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Abstract

In this work, a method for trajectory tracking of robotic arms is designed and implemented on the
Philips Experimental Robot Arm, a robotic arm intended for research applications. To demonstrate
the method, several experiments are conducted, where the arm is led to draw a desired shape on
a canvas. To this end, a passivity-based control law for trajectory tracking of fully actuated
mechanical systems is proposed. The system is modeled in the port-Hamiltonian framework for
mechanical systems. The closed-loop system is proven to be globally asymptotically stable by
Lyapunov’s second method and La Salle’s invariance principle. The proposed control strategy
is naturally saturated and requires only position measurements, omitting the need for velocity
measurements by extension of the system. This control law is compared against a non-saturated
equivalent to show differences in performance.

For the task of drawing, three degrees of freedom are required to let the end-effector of the arm
follow the desired path. To deal with sensor offsets and position errors, a force-based drawing
enhancement heuristic approach is proposed. This heuristic approach enables a successful drawing
application for the PERA. An additional two degrees of freedom in the wrist are considered to
control the orientation of the end effector. The implementation of these joints is successful, but at
the cost of the performance of the heuristic approach.
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Chapter 1

Introduction

In the last few decades, robots have become an important part of modern day industry and soci-
ety. Initially developed for the production industry, scientific research has allowed the applications
of robotics to diverge. Therefore, applications in for example healthcare, home automation (do-
motics), and military operations, are becoming increasingly common (Harmo et al., 2005; Lin,
Bekey, and Abney, 2008; Okamura, Mataric, and Christensen, [2010). Due to the widening of
the application fields of robotics, the required operations are becoming more and more complex.
Therefore, there is a great interest in the development of robust, high precision controllers to reg-
ulate the actuation of robotic joints.

In this work, the focus is on the design and implementation of a control law for the Philips Exper-
imental Robot Arm (PERA). This is a robotic arm, developed by Philips Applied Technologies,
which closely resembles the functions of a human arm (Rijs et al., 2014). The aim of the project
is to design a control law, such that the end-effector follows a desired trajectory. To demonstrate
this, we aim to let the PERA draw on a canvas. In the project, several implementation issues are
addressed, like the absence of velocity sensors in the PERA, the saturation of the joint motors and
errors in sensor measurements and canvas placement.

The port-Hamiltonian (pH) framework is used to model the PERA, and a passivity-based con-
trol (PBC) approach is adopted to successfully achieve trajectory tracking. In this chapter, the
mechanical system under study is introduced. Then, an introduction to the pH framework for
modeling of mechanical systems is provided. Moreover, the scope of this project is presented,
along with the further outline of the thesis.

1.1 The PERA

The PERA is a fully actuated robotic arm with seven degrees of freedom (DoF). The system has
been developed for research purposes by Philips Applied Technologies (Rijs et al., 2014), where
the main objective is to mimic the motion of a human arm. The arm consists of a shoulder,
elbow, wrist and gripper, and is equipped with force and position sensors in each joint, which can
be used for control purposes. In the past decade, the PERA in the University of Groningen has
been the subject of a large number of studies (Mendels, 2011; Bogel, 2012} Bol, 2012; de Jong,
2013} Siemonsma, 2014; Koops, 2014; Leeuwerik, 2015, Munoz-Arias, [2015; van den Bos, [2019).
In particular, this work continues the line of research studied in van den Bos (2019), where the
main goal was to achieve set point regulation (SPR). Due to the lines of research, the structure
of this thesis somewhat similar to that of the work mentioned, especially in the preliminaries,
experimental setup and control design (Chapters .

This thesis deals with two limitations of the PERA, i.e. the absence of velocity sensors and the
saturation limits on the current sent to the motors, which are needed to prevent damage on the
DC motors. Hence, following the ideas exposed in van den Bos (2019), this thesis aims to design
a control law for the PERA, which is saturated and does not require velocity measurements. A
detailed description of the PERA is given in Chapter



1.2 Port-Hamiltonian framework for mechanical systems

To design a control law for mechanical systems like the PERA, the first step is to derive an
analytical model of the system. For the modeling of mechanical systems, several approaches exist
(van der Schaft, 2004). In this thesis, the system of the PERA is modeled in the pH framework,
first mentioned in (Maschke and van der Schaft, |1992). In this framework, the total energy of
the system is modeled in the Hamiltonian function, which is based on the law of conservation of
energy (Serway and Jewett, [2018)). By use of the Hamiltonian function, a dynamical model of the
mechanical system can be constructed.

The energy-based setting of the pH framework allows for passivity-based control of the system.
In passive systems, the emphasis is on the energy exchange of the system with the environment
(Ortega et al.,|2013)). The property of passivity of a system implies that the system cannot produce
any energy by itself. Therefore, the energy supplied to a passive system is greater than the energy
that is stored. The difference in energy is dissipated from the system. In this work, the property
of passivity is used to stabilize the system on he desired trajectories.

Using the pH approach has several advantages compared to other approaches, such as the classical
Lagrangian, Newtonian and Euler-Lagrange approaches. These advantages are listed below.

e The framework has a clear physical interpretation (Duindam et al., |2009)).

e Interconnections and dissipation of energy can be clearly identified (Duindam et al., 2009).

Most pH systems are passive (also the PERA), allowing PBC (van der Schaft, [2000).

The Hamiltonian can be taken as a candidate Lyapunov function, which allows stability
analysis by Lyapunov’s direct method (van der Schaft, [2000).

The pH framework allows extension of the dynamics of the mechanical system (van der Schaft,
2000; Duindam et al., 2009).

In recent years, PBC of pH systems has been used to propose saturated control laws for mechan-
ical systems which do not require velocity measurements (Dirksz, Scherpen, and Ortega, 2008;
Wesselink, 2018; Wesselink, Borja, and Scherpen, 2018; Veltman, [2019; van den Bos, [2019)). This
thesis will continue this line of work by applying new control laws for trajectory tracking of the
PERA.

1.3 Scope

The main goal of this work is to develop a drawing routine for the PERA. The PERA is commanded
to let the gripper follow a desired trajectory on a canvas, such that the marker attached to the
gripper of the PERA draws the desired shape. In the experiments, the first basic shape attempted
to draw is a circle.

To attain the goal of developing a drawing routine, a PBC strategy for trajectory tracking is
proposed. The control law is saturated and does not require velocity measurements. Furthermore,
the closed-loop system can be proven to be globally asymptotically stable by Lyapunov’s second
method and LaSalle’s invariance principle. Since the concept of the control law is relatively new,
the tuning of the controller gains is thoroughly investigated. To narrow the scope of this project,
three DoF of the PERA are considered; shoulder pitch, shoulder yaw and elbow pitch. When the
goal of trajectory tracking is attained, the drawing routine is enhanced by dealing with steady-
state errors and sensor offsets. This enhancement is achieved by adapting the desired trajectory
of the shoulder pitch joint, such that a constant force is exerted on the canvas. The adaption of
the desired joint trajectory is based on the measurements of the force sensors in the wrist of the
PERA. Moreover, the wrist pitch and yaw are included in the system, to control the orientation
of the end effector with respect to the canvas.

1.4 Outline of the thesis

This thesis is structured as follows.



1.4. Outline of the thesis

In Chapter [2] the theoretical background for the scientific contributions in this work are
presented. The concepts of stability and passivity are discussed, and the pH framework is
discussed, along with its properties. Moreover, the modeling of the PERA is discussed.

Chapter [3| discusses the experimental setup of the PERA. The model of the inertia matrix
and potential energy of the mechanical system is presented and further information on the
PERA is provided.

The contents of Chapter [] are devoted to the control design. The dynamics of the system as
presented in the pH framework are given and a canonical transformation is applied in order
to obtain an error system. The remainder of this chapter deals with the proposal of control
strategies to stabilize the error system.

The work of Chapter [5] is devoted to the results obtained in simulations and experiments.
The desired trajectories are defined, and the control law proposed is thoroughly tested in
simulations and experiments. The results are compared to those of another, non-saturated
control law. Furthermore, a heuristic to enhance the quality of the drawings produced by
the PERA is proposed and the orientation of the end-effector is considered.

Finally, in Chapter[6] concluding remarks are presented. Moreover, several options for future
research in the line of this work are suggested.






Chapter 2

Preliminaries

This chapter provides the required background for the contributions presented in this thesis. The
preliminaries entail the established theoretical concepts and scientific principles that are used as a
basis on which this work continues.

First, the concepts of stability and passivity are discussed. Then, the pH representation of me-
chanical systems is considered and linked to the concepts discussed earlier. Furthermore, PBC
is discussed. Finally, the theory required for the mathematical modeling of n-DoF mechanical
systems is provided.

2.1 Stability

In words, an equilibrium is stable if, when the initial states of the system are sufficiently close to
the equilibrium, the states of the system remain in a certain region around the equilibrium (Astréom
and Murray, [2010). Different forms of stability exist, of which the most important ones are defined
in this chapter. In this thesis, the focus is on stability in the sense of Lyapunov. Mathematical
definitions of equilibria and stability, based on the definitions in Khalil (2002)), van der Schaft
(2000)), and Astrom and Murray (2010)), are given in Definitions and

Consider a non-linear system of the form f : R"™ — R®

i = £ (alt,0)) (2.1)
Definition 2.1 (Equilibrium (Khalil, [2002))). The point z, € R™ is an equilibrium of the system
(2.1) if and only if f, = 0,.

Definition 2.2 (Stability (Khalil, 2002)). An equilibrium of a system of the form (2.1) is called
i. stable, if Ve > 0 3 > 0 such that

lzo — 4] <0 = ||z (t,x0) — 24| <€ VE>to. (2.2)

ii. locally asymptotically stable (AS), if it is stable and 3§; > 0 such that

lzo — z4]]| < 01 = tlim x (t,0) = Ty (2.3)

iii. globally asymptotically stable (GAS), if it is stable and

lim x (t,z9) = . Vzo € R". (2.4)

t—o0

iv. unstable, if it is not stable, i.e. de > 0 such that Vd > 0 dzq,t; for which

lzo — 2| < § = ||z (t,0) — 4] > €. (2.5)
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In the following subsections, Lyapunov’s first and second method, as well as LaSalle’s invariance
principle are discussed. These tools can be used to prove (asymptotic) stability of non-linear
systems.

2.1.1 Lyapunov’s Second Method

Lyapunov’s second method, also referred to as Lyapunov’s direct method, was first presented by
the Russian mathematician, mechanician and physicist Aleksandr Mikhailovich Lyapunov in 1892
(Lyapunov, [1992). The method utilizes the auxiliary function of the system V (z), which is called
the Lyapunov function, to prove stability of the system. Theorem [2.1]defines the method according
to the definitions by van der Schaft (2000), Khalil (2002), and Astrém and Murray (2010).

Theorem 2.1 (Lyapunov’s Second Method (Khalil, 2002)). Consider a system of the form
(2.1), with an equilibrium in .. If there is a neighborhood Q of z,, and a function V(z): @ - R
such that on 2

i. V(x) is continuously differentiable, i.e. V(z) € C* (Q,R),
ii. V() is positive definite with respect to x,, i.e. V(z,) =0and V(z) >0, Vz € Q\z.,
iii. V(z) is negative semi-definite with respect to z., i.e. V(z) <0 Vz € Q,
then V(z) is a Lyapunov function and z, is a stable equilibrium for . If in addition
iv. V(z) is negative definite relative to z,, i.e. V(z) <0 Vz € Q\z,,
then V' (z) is a strong Lyapunov function and z, is a locally AS equilibrium for . If moreover
v. The neighborhood €2 is the set of real numbers, i.e. Q@ =R,
vi. V(z) is radially unbounded, i.e. V(z) — oo as ||z| — oo,

then the stability properties of system ([2.1]) are global.

Remark. The Lyapunov function is positive definite (condition ii of Theorem [2.1) if the gradient
of the Lyapunov function evaluated at the equilibrium returns a zero vector and the Hessian of the
Lyapunov function is positive definite, i.e.

[VV], =0,
2.6
[VV] > 0. 20

For a proof of Theorem the reader is referred to (Khalil, [2002).

2.1.2 LaSalle’s Invariance Principle

In many cases, Lyapunov’s second method is sufficient to prove stability of the (closed-loop) non-
linear system under study. Asymptotic stability, however, can be difficult to prove with Lyapunov’s
second method, as the time derivative of the Lyapunov function is not always negative definite
with respect to the equilibrium (condition iv of Theorem [2.1). In this case, LaSalle’s invariance
principle can be used as a tool to prove asymptotic stability.

LaSalle’s invariance principle, also known as the Krasovskii-Lasalle’s invariance principle or Barbashin-
Krasovskii-Lasalle’s invariance principle (Hancock and Papachristodoulou, 2012), can be used to
prove asymptotic stability of non-linear systems when Lyapunov’s second method can only ensure
stability (LaSalle, |1960; Krasovskii, [1963). The invariance principle is given in Theorem after
the definition of an invariant set is provided in Definition 2.3] The definition and theorem are
based on the ones found in the work of van der Schaft (2000), Khalil (2002), and Astrém and
Murray (2010)).
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Definition 2.3 (Positively invariant Set (Khalil, |2002))). A set S is called an invariant set for
system ([2.1)) if the states x(t,z¢), with initial condition z( in S, remain in S for all ¢ > 0, i.e.

xg €S = x(t,x9) €S Vt>0. (2.7)
In other words, if x starts in S, it remains in S for all time.

Theorem 2.2 (LaSalle’s Invariance Principle (Khalil, [2002)). Consider a system of the form
with equilibrium z, and Lyapunov function V(z), with € R"™, on some neighborhood §2 of
the equilibrium. This set {2 contains an positively invariant neighborhood K of z,. For every initial
condition z¢ € K, as t — oo the states x(t, xg) converge to the positively invariant and nonempty
subset

G:= {x*eKyV(x)zo wzo}. (2.8)

In particular, if G contains no invariant sets other than x = x,, then x, is an AS equilibrium. If
moreover K = R"”, then z, is a GAS equilibrium.

For the proof of Theorem the reader is referred to the work of LaSalle (1960]) and Krasovskii
(1963).

2.1.3 Lyapunov’s First Method

The so-called Lyapunov’s first method, utilizes the linearization of the system around the equilib-
rium to prove stability of the equilibrium. The method is defined in Theorem [2:3]

Theorem 2.3 (Lyapunov’s First Method (Khalil, 2002)). Consider a system of the form (2.1)),
with the equilibrium x,. The linearization of the system around the equilibrium is given by

&= Az — ), (2.9)
with
A= %(x*). (2.10)
Then,

i. If the real part of all eigenvalues is strictly negative, the equilibrium z, is locally AS.
ii. If at least one eigenvalue has a positive real part, the equilibrium z, is unstable.

iii. If the real part of at least one eigenvalue is equal to zero, while the real part of all other eigen-
values is strictly negative, no conclusion can be drawn about the stability of the equilibrium
T

For a proof of Theorem the reader is referred to (Khalil, [2002).

2.2 Passive systems

The concept of passivity is defined in Definition [2.4] This definition is based on the formulations in
van der Schaft (2000). For further elaboration on this subject the reader is referred to this work.

Consider a non-linear system of the form

&= f(x’u)
y = h(z,u),

(2.11)
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with states = (z1,. .. ,xn)T, the system inputs u € U and the system outputs y € Y. The linear
spaces U and Y are assumed to be n-dimensional, i.e. the system is fully actuated.

Definition 2.4 (Passivity (van der Schaft, 2000)). Consider a system of the form (2.11)). The
supply rate of the system is defined as

s:UxY =R (2.12)

The system is said to be passive if there exists a storage function S : R™ — R, such that for all
xg € R™, all t; > to and all input functions u(-)

S (z(t1)) < S (xo) + /tl s(t)dt. (2.13)

to

This inequality is called the dissipation inequality. For passive systems, the dissipation inequality
can be rewritten as the power inequality

S (z(t) <u'y. (2.14)

If the system is passive, y denotes the passive output of the system.

If (2.13) and (2.14) hold with equality for all zy and all u(-), the system (2.11)) is conservative.

2.3 Port-Hamiltonian representation of mechanical systems

In this project, the pH framework is used for the mathematical modeling of the PERA (Maschke
and van der Schaft,|1992). For mechanical systems, the states in the pH framework are given by the
generalized positions ¢ € R and momenta p € R™ of the system. The dynamics of a mechanical
system in the pH framework are described by (van der Schaft, 2000])

q Onxn Inxn %ZI(va) Onxm
AR D(q) 9H (g, p) " a |"
p nxn q ap \ 4P (2.15)
OH
_ T

where D(q) € R"*" is the damping matrix such that D(q) = D(¢)" > 0, G € R™*™ is the full
rank input matrix and u,y € R™ with m < n are the input and output vectors, respectively. The
Hamiltonian function H(g, p), which is equal to the total energy of the system, is given by

H(q,p) = %pTM_l(q)p +V(q), (2.16)

where M(q) € R™ "™ the inertia matrix of the mechanical system and V(q) € R the potential
energy of the mechanical system.

Using (2.15) and ([2.16)), the system can be expressed as
G=p"'M~(q)
p=-1YepT aM*I(q)p WV L (2.17)
i=1

; 9q; Jq
y=GT§.
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2.3.1 Passivity of port-Hamiltonian systems

The representation of a mechanical system in the pH framework can be used to prove passivity
of the system, since the Hamiltonian equation is a natural storage function for the system. Due
to the pH structure, the power inequality is always satisfied. In particular, from the pH
representation of mechanical systems , we have.

- () 0 ()

) () ()

W
>0 —yT

OH\ ' _0H
= (Z2) DEE 4 yTu<yT
<6p> ap Y USVY

Thus, the pH system is passive with respect to the passive output y. In the case that the system’s
natural damping is ignored, we get

H=y"u, (2.19)

indicating that the system is conservative.

2.3.2 Partial linearization via coordinate changes

Canonical transforms can be applied to pH systems for different proposes, e.g., Fujimoto and Sugie
(2001) and Viola et al. (2007). This section particularly focuses on the Partial Linearization via
Coordinate Changes (PLvCC) as proposed in Venkatraman et al. (2010).

Define the matrix ¥ € R"*" as the lower Cholesky factorization of M ~!(g), i.e. (Dereniowski and
Kubale, [2003)),

M~ (q) = ¥(q)¥ ' (q). (2.20)

Consider the new coordinate P = W T (¢)p. Then, from (2.15) it follows that

[ q ] B 0y xn \I/(Q) ] [ %(%P) ] n Opnxn
P ¥ (q) J(g,p)—D(a) | | 2(q,P) v (g)G (2.21)
OH
_ AT ot _ AT
y=G ‘I/(q)ap(q, ) =G g,
with the Hamiltonian
f(q,P) = %pr +V(q), (2.22)

where J(q,p) € R"*" is a skew-symmetric matrix representing the gyroscopic forces in the system
(Romero, Ortega, and Sarras, 2014). The elements of this matrix are defined as

Jij(q,p) = —p" [W;, ¥,]. (2.23)
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In Venkatraman et al. (2010)), several conditions ensuring J = 0,,,, are provided.

2.4 Passivity-Based Control

The principle of passivity allows the design of control laws through the method of PBC, first
introduced by Ortega and Spong (1989). The main principle of PBC, is to define the input such
that the closed-loop system is rendered passive with respect to a desired storage function which
has a minimum in the desired equilibrium (Ortega et al., 2013). As a result, the equilibrium can
be proven to be stable.

There are two main approaches for PBC. In the "classical" approach, the desired storage function
is defined beforehand, with a minimum at the desired equilibrium. In this thesis, the desired
storage function is equal to the desired Hamiltonian function. Then, the controller is designed,
such that the closed-loop system is passive and Lyapunov’s second method can be used to prove
stability of the system. This process is referred to as energy shaping. In classical PBC, damping is
often injected to ensure AS. In the second PBC approach, the desired structure of the closed-loop
system is selected, after which the possible energy functions are considered (Ortega et al., 2002).
To this end, a control law of the form

i = k(z) + (2.24)

is applied to the system, transforming the system into the desired structure. The next step is then
to design @ such that the closed-loop system can be proven to be AS.

2.5 Mechanical system modeling

Following from the definition of the Hamiltonian function of n-DoF mechanical systems in ,
the inertia matrix and potential energy function of the system are needed for the mathematical
modeling of the system. Therefore, this section provides the necessary tools to determine the
inertia matrix and the potential energy function.

2.5.1 Denavit-Hartenberg convention

A well known method which allows mathematical modeling of robotic arms is the Denavit-Hartenberg
(DH) convention, first introduced by Denavit and Hartenberg (1955). In this thesis, the convention
is followed as described by Craig (2009). The DH convention requires the placement of frames (the
X, Y and Z-axis) for each joint. For a detailed description of how to place the frames, see Craig
(2009), Spong and Vidyasagar (2008), and Siciliano and Khatib (2016). From the frames, four
parameters can be determined to describe each link. The four parameters are defined as follows:

a; = the distance from Z; to Z; 1, measured along X;

a; = the angle from Z; to Z;;1, measured about X;

d; = the distance from X;_; to X, measured along Z; (2:25)
0; = the angle from X;_; to X;, measured about Z;

In (2.25)), the subscript i denotes the i-th ink or joint number. The convention is visualized for
two arbitrary links in Figure 2.1}
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Joint i+1
¥ ai
' Joint i Zih !
ai \J—v Xi
Joint i-1 ‘\j\_' """ B vio no
‘ R N
¥ R

Link i-1

Figure 2.1: Frames and DH parameters for two arbitrary links - by Elhami and Dashti (2016))

2.5.2 Transformation matrix

Using the DH parameters, the transformation from frame ¢ — 1 to frame i can be defined as a
rotation about X («;_1), a translation about X (a;—1), a rotation about Z (;) and a translation
about Z (d;). The resulting general transformation matrix is (Craig, 2009)

COS(QZ‘) — sin(@i) 0 ;1
, sin(6;) cos(ay;— cos(0;) cos(ay— —sin(ay— —sin(oy;_1)d;
i (0;) cos(c;—1) (6;) cos(ci—1) (@i-1) (@i-1) _ (2.26)
sin(6;) sin(a;—1) cos(8;)sin(a;—1)  cos(aj—1)  cos(a—1)d;
0 0 0 1

Using (2.26)), the homogeneous transformation matrix from the base frame to the i*" frame is
defined as

r=97ir..."7'T
Ri 0; (2'27)

O3 1

)

where R; € R3%3 represents the rotation matrix from the base frame to the i** frame and o; € R?
is the position vector from the base frame to the i** frame.

2.5.3 Jacobian

The Jacobian matrix should be defined for each link. The Jacobian matrix defines the mapping from
the velocities and forces in joint space to the velocities and forces in Cartesian space, respectively
(Craig, 2009). The columns of the Jacobian matrix are given by (Spong and Vidyasagar, |2008|)

7= l Tv; ] _ [ zi—1 X (0p — 0i-1) 1 ’ (2.28)

Zi—1

where J,, € R? denotes the i'" column of the linear Jacobian matrix, J,, € R? denotes the i'"
column of the angular Jacobian matrix, z;_; € R?® denotes the third column of the rotation matrix
R; and 0, 0;_1 € R3*? denote the position vector from the base frame to the {i — 1} frame and
the final frame, respectively.
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In the Jacobian matrix for the i** link, the first 4 columns are defined by . The remaining
columns of the Jacobian matrix of the same link are equal to zero, such that the Jacobian matrix
of link i, J; € R9*™. Therefore, we have the linear and angular Jacobian matrices of link i,
Tvir T, € RF

2.5.4 Principal moment of inertia

The final component that is needed before the inertia matrix can be computed, is the principal
moment of inertia about the Z-axis, which is part of the inertia tensor (Spong and Vidyasagar,
2008)). Simplifying the links of the robotic arm such that each link can be represented as a cuboid
with constant density, the principal moment of inertia of link ¢ about the Z-axis follows from its
definition as

I, = (@} + ), (2.29)

where m; € R is the mass of link ¢ and z;,y; € R represent the size of the link in the direction of
the X-axis and Y-axis, respectively.

2.5.5 Inertia matrix

Using the rotation matrices, Jacobian matrices and the principal moments of inertia, the inertia
matrix of the system is obtained by (Spong and Vidyasagar, |2008])

M(q) =Y [miJo, (@) T, (@) + T () Ri(Q)TiRi(q) " Tuv,(a)] - (2.30)

i=1

Note that the argument ¢ is inserted here, representing the angular positions of the joints of the
PERA.

2.5.6 Potential energy

For the PERA, the total potential energy of the system is equal to the gravitational potential
energy of the system. The potential energy can be split up into the potential energy per link of
the PERA. The potential energy of link i is given by

Vi(q) = mighi + Vies,, (2.31)

where m; € R is the mass of link i, g = 9.81 [%3] is the acceleration due to gravity, h; € R is
the height of the center of mass (CoM) of the ' link and V,.s; € R is a constant such that the
minimum of V; is at zero.

The relative height of the i-th joint with respect to the base frame is given by the position of the
axis of rotation of the i-th joint on the Z-axis, i.e.

Hi = €30; (232)

By observation of the PERA and verification by experiments (see Chapter [5)), it was determined
that the CoM of each link is located at approximately one third of the link’s length. Therefore,
the height of the CoM of link ¢ is defined as

2

1
hi = ~H;_, + - H;. 2.33
3 1 3 ( )



13 2.5. Mechanical system modeling

The total potential energy of the system is given by the sum of the potential energy of all links,
i.e.,

Vig) = Z Vi(q). (2.34)






Chapter 3

Experimental setup

In this thesis, experiments are conducted with the PERA, where a model-based control approach is
implemented. Therefore, the first step in the control design is to develop a suitable mathematical
model of the system. To this end, this chapter provides all required information on the current
setup of the PERA at the University of Groningen.

The kinematics of the PERA are described in Section 3.1} Next, the model of the PERA is reduced
to the three DoF that are used in this thesis and the DH parameters are obtained in Section [3.2}
Then, the inertia matrix and potential energy of the PERA are derived in Section [3.3] and [3:4]
after which the end-effector is described in Section 3.5l The hardware of the motors is discussed
in Section and finally, this chapter concludes with a description of the sensors in the PERA in
Section 3.7

3.1 Kinematics

The PERA is a robotic arm with seven DoF, excluding the end-effector, which can bee seen as the
eighth DoF. The arm is developed to resemble a human arm (Rijs et al., . To this end, the
joints of the arm are located in the shoulder (3 DoF), elbow (2 DoF'), and wrist (2 DoF) of the
arm. The robotic arm is mounted to a frame representing the human upper body.

Figure [3.1] provides a graphical representation of the arm, where the letters R, P and Y denote a
joints roll, pitch and yaw, while the subscripts S, E and W denote the corresponding joint (shoulder,
elbow and wrist, respectively).

Figure 3.1: Kinematics of the PERA - by Rijs et al. (2014)

The range of motion (RoM) of each joint is limited by mechanical end stops inside the arm. The
RoM of the joints is given in Table[3.1] with Figure[3.I]as the zero-position. For visual descriptions
of the RoM of the joints, the reader is referred to the manual of the PERA (Rijs et al.,|2014). The
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characteristics of the links between joints are given in Table Note that the shoulder joints,
elbow joints and wrist joints are considered to be one joint of multiple (two or three) DoF. To
accommodate this in the modeling of the PERA, these joints can be expressed as two or three,
connected by links of zero length (Spong and Vidyasagar, 2008)). Thus, three links of non-zero
length allow the connection of all joints and the gripper to the base frame. These links resemble
the human upper arm, lower arm and hand.

’ Joint \ Min. \ Max. ‘
Rgs 0° +90°
Pg -90° +90°
Ys ~00° | +90° | Link | Length [m] [ Mass [kg] |
Pg —90° | +55° Upper arm | 0.32 (L) 2.9 (my)
YE —105° | +105° Lower arm 0.28 0.8
Pw —57° | +57° Hand 0.20 0.2
Yw —45° | +45°

Gripper 0° +45° Table 3.2: Specifications of the links of the PERA (Rijs

et al., |2014)
Table 3.1: Restrictions on the joint angles of

the PERA (Rijs et al., |2014; van den Bos,

2019)

3.2 Denavit-Hartenberg parameters

In the past, the spatial dynamics of the PERA have been described by Bol (2012), Koops (2014]),
Munioz-Arias (2015)), and van den Bos (2019)). In this thesis, however, only the shoulder pitch,
shoulder yaw and elbow pitch are considered. From now on, the position of these joints will be
referred to as q1, g2 and g3, respectively. Furthermore, the end effector is considered as a fourth
DoF'. A schematic representation of the PERA with the joints in this thesis is provided in Figure
Note that, since the wrist joints are not used, the lower arm and hand now become one link
(Ly = 0.48 [m], ma = 1.0 [kg]).

qfh

qz

q%

qa

Figure 3.2: Schematic representation of the PERA

The DH parameters for the configuration of the PERA in Figure[3.2]are obtained by the convention
as described in Chapter [2 The results are in Table

To verify the validity of the DH parameters, a graphical model of the PERA was constructed in
MATLAB®) using the Robotic Toolbox developed by Corke et al. (1996). The resulting model is
depicted in Figure This result verifies that the DH parameters are correct. The constructed
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’ { \ 1 \ a;—1 \ d; \ 0; ‘
1] 2 | 0 0 m
o[ -2 | 0 | -032] g
31 Z | 0 0 |g-2
4 0 —0.48 0 0

Table 3.3: Denavit-Hartenberg link parameters

MATLAB® model is constructed such that joint rotations in the model are true to the rotations
of the physical PERA. Furthermore, the zero position of the model is equal to that of the PERA.

05
0
04
02
N
- ’ i
N
PE};«'% 02 X
1 04
z z
06
05 05
0 05
0 0 05
0.5 05
Y X Y 05 0 X
(a) g1 =0° g2 =0° g3 =0° (b) ¢1 = 20°, g2 = 0°, g3 = 70°

Figure 3.3: Graphical model of the PERA

3.3 Inertia matrix

Following the method described in Chapter [2] the inertia matrix of the PERA was obtained from
the DH parameters in Table Following (2.30]), the inertia matrix is given by

Il + IQ + Ig + (m1 + ’ITLQ)L% SiIl2 (Q1) 0 Ig COSs (Q1)
M(q) = 0 Ty + I3+ mo L} 0 . (3.1)
Zscos (q1) 0 Iy

Filling in the values for Iy, I, I3, my, mo, L1 and Ly yields
0.05 4 0.40sin® (¢1) 0  0.02cos (q1)

M(q) = 0 0.42 0 : (3.2)
0.02 cos (q1) 0 0.02
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3.4 Potential energy

Using ([2.34)), the potential energy is computed as

Vig) = — (;ml + m2> gL cos (q1) + éngLz [ cos (g2) sin (q1) sin (g3) — cos (1) cos (g3) |, (3.3)

with the partial derivative of the potential energy with respect to ¢,

(3m1 +ma) gL sin (q1) + magLa| cos (g2) cos (q1) sin (g3) + sin (1) cos (g3) |

oV . . .
8—q(q) = —%mgng [sm (g2) sin (¢1) sin (g3) ]
2magLa | cos (g2) sin (q1) cos (g3) + cos (g1) sin (g3) |
(3.4)
Inserting the values for my, ms, g, L1 and Lo yields
Vig) = —6.17cos (¢q1) + 1.57[cos (g2) sin (g1) cos (g3) — cos (q1) cos (q3) ], (3.5)

with the partial derivative with respect to ¢,

6.17sin (1) + 1.57[ cos (g2) cos (¢1) sin (g3) + sin (q1) cos (g3) |
(q9) = —1.57[ sin (g2) sin (¢1) sin (g3) | . (3.6)
1.57[ cos (g2) sin (q1) cos (g3) + cos (g1) sin (g3) |

o
dq

3.5 End-Effector

The PERA is equipped with a two-finger gripper as end-effector, allowing the arm to grasp objects.
The outline of the gripper is given in Figure[3:4] The grippers’ symmetrical fingers can be opened
or closed simultaneously by an actuating Maxon motor, which is located inside the red rectangle
in Figure the rational motion of the motor is transformed into a translational motion by the
screw, which is located inside the orange rectangle in Figure [3.4] The screw is connected to the
fingers by cables (yellow lines in Figure . A linear spring is located between the fingers, such
that a force is exerted when the distance between the fingers is less than four centimeters. This
ensures that the fingers’ positions are symmetric when grasping an object. For a more elaborate
description of the gripper and its dynamics, the reader is referred to the theses of de Jong (2013)),
Siemonsma (2014), and van den Bos (2019)).

Figure 3.4: Picture of the gripper of the PERA - by van den Bos (2019)
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3.6 Joint actuation

For the design and tuning of a control law, knowledge of the actuation of the joints of the PERA
is required. Therefore, this section elaborates on the motors, gearing and boards which actuate
the rotational joints of the PERA. First, the actuation of the motors via boards is discussed, after
which the working principles of the differential drives in the PERA are explained. Next, relevant
parameters of the motors and gearing are provided. Then, these parameters are used to determine
appropriate saturation limits of the control law. Furthermore, this chapter concludes with the
original control law which is implemented on the PERA.

3.6.1 Boards

The communication between the PC and the PERA runs through four RT-motion USB motion
control boards. Each board puts through the sensor and actuation signals for two motors. The
boards are accessed by the PC via a USB connection. Table shows which joints and motors
are connected to which board.

The control signal from the PC is sent to the motors via the corresponding boards. Since it is not
possible to send a current to the motors directly, a input signal in counts is sent to the boards.
This input signal is translated to the desired current by a non-linear amplifier. The behaviour of
the non-linear amplifier differs per board. This is depicted in Figure [3.5

Robot Arrn 2v - Shoulder Mators Ruobot Arrm 2v - Shoulder Ratation Motor
1800 - 1800 -

——FRMS —FRMS
Average

1600 - 1600

Average

1400 - 1400

1200 1200 -

1000 - 1000

tdotor Current
Motor Current

600 F 800

600 - 600 [
400 - 400

200 - 200

L L L | ] L L L I L |

L I
0 0s 1 o8, 2 25 3 358 1} 0s 1 15 2 5 3 Bh,

SW Reference (max. 32768) %10 SWW Reference (max, 32768) w10t
(a) Shoulder motors 1 and 2 (board 1) (b) Shoulder motor 3 (board 3)

Furthermore, the signals from sensors in the PERA are sent to the PC through the boards. The
present sensors and their signals are discussed in Section For a detailed overview of the wiring
of the PERA, the reader is referred to Appendix [A]

Board number | Joint 1 \ Joint 2 \ Motor 1 \ Motor 2 ‘

1 Rg Pg Sl Sg
2 Pg Yg By Ey
3 Ys Gripper S3 G
4 Py Yw Wi Wy

Table 3.4: Board numbers and corresponding joints
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Robat Arm 2v - Elbow Motors Robat Arm 2v - Gripper Motors
2500 2500

=——=RNMS

RMWS
Average

Auverage

2000 -

1500

Matar Current
Motor Current

1000

500+

| il L L

0 05 1 15 2 25 3 34 1} 0.5 1 1.4 2 25 3 a5
SWY Referance (max. 32767) w0 SW Reference (max. 32767) « 107
(c¢) Elbow motors 1 and 2 (board 2) (d) Gripper motor (board 3)

Figure 3.5: Behaviour of non-linear amplifiers - by Rijs et al. (2014)

3.6.2 Differential drives

Boards 1, 2 and 3 in the previous section connect the PC to the differential drives in the shoulder,
elbow and wrist, respectively. These differential drives are actuated by two motors, such that that
the dynamics of the differential drive are described by

Pout,1 = (@motor,l + Qomotor,2)

= Nl

Pout,2 = 5 (meotor,l - @motor,2) (3 7)
Tout,l = Tmotor,l + Tmotor,Q

Tout,2 = Tmotor,l - Tmotor,27

where ¢ denotes the angle of rotation, T' denotes the torque exerted and the subscripts outl and
out2 refer to the ﬁrstEl and orthogonal secon(ﬂ DoF actuated by the differential drive, respectively,
while the subscripts motorl and motor2 refer to the orange gears in Figure [3.6]

Pourz

Tootor2

Taotort

Doutt

Prmotor2 Qmotor1

Figure 3.6: Schematic outline of the differential drives in the PERA - by Rijs et al. (2014)

Since the joints considered in this project are the shoulder pitch, shoulder yaw and elbow pitch, the
differential drives of the shoulder and elbow are used to actuate one DoF each. For the shoulder,
the shoulder pitch (Ps) is the second DoF of the differential drive and therefore, the first DoF
(Rs) does not move from the zero position (@ou1 = Toun = 0). This allows the rewriting of

1Rg, Pg and Py
2Pg, Yi and Yy
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as

PS1 = —PS,

3.8
Tg, = —Ts,, 38)

1

where the subscripts S; and Sy denote the first and second motor in the shoulder. Similarly, the
differential drive at the elbow actuates only the first DoF (Pg), such that the dynamics of the
differential drive become

(3.9)

where the subscripts Fq and Fs refer to the motors in the elbow of the PERA. From and
, it follows that for the joints in this thesis that are actuated by a differential drive, both
motors of the drive deliver half of the required torque on the joint. To accommodate this fact,
a factor kg was added to the conversion of joint torque to motor current, see Section The
values of kg for different joints are defined in Table [3.5]

S1 2
Sa -2
Ss 1
E; 2
E, 2

Table 3.5: Values of the factor kq

3.6.3 Motor and gearing parameters

The joints of the PERA are actuated by eight DC motors, produced by Maxon Group (Rijs et al.,
2014). An image of such a motor is depicted in Figure The parameters of the motors and

Figure 3.7: DC motor of the PERA (S; and S) - by Maxon Group (n.d.)

gearing differ from joint to joint. Therefore, relevant information on these matters is provided in
Table Gearing ratios are the total gearing ratios in the PERA, as defined in Rijs et al. .
Other parameter values are taken from the data-sheets of the parts. The reader is referred to
Appendix [B] for the complete data-sheets.

3Since the gripper is not a rotational joint, the gearing ratio given is that of the gearing part.
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Motor(s) | Motor Gearing | Torque Gearing Gearing Nominal
part no. | part no. | constant (k,) | ratio (G,) | efficiency (1) | voltage
S; and Sy | 268216 166940 53.8 [5m] 550 0.70 48 [V]
Ss 268214 166940 25.9 ["“X'm] 371.25 0.70 24 [V]
E; and Es | 118752 166938 23.4 [m]x\g'm] 348 0.75 24 [V]
G 118641 110314 16.0 [ 17[] 0.83 24 [V]

Table 3.6: Motor and gearing part numbers and parameters

3.6.4 Saturation limits

The controller proposed in this thesis determines the required torque on each joint. However, the
input to the motors is a current sent by the boards. Therefore, the desired torque is converted to
the desired current, which is in turn converted to a signal in counts, such that the motors receive
the desired current from the boards.

First, the desired torque on the joint is translated to the desired current from the motor. This

transformation is given by

1000 - 1000 - vtorque,:
Gr - km . kd ’

(3.10)

Ucurrent,i =

where the values of parameters are given in Tables and and the subscript ¢ denotes the joint.
The two factors 1000 are added to transform the units such that the desired torque is transformed
from N -m to mN - m and the desired current is transformed from A to mA.

Next, the value of the desired current for each motor is translated to a signal in counts. The
relation of the signal in counts and the current sent to the motor was previously given in Figure
As discussed in (Koops, [2014), the best approach to compute the desired signal in counts is
to approximate the average graphs in Figure 3.5 by a second order polynomial. The limits of the
gripper motor are defined such that

—28000 < Ucounts < 28000, (3.11)
while the limits of all other motors are such that
—16000 < Ucounts < 16000. (3.12)

These symmetrical saturations have been introduced in (Bol, |2012)), to protect the motors of the
PERA from high currents which could damage the motors. The polynomial approximations are
fitted to the non-linear amplifier values within these limits. The following second order polynomial
approximations are found using the polyfit function in MATLAB®.

= —0.05u>

current,S1,S2

Ucounts,S3 — *00486U2

current,S3

+ 57.532Ueurrent, 5, 5, + 198.72
+ 57.525Ueurrent, 55 — 545.36

Ucounts,S1,S2

(3.13)
Ucounts, By, B, = —0.0088u2, 00t g g, + 26.01Ucurrent, £y, 1, + 3080.7
Ucounts,¢ = —0.7652U2 o ¢ + 292.19Ucurrent, ¢ + 846.19

The non-linear relationships are plotted in Figures [3.8] and

From the relationships given in (3.10), (3.11), (3.12) and (3.13) and the parameter values given
in Tables [3.5] and the saturation limits on the torque can now be computed. These limits are
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Figure 3.8: Relationship between the desired current and the signal in counts (joint motors)
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Figure 3.9: Relationship between the desired current and the signal in counts (gripper motor)

defined as
—18.77 < wuy < 18.77
—3.32 <wy £3.32 (3.14)
—7.72 <wuz <7.72.

By designing the control law according to the limits in (3.14]), it is ascertained that the signal to
the boards will never exceed the limits in (3.11f) and (3.12]).

3.7 Sensors

To finalize this chapter, the sensors of the PERA are discussed. Sensors allow the measurement of
the states of the PERA. These measurements can subsequently be used to control the robotic arm
by a control law. Each joint of the PERA is equipped with a force sensor (Osram SFH 9202) and

two types of positions sensors.

3.7.1 Force sensors

Each DoF of the PERA contains a compliant element, which is attached to the load side of
the gearing, such that the deformation of the element is not influenced by the gearing friction.
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By approximation, the deformation of the compliant element is proportional to the load force.
Therefore, the magnitude of the force can be determined from the deformation, which is measured
by an optical sensor (Rijs et al.,[2014).

In this thesis, only the force sensors in the wrist of the PERA are used. The force sensors of
the joints of the PERA measure the combination of the motor force, gravitational force and other
external forces on the joint. Moreover, the force sensor in the gripper measures not only these
forces, but also the force induced by the spring in the gripper. For a more detailed description of
the force dynamics in the gripper, the reader is referred to the works of Bol (2012]) and Siemonsma
(2014). The force measured by sensors can be simplified to (van den Bos, [2019)

Fsensor = Lint + Femta (315)

where Fj,,; denotes the force on the joint generated by the motor and F,,; denotes the gravitational
force on the motor and, in the case of the gripper, the spring force on the joint.

The signal from the force sensor in the gripper is saturated, such that (Siemonsma, 2014)

0 < Fsensor < 200. (316)

The signals from the other force sensors are presumably saturated as well, but this is not investi-
gated in this thesis. Note that the signal from the force sensors is given in counts, not in Newtons
or Newton-meters.

3.7.2 Position sensors

In the PERA, each joint is equipped with two types of position sensors; Hall angle sensors and motor
encoders. The Hall sensors measure the magnitude of the magnetic field to determine the absolute
position of the joint. The Hall angle sensors on the PERA are developed by AustriaMicrosystems
(AMS)(Rijs et al.,|[2014)); the elbow is equipped with 10-bit Hall angle sensors (AS5040), resulting in
a resolution of 0.352°, and the other joints are equipped with 12-bit Hall angle sensors (AS5145),
resulting in a resolution of 0.088°. The major downside of Hall angle sensors is that they are
very susceptible to external magnetic fields. For more information on the Hall angle sensors of
the PERA, the reader is referred to the work of Bol (2012) and the data-sheets of the sensors

(Appendix .

In this thesis, the motor encoders are used to measure the position of joints. The encoders are
designed and produced by Maxon group. The encoders are located on the motor axis, such that
the relative position of the motor is measured and translated into a signal in counts. The part
numbers and translation constants of encoders in the PERA are given in Table Note that the
column ’'Degrees per Count’ gives the conversion factor from encoder counts on the motor to the
position of the joint (or in the case of a differential drive, final gear) in degrees. These conversion
factors are taken from the existing PERA controller code. Furthermore, the part numbers of the
encoders were found on the parts of the PERA, except for the encoder of the gripper, which has
no visible part number.

[ Joint | Motor(s) | Part No. | Degrees per Count |

q1 Sl, So 225783 6.45 - 10_4
72 S5 225783 9.45- 1077
a3 E., E, 225778 4.54/4.38 -10~%
Wi, Wy 228177 243/ —2.72-1073
G 323052 6.00 - 10~ 7

Table 3.7: Encoder part numbers and translation constants

The major downside of using the encoder sensors is the offset in the measurements. Every time the
PERA is activated, the encoders are recalibrated by determining and compensating for the offset.
However, the determination of this offset is not perfect and returns a different value every time
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the PERA is activated. Therefore, the zero positions of the joints in one experiment may slightly
differ from the zero positions in the next experiment.

3.8 Original control law

For the sake of completeness, the original control strategy of the PERA is discussed here. In the
original control files, the desired torque on the joints of the PERA is defined by a simple PID
control law. This control law is applied to the error of the joint positions with respect to the
desired positions. When the system is started, the desired positions are set to the current posi-
tions. Via a terminal window, the desired positions can be altered, such that the joint moves to
the desired position. The PID tuning of the original control file is given in Table As can
be observed, the integral gains are all equal to zero, such that the control laws of the joints are
actually PD controllers. Moreover, the gripper is controlled with a simple proportional controller.
In the experiments conducted in this thesis, the joints which are not considered are kept at the
initial position by these PD controllers.

’ Joint \ P \ 1 \ D ‘
Rg 4 10105
Ps 4 10105
Ys 40 | 0] 0.5
Py 100 1
YEe 100 1
Py 1001 0.8
Yw 1001 0.8

Gripper | 30 | 0| O

Table 3.8: PID tuning of the original controller of the joints of the PERA






Chapter 4

Control design

The goal of this chapter is to propose a controller for the PERA and prove stability of the closed-
loop system. The PERA does not have any velocity sensors and derivation of the velocity from the
position sensors was deemed insufficiently accurate by Bol (2012). Therefore, the control law to be
proposed cannot make use of the velocities of the joints. The control laws proposed in this chapter
are a continuation on the works of Wesselink (2018]), Wesselink, Borja, and Scherpen (2018]), and
van den Bos (2019).

First, the mathematical modeling of the PERA is discussed. The desired system dynamics are
defined and by comparison of the actual system dynamics to the desired system dynamics, the
error dynamics are found. Next, the error dynamics are re-expressed in the pH framework and
three control laws are proposed to stabilize the error dynamics in the desired equilibrium. The
last controller proposed is used in the experiments, as discussed in the next chapter. Finally, the
chapter concludes with a section on the complete control of the joints and gripper of the PERA.

4.1 Mathematical modeling

Several steps need to be taken to allow stabilization of the joints of the PERA on the desired
trajectory. First, the PERA is modeled in the pH framework. It should be noted that the natural
damping of the system is not considered, because it is unknown. Then, to determine the desired
steady-state control input, the desired system is obtained. Furthermore, the error dynamics of the
PERA are defined, allowing control strategies for the system to be proposed.

4.1.1 System dynamics

As discussed earlier, the PERA is a fully actuated system and three joints are considered in this
thesis, i.e. m = n = 3. Therefore, the input matrix G is defined as the identity matrix, i.e. G = I3.
Moreover, the elements of the input vector u denote the torque exerted by the motors on their
respective joints. Therefore, following, , the dynamics of the PERA in the pH framework are

described by
q O3x3 I3 5 (q:p) N 03x3
= u
p —I3 03x3 5%(q:p) I3
OH
v =", @P)

with the general Hamiltonian function, as given in ([2.16)).

Next, the PLvCC transform proposed by Venkatraman et al. (2010), as discussed in Subsection
[2:3:2] is applied to the PERA, such that the inertia matrix becomes constant in the new coordinates,
while the pH structure of the system is preserved. This is done to simplify the system, which allows
for the control strategies proposed. As a result, we have the dynamics of the PERA in the new
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coordinates as

[ q ] 033 ¥(q) [ %(%P) 1 03x3 ]
.= _ + -
g oH
P ¥ (q) J(g:p) 1 (g,P) ¥ (q) (4.2)
OH
y="a)5p (0,P) =4,
with the Hamiltonian
_ 1
H(qa P) = §pTP + V(q)a (43)
where the potential enegry V(q) is given by (3.3)) and
6.0x10"'° 0
\/1.5x1021 sin2(q1)+1.1x1020
V(q) = 0 L5 01y J(g.p) = 03xs, (4.4)
—6.0x10'° cos(q1)
V/1.6x1021—1.5x 102 cos?(q1) 0 72
which follows form (2.20) and (2.23). It is verified that
V(q)¥' (q) = M~ (q), (4.5)

with M (q) as in (3.2). Note that the matrix ¥(q) is full rank.

4.1.2 Desired system dynamics

The desired dynamics of the system are used as a reference for the actual system. The desired
dynamics should satisfy the actual dynamics (Astrom and Murray, [2010), i.e. the desired
trajectory can be followed. The desired dynamics of the system depend fully on the desired
trajectory. Following , the desired dynamics of the system, i.e. the system dynamics for the
desired states, are described by

[ qd 1 05x3  ¥(q) 4 (q, Pa) 03x3 ]
. = . Uq
Py _\I/T(q) 03><3 %(qd; Pd) \IIT (Q) (46)
OH
= \I/ _— P =q
ya = ¥(4a) 55 (92, Pa) = da,
with the Hamiltonian
_ 1
Hy(qa,Pa) = ipgpd + V(qa)- (4.7)
Assuming that the positions converge to the desired trajectory, i.e.,
Jim g(t) = ga(t), (4.8)
the desired steady-state input is defined as
oV d\Ifil(qd)qd
= U T (qq) —— 222 4.9
Ud = B (ga) + 97 (ga)——, (4.9)
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to satisfy the system dynamics.

4.1.3 Error dynamics

The dynamics of the state errors are found by comparing the actual system dynamics to the desired
system dynamics. The error dynamics of the system are given by

q 05x3  ¥(q) [ S (a) — G2 (qa) 1 l 03x3 ] .

. = - + U

P ~U'(q) O3x3 P v (q) (4.10)
j=d-da=4q

where § = g—qq denotes the position error of the joints, P = P—P, denotes the error of the canonical
transform of generalized momenta and 4 = u—ug4 denotes the control input which should eradicate
the state errors on the desired trajectory.

4.1.4 Error dynamics in the port-Hamiltonian Framework

To express the system in (4.10) in the pH structure again, PBC is applied. Based on ([2.24)), @ is
defined as

.oV ov .
U= (Tq(q) - éTq(qd) + 4, (4.11)

such that the error dynamics are represented by

a1 | Osxs  ¥(qg) o () N l 0353 1
Pl | —UT(g) 03 oH (3 o7
P (@) Osxs 1L (p) (a) (4.12)
OH
y = \I] — = N,
7 ="Y(q) ap( )=4q
with the Hamiltonian
H(P) = %Fi. (4.13)

As discussed in Chapter 2] this system is passive and lossless, as it is expressed in the pH framework
without damping. The passivity of the system is useful for the following control designs, since PBC
for pH systems allows addressing complex problems in a structured way (Mufioz-Arias, 2015).

4.2 Trajectory tracking control

The aim of the control laws proposed in this section is to asymptotically stabilize the PERA on
a desired trajectory. The control input on this desired trajectory is given by . However, due
to disturbances and inaccuracies in the modeling, state errors can arise. To eradicate these errors,
three control laws defining 4 are proposed in the coming subsections. The main purpose of the
control laws is to asymptotically stabilize the error dynamics to zero in the equilibrium,
such that the states converge to the desired trajectory.

4.2.1 Passivity-Based Control

Here, a PBC strategy which GAS the origin of the error system is proposed. Damping is injected
into the closed-loop system via the Kz¢ term in the control law. The control law proposed is
structured as a PD-PBC law, since the control law consist of a term proportional to the position
error (K,) and a term proportional to the derivative of this error (Kg).
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Theorem 4.1. Consider the error dynamics in (4.12). The control law

o= —K,4 — Kaq, (4.14)

with K, K4 € R¥?, K, = K] > 0 and K4 = K] > 0, asymptotically stabilizes the system
globally with the equilibrium [§,P]T = (03, 03).

Proof. Since

q=Y(q)P, (4.15)

the control law in (4.14) transforms system (4.12) into

q | Osxs ¥(q) O (q,P)
P —UT(q) —UT(q)Ka¥ o (5 B
2 (q) (9)Ka¥(q) 1 (4,P) (4.16)
OH ~ .
y = \II —_— P == ~,
g=Y(q) E)P( )=14q
with the Hamiltonian
~ o 1~ 1
Hy(§,P) = EPTP + iqTqu. (4.17)

The desired equilibrium of the system is [§,P]] = (03,03). Then, the partial derivative of the
Hamiltonian with respect to the states, evaluated at the desired equilibrium, is given by

0Hy (~ 3 ~
i = | O ] (418)
* ol (g,p) P 03

P *

while evaluation of the Hessian matrix yields

92 H 9% H
[VQ?I} o7 owr Koo O (4.19)
a| = 2 77 2 77 = ) .

which is positive definite and independent of the states. This implies that the closed-loop Hamil-
tonian has a minimum in the origin, i.e. argmin {Hd((j,i;)} = 0g. Hence, and following from (2.6)),

the Hamiltonian is positive definite with respect to the equilibrium. On the other hand, the time
derivative of the Hamiltonian function (4.17)) is given by

OH,

OH,
9P P

OP

.
Hy(q,P) = - ( (fiﬁ)) U (q)Ka¥(q) ( (dﬁ)) =—q' Kag <0. (4.20)

Hence, the desired equilibrium is stable in the sense of Lyapunov with the Lyapunov function
H,. Asymptotic stability, however, cannot be proven with Lyapunov’s second method, as the time
derivative of the Lyapunov function is not negative definite relative to the equilibrium (condition
iv of Theorem . Therefore, it is necessary to conduct another stability analysis; in this case,
LaSalle’s invariance principle is applied to prove asymptotic stability of the closed-loop system.

Let

Q= {q,ﬁ R | Hy = o} . (4.21)
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Following from LaSalle’s invariance principle, if a point can stay identically in €, it is a AS
equilibrium of the system. Furthermore, since Hy is radially unbounded, the stability properties
of the system are global. Recalling that the matrices K; and ¥(q) are full rank, it follows from

[@.20) that if Hyq =0,

(jEO;g@@ﬁEOg@ﬁEO;;.

Hence,

03

P=0; = P=030 U K,G— U (E70(q)p =03 & U K,G=0; < §=0;.

Therefore, IT[ 4 = 0, if and only if,

LN
Il
o)

w

(4.22)

o
It
=]
“

By LaSalle’s invariance principle, the system is GAS with the equilibrium [g, ﬁ]T = (03,03). QED

4.2.2 Control without velocity measurements

As discussed in Chapter [2| the PERA is not equipped with velocity sensors. Hence, in this
subsection, the control law proposed in Theorem [£.1]is adapted to overcome this issue. The next
theorem proposes a control law which allows stabilization of the system without the necessity of
velocity measurements. In the method used here, proposed in Dirksz, Scherpen, and Ortega (2008)),
the dynamics of the system are extended by the introduction of a new, virtual state . € R3, which
is linearly related to the position errors. This state is used to inject damping into the closed-loop
system (Wesselink, Borja, and Scherpen, 2018). As opposed to the method of Dirksz, Scherpen,
and Ortega (2008), the control law proposed does not require any partial differential equations to
be solved.

Theorem 4.2. Consider the error dynamics in (4.12)). Define the dynamics of the new state z.
as

T.=—R.(K;z+ K.x.), (4.23)
with z = G+ 2., R., K, K. € R*3 R.=R! >0, K; = K] >0and K. = K] > 0. Then, the
control law

i=—K;z (4.24)

renders the error system GAS with the equilibrium [§,P, z.]" = (03,03, 03).

Proof. The definitions in (4.23) and (4.24) transform system (4.12)) into

q O3x3  W(g) Osxs aifqd (¢,P, z.)

P | =| -UT(q) Osx3 Osxs 88%4 (4,P, z.)

Te 03x3 03x3 —R. %Izcd (G, ﬁ’ z.) (4.25)
~ 8ﬁd ~ 3 p
§="(q)—=(q,P,z.) =,

oP
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with the Hamiltonian

1 1
Hy(q,P, ) = —2"Kiz4+ =P'P+ -z K.x.. (4.26)

The desired equilibrium of the system is [§, P, z.]] = (03,03,03). Then, the partial derivative of
the Hamiltonian with respect to the states, evaluated at the desired equilibrium, is given by

8,;{5((]7?71'(:) Kz 03
Vi = | 2aGhe) | = 3 —|os |, (4.27)

Fe@ba) |, LK Kae ], ] 0s

while evaluation of the Hessian matrix yields

92H, 9%H, 9*Hy

By 9G0P 00z, Kr 0343 K
277 22H 22H o2H
|:V Hd} = 858; 652(1 aﬁami = 03><3 Ig 03><3 y (428)
82ﬁd 821?,1 82ﬁd KI 03><3 KI +KC

92,04 Ow.0p 02

which is positive definite and independent of the states. This implies that the closed-loop Hamil-
tonian has a minimum in the origin, i.e. argmin {ﬁd(cj, 5)} = 0g. Hence, and following from

(2.6, the Hamiltonian is positive definite with respect to the equilibrium. Furthermore, the time
derivative of the Hamiltonian function (4.26) is given by

~ T ~
. OH,; _ ~ OH,;, _ ~
Hd((LPv‘TC) = - (axd(qvpaxc)> RC ((Aaxd((LPv:CC)) < 0. (429)

Therefore, the desired equilibrium is stable in the sense of Lyapunov with the Lyapunov function
H,. Asymptotic stability, however, cannot be proven with Lyapunov’s second method, as the time
derivative of the Lyapunov function is not negative definite relative to the equilibrium (condition
iv of Theorem [2.1]). Therefore, it is necessary to conduct another stability analysis; again, LaSalle’s
invariance principle is applied to prove asymptotic stability of the closed-loop system.

Let

0= {q, Bu.eR® | Hy= o}. (4.30)

Following from LaSalle’s invariance principle, if a point can stay identically in €, it is a AS
equilibrium of the system. moreover, since Hy is radially unbounded, the stability properties of
the system are global. Recalling that the matrices K, K., R. and ¥(q) are full rank, it follows

from (4.29) that if Hy= 0,
0Hy _
O0r.

05.

Following from the dynamics of x., this implies that

d 05
b =05 = o (K24 Kere) = Kpi + K.g/=03 < = 05.
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From the definition of z, it follows that

Therefore,

P=0; = P=05¢ —U(q) K;2=0; < 2 = 0.
In the dynamics of z., this renders

03
i. = R, <M+ chc> =0; < 2. =0;,

which, by the definition of z, implies

- 0 -
z:q+gf/c'£303<i>q£03.

Therefore, Hy= 0, if and only if,

G§=0;
P =03 (4.31)
x. = 03.

By LaSalle’s invariance principle, the system is GAS with the equilibrium [qN,ﬁ]T = (03,03, 03).
QED

4.2.3 Saturated control without velocity measurements

In the original controller code of the PERA, the input signal from the PD control strategy is
saturated at the limits provided in and . However, input signal saturation is known
to be a source of performance degeneration (Ma and Yang, [2008). Therefore, the control law in
Theorem was adapted such that it becomes saturated itself. Based on the work of van den Bos
(2019), it is expected that this control law performs better than the one proposed in Theorem
The resulting saturated control law which renders the error dynamics stable in the zero equilibrium
is proposed in the following theorem.

Theorem 4.3. Consider the error dynamics in (4.12). Define a new state z. € R® with the
dynamics

3
i'c = _Rc (Z e;0 tanh (,8121) + chc> y (432)

i=1

with 2 = §+ ., Re, K. € R¥>3 R, =R! >0, K. = K] >0 and «;,3; > 0. Then the saturated
control law

3
=— Z e;a; tanh (B;z;) (4.33)
i=1

renders the error system GAS with the equilibrium in [g, P, z.)" = (03,03,03).
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Proof. The definitions in (4.32)) and (4.33)) transform system (4.12)) into the closed-loop system

p OHy (7 D
q 03x3  ¥(g) O3x3 55 (0,P, )
B | =] —97(q) Osxs Osxs 8?; (4,P, zc)
L. O3x3  O3xz —Rec 0Hu (G B 1,) (4.34)
OH,
y = \I] 7P Tc ~7
y=V(g)—= s (@:P,ze) = ¢
with the Hamiltonian
> 1 1
Hy(q,P, z.) Z: n (cosh (B;2)) + 5PTP + ixCTchc. (4.35)
The desired equilibrium of the system is [q,P z.)] = (03,03,03). Then, the partial derivative of
the Hamiltonian with respect to the states, evaluated at the desired equilibrium, is given by
3
8Hd (q,P, x.) 1; e;a; tanh (3;2;) 05
[vﬁd] = 8Hd (G.P,zc) | = P =03 |, (4.36)
* 3
8Hd (g, P,z.) . > e tanh (B2;) + Ko 03
i=1 .

while evaluation of the Hessian matrix yields

3 3
> eie] aif; [1 — tanh? (ﬂzzz)] 0343 3 eief aiBi [1 — tanh? (@'Zi)]
i=1 i=1

V2H, = O3x3 I3 033 ,
3 3
S eie] aifi [ —tanh® (Biz;)] Osxs 3 ese] aifi [1 — tanh® (Bi2)] + K.
i=1 i=1
(4.37)
such that, at the desired equilibrium, the Hessian becomes
3 T 3 -
Yo eie; aiffi O3x3 > eie; afi
i=1 i=1
(V2| = 0353 Iy 0353 . (4.38)
* 3 3
Yeief aifi Osus > ee] aifi + K.
i=1 i=1

Following from (4.37) and (4.38), the Hessian matrix is positive definite and has its maximum
located in the desired equilibrium. This implies that the closed-loop Hamiltonian has a minimum

in the origin, i.e. argmin {ﬁd((j, ﬁ)} = 0g. Therefore, and following from ([2.6)), the Hamiltonian is
positive definite with respect to the equilibrium. Moreover, the time derivative of the Hamiltonian

function (4.35) is given by

~ T
PR OH, _ ~ OH
Hq(q,P,x.) = — <6xd(q7P,xc)> R, (axd(q,P xc)> <0. (4.39)

Hence, the desired equilibrium is stable in the sense of Lyapunov with the Lyapunov function
Hy. Asymptotic stability, however, cannot be proven with Lyapunov’s second method, as the time
derivative of the Lyapunov function is not negative definite relative to the equilibrium (condition iv
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of Theorem [2.1]). Hence, it is necessary to conduct another stability analysis. Once more, LaSalle’s
invariance principle is applied to prove asymptotic stability of the closed-loop system.

Let

0= {q, Ba, €R® | Hy= 0}. (4.40)

Following from LaSalle’s invariance principle, if a point can stay identically in €, it is a AS
equilibrium of the system. Moreover, since Hy is radially unbounded, the stability properties of
the system are global. Recalling that the matrices K., R. and ¥(q) are full rank, it follows from

[@.39) that if Hyq =0,

OH,
= 05.
oz, 3

Following from the dynamics of z., this implies that
d (3
T, =03 — T (; e;a; tanh (B;z;) + chc>

3 03
= <Z 61'6?0@61' [1 — tanh2 (5&0]) z+ KC;B{E 03 Sz = 03.

=1

>0
From the definition of z, it follows that

. 03. ~
Z’Eq—F%@(iEOg@\IJ(q)PEOg<:>PE()3.

Therefore,

) 3
P=03 = P=03< —U(q) Zeiai tanh (8;z;) = 03 < z = 03.

i=1

In the dynamics of z., this renders

03

3
e = R, WJrchc =03 & 2. = 03,

=1

which, by the definition of z, implies

- 0 -
z:q+%':3()3<:>q203.

Therefore, H 4 =0, if and only if,

Gg=03
P =0 (4.41)
z. = 03.

By LaSalle’s invariance principle, the system is GAS with the equilibrium [§,P]T = (03, 03, 03).
QED
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4.3 PERA control

4.3.1 Joint control

In the experiments, the control law proposed in Theorem is used to stabilize the error dynamics
of the trajectory. The total torque that should be exerted on the joints follows from the definition

of @, (4.9), (4.11) and (4.33) and is given by

AV q)da <
d % — Z €; 0 tanh (ﬁzzz) . (442)

i=1

The control law above can be physically interpreted as follows. The gradient of the potential energy
with respect to the joint positions compensates for the gravitational forces acting on the PERA.
The second term can be seen as the desired torques on the joints if there are no gravitational
forces acting on the joints and there are no errors in the joint positions. The final term in
eliminates the state errors in the system.

The values of « should be designed such that the control input abides by the saturation limits in
(3.14). The maximum allowable values of o depend on the maximum and minimum of the first

two terms of (4.42)).

In the code for the PERA, the desired torque is found with control law (4.42)), which is then
transformed into a signal in counts as in (3.10) and (3.13). In the next chapter, this control
strategy is tested on the PERA.

4.3.2 Gripper control

For the application of the trajectory tracking control in the coming chapter, the gripper is required
to hold the marker tight. Therefore, the input to the gripper motor is set to the a constant positive
signal, i.e.

Ugounts.; = 18000, (4.43)

Setting the input to the gripper motor to this level ensures that the marker is held tight, while the
maximum continuous current over the motor is not exceeded (see Appendix .



Chapter 5

Results and discussion

This chapter aims to validate the controllers developed in Chapter[4] and discuss the corresponding
results. First, the desired trajectory is defined, such that the end-effector of the PERA follows the
path of a circle in the Cartesian space. Second, the control law proposed in Theorem[4.3]is applied to
the mathematical model of the PERA in simulations, with the desired trajectory which was defined
beforehand. From the simulations, the control strategy is taken and step by step implemented into
the physical PERA. When the performance of the control strategy is deemed sufficiently successful,
the strategy is compared with the non-saturated version proposed in Theorem [£.2] Next, the
controllers are implemented to perform a ’drawing routine’. Furthermore, other trajectories are
applied to the control law, to verify the performance of the control law on other trajectories.
Moreover, a heuristic approach is proposed to enhance the quality of the drawings produced by
the PERA. Finally, the chapter concludes with the extension of the system to five DoF, allowing
control over the orientation of the marker with respect to the canvas.

5.1 Desired trajectory

The controller proposed in Theorem is validated by letting the end-effector of the PERA follow
the path of a circle. The final application of this experiment is to let the gripper hold a marker,
such that the PERA can draw a circle on a canvas which is placed upright and in front of the
PERA (normal to the X-axis in the Cartesian space). To this end, we let the first joint remain in
the zero position, while the second and third joints follow a sine and cosine trajectory relative to
the position shown in Figure [3:2] respectively. As a result, the desired trajectory becomes

qd,1 0
@@= Q2 | = arcsin (LLQ) sin (%’Tt) (5.1)
qd,3 5 — arcsin (L% cos (Q%t)

with » € Ry the radius of the circle, T € R, the period of the circle trajectory and ¢t € R, the
time. Substituting the value of Lo and setting 7' = 15 [s] and r = 0.2 [m] yields

0
G~ 0.43 sin (0.42¢) . (5.2)
1.57 — 0.43 cos (0.42t)
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Figure 5.1: Cartesian y- and z-coordinates of the desired circle trajectory of the end-effector of the
PERA in the plane z = 0.44

If this trajectory is followed precisely, this would allow the PERA to draw a circle with the Cartesian
coordinates (Stover and Weisstein, n.d.)

x=/Li—1r? ~ 0.44 (5.3)

2
y = rsin <;t> ~ 0.2sin (0.42¢) (5.4)

2
2= —Li —7cos <;t) ~ 0.36 — 0.2 cos (0.42¢) . (5.5)

The circle, in Cartesian coordinates, is depicted in Figure

The desired trajectory of the PERA is visualized using MATLAB® and the Robotic Toolbox
developed by Corke et al. (1996) (see Appendix [C| for the script). The result is in Figure
where the red line is the path to be followed by the end-effector.
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Figure 5.2: Visualization of the desired trajectory of the PERA

Following from (4.4) and (5.2)), the second term of the control law (4.42)), which can be seen as the



39 5.2. Simulations

desired input when there are no position errors, gravitational forces or damping, becomes

0.0015 cos(0.42t)
AU (q4)q
LI"T(qdz)%: ~0.032sin(0.42t) | . (5.6)
0.0015 cos(0.42t)

This term induces the desired frictionless acceleration of the joints. Due to the large period of the
desired trajectory, the magnitude of this term is relatively small compared to the other terms in
the control law. Based on (3.6) and (5.6)), the values of « should be selected according to

ay 11.03
a=|a | <| 171 |, (5.7)
as 6.15

such that saturation of the control law (4.42)) within the limits in (3.14) is ensured.

5.2 Simulations

Before testing the controller on the actual PERA system, simulations are preformed to verify the
stability of the controller first. Tuning of the controller gains plays an important role in obtaining
the desired performance of the closed-loop system. Since the number of gains to be tuned is quite
large (o, B8, K., R.), some simplifications are made. First of all, the values of « are set slightly
lower than their limits, i.e.

11.0
a=| 17 |. (5.8)
6.0

Furthermore, the gain matrices K. and R, are set to be diagonal matrices to limit the amount of
gains to tune.

To determine a starting point for the manual tuning of the controller, Lyapunov’s first method
is used. A tuning loop is designed in MATLAB®), such that the real parts of the poles of the
linearized closed-loop system around the equilibrium are all strictly negative, ensuring stability
near the equilibrium. The tuning loop can be found in Appendix From this starting point,
simulations were preformed in Simulink®, using the mathematical model with the control
law . The model used for the simulations can be found in Appendix [El By further tuning of
the controller using trial and error, the desired results were obtained.

The main finding from the tuning is that the value of £ should be sufficiently large to ensure a
fast response of the controller; when the values of 3 are too small, oscillations occur in the error
of the positions. Furthermore, it is found that the tuning of the diagonal elements of the matrices
K. and R, is a very delicate procedure; by trial and error the controller is tuned to the desired
performance, but this is a time-consuming and difficult task.

The final controller gains selected for the simulations is given by

11.0 40
a=| 17 | B=1]30| K.=diag{l, 2, 01} R.=diag{0.4, 0.1, 0.5}. (5.9)
6.0 30

Simulations are performed using these controller gains and the initial position of the PERA set
as the downward position, gy = 03. Furthermore, the initial time is set to zero, i.e. tg = 0. The
results of the simulation are plotted in Figure [5.3
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Figure 5.3: Simulation results. The colored lines represent the position of the joints during the
simulation. The dashed lines represent the desired positions.

The figure shows that the convergence to the trajectory is successful and fast. To allow a better
observation of the start of the simulation, Figure was zoomed into to obtain Figure It
becomes clear that, although there is some undesired movement of the joints as a result of the
trajectory initiation, the simulations converge to the desired trajectory smoothly. The peak in the
response of the shoulder pitch joint (g;) is caused by the force on this joint, resulting from the
motion of the elbow pitch joint (g3).
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Figure 5.4: First second of the simulation results

These results are inserted into the visualization script (Appendix to observe the trajectory
followed by the end-effector of the PERA in the simulations. As can be seen in the resulting figure
(Figure , the model indeed converges to the desired trajectory (Figure .

From these results, it can be concluded that the selected control law theoretically stabilizes the
system on the desired trajectory. Convergence is achieved well within one second, and the overshoot
of the elbow pitch joint (g3) is small and rapidly rejected. The first joint shows a response to the
strong motion of the third joint during the start of the trajectory, but this disturbance is rapidly
rejected as well.
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Figure 5.5: Visualization of the simulated trajectory of the PERA

5.3 Experiments

By conducting experiments, the control law is verified in a real environment. This is done
in several steps. First, the gravity compensation of the control law is verified. Second, SPR is
preformed. Next, trajectory tracking is performed on the desired trajectory of a circle. Using
these results, a canvas is placed such that the PERA draws a circle. Finally, other trajectories are
considered, the drawing routine is enhanced by proposing a heuristic approach, and the orientation
of the end-effector is considerd.

5.3.1 Gravity compensation

In the first experiments, the potential energy of the PERA as specified in (3.6|) was verified. The
partial derivative of the potential energy with respect to the positions acts as a gravity compensator
for the system. Therefore, (3.6 can be verified by using only the first term of (4.42)) as the control
law, such that

oV

u= a—q(q) (5.10)

If the potential energy is correct, the gravity will be compensated by the input, resulting in the
PERA standing still, i.e. ¢ = qp. To test this, the PERA was manually moved to various random
initial positions before the controller was activated. With the control law activated, there was no
motion from the initial position. This confirms the gravity compensation by the control law, which
implies that the determined potential energy is correct.

5.3.2 Set Point Regulation

Next, following in the footsteps of van den Bos (2019), SPR was performed with the PERA to
further verify the modeling of the system. The goal of SPR indicates that the desired velocities of
the joints are equal to zero, such that the second term of the control law (4.42) is equal to zero,
ie.

4

3
= a—q(q) — Z e;a; tanh (8;2;) . (5.11)

i=1

u
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In this experiment, it was found that the control law works for SPR, as was previously
determined in van den Bos (2019)). However, the control law renders a steady-state error. By tuning
of the controller, this steady-state error can be reduced, but not fully eradicated. Furthermore,
it was found in the SPR experiments that the tuning from simulations did not return the desired
results in the experiments. When manually tuning the control law, one particularly interesting
feature of the tuning was found; to obtain a smooth motion (meaning no large overshoot or
oscillations) from the initial position to steady-state, the value of 8 should not be too large,
especially not when the initial error is relatively large. However, for the steady-state error to be
as small as possible, the value of 8 should be large, such the input signal arising from the error is
sufficiently large.

This finding poses an issue for the tracking of the desired trajectory from the initial position,
since the initial error of the elbow pitch joint would be rather large (¢s =~ 1.14 rad). Therefore,
the PERA is initialized in a point close to the starting point of the trajectory, using SPR. During
the first five seconds of the experiment, the desired positions are defined as

0
4a = 0 : (5.12)
1.14sin(0.31¢)

such that at time ¢ = 5, the PERA is initialized in

0
w~| 0 |. (5.13)
1.14

Because the desired position of the elbow pitch joint changes from zero to 1.14 with time, the
position error is never large and the value of 5 can be set to a large value without causing oscillations
or large overshoots. At time ¢ = 5, the virtual state is set to x. = 03, such that the system is
initialized in the desired starting position.

5.3.3 Trajectory tracking

Finally, the trajectory tracking experiments were conducted, aiming to track the desired trajectory
(5.2). As a starting point, the gains obtained in simulations and SPR experiments were used.
However, several issues arised, e.g., the input signal to the shoulder yaw joint (¢2), was not strong
enough to let the joint follow the trajectory at the desired velocity. This was caused by the factor
a2, which should be tuned at a higher value to make the shoulder yaw joint converge to the
trajectory. On the other hand, increasing the value of as would violate the limits on « in ,
which secure the saturation in . However, it is known that the initial position of the shoulder
pitch joint is approximately equal to zero, while the desired position of this joint is equal to zero,
i.e. g20 = 2,4 = 0. This indicates that the magnitude of the gravity compensation () for
the shoulder yaw joint remains well below its maximum during the experiment, since the second
element of the gravity compensation is equal to zero when the position of the shoulder pitch joint
is equal to zero. Therefore, the value of o can be slightly increased in the experiments without
jeopardizing the saturation limits of the motors.

Another issue arised in the motion of the the elbow pitch joint (g3) of the PERA. The joint
expressed a shaking behaviour, which can be seen as oscillations of the joint about the desired
trajectory. In an attempt to follow the desired trajectory using the original PD control strategy of
the PERA, it was determined that the shaking was also present in this experiment. This indicates
that the shaking was not caused by the control law used, but by the hardware of the PERA.
Presumably, the shaking was caused by either the natural damping of the PERA, looseness in the
gearing, or hysteresis in the sensor measurements. By extensive tuning of the controller gains and
increasing the sampling rate of the control loop from 100 [H z] to 200 [H z], the shaking of the joint
was eradicated. The oscillations are still present in the input signal, but they are not (visibly)
carried through to the movement of the joint. It should be mentioned that this tuning eradicates
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the shaking only on the desired trajectory. A different trajectory may require a different tuning.
For example, during the initialization of the PERA, the elbow pitch joint does express the shaking
behaviour (see Figure [5.7)).

The final controller gains selected in the experiments is given by

11.0 400

a=| 20 B=| 100
(5.14)

6.0 120

K. =diag{30, 20, 200} R, =diag{0.0001, 0.00001, 0.45}.

This tuning was selected to obtain the desired performance while removing the shaking from the
motion of the elbow joint. In the experiments, SPR is preformed in the first five seconds to initialize
the PERA. After that, the value of the new state z. is set to z. = 03 and the trajectory is initiated.
The results are plotted in Figure 5.6] The results show that the PERA stabilizes on the desired
trajectory successfully.
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Figure 5.6: Experimental results. The colored lines represent the position of the joints during the
experiment. The dashed lines represent the desired positions.

By zooming in to the first two seconds of the experiment, it is found that convergence is fast
(Figure . Furthermore, by observing the position errors in Figure it is found that the
PERA follows the desired trajectory closely in steady-state; for the two joints that make the major
motions (g2 and g3), the absolute position error remains smaller than 0.05 [rad], i.e. || < 0.05.

Figure depicts the input to the motors during the experiments. Obviously, the input signals
match the motion of the joints in Figure [5.6] Moreover, the figure shows oscillations in the input
signal of the elbow pitch joint (gs), especially when the motion of the joint is downward, i.e. along
the direction of gravity. These oscillations are what remains of the previously discussed shaking of
the joint. As opposed to the shaking, the oscillations in the input signal could not be eradicated
by tuning of the controller.

For the sake of visualization of the trajectory followed by the PERA in the experiments, the data
obtained in the experiments were plugged into the visualization script (Appendix . Comparison
of Figure [5.10] and Figure [5.2] confirms that the trajectory covered is approximately equal to the
desired trajectory.
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Figure 5.9: Input signals in the experiment

From the experiments it becomes clear that there exists a steady-state error in the joint positions.
This steady-state error could presumably be reduced by using an integral term in the control law.
However, introducing a integral term has some drawbacks. Most importantly, the introduction of
an integral term would cause the pH structure of the closed-loop system to be lost, such that the
system can only be proven locally AS by Lyapunov’s first method (van den Bos, 2019)). Moreover,
the introduction of an integral term may cause large overshoots, oscillations or slower response
of the controller (Albertos et al., [1997). Since the steady-state errors are reasonably small, it is
decided not to use an integral term in the control law.
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Figure 5.10: Visualization of the trajectory covered by the PERA in experiments

5.3.4 Comparison with non-saturated control

To compare the performance of the saturated controller with another controller, the non-saturated
control law proposed in Theorem was implemented into the system, resulting in the overall
control law

ov

u = OTJ(Q) + U " (qq)

AU (ga)q
% ~ K. (5.15)

This input signal is translated to a signal in counts following (3.13)), which is then saturated at the
limits in (3.12). The system is initialized during the first five seconds, in the exact same way as in
the experiments with the saturated controller; using the control law in (4.42]) with the controller
gains

11.0 400
a=| 20 B =1 100
5.16
6.0 120 (5.16)

K, =diag{30, 20, 200} R, =diag{0.0001, 0.00001, 0.45}

for SPR. At time ¢t = 5, the value of the new state x. is set to ., = 03 and the trajectory is
initiated using control law (5.15) with the controller gains

K| = diag{400, 300, 600} K, = diag{30, 10, 60} R, = diag{0.0008, 0.00001, 0.5}. (5.17)

As in the saturated experiments, the tuning was selected to obtain the desired performance while
removing the shaking from the motion of the elbow joint. The results are plotted in Figure [5.11}
The results show that the performance is comparable with that of the saturated control law. The
main difference that can be seen from comparing figures and is that the non-saturated
control strategy results in larger errors in the position of the elbow joint (¢3). The position errors
and input signals of the three joints are given in Figures and

From comparison of Figures and it can be observed that for ¢; and g3, the performance
of the saturated controller is better in terms of position errors. For g2, however, the position error
is larger when using the saturated controller. The logical explanation of these observations is that
due to the shape of the hyperbolic tangent used in the saturated controller, the input in at a
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Figure 5.13: Input signals in the experiment (non-saturated)

high level for errors larger than some limit value. In the case of the second joint, the value of
« is too small due to the saturation limit, resulting in relatively poor performance compared to
the non-saturated control law. Furthermore, when the input signals to the joints are compared
(Figures and , they seem equal. The signal to the second joint is oscillating more for the
non-saturated control law, while the oscillations in the third joint are larger when the saturated
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control law is used.

Again, the trajectory followed by the PERA is visualized in Figure It can be observed from
comparison of this figure to Figures[5.2] and that the motion obtained with the non-saturated
control law is less well positioned on the X-axis than the result with the saturated control law.
This is caused by the larger error in the elbow pitch joint (g3).
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Figure 5.14: Visualization of the trajectory covered by the PERA in experiments (non-saturated)

In Table [5.1] the results of the saturated experiments and non-saturated experiments are further
assessed on four properties. As could be expected, the saturated control law has a relatively low
maximum input signal. Only for the shoulder pitch joint, the maximum input is higher with the
saturated control law, which is caused by the large value of 8. The total energy used by the motors
is surprisingly equal for the first two joints. The third joint, however, uses more energy with the
saturated control law. This is caused by the oscillations in the control signal. As a result, the
maximum position errors of the first and third joint are both smaller when the saturated control
law is used. The maximum position error of the second joint is smaller for the non-saturated
controller. This is, as discussed above, caused by the low value of « in the saturated controller of
the second joint. The average error positions are all proportional to the maximum error positions.

Control type

Property Parameter Saturated \ Non-saturated
. max{u; } 2,128 2,004
Maximum input
Sig;‘al [Coumé’] max{us 12,122 15,800
max{us} 15, 646 16,000
f U1 | 24.04 23.48
[T]\‘}tf’“rln‘]mergy used s 16.60 16.83
TTus| 75.23 56.30
. » max{q:} | 3.00-10 2 1.90- 10 °
gjﬁ?‘;’;‘] postion I x{@} | 2.67-10°%2 | 1.06-10°2
max{qs} 3.29-1072 6.39-10"7
» mean{q1} | 2.17-10 7 1.90- 107
iiiiaﬁeagfsmon mean{gz} | 1.50- 10 2 540103
mean{qz} | 1.85-1077 4.13-1072

Table 5.1: Comparison of the performance of the saturated controller with the performance of
the non-saturated controller during the coverage by the end-effector of one circle trajectory, i.e.

5 <t <20.
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Remark (Table [5.1). To obtain the total energy used, the input signal in counts was translated
to the resulting current over the motors using the polynomial approximations of the non-linear
amplifiers of the motors . The absolute values of these data were numerically integrated by
the trapezoidal rule (Atkinson, [2008),

5 N-1 ) }
/ |u;| dt = At (Z | k| + [l i ;— [uia > , (5.18)
20 P

with the sampling time At = m = 0.005 [s], u; the input over the motor(s) of joint ¢; in
data point k and N = 3001 the number of data points. This value was multiplied by the nominal
voltage over the motors, resulting in the total energy used in [N - m].

Note that the total energy used is the total energy used per motor. Hence, the total energy used
by the shoulder and elbow pitch joints (g1 and g¢3) is twice as large.

5.3.5 Drawing a circle

For a final visualization of the trajectory followed by the system in the experiments, the end-effector
of the PERA is equipped with a marker. To allow the gripper to hold the marker tight, a holder
part is used (Figure . This part was originally developed for the thesis of Leeuwerik ,
its intention being to allow the PERA to hold painting brushes. In the experiments, the holder
was used to allow some motion of the marker to compensate for errors in the joint positions and
sensor measurements. To ensure that the marker maintains contact with the canvas, a spring was
added between the marker and the gripper.

M4 machine screw  4mm shaft

\ Bushing \Grip plane  \Slot for M4 Nut
(b) CAD drawing of the holder - by Leeuwerik
(a) Image of the holder with marker (2015)

Figure 5.15: Marker holder for the PERA

After mounting the marker and holder to the gripper of the PERA, a canvas (whiteboard) is placed
such that a circle is drawn on the canvas when the PERA is following the desired trajectory. The
result is shown in Figure To show the path of the marker on the canvas more clearly, the
photo was edited, resulting in Figure The resulting drawing (Figure closely mimics
the shape of a circle. Still, it is not a perfect circle, which is due to joint position errors, motion of
the marker and the sensor offsets discussed in Chapter [3] The position errors are partially caused
by the normal force exerted on the end-effector by the canvas. Due to the unpredictable position
sensor offsets, it was difficult to position the canvas correctly; in most experiments, only half of the
circle was drawn, or the motion of the PERA was completely halted by the normal force exerted
by the canvas. Furthermore, it can be seen in the result that the pressure of the marker on the
canvas is not constant over time.
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(a) Photo (b) Edited

Figure 5.16: Circle drawn by the PERA

5.3.6 Other trajectories

To further demonstrate the performance of the control law proposed in Theorem[4.3] it was decided
to design two more trajectories for the end effector, such that the PERA would draw the shapes of a
lemniscate and a heart. These trajectories are considered more complex than the circle trajectory.
Due to the complexity of the calculations of the inverse kinematics of the PERA, the desired
trajectories are polynomial approximations of the desired positions of the joints. To ensure a good
fit (in the sense of least-squares), only one period of motion is tracked, i.e. the shape is tracked
once per experiment. Because the closed-loop system was found to theoretically converge to any
desired trajectory, the results of simulations for the other trajectories are not provided.

Lemniscate

For the application of drawing of a lemniscate (infinity symbol) with a period of 15 seconds, the
desired Cartesian coordinates of the end effector are defined as (Weisstein, n.d.|b])

z =044

B 0.16\/§COS (Q%t)
~ sin? (%’Tt) +1

_0.23cos (0.42t)
 sin? (0.42t) 4+ 1 (5.19)

0.2v/2sin (%’rt) cos (Q%t)

=-L
T T () 11

0.28sin (0.42¢) cos (0.42t)

= —0.36 +
sin? (0.42t) + 1

i

such that the PERA follows a lemniscate-shaped path in the plane = 0.44. The y- and z-
coordinates are depicted in Figure 5.1

The trajectory of the end-effector in Cartesian space was translated to the desired trajectory of
the PERA in joint space by using the inverse kinematics function (ikine ()) from the Robotic
Toolbox by Corke et al. (1996) in MATLAB®. This function returned a set of 3001 data points
with the desired joint angles at discrete times between zero and fifteen seconds after the initiation
of the trajectory (one period). However, since the goal of this thesis is trajectory tracking and not
SPR, the desired trajectory of the joints should be a differentiable function. Therefore, 20th order
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Figure 5.17: Cartesian y- and z-coordinates of the desired lemniscate trajectory of the end-effector
of the PERA in the plane x = 0.44

polynomial approximations of the desired joint trajectories were constructed, using the polyfit ()
function in MATLAB®. The functions of the desired trajectory, along with the MATLAB® script
used to compute these functions, can be found in Appendix [F] The approximations found were
used to compute the desired steady-state input (ug).

As was done previously for the circle trajectory, the desired trajectory of the PERA is visualized

in Figure [5.1§
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(a) 3D view (b) Side view

Figure 5.18: Visualization of the desired trajectory of the PERA (lemniscate)

Similar to the circle trajectory experiments, the PERA is initialized using SPR in the first five
seconds of the experiment, with

0.05
qa = 0.50 , (5.20)
1.45sin(0.31¢)

such that at time ¢ = 5, the PERA is initialized at

0.05
w0~ | 050 |. (5.21)
1.45
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Note that the second term in is not a time function, as opposed to the third term. This
is due to the larger strength of the motors in the third joint, which would cause oscillations in
the response. For the second joint, the motor can exert its maximum force without causing any
oscillations, due to its relatively low strength. At time ¢t = 5, the virtual state is set to x. = 0g,
such that the system is initialized in the desired starting position.

Next, the desired lemniscate trajectory is started, with the saturated control law proposed in (4.42)
and the controller gains as in ([5.14). The result is shown in Figure

Position [rad]

Time, t [s]

Figure 5.19: Experimental results (lemniscate). The colored lines represent the position of the
joints during the experiment. The dashed lines represent the desired positions.

This trajectory is visualized in Figure [5.20] From comparison with Figure [5.18] it becomes clear
that the trajectory travelled by the end-effector is not perfect, but approaches the desired path
quite successfully. Furthermore, the lemniscate is slightly tilted around the Y-axis compared with
the desired trajectory. When attempting to draw the lemniscate on a canvas, this poses an issue.
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Figure 5.20: Visualization of the trajectory covered by the PERA in experiments (lemniscate)
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Heart

For the application of drawing of a heart, the desired Cartesian coordinates of the end effector are
defined as (Weisstein, [n.d.[al))

r=0.44
1 2
Y = %16 sin® (;t)
= 0.2sin” (0.42t) (5.22)

1 2T 47 6m 8
z= 20 (13 Ccos (Tt) — 5cos (Tt> — 2cos (Tt> — CcoSs (Tt)> —0.4

= 0.16 cos (0.42t) — 0.06 cos (0.84¢) — 0.03 cos (1.26t) — 0.01 cos (1.68t) — 0.4,

such that the PERA follows a heart-shaped path in the plane x = 0.44. The y- and z-coordinates
are depicted in Figure [5.21

e
—_

—-0.1 ¢

Position on Z-axis [m]

—0.2 | | ‘ |
0.2 —01 0 01 02

Position on Y-axis [m)]

Figure 5.21: Cartesian y- and z-coordinates of the desired heart trajectory of the end-effector of
the PERA in the plane z = 0.44

Using the same method as discussed for the lemniscate, 20th order polynomial approximations of
the desired trajectory were constructed. These approximation, as well as the MATLAB® script
used to find them, can be found in Appendix In this script, the desired input (ug) is constructed
from the polynomials.

Again, the desired trajectory of the PERA is visualized in Figure [5.22]

Similar to the other experiments, the PERA was initialized with SPR in the first five seconds of
the experiment, with

0.19
qd = 0 , (5.23)
0.71sin(0.31¢)

such that at time ¢ = 5, the PERA is initialized at
0.19

0 . (5.24)
0.71

Q

q0
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Figure 5.22: Visualization of the desired trajectory of the PERA (heart)

At time t = 5, the virtual state is set to x. = 03, such that the system is initialized in the desired
starting position.

Then, the desired heart trajectory is started, using the saturated control law proposed in (4.42)) and
the controller gains as in (5.14]). The result is shown in Figure This trajectory is visualized
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Figure 5.23: Experimental results (heart). The colored lines represent the position of the joints
during the experiment. The dashed lines represent the desired positions.

in Figure From comparison with Figure [5.22] it becomes clear that the trajectory travelled
by the end-effector shows some visible differences with the desired trajectory. Furthermore, there
is some variance of the z-coordinate of the end-effector, which should be invariant. These issues
are problematic for drawing the heart in the current setup.
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Figure 5.24: Visualization of the trajectory covered by the PERA in experiments (heart)

5.3.7 Drawing enhancement

To enhance the drawings produced by the PERA, the position sensor offsets, position errors and
slightly wrong placement of the canvas have to be dealt with. Furthermore, in the case of the
lemniscate and heart, errors of the polynomial approximations are present. Therefore, a heuristic
approach to update the desired position of the shoulder pitch joint (¢;) is proposed. This strategy
aims to regulate the position of the joint, such that the force exerted by the canvas on the end-
effector of the PERA remains below the desired maximum. When the forces measured in the wrist
joints of the PERA are above a specified level, the desired position of the shoulder pitch joint (gq,1)
is decreased, such that the z-coordinate of the end-effector in the Cartesian space decreases and
the PERA can continue its motion without being halted by the canvas. When the forces in the
wrist decrease to below another specified level, the value of g4 is gradually brought back to its
original value, such that the end-effector maintains contact with the canvas.

To determine the 'normal’ force measured by the force sensors during the motion of the PERA,
i.e. without disturbances of the canvas, the averages of the signal of the two force sensors in the
wrist during the first circle motion (5 < ¢ < 20) are determined by

4001

Fy (k)

w1 = Z N
k=1001

(5.25)

4001

Fya(k)

Hpw2 = Z T,
k=1001

with p the mean signal form the force sensor during initialization, F' the signal from the force
sensor, k the sample-number, such that for kK = 1, ¢(k) = 0 [s], for kK = 1001, t(k) = 5 [s] and for
k = 4001, t(k) ~ 20 [s], N = 3001 the number of samples used to determine the mean and the
subscripts W1 and W2 denoting the first and second force sensor in the wrist, respectively.

Using the means, the total force deviation e is given by

e(k) = |[Fw1(k) — pwil + [Fwa(k) — pw|. (5.26)
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To filter the noise coming from the sensor measurements, a simple moving average (SMA) is applied
to the total force deviation, such that

k
eSMA(k):%' > e, (5.27)

with M = 200 the number of samples used for the SMA.

The following sequence is used to update the desired position of the shoulder pitch joint, starting
after the first circle motion, i.e. at t = 20.

qd,l,new(k) = qd,l(t(k)) - C(k), (528)

where the compensation angle ¢ in radians is updated according to

C(k — 1) + 0.002, if GSMA(k) >

c(k) = { . (5.29)
c(k —1)—0.002, if espma(k) <lz and ¢(k—1) > 0,

with [; and Iy denoting the upper and lower bounds on the SMA of the total force deviation. These
bounds ensure that the magnitude of the compensation angle remains constant when the SMA is
within the bounds. If the SMA is greater than the upper limit, the compensation angle increases
and when the SMA is smaller than the lower limit, the value of the compensation angle decreases
back to zero.

Use of this heuristic approach allows the dealing with sensor offsets and errors in the positions of
the joint and placement of the canvas. This ensures that the marker remains in contact with the
canvas, as long as the canvas is close to the correct position. The downside of this approach is that
the value of ¢41 is changed with respect to the desired trajectory. As a result, the object drawn
by the PERA does not have the exact shape that is intended. Furthermore, when the pressure of
the marker on the canvas is such that the total force deviation is oscillating around the limit on
the total force deviation, this causes oscillations in the desired position of the shoulder pitch joint.
In time, this issue was largely solved by tuning of the upper and lower bounds.

In a new experiment, a circle is drawn by the PERA using the proposed heuristic approach with

I (k) =4.7t(k) — 906
(5.30)
Iy(k) =4.7t(k) — 606.

These bounds are determined by comparison of the values of egp;4 during experiments without
external disturbances and during experiments where the canvas acted as an external disturbance.

An average experiment would result in drawings such as the one depicted in Figure [5.25] The
corresponding SMA of the total force deviation (egya) and compensation angle ¢ are plotted in
Figure However, the drawing quality could be greatly improved by altering the orientation
of the canvas; the best result is shown in Figure To show the path of the marker on the
canvas more clearly, the photo was edited, resulting in Figure Comparison of Figure [5.27] to
Figure [5.16] shows that the pressure of the marker on the canvas is larger and more constant, and
therefore the quality of the drawing is better. It can be concluded that the error in the drawing
arising from the positioning errors of sensors, joints and canvas is worse than the errors arising
from the change in trajectory due to the heuristic approach.

Furthermore, an attempt is made to draw the shapes of the heart and lemniscate, by using the
proposed heuristic approach. For the lemniscate, the limits are set to

11 (k) =800
(5.31)
Iy (k) =500.
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Figure 5.25: Average result with the heuristic approach for drawing enhancement

The best result obtained is shown in Figure [5.28 The shaking of the elbow joint results in the
irregularities which are visible in the drawing. Although the shape of the lemniscate is not perfect,
the result is close to the desired trajectory.

For the heart, the limits are set to

11 (k) =3.3t(k) + 750
(5.32)
Iy(k) =3.3t(k) + 450.

The best result is shown in Figure [5.29] It is clearly visible that the shape is not exactly as
desired. On the other hand the shape of a heart is clearly recognizable, and contact with the
canvas is maintained throughout the trajectory.

From the experiments, it is concluded that the heuristic approach for drawing enhancement allows
the dealing with errors and offsets, enabling the PERA to draw the desired shapes. It should be
mentioned, however, that the proposed heuristic approach is far from optimal. While it improves
the drawing results of the circle, the result was still very dependent on the placement of the canvas
with respect to the PERA. For the application of drawing with robotic arms, it may be interesting
to further develop this heuristic approach in the future, by involving other joints and force sensors
in the heuristic approach and adapting the limits and update sequence of the compensation angle.
Another option to maintain a constant pressure on the canvas may be to use the Jacobian matrix
obtained in this work to design a force control strategy as described in Spong and Vidyasagar
(2008)), Craig (2009), and Siciliano and Khatib (2016) and many other works.
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Figure 5.26: Values of espma and the resulting compensation angle of the shoulder pitch joint. The
blue lines represent the results when there is no disturbance. The red lines represent the case of
the experiment resulting in Figure [5.25]
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Figure 5.27: Circle drawn by the PERA, using the heuristic approach for drawing enhancement
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Figure 5.28: Lemniscate drawn by the PERA, using the heuristic approach for drawing enhance-
ment
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Figure 5.29: Heart drawn by the PERA, using the heuristic approach for drawing enhancement
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5.3.8 End-effector orientation

In another approach to improving the drawings produced by the PERA, control of the orientation
of the end-effector is investigated. Including the wrist of the PERA allows the orientation of the
marker to remain perpendicular to the canvas. This is assumed to improve the drawing quality. To
allow implementation of the wrist joints into the system, all steps previously done for the shoulder
pitch, shoulder yaw and elbow pitch need to be repeated for the wrist joints.

System modeling (5 DoF)

As a first step towards implementation of the wrist joint in the experiments, a new model is
constructed. The following schematic representation of the PERA follows from the inclusion of the
wrist.

@‘h

Figure 5.30: Schematic representation of the PERA (5DoF)

The corresponding DH parameters are in Table Using the Robotic Toolbox, a new graphical
model is obtained, as shown in Figure [5.31]

i Joii]aia | di [ 6 |
] 2 | 0] 0 0

2 -2 [ 0 | 032 g

37 2 [ 0] 0 |g-Z
4 0 0.28 0 qa

57 -2 [ 0 0 -

6 0 0.20 0 0

Table 5.2: Denavit-Hartenberg link parameters (5 DoF)

Using the same procedure as used for the model with three DoF, the inertia matrix and potential
energy vector are obtained (see Appendix . The magnitude of the potential energy is such that

[ 7.74
1.57
oV
—_— < | 157 |. 5.33
)| < (5.39)
0.13
| 013

From the inertia matrix, the Cholesky factorization of its inverse (¥(q)) is obtained. Furthermore,
the gyroscopic forces matrix for the five DoF model, which is non-zero in this case, is computed



Chapter 5. Results and discussion 60

0.4
0.2
0
04
0.2
0.2
N -04
0 N
0.6 \ X
N
ERA -0.2
-0.8 P
_ -04 VA4
! Z
-0.6
-1.2 PERA
05 05
’ 1
05
0 0 0 0.5
% -05 .05 x Y 05 0 X
(a) 1 =0° ¢2=0°¢3 =0° g2 =0°, g5 = 0° (b) ¢1 = 20°, g2 = 0°, g3 = 70°, g4 = 20°, g5 = 0°

Figure 5.31: Graphical model of the PERA (5 DoF)

following the procedure of Venkatraman et al. (2010). Moreover, the equation for the desired
steady-state input is now defined as

ov

ug = Cqu(de) + 0~ (qa)

d¥~"(ga)a

o — U "(q2)J (¢, Pa) ¥~ (qa)da - (5.34)

~

Due to the high complexity of the y-term in this equation, it could not be computed in real-
time during simulations or experiments. Therefore, the value of this input for each time step was
computed beforehand and then taken from an external file during simulations.

Due to the changed desired steady-state input, the control law for the torque on each joint is now
given by

ov ¢
w= 67q(q) +7- Z e;a; tanh (5;2;) . (5.35)
i=1

Experimental setup of the wrist

Next, the experimental setup of the wrist is investigated. The behaviour of the non-linear amplifiers
in the wrist is plotted in Figure[5.32] Because this relationship is virtually linear, it is approximated
by

Ucounts, Wy, Wy = 70'5ucurrent,W17W2~ (536)
Furthermore, the relation between current over the wrist motors and torque on the joints is given
by

1000 - 1000 - (Utorque,qs + Utorque,qs)
Gr - km . kd

(5.37)

Ucurrent,W; =

" 1000 - 1000 - (Utorque,qs — Utorque,gs )
current, Wy — Gr - km } kd 5

(5.38)
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Figure 5.32: Behaviour of non-linear amplifiers in the wrist - by Rijs et al. (2014))

with G, = 290 (Rijs et al., [2014), 17 = 0.70 (Appendix [B), kym = 21.2 [

kg = 2.

This leads to the saturation limits on the torque inputs on the wrist joints as

Desired trajectory (5 DoF)

—1.95 < ug, +ug, < 1.95
—1.95 < uy,

—Ugy < 1.95.

] (Appendix and

(5.39)

For the end-effector to follow the path of a circle, the desired trajectory in joint space is given by

qd

qd1
qd2
qd3
dd4

qds

[ 0

L
arcsin %)

- )c
— arcsin (LL> sin (%’Tt)

(5.40)

with Ly € Ry the new length of the second link (lower arm), » € Ry the radius of the circle,
T € R, the period of the circle trajectory and ¢t € R4 the time. Due to limitations in the RoM
of the wrist yaw, it is not feasible to take the desired radius as r = 0.2 [m] again. Therefore, the

radius is set to r = 0.14 [m]. Substituting Ly = 0.28 [m] and setting 7" = 15 [s] yields

qd =

0
0.52sin (0.42¢)
1.57 — 0.52 cos (0.42t)
0.52 cos (0.42t)
—0.52sin (0.42t)

(5.41)

Compared to the original desired trajectory in , the amplitude of the second and third joint
has become larger. Furthermore, the wrist joints have been added to assure that the orientation
of the marker is perpendicular to that of the canvas. The Cartesian z-coordinate of the plane on
which to draw is given by x = /L3 — r? + L3, were Ly = 0.2 [m] is the length of the hand, such
that x ~ 0.44. The desired trajectory is visualized in Figure [5.33



Chapter 5. Results and discussion 62

[ |
0
0
01— v
-0.2 027
03
-04
N N 0.4
PERA ==X
-06 06—
-06 -
-08
0.7 —
02 08—
09 f f I I
02 0 0.2 04 06 08
X
(a) 3D view (b) Side view

Figure 5.33: Visualization of the desired trajectory of the PERA (5 DoF)

From the desired trajectory (5.41)), it follows that the second term of the control law (5.35)

0.0032
0.044
< | 00052 |. (5.42)
0.0030
6.89-107° |

Assuming that for the desired wrist gains oy = a5, and following from (5.33)), the saturation limits

in ((3.14) and (5.39) are always satisfied if

[y ] [ 11.03 ]
v 1.71
a=| a3 | <| 614 |. (5.43)
oy 0.85
a5 | | 085 |

Simulations (5 DoF)

Using the new modeling of the PERA, simulations are performed. The values of « are selected as

[ 11.0 ]
2.0
a=| 6.0 (5.44)
0.85

| 0.85 |
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in both the simulations and experiments. In the simulations, the other controller gains are selected
as

40
40
B=130| K.=diag{30, 10, 5.3, 1.8, 1.8} R, = diag{0.2, 0.23, 1.22, 1.5, 1.5}  (5.45)
30
30

The simulations are performed using this tuning for the controller and the initial position of the
PERA set as the downward position, i.e. gy = 05. Moreover, the initial time is set to zero, i.e.
to = 0. The results of the simulation are plotted in Figure

1.5 ¢

Position [rad]

30

Time, t [s]

Figure 5.34: Simulation results (5 DoF). The colored lines represent the position of the joints
during the simulation. The dashed lines represent the desired positions.

The figure shows that the convergence to the trajectory is successful and fast. To allow a better
observation of the start of the simulation, Figure is zoomed into to obtain Figure It
becomes clear that, although there is some undesired movement of the joints as a result of the
trajectory initiation, the simulations smoothly converge to the desired trajectory. Considerable
overshoots, like that of the elbow pitch joint (gs3), are especially undesirable. Therefore, the system
is initialized at a position close to the starting point of the trajectory during the experiments.

The results were visualized to observe the trajectory followed by the end-effector of the PERA in
the simulations. As can be seen in the resulting figure (Figure , the overshoot of the elbow
pitch joint results in a serious error on the trajectory, but after the first second, the system indeed
converges to the desired trajectory (Figure .
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Figure 5.35: First second of the simulation results (5 DoF)

0.1+

0.1 v
02
03
PERA o——
-05
-0.6

-0.7 4

-0.8 4

08 f I T |
-02 0 0.2 0.4 0.6 0.8

(a) 3D view (b) Side view

Figure 5.36: Visualization of the simulated trajectory of the PERA (5DoF)

Experiments (5 DoF)

Next, experiments with the PERA are conducted. The a controller gains are selected as in ([5.44]).
Moreover, the other controller gains are selected as

[ 400 |
100

B=|120 | K,=diag{30, 20, 200, 0.1, 0.1} R. = diag{0.0001, 0.00001, 0.055, 0.0001, 0.0001}
50
50

(5.46)
In the first experiments, a new issue with the elbow of the PERA arised. Due to inequalities between
the two elbow motors, the elbow yaw joint (Yx) exhibited undesired motion. Since incorporation
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of the second elbow joint in the control would lead to tighter restrictions on the magnitude of the
control signal for the elbow pitch joint, it was decided to deal with the motion of the elbow yaw
joint by altering the inputs to the wrist joints, such that

qd,4new =qd,4 cos(YE) + qa,5sin(Yg)

Gd,5.new = — qd,a Sin(Yg) + qa,5 cos(Yg)

ov ov A
|:8q4:| . —67q4 COS(YE) + 87% SIH(YE)
(5.47)

ov ov oV
— =— —sin(Yg) + — cos(Y]
{3%} new 0qy in(Ys) Jgs (¥z)

Y4,new =74 COS(YE) + 75 SIH(YE)

V5 new = — Ya Sin(Yg) + v5 cos(Yg).

The experimental results are shown in Figure [5.3
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Figure 5.37: Experimental results (5DoF). The colored lines represent the position of the joints
during the experiment. The dashed lines represent the desired positions.

By zooming in to the first two seconds of the experiment, it is found that convergence is successful
(Figure . Furthermore, by observing the position errors in Figure it is found that the
magnitude of these errors is within the same range as that of the second and third joint. Compared
to the experiments with three DoF (Figure , the magnitude of the error on the position of the
second joint is larger in the new experiments. The first and third joint, however, show the same
behaviour as in the three DoF case. The magnitude of the position errors on the wrist joints are of
the same order as those of the elbow joint. Moreover, it should be noted that, while the controller
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Figure 5.38: First two seconds of the simulation results (5 DoF)

gains of the elbow did not change with respect to the gains in the three DoF experiment, the
shaking did return to the motion of the joint. This is caused by the fact that the amplitude of this
joint is increased in the five DoF experiments.

Figure depicts the input to the motors during the experiments. Clearly, the input signals
match the motion of the joints in Figure As in the experiments with three DoF, the figure
shows oscillations in the input signal of the elbow pitch joint (g3), especially when the motion of
the joint is downward.

The trajectory followed by the PERA in the experiment is visualized in Figure From com-
parison to Figure it can be seen that the followed trajectory is close to the desired trajectory,
although errors in the five joints make the curves of the circle less appealing than the results with
the three DoF arm. Due to these errors, it was deemed impossible to draw a circle without using
some drawing enhancement technique.

First, to allow the PERA with five DoF to draw, the possibilities for using the previously proposed
heuristic approach for drawing enhancement are investigated. However, in the new experiments,
there are forces arising from the motion of the wrist, such that disturbances arising from the canvas
cannot be distinguished by the wrist force sensors. Therefore, the following new heuristic approach
for drawing enhancement is proposed.

Qd,l,ncw(k) = Qd,l(t(k)) - C(k)a (548)
where
c(k — : if g(k)"g
(k) = { (k—1)+0.002, ifqk) qk)>1] (5.49)
c(k —1)—0.002, if (k)" G(k) <ly and c¢(k —1) >0,
with
I (k) =0.1
(5.50)
I>(k) =0.05.

These limits are defined such that they are never exceeded when there is no disturbance from the
canvas. Using the proposed heuristic approach, several attempts were made to draw the circle.
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Figure 5.42: Attempted circle drawing (5 DoF)

Unfortunately, the approach did not improve the drawing as desired. The result is in Figure [5.42]
Due to time constraints in the project, it was not possible to test another approach. Again, to
perform a more successful drawing routine is a subject of future work. Presumably, implementing
a force control strategy on the shoulder pitch joint would yield better results.



Chapter 6

Conclusion and future work

In this concluding chapter, the main contributions presented in this thesis are summarized. The
control law and results are discussed, as well as the drawing routine. Other contributions are
mentioned and insights about the tuning of the controller gains are provided. Furthermore, rec-
ommendations for future work in the line of this research are provided.

6.1 Concluding remarks

In this work, a PBC approach for trajectory tracking was developed for the PERA. In theory, the
controller globally asymptotically stabilizes the system on the desired trajectory. Furthermore, the
control law proposed in this work is naturally saturated and does not require velocity measurements.
The control law uses gravity compensation, which is based on accurate modeling of the gravitational
force action on the PERA. Moreover, it is not necessary to solve any partial differential equations
when this control approach is used. The control approach proposed was validated by executing a
drawing routine with the PERA.

In the conducted experiments, it was found that with the appropriate tuning of the controller gains,
the desired trajectory was followed with a minor steady-state error. Especially for the shoulder
pitch joint, which is actuated by relatively high-power motors, the saturated control law performed
well, such that the steady-state error converged to a very low value (max{g, } = 3.00-107%). As was
shown by van den Bos (2019)), for SPR, the steady-state errors could be eradicated by introducing
an integral gain in the controller, at the cost of the global property of the theoretical asymptotic
stability of the closed-loop system. For trajectory tracking, however, this is not the case, because
the desired positions are time-dependent. Although the introduction of an integral gain might
improve the results, it was decided not to do this, because for the drawing routine, other factors
had a more significant impact on the quality of the drawings produced by the PERA. While the
errors in the joint positions were generally small, the positioning of the canvas to draw on and
the offsets of the position sensors were considered to have a greater influence on the quality of the
drawing routine.

Therefore, a heuristic approach was developed to update the desired positions of the joints based
on the force exerted by the canvas on the PERA, such that the quality of the drawings produced
by the PERA was enhanced.

Moreover, the performance of the proposed control law was compared to the performance of a non-
saturated variant. For both control laws, the controller gains were tuned to the desired performance.
It was concluded that the performance of the saturated control law is better in terms of steady-state
position errors, as long as the power of the actuating motors is slightly larger than the minimally
required power. The total energy used does not differ much between the two control laws.

Further contributions of this work are

e the design of polynomial approximations of the behaviour of the non-linear amplifiers in the
motors. These polynomials relate the current over the motors to the signal in counts.

e the solving of issues in the existing controller code of the PERA, such as
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— errors in the motor and gearing parameters used to translate the desired torque to a
motor input.

— an error in the sensor used to measure the position of the shoulder pitch. Originally,
the desired position of the shoulder pitch was compared to the position of the shoulder
yaw.

— an error in the coded limitations on the RoM of joints. Originally, the shoulder pitch
joint was limited at 0 < gq; < 7, such that the desired position could not be set to a
negative value.

e several insights about the tuning of the proposed control law. In these findings the experi-
mental performance of the elbow pitch joint is not considered, since it was tuned to remove
the shaking from the motion of the joint. This tuning did not necessarily result in the best
performance in terms of convergence.

— The value of a should be set as high as possible while maintaining the saturation limits
of the control signal, such that the full potential of the motor can be used for actuation.

— To minimize the steady-state error, the value of 5 should be set to a high value, such
that when the position error is small, the input remains strong enough to make the
joint move closer to the desired trajectory. When the position error is relatively large,
however, a large value of 8 will cause the magnitude of the input signal to be close to
the maximum input signal. If the value of « is large, this will result in overshoot or
oscillations in the motion of the joint. Therefore, best performance will be achieved
with this control law if the system is initialized close to the desired starting position.

— The tuning of the values of elements of the K. matrix remains a bit vague. In this
research, K. was chosen as a diagonal matrix. In simulations, different values (0.1 ~ 30)
resulted in the best performance of the control law on different joints. Similarly, in
the experiments, a wide range of values (0.1 ~ 200) yielded the best results. The
difference in tuning between simulations and experiments is most likely caused by the
natural damping of the PERA, which is not considered in the model that was used for
simulations.

— Furthermore, the tuning of the values in the R, matrix, remains vague as well. As is
the case for the K. matrix, R, was chosen as a diagonal matrix in this work. It is clear
that the values should be relatively small, since higher values cause oscillations in the
value of x., which are amplified in the control signal. In the simulations, the values
ranged between 0.11 and 1.5, while in the experiments, the best results were obtained
with values of a much smaller magnitude (1.0-1075 ~ 1.0-107%). Again, this difference
is presumably caused by the natural damping of the PERA.

6.2 Future work

In this work, the simulations and experimental results obtained with the proposed control law have
been presented. The findings in this work give rise to several opportunities for future work on the
control law, drawing routine and PERA.

During the transition from simulations to experiments, it was found that the natural damping of
the mechanical system has a significant influence on the behaviour of the system. Therefore, it
is recommended to test the control law on mechanical systems where the natural damping of the
system is known. This will decrease the effort in the transition from simulations to experiments,
such that new insights in the tuning of the control law can be obtained. Furthermore, new trajecto-
ries can be investigated in experiments, possibly using more DoF. For instance, Dr. Daniel Dirkz,
who is an university contact at Philips Drachten, mentioned during a short visit that a possible
trajectory would be to mimic the motion of a human shaving. Experiments with these types of
trajectories would make the research more interesting from a business perspective. Another op-
portunity for future research would be the introduction of variable controller gains. For example,
the value of 8 can be set to be dependent on time or error, such that the motion of the joints
will be smooth for large errors while ensuring a small steady-state error. Another example would
be to define the value of a such that the full potential of the motors can be used, regardless of
the magnitude of the gravity compensating component. Moreover, the effects of selecting the gain
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matrices K. and R, as positive definite matrices in stead of diagonal matrices may be investigated.

There are several options to enhance the results of the drawing routine, e.g., the drawing enhance-
ment heuristic proposed in this work may be adapted by considering other force sensors, joints
and limits. This will allow the drawing of more complex shapes. Another approach could be to
use a force control strategy to maintain a constant pressure on the canvas. In addition, visual
control may be applied to determine the orientation of the canvas in the Cartesian space. Using
the orientation of the canvas, a set of points on the canvas can be constructed, which can then be
translated into a desired trajectory in joint space by computing the inverse kinematics. Further-
more, the ideal drawing angle between the marker and canvas can be investigated. This will allow
a smooth motion of the marker over the canvas.

Finally, there are some suggestions for future work on the mechanical system of the PERA itself.
Most importantly, the sensors should be re-calibrated, such that the sensor signals correspond
closely to the actual joint positions. Furthermore, a recommendation is to experimentally deter-
mine an approximation of the natural damping of the system, such that this can be included in the
modeling and simulation. Finally, the cause of the shaking of the elbow joint should be determined
to solve this issue.
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Appendix A

PERA wiring

On the next page, the wiring diagram of the PERA is shown (Rijs et al., [2014). It should be noted
that in the current setup, the force sensor of the gripper is connected to the wrist board (4) in
stead of the grippers own board (3). For more information on these wiring changes, see (Leeuwerik,
2015} van den Bos, 2019)).
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Appendix B

Data-sheets Maxon parts

Since the data-sheets of the Hall angle sensors produced by AMS are quite comprehensive, they are
not added here. The data-sheets can be found on https://ams.com/documents/20143/36005/
AS5040_DS000374_3-00.pdf/c4dd3ec3-24f4-f3a2-0eca-811af6c30c84| (AS5040) and https:
//ams . com/documents/20143/36005/AS5145_DS000398_1-00.pdf/4964e511-abbd-4e73-2d33-
5259e407a179 (AS5145). Table lists the joints of the PERA and the corresponding Maxon
Motors parts.

Joint(s) | Motor(s) | Motor Gearing Encoder
Part No. Part No. Part No.
Q1 St and Sy 268216 166940 225783
g2 Ss 268214 166940 225783
qs3 E; and Es 118752 166938 225778
qs and g5 | Wy and Wo | 110164 143979 228177
G 118641 110314 323052

Table B.1: Maxon part numbers

The following pages contain the data-sheets of the Maxon parts in the following order.
e Data-sheet motors ¢; and ¢s.
e Data-sheet motors g3.
e Data-sheet motors ¢4 and gs.
e Data-sheet motor gripper.
e Data-sheet gearings g1, g2 and gs.
e Data-sheet gearings g4 and gs.
e Data-sheet gearing gripper.
e Data-sheet encoders ¢; and ¢s.
e Data-sheet encoders g3.
e Data-sheet encoders ¢4 and g¢s.
e Data-sheet encoder gripper.

The data-sheets are taken from the Maxon catalog (https://www.maxongroup.com/).


https://ams.com/documents/20143/36005/AS5040_DS000374_3-00.pdf/c4dd3ec3-24f4-f3a2-0eca-811af6c30c84
https://ams.com/documents/20143/36005/AS5040_DS000374_3-00.pdf/c4dd3ec3-24f4-f3a2-0eca-811af6c30c84
https://ams.com/documents/20143/36005/AS5145_DS000398_1-00.pdf/4964e511-a5bd-4e73-2d33-5259e407a179
https://ams.com/documents/20143/36005/AS5145_DS000398_1-00.pdf/4964e511-a5bd-4e73-2d33-5259e407a179
https://ams.com/documents/20143/36005/AS5145_DS000398_1-00.pdf/4964e511-a5bd-4e73-2d33-5259e407a179
https://www.maxongroup.com/
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RE 30 30 mm, Graphite Brushes, 60 Watt

1
{_L [@0.05 o
[ ©
- [ A]0.02 8]
2 8 ac 8107 2 £
23 3. S =9l 85 — g o2 w
Terminal 2.8x0.5 \ o % oo [
(+Terminal) S w H v = m
RS M| Y o<
gt - A ;] c
. A o9 ; N )
s@@y—1 | = S R = ) (@)l E
~ / @0 g )
~ o Qv‘o ~ N . ©
-3 -
1.1 g 1 1.1 g 2 3 x5.5 tief/deep E
.1-0. .1-0. M3 x5.5 tief/dee|
M1.6 x3.2 tief/deep & [30.2 ﬂ ¢ u
. 3.25 max. 2.6 max.
M2 x3.2 tief/deep & [30.2 El 0 o
20 -0.45 68 max. 15.7 1
I Stock program Part Numbers
[ ] Standard program
Special program (on request)
according to dimensional drawing 310005 310006 310007 310008 310009
shaft length 15.7 shortened to 8.7 mm 268193 268213 268214 268215 268216
Motor Data
Values at nominal voltage
1 Nominal voltage Vv 12 18 24 36 48
2 No load speed rpm 8170 8590 8810 8590 8490
3 No load current mA 301 213 165 106 78.6
4 Nominal speed rpm 7630 7910 8050 7840 7760
5 Nominal torque (max. continuous torque) mNm 51.6 75.5 85.6 86.6 89.7
6 Nominal current (max. continuous current) A 4 4 3.47 2.28 1.74
7 Stall torque mNm 853 1000 1020 1000 1050
8 Stall current A 61.1 50.3 39.3 25.2 19.6
9 Max. efficiency % 85 87 87 87 88
Characteristics
10 Terminal resistance Q 0.196 0.358 0.611 1.43 2.45
11 Terminal inductance mH 0.034 0.07 0.119 0.281 0.513
12 Torque constant mNm/A 13.9 19.9 25.9 39.8 53.8
13 Speed constant rom/\V 685 479 369 240 178
14 Speed / torque gradient rpm/mNm 9.64 8.61 8.7 8.61 8.09
15 Mechanical time constant ms 3.4 3.24 3.05 2.98 2.94
16 Rotor inertia gcm? 33.7 35.9 33.5 33.1 34.7
Specifications Operating Range Comments
Thermal data ) ) n [rpm] I Continuous operation
17 Thermal resistance housing-ambient 6.0 K/W In observation of above listed thermal resistance
]g mgmg: {ﬁs@gﬁ;g‘gps\;&%}:g”smg 1'2 gé\/\sl 12000 60W (lines 17 and 18) the maximum permissible winding
20 Thermal time constant motor 593 s 310007 terr;perattu £e5°wC|II beb_r eatc hed during continuous op-
21 Ambient temperature -30...+4100°C Gl EL 291G el E:
22 Max. winding temperature +125°C 8000 = Thermal limit.
Mechanical data (ball bearings) Short term operation
23 Max. speed 12000 rpm 4000 The motor may be briefly overloaded (recurring).
24 Axial play 0.05-0.15mm
25 Radial play 0.025 mm
26 Max. axial load (dynamic) 56N 25 50 75 100 M [mN : :
27 Max. force for press fits (static) 110N —— .[m - ! IR O [
(static, shaft supported) 1200 N 1.0 20 30 40 1[A]
28 Max. radial load, 5 mm from flange 28 N
Other specifications maxon Modular System Details on catalog page 32
29 Number of pole pairs 1
30 Number of commutator segments 13 Planetary Gearhead . Encoder MR
31 Weight of motor 260g 982mm ~|:—‘l11 -=:=|\=. - E-|= 256 - 1024 CPT,
0.75 - 6.0 Nm [ 3 channels
Values listed in the table are nominal. Page 348-355 . Page 433
Explanation of the figures on page 68. Koaxdrive Recommended Electronics: Encoder HED_ 5540
@32 mm 454] Notes Page 32 500 CPT,
Option 1.0-4.5Nm ESCON 36/2 DC 454 3 channels
Preloaded ball bearings Page 359 ESCON Module 50/5 455 Page 440/442
Screw Drive ESCON 50/5 457
@32 mm = EPOS4 50/5 463
Page 382-387 = EPOS4 Mod./Comp. 50/5 463
EPOS2 P 24/5 470
MAXPOS 50/5 473

April 2019 edition / subject to change maxon DC motor 133
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I Stock program Part Numbers

[ Standard program
Special program (on request)

according to dimensional drawing | 118749 |118750| 118751 |118752| 118753 | 118754 | 118755 118756 | 118757
shaft length 15.7 shortened to 4 mm (302002/302003|302004/302005|302006/302007|302001|302008(302009

Motor Data
Values at nominal voltage
1 Nominal voltage vV 9 15 18 24 30 42 48 48 48
2 No load speed rpom 10000 9660 10200 9560 9860 11100 10300 8240 5050
3 No load current mA 110 60.8 539 369 305 252 201 152 8.52
4 Nominal speed rom 8970 8430 8850 8330 8640 9920 9160 7040 3830
5 Nominal torque (max. continuous torque) mNm 111 205 229 263 26.7 271 277 287 30
6 Nominal current (max. continuous current) A 15 1.5 146 116 0.968 0.784 0.653 0.536 0.343
7 Stall torque mNm 232 225 220 243 249 283 264 209 129
8 Stall current A 291 158 135 104 872 794 6.03 3.81 144
9 Max. efficiency % 76 82 83 85 86 87 87 86 84
Characteristics
10 Terminal resistance Q 0309 0952 133 232 344 529 796 126 334
11 Terminal inductance mH 0.028 0.088 0.115 0.238 0.353 0.551 0.832 1.31 3.48
12 Torque constant mNm/A 796 143 16.3 234 285 356 43.8 55 89.6
13 Speed constant rom/V 1200 670 586 408 335 268 218 174 107
14 Speed / torque gradient rom/mNm 46.5 44.7 48 40.3 404 398 396 39.8 397
15 Mechanical time constant ms 5.68 4.87 4.77 455 447 44 437 437 435
16 Rotor inertia gem? 117 104 949 108 106 106 105 10.5 10.5
Thermal data n [rpm] I Continuous operation
17 Thermal resistance housing-ambient 14 K/W In observation of above listed thermal resistance
]g mgmg: {ﬁs@gﬁ;g‘gpa‘&%}:ousmg 3'11 ZKQAS/ 15000 20w (lines 17 and 18) the maximum permissible winding
20 Thermal time constant motorg 61.2 s temperature oWiII be _reached during continuous op-
21 Ambient temperature -30...+100°C eration at 25°C ambient.
22 Max. winding temperature +125°Cc 10000 = Thermal limit.

Mechanical data (ball bearings) Short term operation

23 Max. speed 14000 rpm 5000 The motor may be briefly overloaded (recurring).
24 Axial play 0.05-0.15mm
25 Radial play 0.025 mm
26 Max. axial load (dynamic) 3.2N M [mN : :
27 Max. force for press fits (static) 64 N r . . . . . . T [m. aul IR O [
(static, shaft supported) 800 N 0.5 1.0 15 1[A]
28 Max. radial load, 5 mm from flange 16 N
Other specifications maxon Modular System Details on catalog page 32
29 Number of pole pairs 1
30 Number of commutator segments 11 Planetary Gearhead Encoder MR
31 Weight of motor 1309 ?7256 VI = 128 1000 CPT,
Values listed in the table are nominal. Page 346 . Page 432
Explanation of the figures on page 68. Planetary Gearhead i Recommended Electronics: Encoder Enc
078 50N T ESCONModuk 242 |~ 4os 300 CPT. 2 channel
Option .[O - 0. m odule , 2 Channels
Preloaded ball bearings Page 348/349/352 ESCON 36/2 DC 454 Page 437
Koaxdrive | ESCON Module 50/5 455 Encoder HED_ 5540
232 mm =i ESCON 50/5 457 1 500 CPT,
1.0-4.5Nm EPOS4 Mod./Comp. 24/1.5 462 3 channels
Page 359 . EPOS4 50/5 463 Page 440/442
Screw Drive f EPOS4 Mod./Comp. 50/5 463 DC-Tacho DCT
@32 mm == EPOS2 P 24/5 470 @22 mm
Page 382-387 MAXPOS 50/5 473 0.52V
Page 449
Brake AB 28
i 24 VDC
0.4 Nm
Page 491
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Appendix B. Data-sheets Maxon parts 84

A-max 22 22 mm, Graphite Brushes, 6 Watt

Kabel AWG 24/7

cable UL Style 1061 12°£15°
K. t . M2x2.9 tief/deep )
[:lljnleel ,'.‘gd L 1#0.08 My (L=2.5 min.) 5.5 Ncm max. $ [30.2]4]
o 0.02
@ j e b
N vl 8o N 8ol 88 \ﬁ\
ool &< | 22| 99
Y| < e -
o 77 o 8 & ~
§ : R o=
— [ S . an,,,l- N — ,
o~ Qo 7/ Sy
N ° N
S QN
O—4
1-0.1 #[12]
. M1.6x4.6 tief/deep 0 M2x4.4 tief/dee
jTe;'mlngl l?).&xo.l» My (L=4.2 min.) 3.5 Ncm max. 1.6 max. 2.5 -0.2 My (L=t min.) 8.5 Ncm max.
+Termina
0 0
38.4 ¢, Eﬂ 6.5 -0.6 31.9 max. 16 -1

I Stock program Part Numbers
[ Standard program
Special program (on request)

with terminals | 110156 | 110158110159 |110160| 110161 |110162 | 110163 |fRIII:£4 110165|110166| 110167 | 110168
with cables |139848|353023|353024 /231171 [353025|353026| 231174 |353027353028|353029| 316659353603

| MotorData | | | I

Values at nominal voltage

1 Nominal voltage V 6 9 9 12 12 15 18 24 24 36 48 48
2 No load speed rpm 9240 9690 8500 10200 9170 10000 9770 10500 8480 9630 9110 8210
3 No load current mA 831 579 49.6 458 405 36 29 237 184 142 9.99 8.84
4 Nominal speed rpm 6240 6530 5350 7060 6000 6890 6600 7380 5270 6420 5840 4940
5 Nominal torque (max. continuous torque) mNm 591 6.88 704 696 695 693 692 6.9 697 6.86 6.75 6.86
6 Nominal current (max. continuous current) A 1.08 0.859 0.77 0.681 0.613 0.534 0.432 0.347 0.283 0.21 0.147 0.135
7 Stall torque mNm 19.4 221 198 237 209 229 22 237 189 211 192 176
8 Stall current A 329 259 204 217 172 165 129 112 0.721 0.606 0.393 0.325
9 Max. efficiency % 67 70 69 72 70 72 72 73 70 72 71 70
Characteristics
10 Terminal resistance Q 182 348 442 553 6.96 9.09 14 215 333 594 122 148
11 Terminal inductance mH 0.106 0.223 0.288 0.363 0.445 0.585 0.891 1.37 21 369 73 897
12 Torque constant mNm/A 59 855 973 109 121 139 171 212 26.2 34.8 489 543
13 Speed constant rom/V 1620 1120 981 875 790 689 558 450 364 274 195 176
14 Speed / torque gradient rom/mNm 500 454 446 444 455 452 457 456 461 468 487 479
15 Mechanical time constant ms 213 205 204 202 203 202 201 201 201 201 20.2 201
16 Rotor inertia gcm? 4.07 432 437 436 426 427 4.2 42 416 4.09 3.97 4.01
Operating Range Commens
Thermal data n [rpm] I Continuous operation
17 Thermal resistance housing-ambient 20 K/W In observation of above listed thermal resistance
18 Thermal resistance winding-housing 6.0 K/W 10000 6.0W (lines 17 and 18) the maximum permissible winding
;g mermal time constant winding 10.2s temperature will be reached during continuous op-
ermal time constant motor 313 s 8000 ; o .
21 Ambient temperature -30...+85°C eration at 25°C ambient.
22 Max. winding temperature +125°C 6000 = Thermal limit.
Mechanical data (sleeve bearings) el Short term operation
23 Max. speed 9800 rpm 2000 The motor may be briefly overloaded (recurring).
24 Axial play 0.05-0.15mm
25 Radial play _ 0.012 mm R I R EE——
26 Max. axial load (dynamic 1N d : d d . . :
27 Max. force for p(re)és fits ()static) 80N ! 02 04 06 08 10 " 11A] AsSionecipovEating
(static, shaft supported) 440 N
28 Max. radial load, 5 mm from flange 28N
Mechanical data (ball bearings) maxon Modular System Details on catalog page 32
23 Max. speed 9800 rpm
24 Axial play 0.05-0.15mm Planetary Gearhead : | Encoder MEnc
25 Radial play 0.025 mm 922 mm —t -—=f = E—I’ @13 mm
26 Max. axial load (dynamic) 33N 01-06Nm ; \ 16 CPT, 2 channels
27 Max. force for press fits (static) 45N Page337/338 i Page 417
(static, shaft supported) 240 N Planetary Gearhead Recommended Electronics: Encoder MR
28 Max. radial load, 5 mm from flange 123N 922 mm Ejﬂ—-—- H — Notes Page 32 B’ 32 CPT,
0.5-2.0Nm ESCON Module 24/2 454 2/3 channels
Other specifications Page 339/341 ESCON 36/2 DC 454 Page 429
29 Number of pole pairs 1 Spur Gearhead ESCON Module 50/5 455 Encoder MR
30 Number of commutator segments 9 24 mm EE ...... ESCON 50/5 457 B= 128 /256 /512 CPT,
31 Weight of motor 54g 0.1Nm EPOS4 Mod./Comp. 24/1.5 462 2 /3 channels
o ) Page 345 EPOS4 Mod./Comp. 50/5 463 Page 430
Values listed in the table are nominal. Screw Drive MAXPOS 50/5 473 Encoder Enc
Explanation of the figures on page 68. 22 mm — 22 mm
Page 380/381 = 100 GPT, 2 channels
Option Page 437

Ball bearings in place of sleeve bearings
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85

RE 13 J13 mm, Graphit

M1.6x2.5 tief/deep . .

Terminal 2.0x0.2
(+Terminal)

M 1:1

I Stock program
[ Standard program
Special program (on request)

Values at nominal voltage
1 Nominal voltage Vv
2 No load speed rpm
3 No load current mA
4 Nominal speed rpm
5 Nominal torque (max. continuous torque) mNm
6 Nominal current (max. continuous current) A
7 Stall torque mNm
8 Stall current A
9 Max. efficiency %

Characteristics
10 Terminal resistance Q
11 Terminal inductance mH
12 Torque constant mNm/A
13 Speed constant rom/\V
14 Speed / torque gradient rpm/mNm
15 Mechanical time constant ms
16 Rotor inertia gcm?

e Brushes, 3 Watt

: (T
E
g 838 gl [{F o (6]
S e =2 0
Je . < c 6.1 -0.8 38
[ o S
== — ~—
A ©
o 1 N S I 41—
Q) = I
o =
mo
oo
3
34.5 max e
+0.4 w
0.6 0 Sl
0 0
1-0.1 1.2 -0.1
0 0
3.6 -0.6 36.9 max. 6.9 -1

Part Numbers

3 3.6 3.6 4.8 6 6 7.2 9 10 12 15 18 21 24 30
12000 13600 11900 13600 13600 12100 13100 13800 13200 13300 13400 13000 14100 13800 14000
168 164 136 121 955 81 75.3 64 539 454 36.8 29.2 28 238 195
9520 10800 8780 10100 10300 8660 9790 10600 10100 10200 10400 9910 11100 10800 11000
122 132 1588 192 205 217 212 217 232 23 231 236 229 233 228
072 072 072 0.72 0.602 0.558 0.495 0.422 0.383 0.319 0.259 0.212 0.192 0.167 0.134
744 813 711 858 925 835 9.03 101 105 104 105 104 111 1 10.9
346 351 269 273 233 187 182 169 152 125 1.03 0.814 0.809 0.688 0.556
50 53 53 57 60 60 61 63 64 65 65 66 66 66 66
0.867 1.02 134 176 257 321 396 532 6.6 956 146 221 26 34.9 54
0.021 0.025 0.032 0.046 0.073 0.092 0.114 0.164 0.223 0.316 0.486 0.75 0.871 119 1.79
215 231 265 314 3.97 446 496 595 6.94 827 102 127 137 16 19.7
4440 4130 3610 3040 2410 2140 1930 1600 1380 1160 932 750 696 595 485
1790 1830 1830 1700 1560 1540 1540 1430 1310 1340 1330 1300 1320 1300 1330
128 114 105 944 868 846 823 793 774 762 751 742 739 737 738
0.681 0.596 0.548 0.53 0.53 0.526 0.512 0.528 0.565 0.545 0.541 0.544 0.536 0.543 0.529

Specifications Operating Range Comments

Thermal data
17 Thermal resistance housing-ambient 33 K/W
18 Thermal resistance winding-housing 7.0 K/W
19 Thermal time constant winding 4.88s
20 Thermal time constant motor 259s
21 Ambient temperature -20...+65°C
22 Max. winding temperature +85°C
Mechanical data (sleeve bearings)
23 Max. speed 16000 rpm
24 Axial play 0.05-0.15mm
25 Radial play 0.014 mm
26 Max. axial load (dynamic) 0.8N
27 Max. force for press fits (static) 15N
(static, shaft supported) 95N
28 Max. radial load, 5 mm from flange 14N
Other specifications
29 Number of pole pairs 1
30 Number of commutator segments 7
31 Weight of motor 2749

Values listed in the table are nominal.
Explanation of the figures on page 68.

April 2019 edition / subject to change

n [rpm] - Continuous operation
In observation of above listed thermal resistance
(lines 17 and 18) the maximum permissible winding
temperature will be reached during continuous op-
eration at 25°C ambient.

= Thermal limit.

15000

10000

Short term operation
The motor may be briefly overloaded (recurring).

5000

1.0 2.0
01 02

3.0
03

M [mNm]
04 I[A]

Assigned power rating

maxon Modular System Details on catalog page 32

ganetary Gearhead - %ncoder MEnc
13 mm I N _ | &= D13 mm
0.05-0.15 Nm -E[{ EH} 33— 16 CPT, 2 channels
Page 328 Page 416
Planetary Gearhead Recommended Electronics: Encoder MR
213 mm -IEZ{- _____ Notes Page 32 B= 16 CPT,
0.2-0.35Nm ESCON Module 24/2 454 2 channels
Page 329 ESCON 36/2 DC 454 Page 426
ESCON Module 50/5 455 Encoder MR
ESCON 50/5 457 E’= 64 - 256 CPT,
EPOS4 Mod./Comp. 24/1.5 462 2 channels
MAXPOS 50/5 473 Page 427/428
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Appendix B. Data-sheets Maxon parts 86

Planetary Gearhead GP 32 C <32 mm, 1.0-6.0 Nm
Ceramic Version
Technical Data

LA__] Planetary Gearhead straight teeth
2o n - 8 . Output shaft stainless steel
ol a9 2 42 - Shaft diameter as option 8 mm
el e H Bearing at output ball bearing
oo 3 4 12 ‘g Radial play, 5 mm from flange max. 0.14 mm
S == Axial play max. 0.4 mm
~ Max. axial load (dynamic) 120N
° Max. force for press fits 120N
/ o Direction of rotation, drive to output =
S Max. continuous input speed 8000 rpm
Recommended temperature range -40...4100°C
0 Number of stages 1 2 3 4 5
4.85 -0.8 Max. radial load, 10 mm
IS0 6411-A1.25/2.65 0 from flange 90N 140N 200N 220N 220N
1-1.2 L1 max.
Option: Low-noise version
I Stock program Part Numbers
[JStandard program
Special program (on request)

1 Reduction 3.7:1  14:1 33:1  51:1  111:1  246:1 492:1 762:1 1181:1 1972:1 2829:1 4380:1
2 Absolute reduction 26/7 67%9 529/‘6 17576/343 13524/‘25 421824/1715 86112/175 19044/25 10123776/85758626176/4375 495144/175 109503/25
3 Max. motor shaft diameter mm 6 6 3 6 4 4 3 3 4 4 3 3
T N R TN R FZ S TN 166945 [ 166950 [ 166955 [ 166960 [ 166963 | 166968 | 166973 | 166978 |
1 Reduction 48:1  18:1 66:1 123:1 295:1 531:1 913:1 1414:1 2189:1 3052:1 5247:1
2 Absolute reduction 24/ 624/35 16224/ 245 6877/ 101'362/4 331776/ 625 36501/ 2425A85/ 715 536406/ 1907712/ 839523/16D
3 Max. motor shaft diameter
166932 [ 166935 | 166941 [ 166946 nﬁ’m 166956\ 166961 [ 166964 [ 166969 [ 166974 [ 166979 |
1 Reduction 58:1 21:1 79:1  132:1 318:1 589:1 1093:1 1526:1 2362:1 3389:1 6285:1
2 Absolute reduction 23/ 299/14 3887/ 3312/ 389376/ 20631/ 279541/ 9345024/6125 2066688/ 474513/ 6436343/1024
3 Max. motor shaft diameter
166936 | 166942 \ 166947 \ 166952 \ 166957 _ 166965 \ 166970 \ 166975 _
1 Reduction 23:1 86:1 159:1 411:1 636:1 1694:1 2548:1 3656:1
2 Absolute reduction 576/25 1A976/175 1537/ 359424/ 79488/125 1162213/ 7962624/31 - 457056/125
3 Max. motor shaft diameter
166937 | 166943 \ 166948 \ 166953 \ 166958 [ | 166966 \ 166971 \ 166976 [ |
1 Reduction 28:1 103:1  190:1 456:1 706:1 1828:1 2623:1 4060:1
2 AbSOlUte redUCtion 138/5 3588/35 12167/64 89401/‘96 158171/224 2238912/1225 2056223/784 3637933/896
3 Max. motor shaft diameter mm 3 3 3 3 3 3 3 3
4 Number of stages 1 2 2 3 3 4 4 4 5 B ) 5
5 Max. continuous torque Nm 1 3 3 6 6 6 6 6 6 6 6 6
6 Max. intermittent torque at gear output Nm 1.25 3.75 3.75 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5
7 Max. efficiency % 80 75 75 70 70 60 60 60 50 50 50 50
8 Weight g 118 162 162 194 194 226 226 226 258 258 258 258
9 Average backlash no load ° 07 0.8 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
10 Mass inertia gem? 1.5 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
11 Gearhead length L1 mm 265 364 364  43.1 43.1 498 498 498 565 565 56,5 56.5

‘ overall length ‘ ‘ overall length | >

maxon Modular System

+ Motor Page  + Sensor/Brake Page  Overall length [mm] = Motor length + gearhead length + (sensor/brake) + assembly parts

RE 25, 10 W 125 81.1 91.0 91.0 97.7 97.7 1044 1044 1044 1111 1111 1111 1111
RE 25, 10 W 125 MR 419 921 102.0 102.0 1087 1087 1154 1154 1154 1221 1221 1221 1221
RE 25, 10 W 125 Enc 22 426 95.2 1051 105.1 111.8 111.8 118.5 118.5 118.5 125.2 125.2 125.2 125.2
RE 25, 10 W 125 HED_5540 429/431 101.9  111.8 111.8 1185 1185 1252 1252 125.2 1319 1319 131.9 131.9
RE 25, 10 W 125 DCT 22 438 103.4 1133 1183 120.0 120.0 1267 126.7 126.7 133.4 133.4 133.4 1334
RE 25,20 W 126 69.6 79.5 79.5 86.2 86.2 92.9 92.9 92.9 99.6 99.6 99.6 99.6
RE 25,20 W 126 MR 419 80.6 90.5 90.5 97.2 97.2 1039 1039 1039 1106 1106 1106 110.6
RE 25,20 W 126 HED_5540 430/433 90.4 100.3 100.3 1070 107.0 1137 113.7 113.7 1204 1204 1204 1204
RE 25,20 W 126 DCT22 438 91.9 101.8 101.8 1085 1085 1152 1152 1152 1219 1219 1219 1219
RE 25,20 W 126 AB 28 480 103.7 1136 1136 120.3 120.3 1270 1270 127.0 1337 1337 1337 1337
RE 25,20 W 126 HED_5540/AB 28  430/480 120.9 130.8 130.8 137.5 137.5 144.2 144.2 144.2 150.9 150.9 150.9 150.9
RE 25,20 W 127 AB 28 480 115.2 1251 125.1 131.8 131.8 1385 1385 1385 1452 1452 1452 1452
RE 25,20 W 127 HED_5540/AB 28 480 1324 1423 142.3 149.0 149.0 155.7 155.7 1557 1624 1624 1624 162.4
RE 30, 60 W 129 94.6 104.5 1045 111.2 111.2 117.9 117.9 1179 1246 1246 1246 1246
RE 30, 60 W 129 MR 420 106.0 1159 1159 1226 1226 1293 1293 1293 136.0 136.0 136.0 136.0
RE 30, 60 W 129 HED_5540 429/431 1154 1253 1253 132.0 132.0 138.7 138.7 138.7 1454 1454 1454 1454
RE 35,90 W 130 97.6 1075 1075 1142 1142 1209 1209 1209 1276 1276 1276 1276
RE 35,90 W 130 MR 420 109.0 1189 1189 1256 125,66 132.3 1323 1323 139.0 139.0 139.0 139.0
RE 35,90 W 130 HED_5540 429/431 118.3 128.2 128.2 134.9 134.9 141.6 141.6 141.6 148.3 148.3 148.3 148.3
RE 35,90 W 130 DCT 22 438 115.7 1256 1256 1323 1323 139.0 139.0 139.0 1457 1457 1457 1457
RE 35,90 W 130 AB 28 480 133.7 143.6 143.6 150.3 150.3 157.0 1570 1570 163.7 163.7 163.7 163.7
RE 35, 90 W 130 HEDS 5540/AB 28 429/480 150.9 160.8 160.8 167.5 1675 1742 1742 1742 180.9 180.9 180.9 180.9
A-max 26 151-158 71.3 81.2 81.2 87.9 87.9 94.6 94.6 94.6 101.3 101.3 101.3  101.3
A-max 26 152-158 MEnc 13 408 78.4 88.3 88.3 95.0 95.0 101.7 1017 1017 1084 1084 1084 1084
A-max 26 152-158 MR 419 80.1 90.0 90.0 96.7 96.7 103.4 1034 1034 1101 110.1 1101 1101
A-max 26 152-158 Enc 22 426 85.7 95.6 95.6 102.3 102.3 109.0 109.0 109.0 1157 1157 1157 1157
A-max 26 152-158 HED_5540 430/432 89.7 99.6 99.6 106.3 106.3 113.0 113.0 113.0 119.7 119.7 119.7 1197
A-max 32 159/161 89.5 99.4 99.4 106.1 106.1 112.8 1128 1128 1195 1195 1195 1195
A-max 32 160/162 88.1 98.0 98.0 104.7 1047 1114 111.4 111.4 1181 1181 1181 1181
A-max 32 160/162 MR 420 99.3 109.2 109.2 11569 11569 1226 1226 122.6 129.3 129.3 129.3 129.3
A-max 32 160/162 HED_5540 430/432 108.9 118.8 118.8 1255 1255 1322 1322 1322 1389 1389 1389 138.9
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Planetary Gearhead GP 22 C 22 mm, 0.5-2.0 Nm

Ceramic Version

LA__] Technical Data

M2.5x4 tief/deep Planetary Gearhead straight teeth
o2l 58 g 0 Ma 34Ncm max. Output shaft stainless steel, hardened
23 22les 135 -0.45 Bearing at output ball bearing
7S 7S m\ +0.2 Radial play, 10 mm from flange max. 0.2 mm
§ d - &0 Axial play max. 0.2 mm
1 Max. axial load (dynamic) 100 N
| . T MAax. force for press fit§ 100 N
' Direction of rotation, drive to output =
S Max. continuous input speed 8000 rpm
T+— I - S Recommended temperature range -40...+4100°C
Number of stages 1 2 3 4 5

Max. radial load, 10 mm
0 from flange 30N 50N 55N 55N 55N

3.15 -0.5
0
14.85 -1.1 L1 max.
I Stock program

[JStandard program
Special program (on request)

1 Reduction 3.8:1 14:1

53:1

104:1 198:1 370:1 590:1 742:1 1386:1 1996:1 3189:1

2 Absolute reduction 1% 225/‘6 3375/64 87723/ 50625/256 10556(101/28561 59049/‘00 759375/“)24 158&1001%14244285012027/‘42805 1594323/500
3 Max. motor shaft diameter mm 4 4 4 3.2 4 3.2 4 4 3.2 3.2 4
Part Numbers 143972 [ 143975 | 143981 | 143987 | 143991 [ 143997 | 144003 | 144006 | 144012 [ 144018 | 144024 |
1 Reduction 4.4:1 16:1 62:1 109:1  231:1 389:1 690:1 867:1 1460:1 2102:1 3728:1
2 Absolute reduction 57/13 855/52 12825/208 2187/20 192375/832 263169/676 1121931/1625 2885625/3328 39A7535/2704 7105563/3380 30292137/5125
3 Max. motor shaft diameter mm 3.2 3.2 3.2 4 3.2 3.2 3.2 3.2 3.2 3.2 3.2
143973 [ 143976 | 143982 143992 [ 143998 | 144005 | 144007 | 144013 [ 144019 | 144025 |
1 Reduction 5.4:1 19:1 72:1 128:1  270:1  410:1  850:1 1014:1 1538:1 2214:1 4592:1
2 Absolute reduction 27/5 3249/169 48735/676 41553/:325 731025/27'JA 6561/16 531441/625 10965375/‘03‘e 98415/64 177147/80 14348907/3125
3 Max. motor shaft diameter mm 3.2 3.2 3.2 3.2 4 2.5 3.2 4 4 2.5
143977 | 143983 [ 143989 | 143993 [ 143900 NN 144008 | 144014 [ 144020 [N
1 Reduction 20:1 76:1 157:1 285:1  455:1 1068:1 1621:1 2458:1
2 Absolute reduction 81/ 1215/ 19683/ 15225/ 5000211/10935 273375/256 601692057/37129G 13500@7/54%
3 Max. motor shaft diameter
_ 143994 \ 144000 [ | 144009 \ 144015 \ 144021 [
1 Reduction 24:1 84:1 316:1  479:1 1185:1 1707:1 2589:1
2 Absolute reduction 1539/65 185193/2197 2777595/8788 124659/260 41668425/35‘5215000633/8788 3365793/1300
3 Max. motor shaft diameter mm 3.2 3.2 3.2 3.2 3.2 3.2 3.2
Part Numbers 143979 [ 143985 [ 143995 | 144001 | 144010 | 144016 | 144022 [
1 Reduction 29:1 89:1 333:1 561:1 1249:1 1798:1 3027:1
2 Absolute reduction 729/25 4617/52 69255/208 2368521/4225 1038825/832 373977/208 63950067/2“25
3 Max. motor shaft diameter mm 2.5 3.2 3.2 3.2 3.2
4 Number of stages 1 2 & 3 4 4 4 5 5 5 5
5 Max. continuous torque Nm 0.5 0.6 1.2 1.2 1.8 1.8 1.8 2.0 2.0 2.0 2.0
6 Max. intermittent torque at gear output Nm 0.8 0.9 1.9 1.9 2.7 2.7 2.7 3.0 3.0 3.0 3.0
7 Max. efficiency % 84 70 59 59 49 49 49 42 42 42 42
8 Weight g 42 55 68 68 81 81 81 94 94 94 94
9 Average backlash no load ° 1.0 1.2 1.6 1.6 2.0 2.0 2.0 2.0 2.0 2.0 2.0
10 Mass inertia gem? 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
11 Gearhead length L1* mm 254 32.2 39.0 39.0 45.8 45.8 45.8 52.6 52.6 52.6 52.6

“L1is-2.8 mm for calculating the overall length

overall length ‘ overall length ‘
maxon Modular System

+ Motor Page  + Sensor/Brake Page  Overall length [mm] = Motor length + gearhead length + (sensor/brake) + assembly parts

A-max 19 143/144 51.6 58.4 65.2 65.2 72.0 72.0 72.0 78.8 78.8 78.8 78.8
A-max 19,1.5W 144 MR 416/417  56.7 63.5 70.3 70.3 774 771 771 83.9 83.9 83.9 83.9
A-max19,1.5W 144 Enc 22 426 66.0 72.8 79.6 79.6 86.4 86.4 86.4 93.2 93.2 93.2 93.2
A-max 19,1.5W 144 MEnc 13 407 59.1 65.9 72.7 727 79.5 79.5 79.5 86.3 86.3 86.3 86.3
A-max 19,25 W  145/146 54.2 61.0 67.8 67.8 74.6 74.6 74.6 81.4 81.4 81.4 81.4
A-max 19,25W 146 MR 416/417 585 65.3 721 7241 78.9 78.9 78.9 85.7 85.7 85.7 85.7
A-max 19,2.5W 146 Enc 22 426 68.6 75.4 82.2 82.2 89.0 89.0 89.0 95.8 95.8 95.8 95.8
A-max 19,25W 146 MEnc 13 407 61.7 68.5 75.3 75.3 82.1 82.1 821 88.9 88.9 88.9 88.9
A-max 22 147-150 54.6 61.4 68.2 68.2 75.0 75.0 75.0 81.8 81.8 81.8 81.8
A-max 22 148/150 MR 416/417 59.6 66.4 73.2 73.2 80.0 80.0 80.0 86.8 86.8 86.8 86.8
A-max 22 148/150 Enc 22 426 69.0 75.8 82.6 82.6 89.4 89.4 89.4 96.2 96.2 96.2 96.2
A-max 22 148/150 MEnc 13 407 61.7 68.5 75.3 75.3 821 821 821 88.9 88.9 88.9 88.9

June 2018 edition / subject to change

maxon gear 335

S
©
Q
o
c
)
X
©
(=




Appendix B. Data-sheets Maxon parts 88

Planetary Gearhead GP 13 A 13 mm, 0.2-0.35 Nm

Planetary Gearhead straight teeth

0 Output shaft stainless steel, hardened

2-60’0-?5 Bearing at output sleeve bearing

M2x2.5 tief/dee Radial play, 6 mm from flange max. 0.055 mm

0.2 1-0.1 [&]80.2]a M7 mind 8 Nem e, Axial play 0.02-0.10 mm

LA__] 55 0 Max. axial load (dynamic) 8N

- Max. force for press fits 100N

oo Direction of rotation, drive to output =

- Max. continuous input speed 8000 rpm

N Recommended temperature range -40...+100°C

ggel g Number of stages 1 2 3 4 5

°23g oo 1 Max. radial load, 6 mm

S 0 from flange 8N 12N 16N 20N 20N

o g &l |09 -0 L1 max.
I Stock program Part Numbers

[JStandard program
Special program (on request)

1 Reduction a1 H 275:1 1119:1

2 Absolute reduction 5714 3249/, 00 185193/, 14 10556001/, .o 601692057/

3 Max. motor shaft diameter mm 1.5 1.5 1.5 . .
352365 352366 ss2368 352369 [

1 Reduction 5.1:1 26:1 131:1 664:1 3373:1

2 Absolute reduction %13 4356/ 160 287496/ 5197 18974736 pese1 1252332576 571003

3 Max. motor shaft diameter mm 1.5 1.5 1.5 1.5 1.5

4 Number of stages 1 2 3 4 5

5 Max. continuous torque Nm 0.20 0.20 0.30 0.30 0.35

6 Max. intermittent torque at gear output Nm 0.30 0.30 0.45 0.45 0.53

7 Max. efficiency % 91 83 75 69 62

8 Weight g 1 14 17 20 23

9 Average backlash no load ° 1.0 1.2 1.5 1.8 2.0

10 Mass inertia gcm? 0.025 0.015 0.015 0.015 0.015
11 Gearhead length L1* mm 16.0 19.9 23.7 276 31.4

*for A-max 12is L1 + 0.3 mm

overall length ‘ overall length ‘

maxon Modular System

+ Motor Page  + Sensor/Brake Page  Overall length [mm] = Motor length + gearhead length + (sensor/brake) + assembly parts
RE 13 105/107 35.4 39.3 431 47.0 50.8
RE 13,0.75 W 107 MR 413-415 42.5 46.4 50.2 541 57.9
RE 13,0.75 W 107 MEnc 13 407 43.2 471 50.9 54.8 58.6
RE 13 109/111 47.6 51.5 55.3 59.2 63.0
RE13,2W 111 MR 413-415 54.7 58.6 62.4 66.3 701
RE13,2W 111 MEnc 13 407 55.4 59.3 63.1 67.0 70.8
RE 13, 1.5 W 113/115 38.5 42.4 46.2 50.1 53.9
RE 13,15 W 115 MR 413-415 44.6 48.5 52.3 56.2 60.0
RE13,1.5W 115 MEnc 13 407 46.5 50.4 54.2 58.1 61.9
RE 13,3 W 117/119 50.7 54.6 58.4 62.3 66.1
RE 13,3 W 119 MR 413-415 56.8 60.7 64.5 68.4 72.2
RE 13,3 W 119 MEnc 13 407 58.7 62.6 66.4 70.3 741
A-max 12 137/138 37.6 4.5 45.3 49.2 53.0
A-max 12,0.5W 138 MR 413-415 M.7 45.6 49.4 53.3 57.1
EC 13,6 W 208 37.4 41.3 451 49.0 52.8
EC 13,12 W 209 49.6 53.5 57.3 61.2 65.0

Option Ball Bearing Part Numbers Technical Data

41:1 144300 131:1 352393 .
51:1 350391 275 1 144303 Planetary Gearhead . straight teeth
171 144301 664 - 1 350394 Outp.ut shaft stainless steel, harde_ned
Bearing at output preloaded ball bearings
26 045 26:1 352392 119:1 144304 Radial play, 6 mm from flange max. 0.04 mm
67:1 144302 3373:1 352395 Axial play at axial load <5N 0mm
>5N max. 0.04 mm
Max. axial load (dynamic) 8N
Max. force for press fits 25N
EE[ Direction of rotation, drive to output =
01— T Max. continuous input speed 8000 rpm
Recommended temperature range -40...+100°C
Number of stages 1 2 3 4 5

Max. radial load, 6 mm

from flange 10N 15N 20N 25N 25N

Gearhead length: L1 + 0.2 mm Gearhead values according to sleeve bearing version
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maxon sensor

89

Encoder MR Type L, 256-1024 CPT, 3 Channels, with Line Driver

Cycle C = 360°e

Pulse P = 180°¢
Uhigh
T Channel A
ULow Phase shift | ® 90°
Uigh
Channel B
ULow
UHigh
Channel |
ULow
S3 Sy4 S So  [S1.4=90%
As < 45°%

Direction of rotation cw (definition cw p. 60)

Il Stock program Part Numbers
[ Standard program

Special program (on requesf) 225783 228452 225785 228456 225787

Counts per turn 500 512 1000 1024
Number of channels 3 3 3 3 3
Max. operating frequency (kHz) 80 200 160 200 320
Max. speed (rpm) 18750 24000 18750 12000 18750

overall length ‘ overall length

maxon Modular System

+ Motor Page + Gearhead Page & Enc [mm] Overall length [nm] / @ see Gearhead
RE 30, 15 W 128 32 79.4 79.4 79.4 79.4 79.4
RE 30, 15 W 128 GP 32,0.75-45Nm 344 32 ) o o ° °
RE 30, 60 W 129 32 79.4 79.4 79.4 79.4 79.4
RE 30, 60 W 129 GP32,0.75-45Nm 342 32 ° ) ) ) °
RE 30, 60 W 129 GP 32,0.75-6.0 Nm  344-349 32 ° ° ° ° °
RE 30, 60 W 129 GP 328 374-379 32 ° ) ) ) °
RE 35,90 W 130 32 82.4 82.4 82.4 82.4 82.4
RE 35, 90 W 130 GP 32,0.75-45Nm 342 32 ° ° ° ° °
RE 35, 90 W 130 GP 32,0.75-6.0 Nm  344-349 32 ) ° ° ° °
RE 35,90 W 130 GP 32,4.0-8.0Nm 350 32 ° ° ° ° °
RE 35,90 W 130 GP 42,3 -15Nm 354 32 ) o o o °
RE 35, 90 W 130 GP32S 374-379 32 ° ) ) ) °
RE 40,25 W 131 32 82.4 82.4 82.4 82.4 82.4
RE 40, 150 W 132 32 82.4 82.4 82.4 82.4 82.4
RE 40, 150 W 132 GP 42,3 -15Nm 354 32 ° ° ° ° °
RE 40, 150 W 132 GP 52, 4 - 30 Nm 359 32 ° ° ° ° °
A-max 32 160/162 32 72.7 72.7 72.7 72.7 72.7
A-max 32 160/162 GP 32, 0.75 - 6.0 Nm  344-347 32 ) o o ° °
A-max 32 160/162 GS 38, 0.1 - 0.6 Nm 353 32 ) o o o °
A-max 32 160/162 GP 32 S 374-379 32 ° ) ) ) °
EC-max 40,70 W 226 31.8 73.9 73.9 73.9 73.9 73.9
EC-max 40,70 W 226 GP 42,3 -15Nm 355 31.8 ° ) ) ) °
EC-max 40, 120 W 227 31.8 103.9 103.9 103.9 103.9 103.9
EC-max 40, 120 W 227 GP 52, 4 - 30 Nm 360 31.8 ° ° ° ° °
Pin Allocation Connection example
Supply voltage Vce 5V 5% 1 NC. T——
Typical current draw 14 mA 2 Ve ] Voo Q= =— — — Recommended IC's:
Output signal TTL compatible i ﬁNCD 5 GwO— — — — Mo 3486
Phase shift ® 90° + 45° o e 5 - AM 26 LS 32
Index pulse width 90° + 45°% 2 822222: ﬁ & Channel & —'I_—L,—_—I' mnn
Operating temperature range -25...+85°C 7 Channel B 8 ]_,_u R
Moment of inertia of code wheel = 1.7 gcm? 8 Channel B Y Channel AQ—= = — —
Output current per channel max. 5 mA | L+10 ‘ 18 gﬂ:gﬂ:: : ﬂgg:ﬁ; | | |
Channel BQ == == == =
RE/A-max L=506  DIN Connector 41651/ I L R }m_
EC-max L=500 EN 60603-13 ChamnelBQ=— — — =
flat band cable AWG 28
Channel| Q= =— =— =—
n . J_
Channel | Q== == == =
The index signal 1 is synchronized with channel A or B. Opt. terminal resistance R > 1 kQ
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Appendix B. Data-sheets Maxon parts 90

Encoder MR Type ML, 128-1000 CPT, 3 Channels, with Line Driver

Cycle C = 360°¢

Pulse P = 180°¢
UHigh ~
T Channel A (o)
3"[_”/ Phase shift | ® 90°, u:’
o High
° ! Channel B g
- 2 ULow c
g UHigh o
I ' Channel | X
i ULow m
‘ " s3 S4 Sq So  [S1.4=90% E
As < 45°%

Direction of rotation cw (definition cw p. 60)

Il Stock program
[ Standard program

Special program (on requesf) 225771 225773 225778 225805 225780

Part Numbers

Counts per turn 256 500 512 1000

Number of channels 3 3 3 3 3

Max. operating frequency (kHz) 80 160 200 320 200

Max. speed (rpm) 37500 37500 24000 37500 12000
‘ overall length ‘ ‘ overall length ‘

maxon Modular System

+ Motor Page  + Gearhead Page @ Enc [mm] Overall length [nm] / ® see Gearhead
RE 25 125/127 25 65.5 65.5 65.5 65.5 65.5
RE 25 125/127 GP 26, 0.75 - 4.5 Nm 340 25 ° . ° ° °
RE 25 125/127 GP 32, 0.75 - 6.0 Nm  342-347 25 ° ° ° ° °
RE 25 125/127 KD 32, 1.0 - 4.5 Nm 352 25 ° ° ° ° °
RE 25 125/127 GP 32 S 374-379 25 ° ° ° ° °
RE 25,20 W 126 25 54.0 54.0 54.0 54.0 54.0
RE 25,20 W 126 GP 22, 0.5 Nm 333 25 ° ° ° ° °
RE 25,20 W 126 GP 26,0.75-45Nm 340 25 ° ] ° ° °
RE 25,20 W 126 GP 32,0.75-6.0 Nm  342-347 25 ° ° ° ° °
RE 25,20 W 126 KD 32, 1.0 - 4.5 Nm 352 25 ° . ° ° °
RE 25,20 W 126 GP 328 374-379 25 ° ° ° ° °
A-max 26 152-158 25 53.5 53.5 53.5 53.5 53.5
A-max 26 152-158 GP 26, 0.75 - 4.5 Nm 340 25 ° ° ° ° °
A-max 26 152-158 GS 30, 0.07 - 0.2 Nm 341 25 ° ° ° ° °
A-max 26 152-158 GP 32, 0.75 - 6.0 Nm  342-347 25 ° ° ° ° °
A-max 26 152-158 GS 38, 0.1 - 0.6 Nm 353 25 ° ] ° ° °
A-max 26 152-158 GP 32 S 374-379 25 ° ° ° ° °
EC-max 30,40 W 224 25 54.2 54.2
EC-max 30,40 W 224 GP 32,1-8.0Nm 347/350 25 ° °
EC-max 30,40 W 224 KD 32, 1.0 - 4.5 Nm 352 25 ° °
EC-max 30,40 W 224 GP32S 374-379 25 ° °
EC-max 30,60 W 225 25 76.2 76.2
EC-max 30,60 W 225 GP 32,1-8.0Nm 347/350 25 ° °
EC-max 30,60 W 225 KD 32, 1.0 - 4.5 Nm 352 25 ° °
EC-max 30,60 W 225 GP 42,3 -15Nm 355 25 ° °
Pin Allocation Connection example
Supply voltage Vec 5V+5% -
Typical current draw 14 mA ; {)ICS g Veo U A
Output signal TTL compatible 3 GND S G e 346
Phase shift @ 90°% + 45° : NG % £ CAM 2B LS a2
Index pulse width 90°%e + 45°% 6 Channel A 3 Channel A I
Operating temperature range -25...+85°C 7 Channel B 8 R
Moment of inertia of code wheel =0.7 gcm? 8 Channel B ! Channel A :
Output current per channel max. 5 mA 9 Channel I (Index)
P! p 10 Channel | (Index)
Channel B _I_l_l_
DIN Connector 41651/ R >=
EN 60603-13 Channel B
flat band cable AWG 28
Channel |
. J_
Channel |
The index signal I is synchronized with channel A or B. Opt. terminal resistance R > 1 kQ
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Encoder MR Type M, 128-512 CPT, 2/3 Channels, with Line Driver

Cycle C = 360°¢

Pulse P = 180°¢
UHigh
T Channel A
ULow Phase shift | ® 90°,
UHigh
Channel B
ULow
UHigh
Channel |
ULow
s3 S4 Sq So  [S1.4=90%
As < 45°%

Direction of rotation cw (definition cw p. 60)

Il Stock program Part Numbers

[ Standard program
228179 228177 228181 228182 201937 201940

Special program (on request)

Counts per turn 128 256 256 512 512
Number of channels 2 3 2 3 2 3
Max. operating frequency (kHz) 80 80 160 160 320 320
Max. speed (rpm) 37500 37500 37500 37500 37500 37500

‘ overall length ‘ ‘ overall length ‘ >

maxon Modular System

+ Motor Page  + Gearhead Page @ Enc [mm] Overall length [nm] / ® see Gearhead
RE 16,2 W 120 16 28.0 28.0 28.0 28.0 28.0 28.0
RE 16,2 W 120 GP 16, 0.1 - 0.6 Nm 328/329 16 . . ° ° ° °
RE 16,2 W 120 GP 16 S 369/370 16 ° ° ° ° ° °
RE 16,3.2 W 122 16 45.4 45.4 45.4 45.4 45.4 45.4
RE 16, 3.2 W 122 GP 16, 0.1 - 0.6 Nm 328/329 16 ° ° ° ° ° °
RE 16, 3.2 W 122 GP 16 S 369/370 16 ° ° ° ° ° °
RE 16, 4.5 W 124 16 48.4 48.4 48.4 48.4 48.4 48.4
RE 16, 4.5 W 124 GP 16, 0.1 - 0.6 Nm 328/329 16 ] ] ° ° ° °
RE 16, 4.5 W 124 GP 16 S 369/370 16 ° ° ° ° ° °
A-max 16 140/142 16 30.4 30.4 30.4 30.4 30.4 30.4
A-max 16 140/142 GS 16, 0.01 - 0.1 Nm  324-327 16 ) ) ° ° ° °
A-max 16 140/142 GP 16, 0.1 - 0.6 Nm 328/329 16 ° ° ° ° ° °
A-max 16 140/142 GP 16 S 369/370 16 ° ° ° ° ° °
A-max 19,1.5W 144 19 34.0 34.0 34.0 34.0 34.0 34.0
A-max19,1.5W 144 GP 19, 0.1 - 0.3 Nm 330 19 ° ° ° ° ° °
A-max 19,1.5W 144 GP 22,0.5-2.0 Nm 333/335 19 ] ] ° ° ° °
A-max 19, 1.5W 144 GS 24, 0.1 Nm 339 19 ° ° ° ° ° °
A-max19,1.5W 144 GP22S 372/373 19 . . ° ° ° °
A-max 19,2.5W 146 19 35.8 35.8 35.8 35.8 35.8 35.8
A-max19,2.5W 146 GP 19, 0.1 - 0.3 Nm 330 19 ° ° ° ° ° °
A-max19,25W 146 GP 22,0.5-2.0Nm 333/335 19 ° ° ° ° ° °
A-max 19,25W 146 GS 24, 0.1 Nm 339 19 ° ° ° ° ° °
A-max 19,25W 146 GP22S 372/373 19 ° ° ° ° ° °
A-max 22 148/150 22 36.9 36.9 36.9 36.9 36.9 36.9
A-max 22 148/150 GP 22, 0.1 - 0.6 Nm 331/332 22 ° ° ° ° ° °
A-max 22 148/150 GP 22, 0.5 - 2.0 Nm 333/335 22 . . ° ° ° °
A-max 22 148/150 GS 24, 0.1 Nm 339 22 ) ) ° ° ° °
A-max 22 148/150 GP 22 S 372/373 22 ° ° ° ° ° °
Pin Allocation Connection example
Supply voltage Vec 5V+5% 1 Motor +
Typical current draw 2 channel 11 mA 2 Ve . —_— — = Line receiver
Typical current draw 3 channel 14 mA 3 GND § - — Recommended IC's:
Output signal TTL compatible g g"ﬁ‘or A 2 -SN75175
Phase shift & 90° = 45% & Channel A 2 JT1I1 2oL a2
Index pulse width 90° + 45°% 7 Channel B % R n_l_l
Operating temperature range -25...+85°C 8 Channel B & _.l—_,_|_—_r
Moment of inertia of code wheel < 0.09 gcm? 156 +10 ‘ 18* 8::2:2: : }:zgzg _|_|_|_
Output current per channel max. 5 mA == _I—L'-
DIN Connector 41651/ —l_,_L R
fat band cable AWG 25 — === >
*version with 3 channels | I
- = = = n
I | R }
The index signal I is synchronized with channel A or B. Opt. terminal resistance R > 1 kQ
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Appendix B. Data-sheets Maxon parts 92

Encoder MR Type M, 128-512 CPT, 2/3 Channels, with Line Driver

Cycle C = 360°e

Pulse P = 180°e
Uhigh
T Channel A
ULow Phase shift | ® 90°€
UHigt
Channel B
ULow
UHigh
Channel |
ULow
S3 Sy4 S So  [S1.4=90%
As < 45°%

Direction of rotation cw (definition cw p. 60)

Il Stock program
[ Standard program
Special program (on request)

Part Numbers

228179 228177 228181 228182 201937 201940

Counts per turn 128 256 256 512 512
Number of channels 2 3 2 3 2 3
Max. operating frequency (kHz) 80 80 160 160 320 320
Max. speed (rpm) 37500 37500 37500 37500 37500 37500

maxon Modular System

+ Motor Page  + Gearhead Page @ Enc [mm] Overall length [nm] / @ see Gearhead
EC-max 16,5W 219 16 31.3 31.3 31.3 31.3 31.3 31.3
EC-max 16,5W 219 GP 16, 0.1 - 0.6 Nm 328/329 16 ° ° ° ° ° °
EC-max 16,5 W 219 GP 16 S 369/370 16 ° ] ] ° ° °
EC-max 16,8 W 221 16 43.3 43.3 43.3 43.3 43.3 43.3
EC-max 16,8 W 221 GP 16, 0.2 - 0.6 Nm 329 16 ° ° ° ° ° °
EC-max 16, 8 W 221 GP 22,0.5-2.0 Nm 336 16 ° ° ° ° ° °
EC-max 16, 8 W 221 GP 16 S/GP 22 S 369/373 16 ° ) ) ° ° °
EC-max 22, 12W 222 16 M7 M7 1.7 4.7 M7 417
EC-max 22, 12W 222 GP 22,0.5-2.0Nm 336/337 16 ° ° ° ° ° °
EC-max 22, 12W 222 KD 32, 1.0 - 4.5 Nm 352 16 ° ° ° ° ° °
EC-max 22, 12W 222 GP22S 372/373 16 ° ] ] ° ° °
EC-max 22,25 W 223 16 58.2 58.2 58.2 58.2 58.2 58.2
EC-max 22,25W 223 GP 22/GP 32 337/347 16 ° ° ° ° ° °
EC-max 22,25 W 223 GP 328 374-379 16 ° ° ° ° ° °
Pin Allocation Connection example
Supply voltage Vce 5V 5% 1 NG T——
Typical current draw 2 channel 11 mA 2 Ve g Voo Q= = = =— Recommended IC's:
Typical current draw 3 channel 14 mA i rC\l;’\(l:D ‘05, GNDQ=— — — — :hsﬂﬁ;gf%
Output signal TTL compatible - 5 - AM 26 LS 32
Phase shift ® 90° + 45°% 2 Spannel i % chamel I1irl L
Index pulse width 90°% = 45° 156 £10 ‘ 7 Channel B g I T R
Operating temperature range -25...+85°C g* 822222: TB(Index) Chamel AQ— — — —
Moment of inertia of code wheel = 0.09 gcm? | R Encoder EG-max 16/ EG-max 22 10* Ghannel | (Index) B I | I
Output current per channel max. 5 mA ChannelBQ=—=_ =— — = : _|_|_|'
DIN Connector 41651/ —l_,_l_ R
EN 60603-13 Channel BQ=— — =— —
flat band cable AWG 28
*version with 3 channels Chamnell O— = — —
g e 1
300 10 ‘ Channel | —— ——
MR Encoder EC 16 / EC 22
The index signal 1 is synchronized with channel A or B. Opt. terminal resistance R > 1 kQ
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Encoder MR Type S, 64-256 CPT, 2 Channels, with Line Driver

Cycle C = 360°¢

Pulse P = 180°e
Uhiigh
Channel A
U
Low Phase shift
[ @ 90°6
ﬂ ‘ ¢ . : Uhiigh
Channel B
G ULow
S3 S4 S1 S2  |S1.4=90%
[ As < 45°%

Direction of rotation cw (definition cw p. 60)

Il Stock program
[ Standard program

Special program (on requesf) 323049323050 334910 |[FPENERN 323052 | 323053 323054

Part Numbers

Counts per turn 64 64 100 128 128 256 256

Number of channels 2 2 2 2 2 2 2

Max. operating frequency (kHz) 80 80 100 160 160 320 320

Max. speed (rpm) 75000 75000 60000 75000 75000 75000 75000
‘ overall length ‘ overall length

maxon Modular System

+ Motor Page + Gearhead Page @ Enc [mm]  Overall length [nm] / @ see Gearhead

RE 8,0.5W, A 99 8 22.6

RE 8,0.5W, A 99 GP 8,0.01 -0.1 Nm 318 8 .

RE 8,05 W, A 99 GP8S 367-368 8 °

RE 10, 0.75 W 101 10 22.8 22.8 22.8

RE 10,0.75 W 101 GP 10, 0.005 - 0.15 Nm 319/320 10 ° ° °

RE 10, 1.5 W 103 10 30.4 30.4 30.4

RE 10, 1.5W 103 GP10,0.005-0.15Nm 319/320 10 ° ° °

RE 13, 0.75 W 106 13 26.3 26.3 26.3

RE 13,0.75 W 107 13 28.7 28.7 28.7

RE 13, 0.75 W 107 GP 13, 0.05 - 0.15 Nm 322 13 ° ° °

RE 13,0.75 W 107 GP 13,0.2 - 0.35 Nm 323 13 ° ° °
RE13,2W 110 13 38.5 38.5 38.5

RE 13,2 W 111 13 40.9 40.9 40.9
RE13,2W 111 GP 13, 0.05 - 0.15 Nm 322 13 ° ° °

RE 13,2 W 111 GP 13,0.2-0.35 Nm 323 13 ° ° °

RE 13,1.5W 114 13 28.4 28.4 28.4

RE 13,1.5W 115 13 30.8 30.8 30.8

RE 13, 1.5 W 115 GP 13, 0.05 - 0.15 Nm 322 13 ° ° °

RE 13,1.5W 115 GP 13,0.2 - 0.35 Nm 323 13 ° ° °

RE 13,3 W 118 13 40.6 40.6 40.6

RE 13,3 W 119 13 43.0 43.0 43.0

RE 13,3 W 119 GP 13, 0.05 - 0.15 Nm 322 13 ° ° °

RE 13,3 W 119 GP 13,0.2-0.35 Nm 323 13 ° ° °

A-max 12,05 W 138 12 25.3 25.3 25.3

A-max 12,05 W 138 GP 10, 0.01 - 0.15 Nm 320 12 ° ° °

A-max 12,05 W 138 GS 12, 0.01 - 0.03 Nm 321 12 ° . °

A-max 12,056 W 138 GP 13, 0.05 - 0.15 Nm 322 12 ° ° °

A-max 12,05 W 138 GP 13,0.2-0.35 Nm 323 12 ® ° °
Pin Allocation Connection example

SUPP'V voltage Ve 5V 5% Part Numbers 323049-323054 1 Motor + 5 Line receiver
Typical current draw 11 mA| Pin1-10/X=0.3+0.05/Y=11-0.1/L=80%3 2 Vg z Recommended IC's:
Output signal TTL compatible | Compatible connector: 3 GND ° :MC 3486
Phase shift ® 90% + 45°% l};/!olex 52207-1033, Tyco 1-84953-0 4 Motor— |5 Veo _i:‘ng‘zg ®
. itch 1.0 mm, top contact style 5 Channel A 5 GND

Operating temperature range -25...+85°C 6 ChannelA ||38

Moment of inertia of code wheel < 0.005 gcm? 7 ChamnelB || &

Output current per channel max. 5 mA . g ﬁhgnne' B Channel A

> 10

ED__ N.C. Channel A

- Channel B
¢= 1 Motor +
2 Ve Channel B
3 GND
4 Motor- _
Part Numbers 334910 5 Channel A
Pin1-8/X=0.3+0.03/Y=4.5+0.07/L=84+3 6 Channel A
Compatible connector: 7 Ch IB . . .
Mo,eﬁ 52745-0833 8 Chgzﬂ; g |Terminal resistance R = typical 120 Q

Capacitor C = 0.1 nF per m line length

414 maxon sensor June 2018 edition / subject to change






Appendix C

Visualization script

% Initialize PERA

Create the Link object , with the 3 joints from DH table

L(l) = Link('revolute','d',0,'a',0,'alpha',pi/2, 'modified"', 'offset',0) ;
L(2) = Link('revolute',b'd',—.32,'a',0,'alpha',—pi/2, 'modified', 'offset',0) ;
L(3) = Link('revolute','d',0,'a',0,'alpha',pi/2, 'modified"', 'offset',—pi/2) ;
% Create homogeneous transformation matrix from final joint to end—effector
A34 = [1 0 0 12/25; 01 0 0; 0O 1 0; 00O 171;

© 0 N o oA W N R

10 % Create and plot PERA

11 PERA = Seriallink (L, 'name', "PERA'");

12 PERA.tool = A34;

13 PERA.plotopt ={'workspace' , [-.5 .5 —=.5 .5 —=1.2 .5]} ; % Zero configuration

14 PERA.plot ([0 0 0])

15 % PERA.plotopt ={'workspace' , [—.2 1 —.5 .5 —.6 .4]} ; % Example configuration
(gl=20 deg; g3=70 degqg)

16 % PERA.plot ([(2%pi)/18 0 (7xpi) /18]

17 % PERA.teach

18

19 %% Desired circle trajectory simulation
20 traj = ct(.2,1,2);

21 figure (1)
22 PERA.plot (traj, 'trail', {'r', 'LineWidth', 1})

24 %% Simulated trajectory simulation
25 load('simulated_trajectory.mat', 'controller_ trajectory_simulation')

26 gl = controller_trajectory_simulation(2,1:10:end);

27 g2 = controller trajectory_simulation(3,1:10:end);

28 g3 = controller_ trajectory_simulation(4,1:10:end);

20 figure(2)

30 % PERA.plotopt ={'workspace' , [—-.1 .8 —.4 .3 —.9 .11} ;
31 PERA.plot ([gl' g2' g3'],'trail',{'r', 'Linewidth',1})

32

33 %% Experimental trajectory simulation
% Data of the experiment is imported in columns via import button
35 gll = gl(1:3:4002);
36 g2l = g2(1:3:4002);
37 g3l = g3(1:3:4002);

39 PERA.plot ([gll g2l g31], 'trail',{'r', 'LineWidth',1})

41 %% Circle trajectory function
42 function circle_trajectory = ct(r,T,time)

43 % Draw a circle on a plane in the direction of Y

44 % Input: Radius of circle, Period for drawing a circle, Time duration in seconds
45 % Output: Trajectory planning for joints gl, g2, g3

46 t = 0:0.005:time;

47 s = length(t);

48 gl = zeros(l,s);

49 g2 = asin(r/.48)*sin((2+pi/T)*t);

50 g3 = ones(l,s)*pi/2 — asin(r/.48)*cos ((2xpi/T)*t);
51 circle_trajectory = [gl' g2' 93'];
52 end
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38
39
40
41
42
43
44
45
46
47
48
49

%% Initialize

gl = sym('gl','real');
sym('g2', 'real'");
g3 = sym('g3','real');
q = [ql;qg2;q3];

pl = sym('pl', 'real');
sym('p2', 'real');
p3 = sym('p3', 'real');
p = [plip2;p3];

Q
N
I

'O
N
Il

x1l = sym('xl', 'real');
x2 = sym('x2','real');
x3 = sym('x3','real');
x = [x1;x2;x3];

states=[qg;p;x];

rl = sym('rl', 'real');
r2 = sym('r2','real');
r3 = sym('r3','real');

R=diag([rl,r2,r3]);

k1 sym('kl', 'real");
k2 sym('k2"', 'real');
k3 = sym('k3','real');
K=diag([k1l,k2,k3]);

al = sym('al', 'real');
a2 = sym('a2','real');
a3 = sym('a3', 'real');
a = [al;a2;a3];

bl = sym('bl', 'real');
b2 sym('b2", "real');
b3 sym('b3', 'real');
b = [bl;b2;b3];

T=[(26843545600%5~ (1/2))/(1509102191936324763648sin (ql) "2 +
110317174072316078125)~(1/2), 0, 0; 0,
(26843545600%7616037329846245771365~ (1/2))/1523207465969249154273,
— (26843545600%5~ (1/2) *cos (ql)) /(1619419366008640841773 —
1509102191936324763648+cos (ql) ~2)~(1/2), 0, (20%195~(1/2))/39];

£f1=Tx*p;
f2=—transpose (T) xa.*tanh (b.* (g+x)) ;
f3=—Rx* (a.xtanh (b.*x (g+x) ) +K*x) ;

f=[£1;£f2;£3];
A=[diff(f,ql),diff(f,g2),diff(£f,93), ...

diff (f,pl),diff (f,p2),diff(£,p3), ...
diff (f,x1),diff (£,x2),diff (£,x3)];

0;
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50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

%% Trial and error substitution
% Substitute equilibrium

Al=subs (A, {ql g2 g3 pl p2 p3 x1 x2 x3},...
{00000O0O0O0O0};

% Substitute gains

A2=subs (Al, {rl r2 r3 k1 k2 k3 al a2 a3 bl b2 b3},...
{0.0001 0.00001 0.055 10 20 100 11 2 6 120 100 120});

% Compute eigenvalues
e=vpa (real (eig(A2)),2);

%% Tuning loop
eigmax0=0;
eigmax1=0;
eigmax2=0;
eigmax3=0;
tuningl=zeros (3,1
tuning2=zeros (3,1
tuning3=zeros (3,1
)
)
)
)

’
’

;
Current eigenvalues
Best eigenvalues
Second best eigenvalues
Third best eigenvalues

eig0=zeros (9,1
eigl=zeros (9,1
eig2=zeros (9,1
eig3=zeros (9,1
errors=0;
e = eig(Al)
fileID=fopen('myfile.txt', 'w');
% tic;
for i=[0.001:0.0005:0.011 0.02:0.0025:0.11 0.15:0.05:0.7]
for 3=[0.01:0.01:0.14 0.15:0.05:1.1 2:0.5:11 20:5:100]
for k=[50:2:150]

eigO=subs (e, {rl r2 r3 k1l k2 k3 bl b2 b3},{i 1 i J J Jjk k k});

fprintf (fileID, '%6.3f\n"', [1i J k]);

fprintf (£fileID, '\n'");

try

)
)
)

’

’

o° o

’

eigmaxO=max (real (vpa (eig0, 2)

)i
eigminO=min (real (vpa(eig0,2)));
upperlimit=logical (eigmax0<0)
lowerlimit=logical (eigmin0>—2
catch
fprintf('Failed for i=%6.3f, j=%6.3f, k=%6.3f\n',[i, Jj, kI)
errors=errors+l;
end
if upperlimit==1 && lowerlimit==
if eigmax0O<eigmaxl
eig3=eig2;
tuning3=tuning2;
eigmax3=eigmax2;
eig2=eiqgl;
tuning2=tuningl;
eigmax2=eigmaxl;
eigl=eigO0;
tuningl=[1i; j;k];
eigmaxl=eigmax0;
fprintf (£fileID, 'New best:\n');
fprintf (filelID, '$6.3f\n',tuningl);
elseif eigmaxO<eigmax2
eig3=eig2;
tuning3=tuning2;
eigmax3=eigmax2;
eig2=eig0;
tuning2=[1i;j;k];
eigmax2=eigmax0;
elseif eigmaxO<eigmax3
eig3=eig0;
tuning3=[1i;j;k];
eigmax3=eigmax0;
end
end
end
end
end

0);
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% toc

fprintf ('There were %d errors\n',errors)

fprintf ('The best solution was:\n')

vpa (eigl, 2)

fprintf ('With i=%6.3f, j=%6.3f, k=%6.3f\n',tuningl)
fprintf ('The second best solution was:\n')

vpa (eig2,2)

fprintf ('With i=%6.3f, J=%6.3f, k=%6.3f\n',tuning2)
fprintf ('The third best solution was:\n'")

vpa (eig3,2)

fprintf ('With i1i=%6.3f, J=%6.3f, k=%6.3f\n',tuning3)

fclose (filelD);







Appendix E

Simulation model

The simulations were preformed in Simulink® using the fixed-step ode8 (Dormand-Prince) solver
method with a step size of 0.005. This step size is chosen to match the sampling rate of the actual
PERA control loop. The MATLAB® code in the function (fcn) block in the model is given below.

Original system

simulated_trajecto

8

q1, 92, g3, P1, P2, P3, x_c1, x_c2, x_c3 Positions

3

Momenta

output
fcn

[0+

g_bar3

Pasition error

Figure E.1: Simulink® model used for simulations

1 function output = fcn(x)

2 gl = x(1);

3 g2 = x(2);

4 93 = x(3);

5 9 = [gl; g2; g3]; % Joint positions

6 Pl = x(4);

7 P2 = x(5);

8 P3 = x(6);

9 P = [Pl; P2; P3]; % Transformed momenta

10 x_cl = x(7);

11 X_c2 = x(8);

12 x_c3 = x(9);

13 X_c = [x_cl; x_c2; x_c3]; % Artificial state
14 t = x(10);

15

16 % Trajectory: Circle parameters

17 r = .2; % Radius of circle in meters

18 T = 15; % Period for drawing a circle in seconds
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20 % Trajectory: Desired positions

dl = 0;

22 d2 = asin(r/.48)xsin ((2+pi/T) xt);

23 g_d3 pi/2 — asin(r/.48)xcos ((2*pi/T) *t);
24 q.d = [g_dl; g_d2; g_d3];

25

21 q_
a_

o

26 % Trajectory: Derivative of desired positions

27 dg_dl = 0;

28 dg_d2 = (2xpi*asin((25+r)/12)xcos((2+pixt)/T))/T;

20 dg_d3 = (2+*pixasin((25%r)/12)*sin((2xpi*t)/T))/T;

30 dg_d = [dg_dl; dg_d2; dg_d3];

31

32 % Error positions

33 g _bar = g — g_d;

34

35 % Desired transformed momenta

36 P_d = [0; (2580715296368087%7616037329846245771365"(1/2) *pixcos((2«pi*t)/15))...

37 /6044629098073145873530880000; ...

38 (2580715296368087x195%(1/2) xpixsin((2xpixt)/15))/...

39 45035996273704960007;

40 % Derivative of desired transformed momenta

41 dpP_d = [O0;

42 —(2580715296368087%7616037329846245771365” (1/2) *xpi”2+sin ((2xpixt)/15))/...

43 45334718235548594051481600000; .. .

44 (2580715296368087%195" (1/2) xpin2+cos ((2xpixt)/15))/33776997205278720000];

45 % Error transformed momenta

46 P_bar = P — P_d;

47

48 % System matrices and gains

49 % Cholesky transform of the inertia matrix (Lower triangular, such that
M*—1=T+T"T and P=T"T x p):

50 psi = [(26843545600%«5"(1/2))/(1509102191936324763648*sin(gl)"2 +
110317174072316078125)~(1/2), 0, 0; O,
(26843545600%7616037329846245771365"(1/2))/1523207465969249154273, 0;
—(26843545600%5”(1/2) xcos(gl))/(1619419366008640841773 —
1509102191936324763648+cos (gql)~2)~(1/2), 0, (20%x1957(1/2))/391;

51 % Gyroscopic forces matrix

52 J2 = zeros(3,3);

53 alpha = [11;1.7;6]; % Chosen s.t. saturation limits cannot be exceeded

54 beta = [40; 30; 30

55 K_c = diag ([l 2 .1

s6 R_c = diag([.4 .11

57

58 % Potential energies

59 dvVdg = [6.17xsin(gl) + 1.57+cos(g3)+*sin(gl) + 1.57+sin(g3) *cos(gl)*cos(g2);
—1.57%xsin(g3) *sin(gl) *sin(g2); 1.57+sin(g3)*cos(ql) +
1.57*xcos (g3) xcos (g2) xsin(qgl) ];

60 dV_ddg d = [6.17%sin(g_dl) + 1.57%cos(g_d3)xsin(g_dl) +
1.57*sin(g_d3) xcos (gq_dl) xcos(g_d2); —1.57*sin(g_d3)*sin(g_dl)*sin(q_d2);
1.57*sin(g_d3)*cos(gq_dl) + 1.57xcos (gq_d3)*cos(q_d2)*sin(g_dl)];

7

)
0.51);

61

62 % Gradients of Hamiltonian

63 % H = 1/2+«P_bar.'xP_bar + V(q)

64 dHdg = dvdg;

65 dHAP = P;

66

67 % Input

68 = g_bar + x_c;

69 dphidz = [alpha(l)+tanh(beta(l)*z(1l)); alpha(2)+tanh (beta(2)*z(2));
alpha (3) tanh (beta (3) *xz (3))1;

70 u_bar = dvdg — dv_ddg_d — dphidz;

71 u_d = dv_ddg d + (psi.')\dP_d;

72 U = u_bar + u_d;

73

74 % Time—derivatives of states

75 dgq = psixdHdP;

76 dP = (—psi.')xdHdg + J2xdHdP + (psi.')~*u;

77 dx_c = —R_cx (K_c*x_c + dphidz);

78

79 % Output

8o output = [dg; dP; dx_c; u; g_bar];

N
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Trajectory generation script

The 20th order polynomial approximations of the desired joint trajectories to let the end-effector
of the PERA follow the shape of a lemniscate are given by

qa1 =3.0-10710420 —4.2. 10719 + 2.7 10712 — 1.0- 1071917 4 2.7. 107 %¢1¢
—4.9-1078%Y +6.6-107"t"* —6.3-107%13 +4.2.107°¢'2 — 1.7 10~ 4!
+1.4-107%1° +3.3-107%¢7 — 0.025¢% + 0.1¢7 — 0.26t° + 0.43¢> — 0.45¢*

+0.31¢3 — 0.15¢2 — 0.021¢ + 0.046

Qoo =—18-107" %20 4+ 27. 1072 %19 — 1.8 107" % ¢® 4 7.5. 10710 5417
—21-107 8%t 4+43-107" %t —6.6-10C «¢t'* +7.6-107° ¢! —6.8- 107 * x ¢12
+4.7-1073 %t —0.025 %0+ 0.1 %t — 031 %5 +0.69 %7 — 1.1 %t +1.2%¢°

—0.84xt* +0.37%t3—0.19%t2 —0.014 %t + 0.5

Qa3 =22-10710 %20 —4.9. 107 %19 4+ 4.6- 1072 % ¢'® —25. 10710 %17 +8.9. 1077 % ¢'°
—22- 107" %t 442107 %t —5.9- 1077 « 13 +6.3- 1074 % ¢t!12 = 5.2.1073 x 1!
400335110 — 016t +0.6%t5 —1.6%t7 +33%t0 —46%t0 +44%t* —2.7%¢3

+0.87%t24+0.16 ¢ + 1.4.

Similarly, the polynomial approximations of the desired joint trajectories to let the end-effector of
the PERA follow the shape of a heart are given by

qa1 =8.9-10710 %20 — 13- 107 %194+ 9.3. 1072 % ¢1® —4.0- 10710 %17 +1.2. 1078 % ¢1°
—25-107 "%t +4.0-107 %™ —4.9- 10 % %13 +4.7-107* % ¢'2 = 35- 1073 % ¢!
+0.021 %t —0.003 xt? +0.32% 5 —0.84 %7 +1.6%t5 —2.2%x > +2.0xt* — 1.1 % ¢3

+0.22%¢2—0.042%t +0.19



Appendix F. Trajectory generation script 104

Qa2 =1.7-1072 %2 +1.1- 1075 % — 1.6 - 1073 %t + 1.1 107 %17 — 4.3 . 10710 5 ¢1©

+1.2-1078%¢° —-23- 107" %t +32-107 0%t —35-10° %12 +2.9. 10" * x ¢!
—1.8:107% %19 +82-1073 % #° —0.028 x 8 + 0.067 x t” — 0.1 % 5 + 0.089 * ¢°

—6.8-107*%t* —0.085 %> +0.024xt2—5.0-10 3t +2.2-10~*

Qa3 =—T73-10710%¢20 4+ 1.1-107 3 %12 —7.6-1072 % +3.2. 10710 %17 — 9.4. 1079 % !¢

+20-1077 %% —-32.-107 %%t +3.9-107° %t —3.7- 107 %2 +2.7- 1073 % ¢!
—0.016%t0 £ 00712 —024%t34+0.62%t — 12510 1 1.6%t° —1.4xt* 1 0.76 %13

—0.018 2 +0.029 x t + 0.71.

Because of the great length of the expressions for the desired input for both shapes, these expres-
sions are not given here. The MATLAB® script used to define the trajectories is given below.
Note that the scripts in Appendices [C] and [E] need to be ran prior to running this script, as the
matrix ¥ (T in the script) and the SerialLink object that represents the PERA (PERA) are needed
to compute the desired input and the inverse kinematics, respectively.
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38
39
40
41
42
43
44
45

o\

% Inverse kinematics to generate trajectory: lemniscate

=0:0.005:15;

=0.2;

1=0.36;

L2=0.48;

r=0.2;

period=15;

x_lemniscate=zeros (length(t),1);

y_lemniscate=zeros (length(t),1);

z_lemniscate=zeros (length(t),1);

lemniscate_trajectory=zeros (length(t), 3);

for i=l:1length(t)

x_lemniscate (i) =sqrt (L2"2—r"2);

y_lemniscate (1)=0.8+* (axsqrt (2) xcos (((2+pi) /period) *t (i)))/ (sin(((2+pi)/period) ...
(
(

t=0
a=0
Ll=

*t (1)) xsin(((2+pi) /period) xt (1))+1);

z_lemniscate (i) =(a*sqrt (2) xcos (((2xpi) /period) «t (1)) *sin(((2xpi) /period)*t (i))) ...
/(sin (((2xpi) /period)t (1)) *sin(((2*pi)/period)*t(i))+1)—L1;
translation=transl (x_lemniscate (i), y_lemniscate(i),z_lemniscate(i));

g = PERA.ikine(translation, 'mask',[1 1 1 0 0 01]);

lemniscate_trajectory(i,1)=q(l);

lemniscate_trajectory (i, 2)=q(2);

lemniscate_trajectory (i, 3)=q(3);

% Inverse kinematics to generate trajectory: heart

r=0.2;
period=15;
x_heart=zeros (length(t),1);
y_heart=zeros (length(t),1);
z_heart=zeros (length(t),1);
heart_trajectory=zeros (length(t), 3);
for i=1l:1length(t)
x_heart (i) =sqrt (L2"2—r"2);
y_heart (i)=a* (16 (sin (((2xpi) /period) (Lt (i)—7.5)))"3);

z_heart (i) =ax* (13*cos (((2+pi) /period) * (£t (1)—7.5))—5%cos (((4*xpi)/period)* (t (i)—7.5))|. ..

—2%cos (((6xpi)/period)* (Lt (i)—7.5))—cos (((8*pi)/period) *(t(i)—7.5)))—0.4;
translation=transl (x_heart (i), y_heart (i), z_heart (i));

g = PERA.ikine(translation, 'mask',[1 1 1 0 0 01]);
heart_trajectory (i, 1l)=g(l);

heart_trajectory (i, 2)=g(2);

heart_trajectory (i, 3)=g(3);




105

46 end

a7

48 %% Plot: lemniscate

49 % PERA.plot (lemniscate_trajectory, 'trail', {'r', 'LineWidth',1})

50
51 figure (5)

52 p_lemniscatel = polyfit(t',lemniscate_trajectory(:,1),20);
53 plot (t,lemniscate_trajectory(:,1),'r")

54 hold on

55 plot (t, polyval (p_lemniscatel, t),'k")

56 title('g 1l (lemniscate trajectory)"')

57 grid

58

59 figure (6)

60 p_lemniscate2 = polyfit(t',lemniscate_trajectory(:,2),20);
61 plot (t,lemniscate_trajectory(:,2),'m")

62 hold on

63 plot (t, polyval (p_lemniscate2, t),'k")

64 title('g 2 (lemniscate trajectory)')

65 grid

66

67 figure (7)

68 p_lemniscate3 = polyfit(t',lemniscate_trajectory(:,3),20);

69 plot (t,lemniscate_trajectory(:,3),'b")

70 hold on

71 plot(t, polyval (p_lemniscate3, t),'k")

72 title('g_3 (lemniscate trajectory)')

73 grid

74

75 %% Plot: heart

76 % PERA.plot (heart_trajectory, 'trail', {'r', 'LineWidth',1})

77

78 figure (8)

79 p_heartl = polyfit(t',heart_trajectory(:,1),20);

8o plot (t,heart_trajectory(:,1),'r")

81 hold on

82 plot(t, polyval (p_heartl, t),'k")

83 title('g_ 1l (heart trajectory)')

84 grid

85

86 figure (9)

87 p_heart2 = polyfit (t',heart_trajectory(:,2),20);

88 plot (t,heart_trajectory(:,2),'r")

8o hold on

90 plot(t, polyval (p_heart2, t),'k")

91 title('g 2 (heart trajectory)')

92 grid

93

94 figure(10)

95 p_heart3 = polyfit (t',heart_trajectory(:,3),20);

96 plot (t,heart_trajectory(:,3),'r")

97 hold on

98 plot(t, polyval (p_heart3, t),'k")

99 title('g 3 (heart trajectory)')

100 grid

101

102 %% u_d for all shapes

103 t = sym('t', 'real');

104 g_dl_lemniscate=0; g_d2_lemniscate=0; g_d3_lemniscate=0; g_dl_heart=0;
g _d2_heart=0; g_d3_heart=0;

105 for i=1:21

106 g _dl_lemniscate=qg_dl_lemniscate + p_lemniscatel (i)*t"{(21—1);
107 g_d2_lemniscate=qg_d2_lemniscate + p_lemniscate2 (i)*t~{(21—1);
108 g_d3_lemniscate=q_d3_lemniscate + p_lemniscate3 (i)*t~{(21—1);
109 g_dl_heart=qg_dl_heart + p_heartl (i)*t"{(21—-1);

110 g_d2_heart=qg_d2_heart + p_heart2 (i)*t"{(21—1);

111 g_d3_heart=qg_d3_heart + p_heart3(i)*t"{(21-1);

112 end

113 dg_dl_lemniscate = diff (g _dl_lemniscate,t);

114 dg_d2_lemniscate = diff (g_d2_lemniscate,t);

115 dg_d3_lemniscate = diff (g _d3_lemniscate,t);

116 dg_d_lemniscate = [dg_dl_lemniscate; dg_d2_lemniscate; dg_d3_lemniscate];
117 dg_dl_heart = diff (g_dl_heart,t);
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106

dg_d2_heart = diff (g_d2_heart,t);
dg_d3_heart diff (q_d3_heart,t);

120 dg_d_heart = [dg_dl_heart; dg_d2_heart; dg_d3_heart];

121

122 P_d_lemniscate = (subs(T, {gl, g2, g3}, {g_dl_lemniscate,
g_d3_lemniscate}))\dg_d_lemniscate;

123 dP_d_lemniscate = diff(P_d_lemniscate,t);

124 u_d_lemniscate = ((subs(T, {gl, 92, g3}, {g_dl_lemniscate,
q_d3_lemniscate})).')\dP_d_lemniscate;

125

126 P_d_heart = (subs(T, {gl, g2, g3}, {g_dl_heart, g _d2_heart,

127 dP_d_heart = diff (P_d_heart,t);

128 u_d_heart = ((subs(T, {gl, 92, 93}, {g_dl_heart, g_d2_heart,

q_d3_heart})).')\dP_d_heart;

g_d2_lemniscate,

g_d2_lemniscate,

q_d3_heart}))\dg_d_heart;
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Model of the five degrees of freedom
PERA

The elements of the inertia matrix of the five DoF PERA, i.e. M(q) € R>*®  are given by
mit =T oo+ Dooe + Lo + oo + Is oo + Limg + Limg + 2L3ms + 2L3ms — Limy cos®(q1)
— L3my cos?(q1) — 2L2ms cos?(q1) — 2L3ms cos®(qa) + 4Ly Lyms cos(gs)
+ 2L3ms cos?(q1) cos®(ga) — 2L3m3 cos®(q1) cos?(qz) + 2L3ms cos?(qz) cos®(g3)
— 2L3mg cos® (q1) cos®(g2) cos?(g3) — 4Ly Lamg cos” (q1) cos(g3)
+ 4L2m3 cos(qy) cos(ga) cos(gs) sin(q1 ) sin(gs) + 4L1 Lams cos(qy) cos(gz) sin(q1 ) sin(gs)
mia = — 2Lamg sin(ga) (L1 cos(q1) sin(gs) — La cos(ge) sin(g1) + Lo cos(q1) cos(gs) sin(gs)
+ Lz cos(qz) cos® (g3) sin(q1))
mi3 =73 .. c08(q1) + Iy .- cos(q1) + L5 - cos(q1) + 2L5m cos(q1) — 2L3mg cos(q1) cos®(g3)
4 2L Loms cos(qz) sin(g1) sin(gs) + 2L3ms3 cos(qz) cos(gs) sin(g1) sin(gs3)
miq =sin(q1) sin(ga)(2msL3 + 2L1mz cos(qz) Lo + L 2» + Is »2)
mis =5, sin(q1) sin(gz)
Moy = — 2Lymy sin(ga) (L1 cos(q1) sin(gs) — Lg cos(ga) sin(g1) + Lo cos(q1) cos(gs) sin(gs)
+ Lz cos(qz) cos® (g3) sin(q1))
Moz =To oo + Lo + Laez + I o + L3my + Limg + 2L3m3 + 2L32ms3 cos?(q2) + 2L3m3 cos®(g3)
+ 4L Loms cos(qz) — 2L3ms cos?(ga) cos®(g3)
mag = — 2Lamg sin(gz) sin(gs) (L1 + Lz cos(gs))
Moy = cos(qg)(ngLg +2Lymscos(qs) Lo + T4 zr + Ts.22)
mas =Zs . cos(q2)
ma1 =I5, c08(q1) + T4,z cos(q1) + Ts, 5 cos(q1) + 2L3ms cos(q1) — 2L3ms3 cos(q1) cos(qs3)
+ 2Ly Lymy cos(ga) sin(qu) sin(gs) + 2L3ms cos(gz) cos(gs) sin(qr) sin(gs)
mzz = — 2Lamg sin(gz) sin(q3) (L1 + Lz cos(gs))
mas =Zs.. + Ly o + Ts oo + 2L3my sin®(g3)
mzg =0
mss =0
ma1 =sin(q1) sin(ga)(2msL3 + 2L1mz cos(qz) Lo + L 2» + Ts »2)
mya = cos(qa)(2ma L3 4+ 2L1ms cos(qz) Lo + Za .. + Ts....)

mays3 =0



Appendix G. Model of the five degrees of freedom PERA 108

v :2m3Lg + I4,zz + I5,zz
mys5 :IS,zz
ms1 =I5 .- sin(q1) sin(qz)

ms2 =I5, cos(g2)

msz =0
Msa =Ls 2
mss =Ls -

Substitution of parameters yields

my; =0.072cos(qz) — 0.42 cos?(qy) — 0.031 cos?(g2) — 0.072 cos?(q1) cos(gz) + 0.031 cos?(q1) cos?(¢2)
—0.031 cos?(q1) cos?(g3) + 0.031 cos?(gz) cos?(gq3) — 0.031 cos?(qy) cos?(gz) cos?(g3)
+0.072 cos?(q1) cos(ga) sin(q1 ) sin(gz) 4 0.063 cos(g1) cos(gz) cos(gsz) sin(qy ) sin(gs) + 0.49

mig = — 4.5 - 1073 sin(ga) * (8 cos(q1) sin(gs) — 7 cos(gz) sin(q1) + 7 cos(gz) cos?(g3) sin(q1)
+ 7 cos(q1) cos(gz3) sin(gs))

miz =0.038 cos(q1) — 0.031 cos(q1) cos®(g3) + 0.036 cos(gz) sin(g1) sin(gs3)
+ 0.031 cos(gz) cos(gs) sin(qy ) sin(gs)

mis =6.9 - 10™* sin(q1) sin(ga) * (5.2 - 10%° cos(qz) + 4.7 - 10%)

mys =7.3 - 10~ *sin(q; ) sin(qz)

Moy = — 4.5 - 1073 sin(ga) * (8 cos(q1) sin(gs) — 7 cos(gz) sin(q1) + 7 cos(gz) cos?(g3) sin(q1)
+ 7cos(q1) cos(gs) sin(gs))

Mg =0.072 cos(qz) 4 0.031 cos?(go) + 0.031 cos?(g3) — 0.031 cos?(go) cos?(g3) + 0.43

ma3 = — 4.5 - 10~ sin(ga) sin(gs) * (7 cos(g3) + 8)

Moy =6.9 - 1072 cos(gq) * (5.2 - 10%° cos(g3) + 4.7 - 10%Y)

mas =7.3 - 107* cos(g2)

ms; =0.038 cos(q1) — 0.031 cos(q1) cos?(g3) + 0.036 cos(qz) sin(q1 ) sin(g3)
+ 0.031 cos(gz) cos(gs) sin(qy ) sin(gs)

msp = — 4.5 - 107 sin(g) sin(gs) * (7 cos(gsz) + 8)

mas =0.031sin?(g3) + 6.9 - 1073

msq =0

mgzs =0

my =6.9 - 107 * sin(q1) sin(ga) * (5.2 - 10%° cos(qz) + 4.7 - 10%)
Mmas =6.9 - 1072 cos(ga) * (5.2 - 10%° cos(g3) + 4.7 - 10%Y)

mas =0
™Maq =0.033
mys =7.3-107*

ms1 =7.3 - 10~ *sin(q; ) sin(gz)
mso =7.3 - 107% cos(qo)

ms3 =0

msq =7.3 107"

mss =7.3- 107"
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a‘gi;q) € R?, are given

The elements of the vector of potential energies of the five DoF PERA, i.e.
by

vy =gma (L1 sin(q1) — %Lz(— cos(g3) sin(q1) — sin(gz) cos(q1) cos(gz)))

- 9m3(%L3(COS(Q5)(Sin(Q4)(Sin(%) sin(q1) — cos(g3) cos(q1) cos(qz)) + cos(qa)(— cos(gs) sin(q1 )
— sin(q3) cos(qy) cos(ga))) + cos(q1) sin(gz) sin(gs)) — L1 sin(q1) + La(— cos(gs) sin(gq)

— sin(gs) cos(q1) cos(q2))) + éngml sin(q)
vy = — gmg(%Lg (cos(gs)(sin(gs3) cos(qq) sin(q1) sin(ge) + cos(gs) sin(q; ) sin(g2) sin(q4))

+ cos(g2) sin(q1) sin(gs)) + Lo sin(gs) sin(gy) sin(gz2)) — %ngmg sin(qs3) sin(q1 ) sin(go)

vz =gma(La(sin(g3) cos(q1) + cos(g3) cos(gz) sin(q1)) — %LS cos(gs ) (sin(qs)(— cos(gs) cos(q1)

+ sin(gs) cos(g2) sin(q1)) — cos(qa)(sin(gs) cos(q1) + cos(gs) cos(g2) sin(q1))))

+ %LgQTﬂQ(SiH(Qg) cos(q1) + cos(gs) cos(gz) sin(qy))

s = — < Logm cos(as) (sin(as)(~ cos(as) cos(ar) + sin(as) cos(a2) sin(a1)) — cos(aa) (sin(as) cos(an)

+ cos(g3) cos(qz) sin(q1)))

U5 = — é%gms(sm(%)(cos(qﬁi)(* cos(gs) cos(q1) + sin(gs) cos(qz) sin(q1)) + sin(qa) (sin(gs) cos(q1)
+ cos(gs3) cos(gz) sin(q1))) + cos(gs) sin(gy ) sin(gz))

Substitution of parameters yields

v =6.2sin(q1) — 0.13 cos(gs) (sin(qq) (sin(gs) sin(g1) — cos(qs) cos(q1) cos(qz2))
+ cos(qa)(— cos(gs) sin(q1) — sin(gs) cos(q1) cos(gz))) — 1.3 — cos(gs) sin(q; )
+ 1.3 sin(g3) cos(q1) cos(gz2) — 0.13 cos(q1) sin(gz) sin(gs)

ve = — 0.13 cos(g¢s ) (sin(gs) cos(qa) sin(gqy ) sin(gz) + cos(gs) sin(q1 ) sin(gz) sin(qa))
— 1.3 sin(g3) sin(qy ) sin(gz) — 0.13 cos(gz2) sin(q1) sin(gs)

vy =1.3sin(gs) cos(q1) — 0.13 cos(gs ) (sin(ga) (— cos(gz) cos(g1) + sin(gs) cos(gz) sin(q1))
— cos(qa)(sin(gs) cos(q1) + cos(gs) cos(gz) sin(q1))) — 1.3 — cos(qsz) cos(gz) sin(q1)

vg = — 0.13 cos(g¢s ) (sin(qa) (— cos(g3) cos(g1) + sin(gs) cos(gz) sin(q1)) — cos(ga)(sin(gs) cos(q1)
+ cos(gs) cos(gz) sin(q1)))

vs = — 0.13sin(gs ) (cos(qa) (— cos(g3) cos(q1) + sin(gs) cos(gz) sin(q1)) + sin(qa)(sin(gs) cos(q1)
+ cos(gs) cos(gz) sin(g1))) — 0.13 cos(gs) sin(q1 ) sin(gz)
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