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Summary

The SHERPA project is a European project whose goal is to develop a mixed ground and aerial
robotic platform to support search and rescue activities in a real-world environment. The fol-
lowing actors compose the basic 'SHERPA team’: a human rescuer, small scale rotary-wing
Unmanned Aerial Vehicles (UAVs), a ground rover and long endurance, high-altitude, high-
payload aerial vehicles. In order to improve the autonomous capabilities of the robotic plat-
form, a multi-functional robotic arm is installed on the rover(Marconi et al., 2012) (Barrettetal.,
2017).

The University of Twente research team has developed a 7 active Degrees of Freedom (DOF)
robotic arm for the ground rover. The arm is equipped with two variable stiffness actuators.
The VSA enables the robotic arm to become compliant and adapt its dynamic behaviour to
different tasks. High level control software is implemented in ROS running on a Intel NUC
running Ubuntu, to be able to control the robotic arm in the workspace.

In case of the SHERPA project the dynamic environment is unknown and interaction tasks with
humans or its dynamic environments is required. A particular popular control method to be
able to interact with the environment is the impedance control formulation. In order to obtain
impedance control on the SHERPA robotic arm, joint level torque control is required. This mas-
ter thesis focuses on identification, modelling of the joint characteristics and torque control by
means of the arm’s variable stiffness actuators.

Torque control on the SHERPA robotic arm is achieved by regulating the deflection of the com-
pliant joints. The output position of the robotic arm is fixed, such that during torque control
the robotic arm is in contact with the environment. For each joint a dynamic model in bond-
graphs is created and implemented in 20-sim. Simulations are performed to determine the
behaviour and characteristics of each joint. The joints are characterised in a test set-up and
curve fitting is applied to obtain the torque-deflection characteristics. The acquired torque-
deflection characteristics are implemented in the high-level software. A control loop with a PI
controller is written to perform torque control. Joint controllers convert each desired joint po-
sition into motor positions, which are sent to the ELMO motor drives. These will perform local
position control to achieve the given set-point.

Overall the torque control for the variable stiffness joints provides a good tracking of the refer-
ence torque and is validated with experiments. With this approach joint level torque control
for the variable stiffness joints is accomplished and the objectives for this master thesis are
satisfied.

Robotics and Mechatronics J.Jager
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1 Introduction

1.1 The SHERPA project

The SHERPA project is a European project whose goal is to develop a mixed ground and aerial
robotic platform to support search and rescue activities in a real-world environment. The fol-
lowing actors compose the basic 'SHERPA team’ (Marconi et al., 2012) (Barrett et al., 2017):

* Ahuman rescuer, who is an expert of the specific rescuing mission or surveillance activity
(such as a mountain guide or a forest guard), is naturally a member of the rescue team.

* Small scale rotary-wing Unmanned Aerial Vehicles (UAVs), equipped with small cameras
and other sensors/receivers, are used to support the rescue and surveillance mission.

* A ground rover serves as a transportation module for the rescuer, hardware station with
computational and communication capabilities and as a recovery and recharging mod-
ule for the small-scale unmanned aerial vehicles introduced above. In order to im-
prove the autonomous capabilities of the robotic platform, a multi-functional robotic
arm (hereafter named arm) is also installed on the rover. The main task of the arm is to
autonomously recover and deploy the small scale UAVs.

* Long endurance, high-altitude and high-payload aerial vehicles, with complementary
features with respect to the small-scale UAVs introduced before. They are used for con-
structing a 3D map of the rescuing area, as communication hub between the platforms
in presence of critical terrain morphologies and for patrolling large areas.

The University of Twente research team has developed a 7 Degrees of Freedom (DOF) robotic
arm for the ground rover. The arm is equipped with two variable stiffness actuators, hereafter
named VSA. The VSA enables the arm to become compliant and adapt its dynamic behaviour
to different tasks. The compliance increases the level of safety during human-robot interaction
or with its environment (Groothuis et al., 2015). Furthermore increased robustness against
external impacts together with high dynamic performance and energy efficiency due to the
energy storing capabilities can be achieved with VSA robots (Petit et al., 2015a).

1.2 Problem statement

In many robotic tasks where paths and relationships are specified in a geometric manner po-
sition control is sufficient. Such an approach requires a structured and predictable environ-
ment, where interaction is known in advance. This prerequisite is often not given for physical
interaction tasks with humans or in dynamic environments (Petit, 2014). In case of the SHERPA
project the dynamic environment is unknown and interaction task with humans or its dynamic
environments is required. A particular popular control method to be able to interact with the
environment is the impedance control formulation. This approach provides an intuitive in-
terpretation, resulting in that the controlled robot behaves like a mass-spring-damper system.
The torque control technology shows great success, both in the research community and in in-
dustrial applications (Petit, 2014). However challenges are the non-linear robot dynamics and
the non-linear VSA characteristics, which shows low intrinsic damping. (Petit et al., 2015a).
In order to obtain impedance control on the SHERPA arm, joint level torque control is funda-
mental. This master thesis focuses on identification, modelling of the joint characteristics and
torque control by means of the arm’s variable stiffness actuators. The objectives for this master
thesis are:

e Formulating a dynamic model of the arm’s joints.

Robotics and Mechatronics J.Jager



2 Joint level modelling, characterisation and torque control of the SHERPA robotic arm

* Characterisation of the torque-deflection properties of the joints.
* Design of a state observer based on the arm joints.

* Design of a low-level torque controller on the (variable stiffness) joints.

1.3 Report outline

The remainder of this thesis is organized as follows. A detailed hardware description of the
arm is provided in chapter 2. After the hardware description each joint is modelled and char-
acterised. From these characterised joint’s, a state observer and joint level torque controller is
proposed in chapter 3. The resulted joint level torque controllers are validated in experiments,
these results are presented in chapter 4. In chapter 5 conclusions are drawn and recommenda-
tions for future work are proposed.
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2 The SHERPA robotic arm

In this chapter background information about the robotic arm is presented and the approach
for modelling, characterisation and the control architecture is presented and discussed.

2.1 Robotic arm

The arm is a 7 active degree of freedom (DOF) robotic arm, of which an overview is given in
figure 2.1. Three DOF (qO till g2) are located in the shoulder, the second and third DOF (g2, q3)
are actuated by two differential coupled actuators. The shoulder contains one VSA mechanism
dedicated to the second DOF (q2). The elbow (g4) contains one DOE The elbow consist of two
axes, which are attached by a intermediate link. The elbow is driven by a single actuator. The
last 3 DOF are located in the wrist (q4 till q7), which are driven by 3 actuators. A single actuator
drives 1 DOF (g5). The other two actuators are coupled using a bevel differential and drive 2
DOF (g6 and q7). Additionally the wrist contains a VSA dedicated for g5 and g6. On top of the
wrist a gripper and camera are mounted to be able to pick up a drone.

Gripper

Wrist (g5 till g7)

Elbow (g4)

Figure 2.1: Overview of the 7 DOF arm (Barrett et al., 2017).

2.2 Electronics

The arm currently contains 9 ELMO Whistle miniature digital servo drives (Elmo, 2017) that lo-
cally perform position control on each actuator. Each actuator is equipped with an incremental
encoder, which provides the position feedback for the ELMO. Besides incremental encoders the
arm is equipped with 13, 14-bit absolute magnetic encoders. All high level control for the arm is
performed on a Intel NUC running Ubuntu 14.04. The communication between the high level
control and the ELMO whistles is realized through a CAN bus. The absolute encoders com-
municate using a SPI bus. The gripper is connected with the high level control using a serial
interface and the camera with a USB connection. An overview of the hardware and various
communication layers are presented in figure 2.2.

Robotics and Mechatronics J.Jager
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High Level Control

Robotic arm
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—|— USB |« » Camera

....................................................

Figure 2.2: Hardware components and the various communications layers on the arm.

2.3 Software architecture

High level control software is implemented in ROS running on the NUC, to be able to con-
trol the arm in the workspace. To avoid self collision and collision with objects, various state
machines have been implemented together with Moveit!. Movelt! is a state of the art software
for manipulation, incorporating the latest advances in motion planning, manipulation, 3D per-
ception, kinematics, control and navigation. It provides an easy-to-use platform for developing
advanced robotics applications, evaluating new robot designs and building integrated robotics
products for industrial, research and development, commercial and other domains (Movelt!,
2017).

The observer shown in figure 2.2, provides the high level planner with all the necessary infor-
mation about the current state of each joint, for example the position. The high level planner
will construct a collision free motion path using the Moveit! package, taking into consideration
joint limits such as maximal accelerations. This path is sent to the Mid-level controller, which
will execute the path and converts each desired joint position into motor set-points. These set-
points are sent to ELMO’s by means of the CAN bus. These ELMO’s will perform local position
control to achieve the given set-point. The complete high level control on the NUC is executed
with a loop-rate of 40 Hz. In addition the communication structure introduces latency in the
high level control. The latency of the SPI bus is approximately 15 milliseconds and for the CAN
bus the latency is approximately 30 milliseconds.

2.4 Variable stiffness actuators

The arm contains two VSA’s, one for the shoulder (q2) and one for the wrist (g5 and g6). These
VSA’s are based on a variable transmission. An overview of the internal components of the VSA
and its working principle is depicted in figure 2.3. The mechanical design of both VSA’s are
different, but it’s working principle is the same.

A lever-arm based stiffness adjustment mechanism realizes a variable transmission between
the output and the internal springs by changing the lever arm ratio between the two, which is
achieved by moving the pivot point along the lever. The output stiffness is described with the
equation 2.6. However these equations are derived under the approximations for small output
deflections, but still offer a good representation of the mechanisms properties and are a useful
tool for analysis (Barrett et al., 2016).

J.Jager University of Twente



CHAPTER 2. THE SHERPA ROBOTIC ARM 5

Figure 2.3: Overview of the VSA in the shoulder and the working principle of the VSA. The lever arm
(blue) connects the internal polymer spring (green) to the output, through a variable transmission that
is defined by the position of the movable pivot point (red) of the lever (Barrett et al., 2016).

A crank with length R transforms the linear force F, and deflection x of the lever into the rota-
tional torque 7 and deflection ¢. A deflection x = sin(¢)R of the lever at the connection with
the output causes an elongation s of the spring (Barrett et al., 2016).

s= l_—qx = I—TCI sin(¢p)R 2.1)

q
In this equation [ is the lever length and g the position of the pivot point of the lever. The
internal forces on the lever at the connection points, output and pivot are described as follows.
In these equations k; is the elastic constant of the internal springs.

FS = kss (2.2)
l_

F="9F 2.3)
q

F,=F;+F, (2.4)

It follows that 7 = F,R. Substituting all variables in the equations results in the output torque
and taking the derivative with respect to ¢ results in the output stiffness.

7= l_—quss = (l_—qR)2k5¢> (2.5)

q q
k=22 - ("9 p2k 2.6
¢ (q ) ks (2.6)

The output stiffness can be adjusted by varying q and scales linearly with k. The position of
the pivot point, g is changed with an actuator (Barrett et al., 2016).

2.5 Torque control methods

Robots with elastic joints arouse an increasing interest in the robotics community. Especially,
variable stiffness robots promise to be beneficial regarding robustness and task adaptability.
However, the control of variable stiffness (multi-joint) robots is not straight forward and chal-
lenging due to their highly non-linear behaviour (Petit et al., 2015a). In general torque control
can be achieved by regulating the deflection of the compliant element or with current control
such that the output torque can be controlled with high accuracy. A crucial factor is the joint
torque estimation capability of VSAs (Petit et al., 2015b). The VSA joint characteristics with a

Robotics and Mechatronics J.Jager



6 Joint level modelling, characterisation and torque control of the SHERPA robotic arm

non-linear and variable spring torque function are described as T = f (¢, o). Where 7 is the joint
torque, ¢ is the joint deflection and o is the stiffness variation parameter.

Possible control solutions for VSA joints are based on cascaded structures, integrator back-
stepping, feedback linearisation and integral manifold control (Keppler et al., 2016). Another
approach is command filtering backstepping control. This method provides tracking control
while still being able to cope with sensor quantization and noise, actuator limitations, signal
delays, and unmodeled dynamics. The control law is based on a PD+ controller. Disadvanta-
geous are the dependence on a precise dynamic model. Model errors and unmodeled dynamic
effects such as actuator friction lead to non-vanishing control errors. Furthermore the choice
of correct filter gains is critical as a balance between noise suppression and introduced delay
has to be found (Petit et al., 2015a).

The hardware and software architecture of the arm constrain possible control solutions. The
current and proposed control solutions are based on one or multiple of the following hardware
and software requirements:

* Control electronics allowing local, collocated current/torque control on the motor.

* Precise dynamic model.

Full state feedback of motor and output positions, velocities and torque.
 Higher order derivatives of the state feedback.

* High frequency control loop.

The software and hardware architecture on the arm does not meet these requirements. The
ELMO servo drives can only perform position control and show non-linear behaviour that is
challenging to model, resulting in a inaccurate dynamic model. Furthermore the communica-
tion structure introduces latency in the state feedback and control action.

It is therefore chosen to control the deflection of each joint at low frequencies. By controlling
the joint deflection, the joint output torque is controlled. For each joint a dynamic model is
created and simulations are performed to determine the behaviour and characteristics of each
joint. Since the deflection is only controlled for low frequencies, bode plots no longer provide
insight in the joints behaviour. Each joint is then characterised in a test set-up to obtain the
torque-deflection characteristics. The deflection is controlled in the high-level controller run-
ning on the NUC and will provide the ELMOs with position set-points. The ELMOs ensure that
the actuator reaches its desired position. The output position of the arm is fixed, such that
during torque control the arm is in contact with the environment. Using this approach it is
possible to control the output torque of each compliant joint. In the next chapter the joints are
modelled and characterised.

J.Jager University of Twente



3 Modelling and characterisation

3.1 Introduction

The joints of the arm are separated into rigid, elastic and variable stiffness joints, of which an
overview is given in figure 3.1. The arm contains 2 rigid joints, which are located in the shoulder
(ql and g3). These joints are a combination of a actuator with a harmonic drive (CSD-32-
100-2UH) gearbox with a stiffness of 8.3 * 10* [%], such that the joint can be seen as rigid in
comparison with the other joints (Harmonic, 2017). Therefore it is chosen not to model and
characterise these joints. The 2 elastic joint are the elbow (q4) and the wrist (q5). The 3 variable

stiffness joints are the shoulder joint (q2) and the wrist joints (g6 and q7).

Figure 3.1: Different types of joints of the arm.

First the motor model and elmo controller are modelled since these are similar in all joints. The
elastic joints are then modelled and characterised. After the elastic joints the variable stiffness
joints are modelled and characterised.

3.2 ELMO motor drives

The motor model and ELMO controllers are similar in all joints. Documentation of the ELMO
servo controllers provides a control scheme in which the position, velocity and current control
are cascaded (ELMO, 2017). This provided control scheme is depicted in figure 3.2. Within
these control loops various filter and additional feed-forward terms are present. The exact
gains and filters are not stated in the documentation. An attempt is made to duplicate the
exact behaviour and control loop of the ELMO using the provided control scheme in with bond
graphs in 20-sim. Bond graphs are a network-like description of physical systems in terms of
ideal physical processes. With the bond graph method, the system characteristics are modelled
into a set of separate elements. Each element describes an idealized physical process (20sim,
2017). However without the knowledge of the exact gains and filtering, it was not possible to
duplicate the behaviour of the ELMO with the provided control scheme.

Robotics and Mechatronics J.Jager



8 Joint level modelling, characterisation and torque control of the SHERPA robotic arm

Position Controller Velocity Controller Current Controller
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Pe [ = = E R | Current Loop | l 1
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Figure 3.2: Control loop of the ELMO servo drives (ELMO, 2017).

Through practical experience with the arm and ELMO servo drives, it was concluded that the
ELMO constructs a motion profile based on the maximal acceleration and velocity. This pro-
file was followed by the ELMO controller in all encountered situations. It has been chosen to
duplicate this motion profile combined with a controller and motor model in 20-sim. The de-
sired motor position is controlled with a PID controller with encoder feedback from the motor.
The gains where tuned in such a way that each desired motor position is achieved. The ELMO
Controller model is presented in 3.3 a and the motor model in figure 3.3 b.

|HDULRAD
Motion Tt~ t -
—_ - K S

Ssmple  Rsdisn_To_Encoder_GCounts | Profile

ZOH

I Zero_Order_Hold

Discrefelifferentid  Differential Gain

[ =

Radian_To_Encoder Counts  pos_Feedback_input

(a) 20-sim model of the ELMO controller.

Inductance | Ineriz_Axis | Gearbox_ineriz

|

I — GY 1 (%) ~TF i1 —TF —{Motor_Output

Motor_Input———»MSe —
Mze Gyrafor Gearbox Additionsl_Transmission
R R
Theminal_Resisfance Rofor_Resisfance

Motor_rad

(b) 20-sim model of the motor.

Figure 3.3: Overview of the 20-sim model of the ELMO controller and motor model.

In figure 3.4 the result of the duplicated ELMO servo drive is depicted. In this simulation a
desired motor output position of 1 radian is set. The maximal acceleration is 5 %{”s, the
maximal velocity is set to 300 %’”S The motion profile accelerates until the maximal velocity
is reached and maintains this velocity. The starting point of deceleration is calculated based
on the current velocity and position, taken in consideration the maximal deceleration. This
prevents a overshoot of the desired set-point. The motor output achieves its desired set-point,
resulting in that the designed ELMO controller and motor model are used in each joint model
in 20-sim. The motor parameters and characteristics are adapted for each joint.

J.Jager University of Twente
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(b) Output of the motor model [RAD].

Figure 3.4: Imitated ELMO control on a motor model

3.3 Elastic Joints: Elbow and Wrist
3.3.1 CAD drawing and 20-Sim models

In figure 3.5 a cad drawing of the elastic joints is presented. The elbow(qg4) is actuated with a
Robodrive ILM 50-14 in combination with a harmonic drive CSD-25-100-2A-GR-BB. The ac-
tuator drives both axes of the elbow. The two axes are connected by means of a steel cable
construction and pulley’s. The wrist(q5) is actuated in with a Maxon EC45 Flat in combination
with a Spur Gearhead GS 45 A gearbox and belt transmission. Besides the motor encoders, two
absolute encoders are present. The two absolute encoders measure the output position of the

joint g4 and the joint g5.

(a) The 1-DOF elbow joint showing the coupled
DOF g4 with two rotation axes and a section view
with (1) actuator,(2) bevel gear transmission,(3)
pulleys, and (4) tendons. The elbow link is di-
rectly actuated through the bevel gear, while the
motion of the lower arm is constrained by the ten-
don mechanism.

(b) The wrist joint and end-effector showing the
axes of the 3-DOFs. The section view shows
the (1) joint actuators,(2) stiffness adjustment
actuator, (3) stiffness adjustment mechanisms,(4)
lever mechanism,(5) planetary differential, and
(6) bevel differential.

Figure 3.5: CAD drawing of the elbow and wrist (Barrett et al., 2016).

Robotics and Mechatronics
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10 Joint level modelling, characterisation and torque control of the SHERPA robotic arm

Based on the mechanical design bond-graph models are created and implemented in 20-sim,
to be able to perform simulations. The bond-graph model of the wrist(g5) is depicted in figure
3.6. This bond-graph model consist of a motor model with gearbox and belt transmission,
ELMO controller and the inertia of the wrist. The inertia’s of all models are determined with
the CAD drawings, data-sheets and by weighting the components. The compliance of the belt
is assumed to be sufficiently small compared to the compliance introduced in the ELMO servo
controller, such that it is neglected. For characterisation, the joint is deflected by hand while
the ELMO controllers keep the motor output position at zero. The deflection and torque are
measured using the absolute encoders and an external force/torque sensor. In 20-sim this is
simulated by providing the ELMO Control a set-point of zero. The joint is deflected with a
modulated source of flow, this implies a continuous deflection motion in the real set-up. The
deflection can directly be obtained by integrating the rotational velocity at the one-junction.
The torque is the effort after the modulated source of flow.

‘ Motor_Parameters

‘ Elmo_Caontrol_Parameters

Whisf_inferfiz

IZ'—-— Elmo_Control v{ Motor | =1 = 1(3) = 12) = { AN
Zem N Triangle

Torque

LF

Deflection

Figure 3.6: 20-sim model of the wrist(q5).

The bond-graph model of the elbow (q4) in 20-sim is depicted in figure 3.7. The model contains
a ELMO Control, motor model, upper arm, elbow link and lower arm. The upper arm is con-
nected to joint g3 in the shoulder. This joint is seen as rigid due to the stiffness of the gearbox. It
is assumed that this joint does not move during torque control. This is modelled as a source of
flow with zero input connected to the 1-junction Upperarm. In an ideal case there is no friction
and compliance and the output rotational velocity at the upper arm can be described as in 3.1.

| Motor_Parameters

l Elmo_Control_Parameters

Upper_Arm_intertia Elbow_Link_Intertia Lower_Am_intertia

[ i )
E\—&ﬂ:l;f: 11 0 11 0 11 :fe\l} :MSf<—

MSf1
Zero Triangle
Torque
E‘ Elmo_Control Motor [ 11} I @: RC
Compliance_and_Resistance_Cables
Zero1

Figure 3.7: 20-sim model of the elbow(q4).

o

Héut = Hm;tor + GI%C
GRC = Gmotor (3.1

Oout =2 * Omotor
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CHAPTER 3. MODELLING AND CHARACTERISATION 11

However there is structural friction and compliance in the steel cable construction and pulley’s.
To identify the creep, play, non-linear friction and hysteresis in this mechanical construction
is challenging. It is therefore assumed in this model that this compliance and friction is lin-
ear. The friction and compliance is combined in the RC element, the output position is then
described as:

HC;ut = em;n,‘or + QI.EC (3.2)

For characterisation, the joint is deflected by hand while the ELMO controllers keep the motor
output position at zero. The observed deflection and torque are measured with the absolute
encoders and an external force/torque sensor. In 20-sim this is simulated by providing the
ELMO Control a set-point of zero. The joint is deflected using a modulated source of flow, this
implies a continuous deflection motion in the real set-up. The torque is the effort after the
modulated source of flow located at the lower arm. The deflection can directly obtained by
integrating the rotational velocity towards the RC element.

3.3.2 Characterisation

After constructing the dynamic model of the two elastic joints, the joints were characterised
with the proposed method described in the previous section. The test set-up for both charac-
terisations is depicted in figure 3.8.

(a) Test set-up of the wrist (g5). (b) Test set-up of the elbow (q4).

Figure 3.8: Characterisation of the two elastic joints.

Each joint is deflected by applying a force on the handle mounted on the wrist and apply this
force with a continuous motion, the achieved joint deflection is determined by the encoders.
An Mini40 force/torque sensor from ATI industrial automation (ATI, 2017) is used to measure
the applied torque. A matlab script is written to determine the resulted torque deflection char-
acteristics, the results are depicted in figure 3.9.

The torque deflection characteristics indicate that on both joints hysteresis and non linear fric-
tion is present. In order to use these torque-deflection characteristics curve fitting is performed
to acquire a torque-deflection curve.

Curve fitting is a procedure where a function is used to fit a given set of data in the 'best’ pos-
sible way without having to match the data exactly. As a result, while the function does not
necessarily yield the exact value at any of the data points, overall it fits the set of data well.
Curve fitting is normally used when the data has substantial inherent error, such as data gath-
ered from experimental measurements. If the relationship between the independent and de-
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12 Joint level modelling, characterisation and torque control of the SHERPA robotic arm
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(a) Torque-Deflection characteristics wrist (q5). (b) Torque-Deflection characteristics elbow (q4).

Figure 3.9: Torque-Deflection characteristics of the two elastic joints. The red lines represent the nega-
tive deflection, the blue lines the positive deflection and the yellow line the fitted curve.

pendent variables is non-linear, curve-fitting techniques other than linear regression must be
used (Chapra, 2006). Curve fitting is achieved with various ways and models, such as regression
models, interpolation and smoothing. The regression method contains polynomial, exponen-
tial, fourier, gaussian, power, rational, sum of sine and weibullmodels models. The smoothing
models are smoothing spline and lowess.

From the acquired data in figure 3.9, conclusion are drawn to determine the best curve fitting
technique. In the acquired torque deflection data a hysteresis band is seen and the drop on
each side of the is due to the change of direction of the deflection. Resulting in a change of
sign in the friction. The friction contains coulomb and viscous friction. In this case there is no
dead zone, however in general this could be present. To determine the best fit it is chosen to
fit a curve that is in the middle of the hysteresis band. With this method it is possible to add
an additional friction model if necessary, to make the fit more accurate. It is chosen to use a
polynomial fit. Polynomials are an excellent choice for an approximating function, because of
their simplicity, ease of manipulation and evaluation (Hoffman, 2001). The order of polynomial
is determined in such a way that the curve is in the middle of the hysteresis band and that
higher order polynomials do not sufficiently improve the fit. In order to determine the stiffness
the torque deflection curve is differentiated with respect to the deflection, with polynomials
this is straight forward and easy to implement in the high-level software in ROS.

To determine the best polynomial fit, the curve fitting toolbox in Matlab is used. A way to de-
termine the goodness of fit is the root-mean-square error. It provides a measure of the differ-
ences between values predicted by a model or an estimator and the values actually measured.
However this method is sensitive to outliers and is the most common concern with the use of
this method (Chai and Draxler, 2014). Matlab provides the root-mean-square error for each
fit, however the acquired dataset contains outliers and the root-mean-square error does not
represent a good fit. Therefore the order of polynomial is chosen in such a way that it is in the
middle of the hysteresis band and represents the possible dead-zone in the best way. For each
data set a separate fit for the positive and negative deflection is made as well as a continuous
fit for the whole dataset. For these two joints a continuous polynomial fit of the first order is
the best fit. This results in a stiffness for the elbow (q4) of 113.78 [Ym 1 and for the wrist (g5) of

RAD
70.0966 [%]. The fitted curve is depicted in figure 3.9

With the acquired torque deflection curve the dynamic models are extended and the model
is verified. The same characterisation experiment is repeated with the dynamic models in 20-
sim. The results are presented in figure 3.10. In case of the wrist joint g5 there is no direct
compliant element, however the compliant behaviour is linked to the proportional gain of the
ELMO controller. The 20-sim model of the elbow is compared with the measurements until the
maximum positive measured deflection is reached.
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(a) Torque-Deflection characteristics wrist (q5). (b) Torque-Deflection characteristics elbow (q4).

Figure 3.10: Torque-Deflection characteristics wrist (a) and elbow (b) in 20-sim compared to the mea-
surements. The red lines represent the negative deflection and the blue lines the positive deflection.

The presented 20-sim models with the implemented torque deflection characteristics in figure
3.10 verify that the dynamic models contain the same behaviour as the measured torque deflec-
tion characteristics on the actual set-up. However the friction models in the dynamic models
of both joints do not model all aspects. These friction models only consist of coulomb fric-
tion, however in the real set-up there is coulomb and viscous friction and possible non-linear
friction due to the mechanical structure.

3.4 \Variable stiffness Joint: Shoulder

The elastic joints are characterised and modelled, the remaining joints are the two VSA joints.
The first joint is the shoulder (q2).

3.4.1 CAD drawing and 20-Sim Models

In figure 3.11 a cad drawing of the VSA joint shoulder is presented. The shoulder is actuated
with a Robodrive ILM85-13 in combination with a harmonic drive CSD32-100. The actuators
are coupled with a differential drive to actuate g2 and q3. The differential drive is constructed
by means of a steel cable construction and pulley’s, resulting in the following transmissions
from actuators a; to joints g; (Barrett et al., 2016):

A 1 0 O a
=0 3 -3||a (3.3)
q3 0 3 —3/\as

Figure 3.11: The 3-DOF shoulder joint with variable stiffness mechanism showing the DOFs and (1) joint
actuators, (2) stiffness adjustment actuators, (3) stiffness adjustment mechanism, (4) lever mechanism
with (5) spring, (6) pulleys, and (7) tendons (Barrett et al., 2016).
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14 Joint level modelling, characterisation and torque control of the SHERPA robotic arm

In addition the shoulder is equipped with a VSA dedicated for 2. The output stiffness can be
adjusted by varying g, as explained in chapter 2, with an actuator. The shoulder contains 6
absolute encoders and incremental encoders for each motor. One absolute encoder located
at the output gearbox to determine the output position for joint q1. Two absolute encoders,
each located on the pulley of the differential drive. One absolute encoder to determine the
pivot position of the VSA, located at the VSA. One absolute encoder located inside the shoulder,
which measures the deflection of the joint directly. The last encoder is located at the left side of
the differential drive and measures the position output of the joint 2.

During the torque control measurements the arm is in contact and therefore the position of
the joint does not change. So the internal deflection is only measured by the absolute encoder
that measures the deflection directly or using the incremental encoders on the motors. At first
the incremental encoders were used, however the CAN bus interface contains communication
problems. Which results in loss of data (encoder value’s of zero), see appendix A for an elabo-
ration of this problem. Therefore the absolute encoder that measures the deflection directly is
chosen to determine the deflection. It is possible that the shoulder starts in a non zero angle.
Therefore the initial angle of the shoulder joint(g2) is subtracted from the measured deflection.
In free movement the encoders contain the same angle and the resulted deflection is zero. With
this method the deflection is correctly determined in each initial position of the shoulder.

From this cad drawing a bond-graph model is constructed and implemented in 20-sim. The
bond-graph model of the shoulder (q2 and g3) is depicted in figure 3.12. This bond-graph
model consist of two motor models with a gearbox, two ELMO controllers, a pivot mechanism,
the differential coupling and the inertia of q3 and g2. The friction and compliance of the VSA
is combined in the RC element. The compliance in the tendons and stick-slip friction is not
modelled, since this non-linear behaviour is challenging and time consuming to determine.
The friction and compliance in the mechanical structure is assumed to be linear and is com-
bined in the RC element.

The VSA and its variable stiffness mechanism is not modelled, instead each pivot position can
directly be set. In practice the ELMO will reach its desired position and thus its pivot position.
Adding these sub-models will make the model more complex and does not contribute to the
behaviour of the joint. It is assumed that the lever in the pivot mechanism does not deflect and
is rigid.

Motor_Parameters

Pivot_t #

RC re

l Elmo_Control_Parameters

|Z|—c—>| Elmo_Control1 H Motor1 '*ﬁ TF——1+—— 01 ——— 11— 0 <——I®<—11 <—IM
Q2 M
Zerot

<
Elmo_Control2 Motor2 —TF ———41 ———0 ———1 —— | Triangle
Q3 '
Differential Coupling

Figure 3.12: 20-sim model of the Shoulder (q2)

Sf

For characterisation, the joint is deflected by hand while the ELMO controllers keep the motor
output position at zero. The deflection and torque are measured using the absolute encoders
and an external force/torque sensor. In 20-sim this is simulated by providing the ELMO con-
trol a set-point of zero. The joint is deflected by using a modulated source of flow, this implies
a continuous deflection motion in the real set-up. The deflection is directly obtained by in-
tegrating the state of the RC element. The torque is the effort after the modulated source of
flow.
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3.4.2 Characterisation

After constructing the dynamic model of the shoulder, the joint is characterised using the pro-
posed method described in the previous section. The test set-up for the characterisation is
depicted in figure 3.13.

Figure 3.13: Characterisation of the shoulder joint (q2).

The shoulder is fixed on a beam such that it was not possible to move. Each joint is deflected
by actuating the shoulder joint (q2) with a sine position trajectory. Resulting in a continu-
ous motion, the achieved joint deflection is determined by the absolute encoder. An Mini40
force/torque sensor from ATI industrial automation is used to measure the force/torque. The
force/torque sensor is placed between the robotic arm and the wooden blocks that make con-
tact with the beam. It is chosen to change the stiffness of the VSA linear over the pivot position.
In this case from 0 [mm] to 45 [mm] with intermediate steps of 5 [mm], resulting in 10 stiffness
settings. For the pivot position 0 till 30 [mm] a small and larger deflection trajectory is used.
The larger deflection trajectories are used to determine the performance of the shoulder. For
safety reasons the smaller deflection trajectories are used to limit the output torque. A Mat-
lab script is written to determine the resulted torque deflection characteristics, the results are
depicted in figure 3.14.

60 - Deflection vs Torque [Nm] 60 Deflection vs Torque [Nm]

40 -

Torque [Nm]
N
S
T

Torque [Nm]
o

N
<]
T

40 -

60 . . . . . . I 60 . . . . . . I
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
Deflection [rad] Deflection [rad]

(a) Torque-Deflection characteristics with large (b) Torque-Deflection characteristics with small
deflections. deflections.

Figure 3.14: Torque-Deflection characteristics of the shoulder joint (q2).
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16 Joint level modelling, characterisation and torque control of the SHERPA robotic arm

The torque deflection characteristics clarify that on both joints hysteresis, dead-zone and non-
linear friction is present. At lower stiffness settings there are vibrations in the mechanical struc-
ture, resulting in vibrations in the measurement data. This data is smoothed with a moving av-
erage filter of 8 samples. In order to use these torque-deflection characteristics curve fitting is
performed to acquire a torque-deflection curve. For each data set a separate fit for the positive
and negative deflection is made as well as a continuous fit for the whole dataset. For the shoul-
der a separate fit for the positive and negative deflection of a third degree polynomial is the best
fit. The fitted curves are presented in figure 3.9. The coefficients of the polynomial curve are
forced to provide zero torque at zero deflection. The dead-zone behaviour is represented and
the curve is in the middle of the hysteresis band.

In order to determine the torque-deflection characteristics for all possible pivot positions, lin-
ear interpolation between the measured pivot positions is performed. For each pivot position
the torque of the two nearest measured pivot positions are calculated and an weighted average
of these torques is taken. In figure 3.15 the fitted curves for the pivot positions 0 [mm] till 45
[mm] with intermediate steps of 2.5 [mm] is depicted.

60 Torque Deflection vs Pivot position 0 to 45

Torque [Nm]

0
Deflection [Rad]

Figure 3.15: Fitted third degree polynomial for the pivot positions from [0 mm] to 45 [mm] with inter-
mediate steps of 2.5 [mm)]. The blue curves represent the fitted curve for the measured pivot positions.
The magenta curves the linear interpolation between the measured pivot positions.

With the acquired torque deflection curve the dynamic model is extended and the model is
verified. The same characterisation experiment is repeated with the dynamic models in 20-sim.
The results are presented in figure 3.16. The stiffness is obtained by differentiation the torque
deflection curve with respect to the deflection. For each pivot position the stiffness and the
resistance is changed in the rc element with the corresponding torque-deflection curve. The
input of the source of flow is changed for each stiffness setting to obtain the required deflection.
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Figure 3.16: Torque-Deflection characteristics of the shoulder (q2) in 20-sim compared to the measure-
ments.
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The presented 20-sim models with the implemented torque deflection characteristics in figure
3.16 verify that the dynamic models contain the same behaviour as the measured torque de-
flection characteristics on the actual set-up. Similar as the elastic joints, the friction models in
the dynamic model do not model all aspects. This could be improved by adding a non-linear
friction model of the tendons and pully’s along with identification of the non-linear friction due
to the mechanical structure.

3.5 Variable stiffness Joint: Wrist
The last joint that is modelled and characterised is the 2-DOF VSA joint wrist(q6 and q7).

3.5.1 CAD drawing and 20-Sim Models
Overview of the model

In figure 3.17 a CAD drawing and schematic overview of the internal components of the VSA
joint wrist is presented. The wrist (q6 and q7) is actuated with two Maxon RE25 motors in com-
bination with GP-32-C gearboxes. A coupled stiffness adjustment mechanism is implemented
in the wrist, requiring only one Maxon actuator to adjust the output stiffness in both joints g6
and g7. A planetary gear system is used as 3-port differential in order to incorporate the vari-
able stiffness mechanisms into the drive train in this way. The levers, i.e. the output of the
variable stiffness modules, are connected to the ring gears and the driving actuators to the sun
gear, such that the planet carrier functions as output. The two drivetrains are then in turn dif-
ferentially coupled to each other through a bevel gear mechanism, to actuate the DOFs q6 and
q7 (Barrett et al., 2016).

2-DOF OQutput

Belt transmission Bevel differential (6) Belt transmission

T T

Planetary gear le| Variable stiffness Variable stiffness N Planetary gear
differential (5) mechanism (3) ‘ mechanism (3) differential (5)

Pivot

1

Maxon motor (1) Maxon motor (2) Maxon motor (1)

Figure 3.17: The wrist joint and end-effector showing the axes of the 3-DOFs. The section view shows
the (1) joint actuators, (2) stiffness adjustment actuator, (3) stiffness adjustment mechanisms, (4) lever
mechanism, (5) planetary differential, and (6) bevel differential (Barrett et al., 2016).

The wrist contains 6 absolute encoders and incremental encoders on each motor. Two absolute
encoder inside the wrist to measure the output position of g5 and the deflection of the wrist
joint (g6 and q7) . Two absolute encoders on each planetary gear that measure the input of the
planet carier (gearbox output). One absolute encoder to determine the pivot position of the
VSA. Two absolute encoders on each side of the bevel differential input.

From this cad drawing a bond-graph model is constructed and implemented in 20-sim in or-
der to perform simulations. An overview of the bond-graph model of the wrist (q6 and q7) is
depicted in figure 3.18. This bond-graph model consist of two motor models, one for each ac-
tuated DOE Inside each motor model a bond-graph of the motor model including gearbox and
a ELMO controller is present. The VSA and its variable stiffness mechanism is not modelled,
instead each pivot position can directly be set. In practice the ELMO will reach its desired
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18 Joint level modelling, characterisation and torque control of the SHERPA robotic arm

position and thus its pivot position. Adding these sub-models will make the model more com-
plex and does not contribute to the behaviour of the joint. It is assumed that the lever in the
pivot mechanism does not deflect and is rigid. The compliance of the VSA is modelled as a
C-element. Besides the two motor models and the pivot mechanism, the 20-sim model of the
wrist contains two planetary gears, two belt transmissions and a bevel differential. Each sub-
model is explained in the sections below, starting from the planetary gear towards the bevel
differential.

Encoders_Bevel_Diff
Bevel_differential

Belt_transmission_1 L) Belt_transmission_2

PlanetaryGears_Encoders

—— :’rb{ Motor_1 |-7l7| Planetary_Gear_1 | ‘ Planetary_Gear_2 |*\¢<| Motor_2 I

Y

Figure 3.18: 20-sim model of the wrist (g6 and q7).

Elastic_Element_2

Elastic_Element_1

Planetary Gear differential

In order to combine the motion of the primary actuator, the elastic elements and the output,
a 3-ports transmission is required. This is accomplished by a planetary gear differential, an
overview of the planetary gear differential is presented in figure 3.19.
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Figure 3.19: Schematic overview of the planetary gear set (Tan et al., 2017).

There are two planetary gear differentials, one for each DOE The two primary actuators are
connected to the planetary sun gears, w;. The VSM connects to the ring gears, w,. The output
is then connected to the planet carriers, w.. (Tan et al., 2017) In (Tan et al., 2017) and (Zult,
2016) equations for the planetary gears are derived. The rotational velocity of the output of the
planetary gear is described as:

(N + Ng) *we = Ny * Wy + Ng * g

1 1 3.4
S (3.4)

We =
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Where N; and N, are the number of teeth in the ring and the sun gear respectively. Note that
the number of teeth of a planet carrier gear is not a separate required parameter as it is geo-
metrically determined by N and N,. These relations are transformed in a bond-graph model
which is depicted in figure 3.20. A zero-junction provides the sum of the two flows, which come
from the ring velocity and the sun velocity. Both flows go through a transformer of which the
parameters are described as the derived equations in 3.4.

Sun_rot_velocity
Motor_input | 11 01 R
Gearfriction_Sun_Output

Sun_to_output TF

0 11 11 1 Output_rot_veloc
output_rofNvelocity ‘/
R

Ring_to_output TF
k7 Gearfriction_Output

Ring_rot| velocity
VSA_Input A1} 0} R

Gearfriction_Ring_To_Output

Figure 3.20: Overview of the planetary gear set in 20-sim.

The gear-friction was determined in (Zult, 2016) and contains viscous and coulomb friction.
The friction is described in 3.5 with an arctan-type fuction.

Fgear (0w) = kg * arctan(ky, * dw) (3.5)

Zult (2016) has shown that the continuous arctan type friction model is competent enough. It
is possible to extend this friction model with a more complex model. The arctan-type friction
model contains two parameter which are determined experimentally.

Belt transmission

The output of each planetary gear is connected to a belt transmission with a ratio of 30:40. An
overview of the belt transmission is presented in figure 3.21. The ratio of the belt transmission
is implemented in the transformer. The same friction model as in the planetary gear is im-
plemented to determine the mechanical friction in the belt. The parameters are determined
experimentally. The compliance of the belt is assumed to be sufficiently small compared to the
compliance introduced from the VSA, such that it is neglected.
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Figure 3.21: 20-sim model of the belt transmission in the wrist

Bevel differential

A cross section of the the bevel differential is presented in figure 3.22.
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Figure 3.22: Cross section of the bevel differential.

The outputs of the belt transmissions are connected to a bevel differential which transforms
the rotations ¢»; and ¢, to rotations 6, and 6, around the x- and y-axes in Cartesian workspace

(Tan et al., 2017).
9x) (1 1 ((ﬁl)
== . 3.6
(9y 2(% ‘%) b2 o0

In this equation d; and d, are the gear diameters. Both gear sizes are identical, d;, = d», which
results that the rotations around the x- and y-axes in Cartesian workspace are describe as:

0= 5(('1)1 +¢2)

. 1 . .
0y = E((Pl —¢2)

(3.7

With the derived relationships a bond-graph model is constructed and the model is depicted
in figure 3.23. In this model one zero-junction is used to get the sum of velocities, while the
other provides the difference of velocities between ¢, and ¢,. A transformer is used to add the
factor of % The same friction model as in the planetary gear is implemented to determine the
mechanical friction in the gears. The parameters are determined experimentally.
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Figure 3.23: 20-sim model of the bevel differential.

J.Jager University of Twente



CHAPTER 3. MODELLING AND CHARACTERISATION 21

Deflection

The deflection of the wrist joint (q6 and q7) is determined with four absolute encoders. Two
encoders on each planetary gear that measure the input of the planet carrier (gearbox output),
located at 5 in figure 3.17. The other two absolute encoders are the encoders on each side of
the bevel differential input, located at 6 in figure 3.17. It is possible, using the direct kinematics
derived in the previous sections, to link the encoder at the input of the planet carrier to the
encoder located at the bevel differential. It is assumed that the input of the ring gear in the
planetary gear is fixed and does not change during actuation of the wrist joint (q6 and q7). The
relationship is described in 3.8. The two encoder value’s are subtracted from each other. With
this method the two encoders have the same angle in free movement, which results that the
deflection is zero. In case the arm is fixed or in contact with its environment (torque control)
the encoder at the bevel differential is not able to rotate, however the deflection can still be
measured with the encoders located at the input of the planet carrier. The initial position that
the wrist joint contains is then taken into account. To determine the output angle in Cartesian
workspace the equations in the previous section are used. In this equation 6, is the encoder
of the bevel differential, g—’; is the ratio of the belt transmission between the planetary gear and
bevel differential, 6, is the encoder of the planetary gear.

— N,

D
0, «—L %0

T (Ns+Ny) Dy P€
(3.8)

Deflection =0,-04

Now that the kinematic structure of the wrist joint (g6 and q7) is described and the deflection of
the joint can be determined, the characterisation of the joint is the next step. For characterisa-
tion, the joint is deflected by hand while the ELMO controllers keep the motor output position
at zero. The deflection and torque is measured using the absolute encoders and an external
force/torque sensor. In 20-sim this is simulated by providing the ELMO control a set-point of
zero. The joint is deflected by using two modulated source of flows in the bevel differential, this
implies a continuous deflection motion in the real set-up. The deflection is determined by in-
tegration the angular velocities in the 20-sim model at the exact locations as in the real set-up.
The relationship of the direct kinematics and the bevel differential are used to determine the
deflection in Cartesian workspace. The torque for each joint is the effort after the modulated
source of flows.
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3.5.2 Characterisation

After constructing the dynamic model of the wrist, the joint is characterised with the proposed
method described in the previous section. The test set-up for the characterisation is presented
in figure 3.24.

Figure 3.24: Characterisation of the wrist joint (g6 and q7).

The wrist and arm are fixed to a beam such that it was not possible to move and only inter-
nal movement of the wrist joints g6 and q7 are allowed as depicted in figure 3.24. Using this
configuration gravity does not influence the measurement. Initially a set-up is used in which
the elbow is rotated 90 degrees and the wrist is clamped on the table. However these measure-
ments were influenced by gravity. Since the wrist joint is 2 DOF it is deflection on 4 predefined
angles in Cartesian workspace as seen in figure 3.24. These angles are 0 (only q7),45 (between
g6 and q7),90 (only g6) and 135 (between g6 and q7). An Mini40 force/torque sensor from ATT
industrial automation is used to measure the applied torque. A mounting plate is constructed
such that the force/torque sensor is placed on top of the wrist joint replacing the gripper. It
is chosen to change the stiffness of the VSA linear over the pivot position. In this case from 0
mm to 50 mm in intermediate steps of 5 mm, resulting in 11 stiffness settings. For each stiff-
ness setting the four angles of deflection are measured separately. A matlab script is written to
determine the resulted torque deflection characteristics of each angle of deflection, the results
are depicted in figure 3.25 and 3.26.
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(a) Torque-Deflection characteristics with 0 de- (b) Torque-Deflection characteristics with 45 de-
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Figure 3.25: Torque-Deflection characteristics of the wrist joint (g6 and q7) for 0 and 45 degrees deflec-
tion.
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Figure 3.26: Torque-Deflection characteristics of the wrist joint (q6 and q7) for 90 and 135 degrees de-
flection.

The torque deflection characteristics clarify that on both joints hysteresis, dead-zone and non
linear friction is present. At lower stiffness settings there are a small vibrations in the mea-
surement data, this data is smoothed with a moving average filter of 5 samples. In order to use
these torque-deflection characteristics curve fitting is performed to acquire a torque-deflection
curve. For each data set a separate fit for the positive and negative deflection is made as well as
a continuous fit for the whole dataset. For the wrist (6 and q7) a continuous fourth order poly-
nomial fit is the best result. The coefficients of the polynomial are forced to provide zero torque
at zero deflection. The dead-zone behaviour is represented and the curve is in the middle of the
hysteresis band. Between the measured deflection angles and different pivot positions linear
interpolation is used to determine the torque-deflection characteristics. The fitted curves are
depicted in figure 3.25 and 3.26. Another approach that was examined is to fit a surface based
on the four fitted curves for angle and each stiffness setting. This would result in 11 surfaces.
Between the surfaces and thus the measured pivot positions, linear interpolation is used. This
method has the advantages that it is simple to implement in the high level software. However
this approach resulted in a poor fit, the approach is elaborated in appendix B.

With the acquired torque deflection curve the dynamic model is extended and the model is
verified. The same characterisation experiment is repeated in the dynamic model for an de-
flection angle of 0 (only q7) degrees with an initial angle of the wrist of 0 radians. The results
are presented in figure 3.27. The stiffness is obtained by differentiating the torque deflection
curve with respect to the deflection. For each pivot position the stiffness is changed in the c ele-
ment inside the Elastic Element block with the corresponding torque-deflection curve. During
characterisation a single torque deflection curve is determined for both elastic elements in the
wrist (g6 and q7). Therefore in the 20-sim model each C-element is multiplied by a % with the
torque deflection curve obtained by the characterisation measurements.

The presented 20-sim models with the implemented torque deflection characteristics in figure
3.27 verify that the dynamic model contains the same behaviour as the measured torque de-
flection characteristics on the actual set-up. For low stiffness’s the 20-sim model has a similar
behaviour. However for higher stiffness’s the performance can be improved. The fitted torque
deflection curves are less accurate because of the a-symmetric shape. Secondly the friction
models in the bond-graph models of the both joints do not fully satisfy the behaviour of the
set-up. This could be improved by adding a non-linear friction due to the mechanical structure
and the stick-slip friction of the planetary gears and bevel differential.
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Figure 3.27: Torque-Deflection characteristics of the wrist (q7) in 20-sim compared to the measure-
ments.

3.6 Conclusions

The presented models represent the behaviour of the joints, however improvements can be
made by adding the non-linear friction models in the bond-graphs. In the next chapter the
acquired torque-deflection characteristics are implemented in the high-level software and a
control loop is written to perform torque control. If the performance of torque control is inad-
equate, the bond-graph models can be extended with non-linear friction models and simula-
tions can be performed to improve the estimated torque.
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4 Software implementation

The torque deflection characteristics obtained in chapter 3 are implemented in the observer.
The observer provides all the necessary information about the current state of each joint. A
controller is written to control the deflection of the two VSA joints (q2,q6 and q7). First a de-
tailed description of the software architecture is provided.

4.1 Software architecture

On the NUC high level control software is implemented in ROS. The control loop runs with a
frequency of 40 Hz. In figure 4.1 a detailed overview of the software is presented. The observer
provides the high level planner with all the necessary information about the current state of
each joint, for example the position. In the high level software various state machines are im-
plemented together with Moveit!. The joint controllers in the mid-level control will execute
execute the given path and converts each desired joint position to motor positions. Besides the
execution of the trajectory provided by Moveit!, the controller can also execute the set-points
from dynamic reconfigure. These set-points are direct joint set-points supplied by a graphical
user interface. This allows manual manipulation of the arm. In this graphical user interface it
possible to set the joint controllers to execute the Moveit! trajectory or manual manipulation
of the arm. The communication messages between these main blocks are:

» The observer provides a joint state message, containing the joint name and position to
the high level software and joint controller.

e The high level controller sends the constructed trajectory to the controller.

* The controller will either convert the trajectory generated by Moveit! or the set-points
from dynamic reconfigure into motor set-points.

High-level Mid-level Low-level control
planning control & hardware
Delegation ‘( Gripper Gri
State Motion Joint
(Machine J—>( Planner Control J ELMOs ]
Plan Collision Stiffness ( Actuators i
Scene Detection Tuning
[}
Observer

Gravity Kinematic Joint
Comp. Model Observer Encoder

Figure 4.1: Detailed overview of the software architecture

For torque control the observer and the joint state message are extended with the deflection,
observed torque and stiffness for each joint. The controller is extended with a third control
option, namely torque control. Resulting in that the controller executes either the trajectory
from Moveit!, dynamic reconfigure or torque control. The graphical user interface for dynamic
reconfigure is extended with torque control to be able to set a desired torque trajectory and to
start torque control.
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4.2 Observer

The goal of the state observer is to publish the state of each joint. A overview of the observer
is presented in figure 4.2. In the constructor the parameters of the arm are loaded form a yaml
file. In this configuration file the SPI bus and CAN bus are specified together with the con-
nected absolute encoders, motor drivers (including incremental encoder on the motor) and
joint feedback gains and joint limits. This results in that all these topics, such as a absolute
encoder position in radians, are generated and available. A list is constructed to access all ab-
solute encoders and motor drives. Once this configuration file is loaded a individual observer
for each joint is constructed. Each joint controller is assigned with a unique name and is pro-
vided with the constructed encoder and motor drives list. This enables that each joint observer
can access all necessary information, such as encoder value’s.

Consfructor

Load topics from
configuration file (yamil) ABS encoders position [RAD]
----------------------------- Incr motor encoders position [RAD]
Encoder topic list Motor calibrate service request
Motor topic list
Motor_drive_service list.

Y

Encoder topic list

Motor topic list

Motor drive service list
Gravity Compensation torque,
Joint Mame

Construct Observers > 04 Observer

h 4

a1 Observer

Y

g2 & q3 Observer

05 Observer

Y

q6 & q7 Observer

Gripper

h

Nd=in (T
Main (run)

Calculate Gravity
Torques

Obtain Joint states

Get_observed_state()

Publish Joint state

Custom_joint_state
Joint_state

Figure 4.2: Overview of the observer

Once the state observer is constructed, the node loops in the main function. It calculates the
joint torques due to gravity, such that these can be used for used for future work. The gravity
torques are calculated with a Unified Robot Description Format(URDF) file. This calculation
is elaborated in appendix C. Once the gravity torques are calculated, the state of each joint
observer with the function get_observed_state is obtained. A detailed description and flow
chart of this function is depicted in figure 4.3, which represents the function for the joint wrist
(g6 and q7). The shoulder joint (q2) contains a similar approach and contains the red and and
blue blocks. There is no conversion made to polar coordinates since it is a 1 DOF joint. Both
elastic joints q4 and g5 only consist of the red blocks, since it doesn’t contain variable stiffness
mechanism and the joints are 1 DOE

First the stiffness setting and a scale factor is determined. The stiffness setting is determined
with the pivot position. The pivot position is calculated based on the encoder value of the
variable stiffness mechanism. These stiffness setting correspond with the measured pivot po-
sitions. In general the measured pivot position and thus stiffness setting, is in between two of
the measured pivot positions linear interpolation is required. The scale factor q determines the
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Get observed State () implemented for wrist (g6 &q7)

| Determine stiffness setting Pivot = (1-cos(encoder *transmission)) * lever_length
(1) and scale factor (q) Pivot = 0...50 -= stiffness (i) = 1...11
€L scale factor (g) = pivot-(i*5)/5 > q = 0...1

—*| Determine joint deflection .
— and position N TR PolerGoondinates ...

r=4/682+62

&
—™* calculate Joint torque and [ g = Quadrantof Def lection + arctan Eﬁ
| sliffness N
Torque
................... TR RIOIIE SN O
L5 Return joint state =% msgq:';
Ty = T. * BINLAP,

Figure 4.3: Detailed overview of the function get_observed_state.

value between the two measured pivot positions, this is a value between 0 and 1. After deter-
mination of the stiffness setting(i) and the scale factor(q), the joint deflection and position are
calculated based on the kinematics.

The final step is to calculate the torque and stiffness providing the stiffness setting and the scale
factor. In the wrist a switch to polar coordinates is made to r and 8. When determining 6 the
quadrant in which the deflection is presented is taken into account. The torque in polar coordi-
nates is calculated with two fitted torque deflection curves providing r and the stiffness setting
i. Linear interpolation between the two fitted deflection curves is achieved with the scale fac-
tor q. The calculated torque is converted from polar coordinates to Cartesian coordinates to
obtain the joint torque for g6 and q7 respectively. The same method is applied for the stiffness.
Two stiffnesses are calculated and linear interpolation is performed with the scale factor q to
determine the stiffness of the joints.

Initially the stiffness was calculated based on the derivative of the torque deflection curve with
respect to the deflection. However this resulted in unstable performance in the controller.
Therefore the stiffness is now calculated based on a first order fit of the torque deflection curve
for each measured stiffness setting. Which results that the derivative of the torque deflection
curve with respect to the deflection is a positive fixed number.

The current state of the joint is determined and the function then returns the current position,
deflection, stiffness and torque. Once the state of each joint is know, it is published on the ros
network with the messages custom_joint_state and joint_state. These messages are used by the
controller and contain the current position, deflection, torque and stiffness of each joint. After
publishing the joint states the whole cycle is repeated with the stated loop rate of 40 [Hz].

4.3 Controller

The controller is constructed in a similar way as the observer. A overview of the controller is
depicted in figure 4.4. In the constructor, joint controllers are created. The joint controllers
are provided with a unique name, control mode, joint set-point and drive control mode. These
joint controllers convert the joint set-points to motor set-points based on the mechanical struc-
ture.
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Constructor i
Lonsiructor Joint name

Joint control mode
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Drive control mode
Drive setpoinis

Figure 4.4: Overview of the controller.

Once the joint controllers are created the controller is initialized by setting the control mode
for each joint controller. These modes are position, velocity or current control. At this moment
only position control is possible since the ELMO servo controllers only have position control
implemented. However the structure to extend to velocity or current control is present. After
setting the control mode the joints are calibrated and the arm moves in home position. The
required joint set-points for calibration are set in the configuration file (yaml).

The controller then loops in the main function. It obtains the set-points from dynamic recon-
figure which are set by the graphical user interface. The graphical user interface is extended for
the torque control and a desired desired torque trajectory can be set for the joints g2, g6, q7.
The graphical user interface is presented in figure 4.5.
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Figure 4.5: Graphical user interface of dynamic reconfigure.

After obtaining the set-points from dynamic reconfigure the function get_new_setpoints is
called. This contains three options based on the given control mode. Either joint setpoints
from the Moveit! package, dynamic reconfigure (manual manipulation) or torque control are
obtained. The torque control mode is written to be able to perform torque control for the joints
g2, g6 and q7. A block diagram of the control scheme for torque control is presented in figure
4.6.

9cln:si.rcd 0

A

TDesired 4 Terror

Plant —> Observer

[ Tobserved

Al

Figure 4.6: Block diagram of the control scheme for torque control.

In order to perform torque control, the controller is provided with the current joint state from
the observer. A torque error is calculated based on the required torque set-point set in the
dynamic reconfigure graphical user interface and the observed joint torque. The torque error
is divided by the stiffness to obtain a deflection error. The deflection error is fed to a PI loop.
The gains of the PI loop are tuned experimentally. The output of the PIloop is summed with a
feedforward deflection and the current joint position term. This results in a new joint set-point.

After obtaining the joint set-points a check is performed if a feedback PI loop is activated. This
PI control loop is provided with the current state and the PI loop ensures that the given joint
set-point is obtained. In case of the control mode Moveit! or dynamic reconfigure (manual
manipulation) the feedback PI loop is by default activated. In case the control mode is torque
control the feedback PI loop is deactivated since it interferes with the torque controller. The
joint set-points are checked such that they do not exceed the joint limits. These limits are de-
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fined in the configuration file (yaml). The joint set-points are published on the ros network.
After publishing the joint set-points it returns to obtaining the dynamic reconfigure set-points
and the whole cycle is repeated with a loop rate of 40 [Hz].

Torque control is achieved by determining the current joint state in the state observer. The cur-
rent joint state is provided to the controller. The controller obtains the desired torque trajectory
from the dynamic reconfigure graphical user interface. In the controller the joint set-points are
calculated with the control mode, torque control. The joint controllers that were created in the
constructor obtain these new joint set-points and convert the desired joint positions to motor
positions. These set-points are sent to ELMO’s using the CAN bus. These will perform local
position control to achieve the given set-point.
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5 Experiments and validation

The implemented torque control is validated for the shoulder joint (q2) and the wrist joints (q6
and q7). For various stiffness settings a reference torque is set in the graphical user interface.
The chosen torque trajectories are a sine, cosine and a step function. The amplitudes of these
functions are based on the acquired torque during characterisation and are determined by the
stiffness setting. The stiffer the joint is set, the higher the amplitude of the torque trajectory.
The frequency for the sine and cosine are 0.1 and 0.2 Hz. Higher frequencies resulted in poor
performance due to the 40 Hz control loop and the latency between the high level software and
the CAN and SPI Bus. The controller is then no longer able to track the desired torque trajectory.
A comparison is made between the reference torque, a Mini40 force/torque sensor from ATI
industrial automation to measure the actual torque and the observed torque determined with
the torque deflection characteristics.

5.1 Shoulder validation

The torque control implemented for the shoulder joint (q2) is validated with the set-up pre-
sented in figure 5.1. The shoulder is fixed on a beam such that the arm is not possible to move.
With this set-up gravity does not influence the measurements since the arm is straight-up and
fixed to the beam. The force/torque sensor is placed between the robotic arm and the wooden
blocks that make contact with the beam.

Figure 5.1: Validation set-up shoulder joint(q2).

For 13 pivot positions measurements are performed. Each pivot positions is validated with 7
torque trajectory set-points, resulting in 101 measurements. To present all results is beyond
the scope of this chapter. Instead the results are presented for high, medium and low stiffness
of the joint. The results for the joint(q2) are depicted in the figures 5.2 till 5.13.
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Figure 5.2: Validation of the shoulder (q2) with a step function of 20 [Nm] for a high stiffness setting.
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Figure 5.3: Validation of the shoulder (q2) with a cosine function of 0.1 [Hz] for a high stiffness setting.
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Figure 5.4: Validation of the shoulder (q2) with a sine function of 0.1 [Hz] for a high stiffness setting.
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Figure 5.5: Validation of the shoulder (q2) with a cosine function of 0.1 [Hz] for a high stiffness setting

Figure 5.6: Dead-zone in figure 5.5 captured by the observer and force/torque sensor.
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Figure 5.7: Validation of the shoulder (q2) with a step function of 7.5 [Nm] for a medium stiffness setting.
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Figure 5.8: Validation of the shoulder (q2) with a sine function of 0.1 [Hz] for a medium stiffness setting.
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Shoulder g2 torque: observed vs reference vs sensor. Pivot position 25.287 [mm]

20 -
Force/torque sensor
ﬁ Reference torque: 15 SIN(2*PI*0.2*T)
15+ \ N A —— Observed torque
10H ;‘ | | f |
| | i | | |
! | | : | |
5| | [ |

Torque [Nm]
o

-20 1 1 1 1 1 1
Time [S]

Figure 5.9: Validation of the shoulder (q2) with a sine function of 0.2 [Hz] for a medium stiffness setting.
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Figure 5.10: Validation of the shoulder (q2) with a cosine function of 0.1 [Hz] for a medium stiffness
setting.
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Figure 5.11: Validation of the shoulder (q2) with a cosine function of 0.1 [Hz] for a low stiffness setting.
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Figure 5.12: Validation of the shoulder (q2) with a cosine function of 0.1 [Hz] for a low stiffness setting.
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Figure 5.13: Validation of the shoulder (q2) with a sine function of 0.1 [Hz] for a low stiffness setting.

The reference torque is tracked by the observer, which validates the control loop. In some re-
sults there is an offset between the observed torque and the measured torque, this is due to
an inaccurate fitted torque-deflection curve or the hysteresis and non-linear friction which is
not modelled in the current observer. The dead-zone is well captured by the fitted torque de-
flection curve as depicted in figure 5.6. In figure 5.11 a interpolation between two measured
stiffness settings is presented. The observer and measured torque contain similar behaviour
and exhibit that interpolation between the characterised stiffness settings is possible. During
the low stiffness settings vibrations in the mechanical structure are presents, which introduced
noise in the signal of the observer and force/torque sensor. A moving average filter is applied in
order compensate for the noise and to be able to see the results. Overall the torque control for
the shoulder joint (q2) provides a good tracking of the reference torque and is validated with
the force/torque sensor. Improvements are possible by adding the hysteresis and non-linear
friction the observer and gain scheduling for the PI control loop to improve the tracking of the
observed torque with the reference torque for higher frequencies.

5.2 Wrist validation

The torque control on the 2 DOF wrist joint (g6 and q7) is validated with the set-up presented
in figure 5.14. The shoulder joint and the elbow joint are set into a position such that the wrist
is pointing straight down towards the floor (z-direction points towards the floor). A mounting
plate is constructed such that the force/torque sensor is placed on top of the wrist joint, replac-
ing the gripper. A plate in which a bolt is fed through a hole is is connected with the sensor and
is connected to the force/torque sensor. The plate is clamped in a vice tool and is fixed to the
ground floor. Which results that the bolt connected to the sensors is free to rotate and translate
in z-directions. All other translations and rotations are constrained.

For 14 pivot positions measurements are performed. Each pivot positions is validated with 14
torque trajectory set-points, resulting in 196 measurements. The results for the 2 DOF wrist
joint (q6 and q7) are depicted in the figures 5.15 till 5.26
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Figure 5.14: Validation set-up wrist joint(q6 and q7).
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Figure 5.15: Validation of the wrist (q6 and q7) with two cosine functions of 0.1 [Hz] for a high stiffness

setting.
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Figure 5.16: Validation of the wrist (q6 and q7) with a step function

setting.
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Figure 5.18: Validation of the wrist (q6 and q7) with a sine function (q7) of 0.2 [Hz] for a high stiffness

setting.
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Figure 5.19: Validation of the wrist (6 and q7) with a sine function (q7) of 0.1 [Hz] for a medium stiffness
setting.
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Figure 5.20: Validation of the wrist (q6 and q7) with a step function (q7) of 1.5 [Nm] for a high medium

setting.
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Figure 5.21: Validation of the wrist (q6 and q7) with two cosine functions of 0.1 [Hz] for a medium
stiffness setting.

Robotics and Mechatronics

J.Jager



42

Joint level modelling, characterisation and torque control of the SHERPA robotic arm

Torque [Nm]

0.06

0.04

o
9
N

o

-0.0

-0.04

Wrist g6 torque: observed vs reference vs sensor. Pivot position 37.46 [mm]

i ’
I \ﬂ

il | ,‘L

“”ﬂ ‘\ UW‘

\

‘ |
I u
“m ,M‘ ““ #r ‘

—— Forceltorque sensor
Reference torque
——— Observed torque

l
\N M
\Jh“}

Ny

(HEHE

Torque [Nm]

15

o
o

o

-0.5

Wrist q7 torque: observed vs reference vs sensor. Pivot position 37.46 [mm]

—— Forceltorque sensor
Reference torque
——— Observed torque

10 15 20
Time [S]

5 10
Time [S]

Wrist g6 & q7 torque: observed vs reference vs sensor. Pivot position 37.46 [mm]

051

Torque wrist g7 [Nm]

051

orce/torque sensor
eference Torque
bserved Torque

0

0.02
Toraue wrist a6 [Nm]

0.04 0.06 0.08

Figure 5.22: Validation of the wrist (6 and q7) with a sine function (q7) of 0.2 [Hz] for a medium stiffness
setting.
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Figure 5.23: Validation of the wrist (q6 and q7) with a sine (q6) and cosine (q7) function of 0.1 [Hz] for a
low stiffness setting.
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Wrist g6 torque: observed vs reference vs sensor. Pivot position 42.36 [mm]
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Figure 5.24: Validation of the wrist (g6 and q7) with a step function (q7) of 1 [Nm] for a low stiffness

setting.
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Figure 5.25: Validation of the wrist (q6 and q7) with two cosine functions of 0.1 [Hz] for a low stiffness

setting.
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Wrist g6 torque: observed vs reference vs sensor. Pivot position 50 [mm] B Wrist q7 torque: observed vs reference vs sensor. Pivot position 50 [mm]
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Figure 5.26: Validation of the wrist (6 and q7) with two cosine functions of 0.1 [Hz] for a low stiffness
setting.

The reference torque for a high and medium stiffness setting is not optimal tracked by the ob-
server, which suggest that the PI control loop should be tuned to be able to track the reference
torque. The reference torque for a low stiffness setting is tracked by the observer, which vali-
dates the control loop. During the high stiffness settings vibrations in the mechanical structure
are presents, which introduced noise in the signal of the observer and force/torque sensor. The
linear interpolation between the characterised stiffness setting is validated in 5.21, 5.22, 5.24
and 5.25. The observer tracks the reference torque and the force/torque sensor validates the
correct estimated torque obtained by linear interpolation of different torque deflection curves
in the observer. In some results there is an offset between the observed torque and the mea-
sured torque, this is due to an inaccurate fitted torque-deflection curve, linear interpolation
between the measured torque-deflection curves or the hysteresis and non-linear friction which
is not modelled in the current observer. Overall the torque control for the wrist joints (q6 and
q7) provides a good tracking of the reference torque and is validated with the force/torque sen-
sor. Improvements are possible by adding the hysteresis and non-linear friction in the observer
and gain scheduling for the PI control loop to improve the tracking of the observed torque with
the reference torque for all stiffness settings and higher frequencies. For more results of the
validation of the wrist joints (q6 and q7), see appendix D.
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6 Conclusions and Recommendations

6.1 Conclusions

This thesis shows that joint level torque control can be achieved on the SHERPA arm with iden-
tification and modelling of the joint characteristics. This achieved by regulating the deflection
of the compliant joints. For each joint a dynamic model in bond-graphs is created and im-
plemented in 20-sim. The dynamic models represent the behaviour of the joints, however im-
provements can be made by adding the non-linear friction models in the bond-graphs. The
joints are characterised and curve fitting is applied to obtain the torque-deflection character-
istics.

The acquired torque-deflection characteristics are implemented in the high-level software. For
torque control the observer is extended with the deflection, observed torque and stiffness for
each joint. A control loop with a PI controller is written to perform torque control. The graphi-
cal user interface enables the user to set a desired torque trajectory and to start torque control.
The joint controllers convert each desired joint position into motor positions. These set-points
are sent to the ELMO’s using the CAN bus. These will perform local position control to achieve
the given set-point.

Overall the torque control for the shoulder (q2) and the wrist joints (g6 and q7) provides a good
tracking of the reference torque and is validated with experiments. In some results there is an
offset between the observed torque and the measured torque, this is due to an inaccurately
fitted torque-deflection curve, linear interpolation between the measured torque-deflection
curves or the hysteresis and non-linear friction which is not modelled in the current observer.

With this approach joint level torque control for the variable stiffness joints is accomplished
and the objectives for this master thesis are satisfied.

6.2 Recommendations and future work

In order to improve the performance of the torque control and for future work the following

recommendations are suggested.

* Extend the dynamic models and observer with the hysteresis and non-linear friction
models. This improves simulations and the estimated torque of the observer.

* Create a dynamic model of the whole arm, to be able to perform simulations with the
complete arm.

* Extend the controller with gain scheduling for the PI control loop to improve the track-
ing of the observed torque with the reference torque for all stiffness settings and higher
frequencies.

* Tune the ELMO motor drives to be able to track higher reference frequencies.

e Implement impedance control on the SHERPA arm.
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A Can Interface

In the SHERPA high level software the communication with the ELMO servo controllers is ac-
complished by a CAN-bus. It is possible to sent motor set-points and to obtain the data of the
motor encoders. Initially some of the motor encoders are used to determine the deflection
of a joint. However the CAN-bus is not reliable and randomly messages are lost. In that case
the received encoder values are zero, this results in spikes in the observed deflection and po-
sition of each joint. Leading to undesired behaviour of the arm. Occasionally the arm falls a
few centimetres and would then return to its correct position. The torque control loop relies
on the observed deflection. The observed torque is estimated with the deflection. If the de-
flection contains spikes, the observed torque contains spikes. Which results that the control
loop becomes unstable or the given torque trajectory set-points are not tracked. An example
is presented in figure A.1. In this figure the observed torque of the shoulder (q2) is presented,
together with the required torque trajectory (Reference) and the actual measured torque with
the force/torque sensor.

_ Shoulder g2 torque: observed vs reference vs sensor. Pivot position 44.9549 [mm]

— Forceltorque sensor
35 — Reference torque: 0.5 SIN(2*PI*0.1*T)
Observed torque

Torque [Nm]

Time [S]
Figure A.1: Observed deflection in the shoulder (q2) with spikes due to lost CAN-bus messages.

In (Boterenbrood, 2015) a design and implementation of the CAN-bus is accomplished. In this
project, a low-level software interface is developed that is able to drive the arm from ROS. A
ROS software node is presented that can drive the motors in the arm over a CAN bus. The ROS
software node supports driving motors on multiple CAN buses. The software architecture is
presented in A.2.

The ROS-CAN Interface contains a part to send frames and to receive CAN frames. These are
the CANSender and CANReceiver blocks, both with their own queue to prevent loosing mes-
sages. To support multiple CAN device types a separate control block for each device type can
be added. The incoming CAN frames are send to the right device specific control block by the
NodeContainer. The NodeContainer is responsible for creating the instances of the device spe-
cific control block and keeping a list that maps each CAN node id to the corresponding device
specific control block. The CANSender sends all frames from the SendQueue to the CAN bus,
before sending a frame to the CAN bus it will send it to the SendFilterQueue of the CANRe-
ceiver. When the CANReceiver receives a frame it will compare this with the SendFilterQueue
and if a match is found it will drop the frame and remove it from the SendFilterQueue, if no
match is found the frame is added to the ReceiveQueue. The CANController will process all
frames from the ReceiveQueue.
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Figure A.2: ROS-CAN interface diagram (Boterenbrood, 2015).

To resolve the problem of the lost messages, the implementation of the CAN-bus in the high-
level software was investigated. Filters were implemented for the received messages, however
the result was not enough and due to limited time it was not possible to resolve the problem.
It is possible that the data is lost due to the wiring of the CAN-bus, at this moment this wiring
unshielded. Resulting in that external magnetic fields could influence the data. It is therefore
necessary to only use the absolute encoders to determine the position or deflection of a joint.
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B Surface fit torque deflection characteristics of the wrist

A other approach that was examined is to fit the torque deflection characteristics of the wrist
joint on a 3D surface. A surface is fitted on the 4 fitted 4th order polynomial curves for each
stiffness setting. This results in 11 surfaces, only one stiffness setting will be elaborated in this
appendix. Between the surfaces and thus the measured pivot positions, linear interpolation is
used. This method has the advantages that it is simple to implement in the high level software.
The fitted surface is a third order polynomial surface, which is described as B.1. Higher or lower
order polynomial surface fits provided a less accurate result. In order to fit the surface on the
four fitted curves for the measured angles 0,45,90 and 135 degrees, the curves are converted to
polar coordinates and the absolute value of the measured torque is taken. The relationship is
described in B.2, where x and y represent the deflection of wrist joint g6 and q7 respectively. To
determine 6, the quadrant in which the deflection is present is taking into account. In figure
B.1 an example of the fitted surface is presented. The fit for the surface is limited to a torque
of 5[Nm], deflection of 0.2[RAD] and is forced to contain zero torque and zero deflection to
improve the fit.

FittedSur face(x, y) = p00+ p10 % x + pOl * y + p20 * x> + p11 % x * y + p02 * y* + p30 * x°
+le>x<x2*y+plz>«<x>t<y2+;903>r<y3
(B.1)

r=1/(x2+y2) 6= tanh(%) (B.2)

Fitted fourth order polynomial surface, stiffness setting 6

Torque [Nm]

Deflection y [RAD]

-0.3 01 0
-0.3 : Deflection x [RAD]

Figure B.1: Fitted Surface for one stiffness setting.

From the fitted surface it is concluded that the fit is not ideal for each curve it is based on. A
comparison is made with the initial four curves on which the surfaces is based on, as depicted
in figure B.2. Indeed the fit for this stiffness setting is not perfect and could provide an inaccu-
rate torque estimation. The surface fits for each stiffness setting vary in accuracy. For certain
stiffness settings the fit is acceptable, while for other stiffness settings the fit is inaccurate.
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Figure B.2: Fitted surface vs the fitted curves vs the measured data.

Between each stiffness setting, and thus the 11 surfaces, linear interpolation is used. The result
is depicted in figure B.3. In this figure the pivot position is changed from 0 mm to 50mm in
steps of 7.5 mm. The blue surfaces represent a surface based on a measured pivot position, the
green surfaces are interpolated surfaces between two measured pivot positions.

Interpoltion between surface, pivot position 0 to 50 mm

(o]

Torque [Nm]
A

n

0.3

-0.1
Defletion x [Rad]

Figure B.3: Interpolation between the surfaces and thus the pivot positions.

These surfaces were implemented in the high level software and measurements were made
with the wrist to determine the performance of the estimated torques using surfaces. To de-
termine the torque in each individual joint direction (q6 or q7) the polar coordinates are trans-
formed to Cartesian coordinates, described in B.3.

x=r*cos(0) y =r*sin(0) (B.3)

This approach resulted in poor performance, such that the desired torque trajectory is not fol-
lowed and the estimated torque is not accurate. The surface fit is to inaccurate to represent
the measured torque deflection characteristics. Secondly the fitted surface is oscillating in the
hysteresis of the measured torque deflection characteristics, this is highly undesired. Since it is
impossible to extend the fitted surface with a model to take the hysteresis into account.
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C Gravity Compensation

In order to improve the calibration of the arm and to be able to use gravity compensation in
future work the Unified Robot Description Format(URDF) in combination with a kinematic
solver is used. The URDF is a markup language, designed to describe robots. The description
is described in a special XML format. The most important elements in the XML specification
are (Barbieri, 2016):

* Link: Describes the properties of a specific robot link. Each link must have a unique
name. The visual, inertial and collision details are configured in the corresponding sub-
tags of the link element. The visual part as well as the collision model can either be com-
posed from primitive shapes or from mesh files.

* Joint: Describes the properties of a joint. A joint is a flexible connection between two
links, having exactly one parent and one child link. Each joint states a new reference
frame for its child link and it is positioned relative to its parent frame. The joint actuates
its child link relative to its parent link along the joint axis. There are different types of
joints available such as fixed and revolute. A fixed joint states a rigid connection between
parent and child link. A revolute joint is a rotational joint with one degree of freedom.
Details like angular joint limits, axis orientation and the dynamic properties of the joint
motors can be configured in the corresponding subtags of the joint element. Those ele-
ments are used to form the URDF graph that exactly describes the kinematic chain of the
robot components and their placement relative to each other.

The kinematic solver provided by the Movelt! package is able to calculate the gravity compen-
sation torques, taking into consideration the pose of the arm and the inertia’s, center of masses
and the kinematic relations between the joints and links defined in the URDF file. To verify the
calculated gravity compensation torques, the arm is set into a fixed pose as depicted in figure
C.1. The arm is set in a angle of 45 degrees and all masses of the joints are set to 1 [Kg]. The
mass of the camera and gripper are set to 0 [Kg].

Wrist/Gripper/end_adaptor

Underarm_body1/Underarm_body2
Elbow

Shoulder_body1/Shoulder_body 2/Upperarm

s Sherpa_arm base

Figure C.1: Experimental set-up to validate the gravity compensation torques.

In the URDF 10 reference frames are defined. The center of masses of each joint is defined in
table C.1. In this table all lengths are defined in a positive upward z-direction with respect to it’s
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own reference frame. The distance between the different reference frames are defined in table
C.2.

Body Center of mass(m]
End_Adaptor 0.1
Wrist Center of the Reference Frame
Underam_bodyl 0.18
Underam_body2 0.045 .1
Elbow 0.025 ’
Upperarm 0.33
Shoulder_bodyl Center of the Reference Frame
Shoulder_body_2 Center of the Reference Frame
Sherpa_arm_base 0.0039
Reference framel Reference frame?2 Distance between the frames[m]
Wrist Underam_bodyl 0.348
Underam_bodyl Elbow 0.12 (C.2)
Elbow Shoulder_body_2 0.45
Shoulder_body_2  Sherpa_arm_base 0.1348

Using the geometrical relations each gravity compensation torque is calculated as depicted in
equation C.3. A change of sign is required in the calculated torques in order to compensate for
the torques. The results of the calculated torques with the kinematic solver and the URDF are
presented in figure C.2. The gravity compensation torques calculated with the URDF and kine-
matic solver are validated. Resulting in that gravity compensation torques can be calculated
and used in future work with the URDF and kinematic solver for each pose of the arm.

Wrist=1x%cos45° *9.81 * 0.1 = 0.693[Nm]

Upperarm=1%cos45° *9.81 = (0.448 + 0.348 + 0.18 + 0.045) = 7.08[ N m]

Elbow =1 % cos45° x 9.81  (0.568 + 0.468 + 0.3 + 0.165 + 0.025) = 10.58[ N m]
Shoulder =1 % cos45° x9.81 x (1.018 + 0.918 + 0.75 + 0.615 + 0.475 + 0.33) = 28.48[ Nm]

screen x

Figure C.2: Calculated gravity compensation torques with the URDF file and kinematic solver.
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D Experimental results of the wrist joints

Additional validation results of the wrist joints (g6 and q7) are depicted in the images below.

Wrist g6 torque: observed vs reference vs sensor. Pivot position 24.94 [mm]

Wrist q7 torque: observed vs reference vs sensor. Pivot position 24.94 [mm]
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Figure D.1: Validation of the wrist (q6 and q7) with a medium stiffness setting.
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Figure D.2: Validation of the wrist (q6 and q7) with a medium stiffness setting.
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Wrist g6 torque: observed vs reference vs sensor. Pivot position 34.9 [mm]

Wrist q7 torque: observed vs reference vs sensor. Pivot position 34.9 [mm]
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Figure D.3: Validation of the wrist (q6 and q7) with a medium stiffness setting.
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Figure D.4: Validation of the wrist (q6 and q7) with a medium stiffness setting.
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Figure D.5: Validation of the wrist (q6 and q7) with a medium stiffness setting.
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Figure D.7: Validation of the wrist (q6 and q7) with a low stiffness setting.
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Figure D.8: Validation of the wrist (q6 and q7) with a low stiffness setting.
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Figure D.9: Validation of the wrist (q6 and q7) with a low stiffness setting.
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Figure D.10: Validation of the wrist (g6 and q7) with a low stiffness setting.
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