plant —— » 1 —»
‘, - T - + A S
Tr
Actual
Friction

Figure 5.5: Parametric friction estimation and adaptive motion control scheme.

We use recursive least squares algorithm for estimation of friction parameters to their
actual values.
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5.2.1 Parametric model
5.2.1.1 Fully constrained planar cable robot

Consider Fig.5.5 the plant model as shown in Eq.(4.1) with adding friction force for
fully constrained cable robot, that is,

M,p=Au+ Aty = A(T — 75) + ATy (5.19)
where 7; = [1f1, T2, 7y3]7 is the matrix of friction forces, M, = [diag(m,, m,)] denotes

mass matrix, 7 = |11, 72, 73]7 represents resultant control input, A is structural 2 x 3 ma-
trix and acceleration of end effector can be represented as p = [py, Py|”, u=[u1, u2, us) is
combination of resultant control input and estimated friction force 7.

In Eq. (5.19),p and 7 are known signals. The general static parametric model (SPM)
is obtained as

z = 0T, (5.20)
where

z = [21, 29, Zg]T = AT(Mpp - A’LL) (521)
0r = [r, 7., T, Th, T Vi=1,2,3. (5.22)

9~ (wy) fi (wi)

9~ (wy) fo (wi)
¢; = 9+(wh)f1 (wli) ,Vi=1,2,3. (5'23)

g7 (i) f5 (wi)

g° (wy)wy;

fi(wg) = e/ | Vi=1,2,3,
fif () =1—e ¥/ | Vi=1,23,

fr(wy) = e ®ilvst | i =123,
fo(wy) =1 —e™i/%s2 | Vi=123.

0 T Jwy >
g(wm_{ 0  J|wul<v , Vi=1,2,3.
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N <=y
gwm_{o wy >~ , Yi=1,2,3.

0 wy < P
+ N — li
9" (wn) {1 wy > Vi=1,2,3.

Here, z and ¢ are available for measurements. 7, and 7.7 are static and Coulomb

friction parameters which are in direction of positive motion, 7, and 7. are in direction
of negative motion. In addition, viscous term is called as 7, and w; defines cable velocity.

The constant v,; and ve can be selected in terms of the system and vy and vy are
assumed they are available and can be selected different values in terms of the system.
Also, we use threshold term, 1 to avoid the direction misinterpretations.

5.2.2 Estimation model

Estimation model can be written as

2, =0,()"¢;, Vi=1,23. (5.24)

where 0;(t) is the estimate of 8} at time ¢.

5.2.3 PI algorithm (Adaptive laws)
5.2.3.1 Recursive Least squares algorithm
éi = Pie;;, 0@'(()) = 0y; (5-25)
P, =P~ P¢P, PF(0)=Py=Q,' VYi=123 (5.26)
where P is the covariance matrix and [ is the forgetting factor. The estimation error term

€ is given by

2 2
ms ms

€ = . Vi=1,2,3. (5.27)

m? > 1 is a normalization signal designed to guarantee that

&

S € with mi=1+a¢]¢;, a>0. Vi=123. (5.28)
mS
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5.2.3.2 Backstepping adaptive control

Let us consider dynamic equation with perfect compensation assumption, we can
rewrite the system equations in state-space form as

P1 = P2
P2 = M, ' Au,
(5.29)

where the output of this system is p; = p which follow the reference signal. The defining
intended errors can be expressed as e; = p; — pg, e2 = P1 — Pq. Then, the state equation
of these tracking errors is written as fs

é1 = €9
{ &= M Au, — (530)
where Mp_lAuc =u

Define the following new state variables for the design backstepping controller.

Z1 = P1 — Pd = €1,
5.31
Zy =€y — ey = ey + Ke;. ( )
where eyy = —Ke; is the desired value of the e;. Taking the derivation of the Eq.
(5.31),
1 (5.32)

2.2 = é2 +Ké1

Substituting the Eq. (5.31) into Eq. (5.32), the new state variable can be written as
follows

Z.l = —Kz1 + 29 (5 33)
2o =10 — Pa+ K(—Kz + 29) = —K?2, + K2y + @ — Py. '
Selecting the @ = a121 + aszs + Pg to remove P, and the 2 can rewrite as
2.2 = ((11 — K2)21 + (CLQ + K)ZQ. (534)
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We can express the new derivation of the state variable with matrix form as

[ij N {(al_—KKQ) (amlLK)] Eﬂ (5.35)

Lets propose a; = K? and ay = —2K. Then, we can rewrite as
{z.l} —E {zl} (5.36)
zZ9 zZ9

-K 1
WhereE:{O —K}
Backstepping controller back-steps the control Ke; through the integrator as mentioned
above. Backstepping controller can be completed by using the following Lyapunov function

and its derivative as 1
V(z1,29) = 5( 21+ 23 22) (5.37)

V(zl, 2y) =212 + 212, <0
E2)

= [z 2| E 2 < 0.

where E < 0 — negative definition. Substituting the equations (5.31) and (5.32) into Eq.
(5.38) the derivation of Lyapunov function can be rewritten as

V=—K€—-Kel+(1-2K?ee; <0 (5.39)
Recalling the @ in Eq. (5.30) and (5.33), the equilibrium can be defined as follows
a=M;"Au, = K’z — 2Kz + Pa (5.40)

Thus,
Ue = ATM,(K?2z, — 2K 25 + Py) (5.41)

The internal cable tension vector 7y, is added to the control law in order to ensure the
always positive cable tension conditions. The below resultant control law is valid if all
parameters are known.

T =AM, (—K?%, — 2Key + pg) + To (5.42)
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5.3 Simulation

In this section, simulation results are presented. Using a fully constrained planar cable
robot, two type of computer simulations are conducted by using MATLAB and a trajectory
is given for all motor rotations have both positive and negative directions. Recursive least
squares algorithm is taken from [20] develops a estimation of friction parameters. Then, a
Dormond-Prince method is used for evaluation the controller with friction compensation
and without compensation. The mass of the end effector is m,= 30 kg and initial position
of end effector is in origin point. In addition, we assume the desired position of the mobile
platform belongs to the feasible workspace of the cable robot and the pseudo inverse of
structure matrix exists.

There are two scenarios in this study. First scenario is when the controller, actual
friction and parametric friction estimator simultaneously are activated. This scenario can
be called adaptive estimation and compensation scheme. Second scenario consists of the
controller and actual friction force but not parameter estimator.

P, position (m)
o

—Desired position

—Actual position with compensation

_27
---Actual position without compensation
-3 T Sy I 1 J
0 5 10 time (s) 15 20 25

(a)
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T T “
—Desired position
—Actual position with compensation
---Actual position without compensation

Py position (m)

—4E i i . -
0 5 10 15 20 25
time (s)

(b)

Figure 5.6: a)p, and b)p, position controller comparison for the three-cable robot with
friction compensation and without compensation.

Fig. 5.6 depicts that tracking errors go to almost zero with compensation in eight
seconds for each cycle in Fig. 5.6. However, the tracking errors without compensation in
Fig. 5.6 do not reach to zero because of friction force.
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Figure 5.7: Friction parameter estimation results for adaptive backstepping control scheme
a) motor-1, b) motor-2, ¢) motor-3, respectively.

In addition, it can be seen from Fig. 5.7, recursive least squares algorithm almost
converge actual values of friction parameters after 20 seconds for a) motor-1, b) motor-2,
¢) motor-3, respectively.
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Chapter 6

Discussions and Conclusion

In this study, a comparison study among the four controllers, SMsatA, Backstepping,
PDA and PID, are developed for a fully-constrained and redundant planar cable robot. In
other words, the well-known PID benefits, such as simplicity and robustness, are evaluated
against the adaptive control formulations that require the construction of a parametric
model and a parameter estimation algorithm. The proposed adaptive controllers were
designed for an uncertain structure matrix which results of error in the measured anchor
points. In addition, feasible workspace for both configurations are studied and depicted
for a given set of bounded cable tensions.

Numerical simulations have shown a concordance with the theory; that is, adaptive
controllers are shown to be asymptotically stable. However, an experimental validation
might give a more reliable sight to the adaptation problem.

Three quantifiable indexes are established for comparison purpose; that is, the Lo
norm of position errors during the first and the last 5 seconds of each simulation. It is
observed that both the consumed kinetic energy and the position errors during the first 5
seconds have similar values in each controller, which allows a fair comparison between the
controllers.

Simulations in Chapter 4 have shown that the PDA controller presents both advantages:
robustness and convergence at the desired point when under the presence of a uncertain
structure matrix; moreover, the all-positive cable tensions is achieved with minimum values.

Finally, simulation results in Chapter 5 show on-line parameter estimation algorithms
and adaptive control schemes have achieved desired performance.
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