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2 Master Thesis Report

Abstract

Automatisation is spreading rapidly in all kind of sectors, giving rise to new problems that need
solutions. One of those problems is the safe usage of manipulator robots in environments
where a human and robot share their workspace. In this thesis, a novel safety-aware control
architecture is proposed. This is done by utilising a novel dynamic energy injection protocol
using energy tanks, accompanied by compliance based control in case of collisions. Collision
experiments on a 7-DoF manipulator show the validity of the proposed control architecture.
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4 Master Thesis Report

1 Introduction

This master thesis report encompasses the most relevant parts of the work done during the
graduation project. In the first chapter the motivation is given for the chosen topic and pro-
vides the research question at hand. Chapter 2 will provide the reader with the necessary
background material required for understanding the decisions made during the thesis. The
main work of the thesis will be presented in the form of a conference paper, which is shown in
Chapter 3. Finally, we reflect on the work done during the graduation project in Chapter 4.

This project is a partial extension of the work done in "Energy-aware adaptive impedance con-
trol using offline task-based optimization" [1]. The thesis will focus on experimentally validat-
ing some of the key contributions made in [1]. On top of that, in this work some novel key
contributions are made towards manipulator safety in a shared human-robot environment.

1.1 Motivation: Interaction control with collaborative robots

Automatisation is continuously expanding and shows no sign of stopping. Recent advances in
automatisation are in the field of collaborative robots (cobots), where robots have to operate
near or with a human. Applications for cobots can be found in care robots for the elderly or
disabled, where assisting with dressing, carrying, washing etc. requires large strong robots to
perform these tasks, while also having to interact in a safe manner [2]. Additionally, applica-
tions can be found in warehousing, logistics or service robots for domestic applications [3].
Although the industries of these applications are diverse, they all share the same requirement
of safe human-robot interaction in a shared workspace. Therefore, these robots needs to be
carefully designed to mitigate safety hazards.

Safe human-robot interaction in a shared environment is (partly) a problem of ’control’, where
control is the answer to the question "How can we make the robot behave in a desired way?".
Conventional control theories such as position/velocity (motion) or force/torque control are
not suitable for interaction between robot and environment. Therefore, most recent works
concerning robot interaction, use a form of impedance or admittance control [4-7]. The
impedance control framework forms the basis for the thesis and will be elaborated in the next
section.

Robots have a wide range of use. Therefore, it is necessary to specify the scope in which the
robots will be used in this assignment. Robots working together with humans can be classified
in three broad categories [3]:

» Supportive: The robot is not integral to the central performance of the task, but instead
provides the human with the tools, materials, and information to help the human with it’s
task. For example, tour guide robots, shopping assisting robots or domestic household
robots. In this scenario physical human-robot interaction is infrequent and only for a
short amount of time, i.e. handing objects.

* Collaborative: The human and robot both work on the task, with the human and robot
separately performing their task, but with more frequent interaction through turn-taking
or exchange of objects. In this scenario the robot completes the tasks not suited for hu-
mans e.g. repetitive, high-force, toxic or precision tasks. The interaction between hu-
man and robot in this scenario will only last for a short amount of time and is generally
planned.
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CHAPTER 1. INTRODUCTION 5

* Cooperative: The robot acts independently from the human and interaction is no longer
planned. The human and robot work together in both direct and indirect physical contact
for a undefined amount of time. Examples are, lifting and carrying, kinesthetic teaching,
material handling and rehabilitation therapy.

Both in supportive and collaborative interactions the human and robot share the same
workspace and interactions are planned and short in time. Cooperative interaction requires
unplanned interaction and is therefore not a suitable form of interaction for our control tech-
nique, which requires information about the task to be available, in other words planned
interaction. In conclusion, the scope of this work will be limited to humans and robots work-
ing in either a supportive or collaborative setting.

1.2 Previous Work

This section aims to provide the reader with a basic understanding of some key concepts that
have been introduced in other works.

1.2.1 Impedance Control and Energy Shaping

Impedance control was first introduced in a threefold paper by Hogan [8-10]. Impedance can
be domain independently defined via the power conjugated variables effort and flow described
by:

z=2 (1.1)

f

In case of the mechanical domain this would mean the force divided by the velocity. The goal
in Impedance control is to achieve a certain relation between effort and flow, such that the
energy of the total system is shaped in such a way that there is an energy-minimum at the
desired state. As opposed to classical control, such as motion control or torque/force control,
where a reference is given in the form of the respective control variable, the goal is to follow this
reference as accurately as possible. A consequence of impedance control is that the system will
converge to the desired state if there is dissipation present, as such systems always converge to
the state of an energy minimum. This makes it a more suitable method for interaction control
with respect to the classical control methods. This method is usually referred to as 'Energy
Shaping.
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6 Master Thesis Report

Consider the standard equation describing an arbitrary degree-of-freedom (DoF) ma-
nipulator.
M(q){+C(q,§)q+Gq=1" 1.2)

Where M(q) is the inertia matrix, C(q, §) contains the Coriolis and centrifugal terms
G(q) is the torque caused by gravity. T represent all the input torques. Assume that we
can chose 7 exactly, i.e. there are no external disturbances. We can choose the torque
such that we shape the energy potential of the system. We do this by compensating for
the gravity term G(q), and adding a spring K and damper B. The chosen control torque
becomes, X .
T=G(q)+ 0z’ ~a K4 -4y - Bg, (1.3)
oq
where g* is the desired state. Assuming perfect compensation of the gravity term, the
total energy potential of the system becomes,

1
V=s@ -q9)'K(q" - q) (1.4)

Since the damper is dissipating energy the system will converge to the lowest possible
energy state, which is when g = g*.

Next to joint space impedance control it is also possible to control the manipulator in Carte-
sian space, which is more suitable for the way tasks are usually defined. This will be further
discussed in Chapter 2.

1.2.2 Safety in Robotics

When operating heavy manipulators used in industry there are numerous safety hazards in the
form of collisions, clamped configurations or soft-tissue injuries. These safety hazards can at
least be partly eliminated by mechanical design [11], but in case this is not possible, sufficient
or desirable additional measures have to be taken. For example, it is possible to use external
sensors to detect objects before collision [12, 13] and exploit information on object location
and orientation to ensure safe behaviour [14]. However, this comes with the significant down-
side of having to use additional sensors, which are expensive and have to be incorporated in
the design. Therefore, a lot of research is done on finding a suitable control framework in which
safe operation can be guaranteed by using only a set of standard sensors, such as joint encoders
and torque sensors.

Safety in robotics can be split into two categories: pre-impact and post-impact. Pre-impact
safety concerns itself with putting constraints on the robot movement to limit the severity of
injury in case of collision. For example, limiting the impact force [15] can prevent injuries such
as bone fracture or internal bleeding. Another approach is to put limits on the power and en-
ergy of the system [4, 16-20]. Post-impact safety consists of the detection of the collision and
the reaction to it. There are various possibilities for detecting collisions without the use of ex-
ternal sensors. For instance, in [21] the motor current is used for collision detection, while in
[22] a torque disturbance observer is proposed. Another possibility is to look at the generalised
momentum [23] or integrate energy tanks in the fault detection scheme [24].

Details on what has been done in the field of safety for robotic manipulators will be elaborated
further in chapter 2.
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..... Yoo Open-Loop
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Figure 1.1: An example control scheme with a task-based open-loop control action, supplemented with
a closed loop control action.

1.2.3 Optimisation

In Section 1.2.1, example 1, it is shown how a basic impedance controller can be implemented,
but the question remains: how are the impedance parameters, K and B, chosen? In literature
a popular topic is that of a variable impedance. This can be done by varying K either in time
[7] or space [25] or a combination of the two. An impedance that is only variable in time is
called open-loop control, as it does not take into consideration any unexpected changes with
respect to the system model. On the other hand a variable impedance in space or a combina-
tion of space and time requires information of the manipulator configuration, which is called
closed-loop control. In [26] it was reasoned that it is beneficial for robot safety to have minimal
feedback. Therefore, an example control scheme as given in Fig. 1.1 could be used to make the
robot behaviour safer.

In this thesis we build on the strategy proposed in [1], where a task-based optimisation strategy
is used to construct an open-loop control action. The open-loop control action is supported
with a closed-loop control action to adjust for small discrepancies from the nominal case. The
optimal variable impedance can be chosen based on the following criteria:

* Performance: For each deviation from the planned trajectory or positions an increase in
cost is defined. The performance cost can be split in multiple terms, dependent on the
objective. Examples of performance objectives can be to minimise the tracking error or
the error at the final time.

» Energy efficiency: Energy efficiency can be expressed in a form of metabolic cost, which is
defined as the energy spend during the task. The metabolic cost can be partly attributed
due to dissipation in the electrical part of the motors, and the mechanical power.

* Stiffness: For safety reasons it is desired to minimise the interaction energy, which is
equivalent to minimising the stiffness of the impedance control loop.

Hence, an optimisation problem can be constructed that minimizes the sum of the weighted
costs attributed to each of the above mentioned criteria. Choosing the damper B can be done
in a similar fashion or by making it dependent on K.

1.3 Problem Description
1.3.1 General problem

In impedance control a hot topic remains in how to choose the impedance parameters. Pre-
vious work has shown that both bio-mimetic and performance metrics can be cast into an
optimisation problem to create interpretable optimal values for the impedance parameters [1].
However, these results have only been tested in simulation and require experimental valida-
tion. Additionally, the method as proposed in [1] does not result in a control strategy that is
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8 Master Thesis Report

safe for humans and robots to operate in a shared workspace. This gives rise to a need for a
supplementary safety layer.

1.3.2 Project scope

The control strategy as presented in [1] consists of a task-based open-loop optimisation in an
impedance control framework, supplemented with passivity layer in the form of energy tanks
and a closed-loop impedance controller to compensate for model variations and external dis-
turbances. Next to that, an iterative feed-forward adaption law was incorporated to update the
open-loop control action and energy budgets after each iteration. However, due to the limited
amount of time available it is chosen to leave iterative feed-forward adaption law out of the
assignment.

The control strategy has shown promising results in simulation, but experimental validation
was missing. Therefore, the following research questions are proposed:

"Is it achievable to implement the control strategy on a commonly used manipulator? Does it
still have the same benefits over conventional control as shown in the simulation results?"

Next to that, there are some concerns about the safety of the control strategy. Hence, an addi-
tional research question is put forth:

"Is the control strategy presented safe for human-robot collaboration in a shared workspace?
What steps are necessary to make the control strategy safe for humans and robots in a shared
workspace?"

1.4 Contribution

The major contributions of the thesis will be twofold:

1. Experimental validation of a control strategy based on a time-varying task-based op-
timisation in a Cartesian impedance control framework and a closed-loop task-free
impedance controller.

2. A safety layer exploiting the well known concepts of energy tanks, which is able to accu-
rately detect and react to unexpected collisions.

1.5 Approach
1.5.1 Setup

The robot of choice is the 7-DoF Franka Emika Panda robot or 'Franka, which can be seen in
Fig. 1.2. The robot is chosen, mainly because of its availability, but also because of the relatively
easy interface, as communication can be done via the Robotic Operating System (ROS). This
communication interface is shown in Fig. 1.3.

1.5.2 Control structure: task-based and task-free

The control structure will consist of a optimised open-loop control action in a Cartesian space
variable impedance framework, called the task-based control term. Additionally, we provide a
closed-loop control action to compensate for model deviations or small disturbances, which is
called the task-free control term. See Fig. 1.1 for a schematic representation of this architecture.

Daniél van Dijk, January 25, 2022 University of Twente
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Figure 1.2: The Franka Emika Panda robot. It
is a 7-DoF manipulator with a reach of 0.855m
and can carry a payload up to 3kg. Besides that
it is equipped with link-side torque sensors in
each joint and an independently controllable
gripper with a maximum width of 0.080m.

Figure 1.3: Schematic overview of the commu-
nication between workstation and robot.

1.5.3 Optimisation

An optimisation algorithm will be constructed to be able to find optimal values for the
impedance parameters of the task-based control action. Due to the exceptional performance
of humans in every day tasks such as grabbing, moving and lifting it is chosen to approach the
optimisation problem for a bio-mimetic perspective. The optimisation problem is continuous
in time, however, due to practical limitations we seek the solution of the optimisation to be a
set of finite parameters.

1.5.4 Safety Layer

Since we will be using non-passive control actions, as we want to do active work, the system
will be non-passive. Energy tanks are an elegant way to recover passivity. However, passivity
does not necessarily mean safety [4]. The energy tank approach fits very well within the task-
based paradigm, as for a pre-determined task we can determine the nominal energy spent to
complete the task, which in turn can be used to fill the tanks accordingly. However, for some
tasks this may be a significant amount of energy, which can lead to unsafe behaviour because
there is no limit on the speed at which the energy can be extracted from the tank. Therefore, we
utilise a novel dynamic energy injection strategy that is based on the strategy proposed in [1].

1.5.5 Procedure and validation

The methods will be validated by doing experiments on a real-life manipulator. A benchmark
experiment for industrial robotics is a peg-in-hole task. To get acquainted with the material
from [1] a case study is performed. This case study aims to incorporate the various aspects of
the control strategy and the safety layer in a simple double pendulum model, such that a basic
understanding of the control architecture is obtained. Additionally, this model would provide
us with the opportunity to identify problems in the strategy early on. This model will be built in
MATLAB 2020b and Simulink. Finally, the control strategy and safety layer need to be incorpo-
rated on the Franka, which is provided with a control interface via the ROS (Robotic Operating
System) package libfranka. The libfranka library consists of various example controllers made
in C++, therefore, the programming language of choice will also be C++.

Robotics and Mechatronics ~ Daniél van Dijk, January 25, 2022



10 Master Thesis Report

1.6 Report Structure

The thesis report consists of four chapters, of which this introductory chapter was the first. This
is followed by a background chapter which will provide more detail on what has been done in
previous work and provides the author with the various options available for the safety layer.
A choice will be made on the final control strategy and safety layer and be used for the exper-
iments on the Franka manipulator, which will be processed into a paper given in Chapter 3.
Lastly, there will be a reflection on the work done during the graduation project. In this chapter
we will look back to our problem statement from this section and provide some conclusions for
it.

Daniél van Dijk, January 25, 2022 University of Twente
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2 Background

Industrial robotic arms are frequently denoted as 'manipulator’, as the robotic arm manipu-
lates the environment by performing tasks. The Franka Emika Panda, which will be used for
the final experiments, is a redundant manipulator with 7 degrees of freedom. With a total mass
of 18kg and 2ms~! end effector speed it poses a potential safety hazard.

This chapter is divided in two main sections. In the first section we will outline the relevant
safety risks while dealing with such a manipulator, and present solutions to these safety risks
found in literature. For the second section we provide some theoretical background on safety
relevant aspects that we might have to deal with when ensuring safe manipulator behaviour.

2.1 Safety
2.1.1 Safety concerns in a manipulator

There are numerous safety concerns when working with manipulators. A graphical summary is
given in Fig. 2.1. The unconstrained and constrained impact scenarios are the main scenarios
that will be dealt with in this work.

To determine all safety relevant metrics, a safety analysis is done for an arbitrary manipulator.
This consists of the following steps:

1. Risk assessment
2. Risk elimination and reduction

3. Quantitative norms

2.1.1.1 Risk assessment

Identifying the safety risks for the manipulator can be done with the help of the two main
scenarios; constrained and unconstrained impact. In case of a constrained impact, the human
is locked between the manipulator and a static object. In case of unconstrained impact the
human is free to move in any direction. Other scenarios, such as the clamping or secondary
impact scenarios, are not incorporated in this work due to the unlikeliness of occurrence or
lack of controllability in the specific situation.

The following risks can be identified when working with a manipulator [27]:
¢ Blunt Impact
¢ Fracture
¢ Internal bleeding
¢ Soft Tissue
e Abrasion
¢ Contusion
¢ Stab wounds
¢ Laceration

Blunt Impact For blunt impact collisions fractures and internal bleeding are the main con-
cerns. Especially when colliding with delicate parts of the human body such as the neck or
head. Blunt impact collisions require slightly different safety measures depending on whether
the human is constrained or unconstrained. In case of constrained impact it is very important
the the robot does not attempt to move any further and becomes compliant as soon as possi-
ble, such that the human can remove the robot from contact. In case of unconstrained impact

Robotics and Mechatronics Daniél van Dijk
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Figure 2.1: Contact scenarios for human-robot collision, from [3]

the initial impact force is the determining factor for the resulting injury, as the risk of sustained
pressure is much lower with respect to the constrained scenario.

Soft Tissue

¢ Abrasion: Abrasions are mainly caused by tangential motions of corners and sharp edges
along the human skin and an affecting energy of E = 100] is already enough to cause such
injury [28].

* Contusion (bruises, crushes): Contusions are a matter of impact density. Typical high-
danger parts of the human body are the scalp on kneecaps due to their osseous basis.
Tissue injury occurs at an energy density of €4 > 2.52 x 10*Jm~2 [28].

» Stab wounds: Stab wounds can occur if the chosen end-effector tool is a sharp object
such as a knife, scissor or scalpel. Concerning stab wounds a useful metric for injury
is penetration force, as strain is no appropriate measure due to the small contact area.
Tolerance to penetration force depends heavily on the layers of clothing and range from
76N for uncovered skin to 173N for three layers of typical clothing. For common tools
such as scissors or kitchen knifes the value are between 60— 76 N [27].

* Laceration (cuts, gashes, contused wounds): At low velocities of 0.25 ms™" no injuries are
observed, while at 0.8 ms™! large and deep lacerations can be caused by common sharp
tools [27].

1

2.1.1.2 Risk elimination and reduction

Blunt Impact The blunt impact injury can be reduced by putting limits on the allowable im-
pact force, which is dependent on the Jacobian, inertia matrix and velocity of the robot for a
collision with a stationary rigid object, as will be shown in Section 2.2. To solve the issue of
blunt impact in case of a constrained scenario, e.g. a sustained force, there is need for a reliable
collision detection and reaction strategy. This will be further discussed in Section 2.1.2 and
Section 2.1.3.

Soft Tissue For the soft tissue injury types it is assumed that the end-effector tool is not sharp.
Therefore, only abrasions and contusions have to be taken into consideration. The abrasion
type injury can be prevented by a sufficiently accurate collision detection and reaction strategy,
as abrasions require sustained tangential motion along the skin. Contusions can be prevented
by limiting the kinetic energy of each joint or other point-of-interest, as the transferred energy

Daniél van Dijk, January 25, 2022 University of Twente
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to the collided object can be limited by kinetic energy.

The risk elimination and reduction scheme can be found in Fig. 2.2.

Collision injury
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Figure 2.2: Safety tree showing each injury risk and the factor that limits the severity of the injury.

2.1.1.3 Quantative norms

Blunt Impact A quantitative norm frequently used in the automotive industry is the Head
Injury Criterion (HIC). However, due to the relatively low operating velocities of manipulator
robots, even the heaviest robots are deemed safe according to the HIC [29]. A more relevant
metric for robots has come up in [30], namely, the Head Impact Power (HIP). These power (and
energy) limits are given in (2.1) and (2.2).

Plimit ® 5kW 2.1)

Eiimit = 30] (2.2)

The power limit is chosen such that their is "only’ a 5% chance at concussion in case of impact.
The energy limit is chosen for neck fracture, as the neck has the lowest force tolerance of all
body parts [18]. However, these limits are taken at the boundary of very serious injury, namely
neck fracture. In [3] it was attempted to find a correlation with pain, which sets the limits for
energy as,

Ejimit = 12.2] (2.3)

We take the more conservative limit of (2.3). Concerning the impact force limit, pain experi-
ments with a human has shown that the impact force limit can be taken as given in (2.4) [3].

Fiimit = 272.2N (2.4)

Soft Tissue Quantitative norms for soft tissue injuries are specified in [28]. This states that the
limit for energy density before a contusion type injury will occur is,

€4=2.52x10*Jm™2 (2.5)

An overview of the safety limits is given in table 2.1.
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Limit ‘ Unit ‘ Source
Kinetic Energy | 12.2 [J] [3]
Power 5000 W] [30]
Force 272.2 [N] [3]

Energy Density | 2.52x10* | [Jm™2] | [28]

Table 2.1: Safety Limits for an arbitrary manipulator

2.1.2 Fault detection

Fault detection in the scope of this work refers to substantial deviations from the planned task.
Fault detection can be used to detect unplanned collisions with an object, and more impor-
tantly a human. The detection of human-robot collision is a critical part in designing a safety
protocol for human-friendly robot control. Itis possible to use external sensors [31] for collision
detection. However, the use of external sensors comes at an added costs and it is not always
possible to have external sensors on a manipulator. Other forms of collision detection use the
motor current [21], torque disturbance observer [22] or generalised momentum [23]. On top
of these methods, it is possible to integrate energy tanks in the fault detection scheme. Where
an empty tank would result in a possible collision detected or some other faulty behaviour [24].
Additionally, the Franka manipulator has its own collision detection scheme. The user of is able
to set an external force in [N] which the Franka will register as a collision.

2.1.3 Reaction Strategy

Once the robot has detect faulty behaviour, e.g. collided with a human, an adequate reaction
strategy needs to be performed. Possible reaction strategies are [3]:

* Stop Robot: Stop the robot using a braking strategy.

e Torque Control with Gravity Compensation: The control mode is switched to a
compliance-based controller that ignores previous task trajectory. Gravity compensa-
tion is the only torque supplied by the actuators to make the robot as compliant as
possible from the collided object point of view.

* Torque Reflex: This strategy extends the torque control-based strategy by taken into ac-
count the external torque measurement. Where the robot will move in the opposite direc-
tion of the measured external torque and thus moves away from the safety hazard.

¢ Admittance Reflex: Reference trajectory modification via admittance-type strategy that
uses the external torque. This scheme requires no control switching and the robot quickly
drives away from the external torque source and decreases the contact forces until they
decay to zero.

Whichever strategy is chosen, stopping the robot will always be the first step after fault detec-
tion. This strategy can be supplemented with either of the three other strategies.

The breaking strategy for stopping the robot can be chosen in different ways. One way can be to
disregard the planned trajectory and place the desired position at its current position. However,
this would result in a stiff robot. Another option is to dissipate the kinetic energy by enabling a
high damping on the joint velocities and setting the stiffness in the impedance controller to 0.

2.1.4 Points of Interest

In a manipulator, several links can be moving simultaneously to reach a desired configuration.
Therefore, it is not only necessary to evaluate safety for the end-effector, as done in [32], but also
for other points of interests (POI). These POI are to be evaluated for safety when attempting to
find a suitable control. The POI are spread out over the manipulator, such that the safety of the
motion can be evaluated for multiple points along the manipulator.

Daniél van Dijk, January 25, 2022 University of Twente



CHAPTER 2. BACKGROUND 15

2.1.5 Conclusion

This section has provided an overview of what has been done in the field of safety concerning
robotic manipulators. In Fig. 2.2 the injury prevention tree was given. This shows that there is
no need for the power limit as given in table 2.1, as the impact force and kinetic energy limits
are sufficient. Additionally, it is necessary to be able to reliably and quickly detect collisions
and react adequately to it.

2.2 Theoretical Background
2.2.1 Real-time determination of safety values

In the previous section it was shown that safety in robotics is often associated with either maxi-
mum impact force or transferred energy. Therefore, it is necessary to be able to determine these
two values during operation, such that they can be incorporated in a safety protocol. It is as-
sumed that the joint positions, inertial information and Jacobian are all available at a sufficient
rate and accuracy.

2.2.1.1 Impact Force

One of the most obvious risks for safety is the impact force, that is the force at which a point on
the robot collides with the human. Determining the impact force is not trivial, but the equa-
tion for the impact force, in case of a collision with a rigid object, can be found in (2.6) for a
stationary rigid object [33].

—(1+e) v'n
n'Jo@OM-16) ] n

f= (2.6)
Where v € R is the velocity of the mechanical system at the point of impact. 8 € R are the joint
angles. J,(0) is the Jacobian at the point of impact and M is the nxn inertia matrix, n is the
contact normal. e is a constant denoting the type of collision taking place where 0 < e <1, 0 is
for purely plastic collision and 1 is for purely elastic collision. Equation (2.6) was modified by
[15] such that friction is taken into consideration. The result can be found in (2.7).

(1+e)sd
v @M1 @), v

f= 2.7)
Where s, = |v|. This modification removes the wedge effect and makes for a more realistic
behaviour of the effective impact force.

Equations (2.6) and (2.7) show the resulting impact force in case of collision between the robot
and a stationary rigid object. Hence, these equations are not suitable for determining the
impact force in case of human-robot interaction.

Xy XH
— —
KH Figure 2.3: Human-robot collision simplified in a

mass-spring-mass model
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Human-robot collision can be simplified to a mass-spring-mass model, see Fig. 2.3. The initial
maximum impact force can than be described by: [3].

m MH .0
Fed™ =/ —muu+ 2V K 2.8)

Where My is the reflected inertia of the human, Ky is the contact stiffness (as the Franka is a
rigid robot this is mainly the effective stiffness of the human contact area), m, is the effective
mass of the robot acting in the instantaneous collision direction and x%, is the relative impact
velocity between human and robot. Note that this is a significant simplification to model a
very difficult interaction. Usually both the human and the robot are not free floating objects,
which complicates the situation a lot. However, modelling such a difficult interaction is out of
the scope of this work.

2.2.1.2 Transferred Energy

Energy becomes a safety relevant entity due to the transferred energy between robot and hu-
man. Therefore, it is necessary to be able to know how the transferred energy can be deter-
mined. This has been done in [17], with the resulting equation (2.9).

1 mH .2

== X,
my “'n

AT

(2.9)

Where m,, is the reflected mass of the robot in the collision point along direction n, my is the
equivalent mass of the human in the point of collision and iy, is the velocity of the robot in the
direction of the human.

In [17] the approach is to decrease the reflected mass of several points along the robot arm
by exploiting the kinematic redundancy of the robot arm, along the directions of potential
impacts. By decreasing the reflected mass the total transferred energy during collision is de-
creased, as can be seen in (2.9).

2.2.2 Passivity and safety

It is required to shortly mention passivity when talking about safety in robotics due to some
misconceptions on the influence it has on safe human-robot interaction.

Figure 2.4: Two systems X; and X, connected by
a power port with power variables effort e and f
flow f, from [34] :

Consider two systems X; and Z, that are connected by a power port (e,f) as seen in Fig. 2.4. A
system is said to be passive with respect to the port if the stored energy of X, is never more than
what has been added through the power port plus the initial energy of X, [4].

In [24] and [35] it is insinuated that a passive system renders a system suitable for human-robot
coexistence. There is some truth to it, as a non-passive system can become unsafe due to the
possibility of unlimited energy extraction in case of interaction with a passive environment
[34]. However, passivity does not guarantee safe behaviour, as passivity does not put a limit on
total energy content within the system, nor the rate at which it is released. Section 2.1.1 already
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shows that there should be limits on the energy that can be transferred by the system, hence
the total energy within the system. Also, passivity has no correlation to the impact force in case
of human-robot collision, while impact force has a strong influence on the injury probability in
case of human-robot collision [3]. In conclusion, passivity is not a sufficient condition for safe
interaction with humans.

2.2.2.1 The control framework and passivity requirement

We base our control framework on the framework presented in [1]. This control scheme is
based on a time-varying impedance control. In the following section the difficulty regarding
passivity and this control method is shown.

A system is said to be passive when the following inequality holds [36],

5] . h

f Edt=E(q(t)-E(q(tp) < | y udt (2.10)
to 15}

Where E is the total energy in the system, g the state, u the input and y the output. If equality

holds then the system is said to be conservative.

In the following steps it is shown why a variable impedance destroys passivity:
Consider the general equation for describing a robotic arm:

M@)§+C(q.4)q4+G@)=T" (2.11)
7' can be split into the controlled torques T, and uncontrolled torques in the form of distur-

bances T,:
M@ i+Cq,§)G+G(q) =T +Te" (2.12)

We need to determine the control torque 7, such that we have an energy minimum at desired
state g*. This approach is called energy-shaping. If the system has an energy minimum at a
certain state, the system will go to that state, hence we need to shape the energy in such a way
that there is an energy minimum at the desired state. Therefore, the resulting 7 is described
by:

oG - K1) (q* - q)
aq ’

where G(q) is the estimated influence of gravity on the system. If we assume that the gravity

estimation is very accurate, we only have K(t) to shape the energy of the system to have a

minimum at the desired state g*. Usually a spring is accompanied by a damper b, the resulting
equation describing the model and control framework becomes:

7. =G(g) + (2.13)

M(q)ij = Te—C(q,§)q+K(1D)G - bg, (2.14)

where g=q* — q.
The total energy of the manipulator is,

1.+ N ~
Eziq M(q)q+§q K(t)q (2.15)

Taking the time derivative to show how the energy changes over time:

'_l.'r- . .T e  ~T ~ 1~T’ ~
E—zq Mg)g+q M(q)q+q K(t)q+2q K(t)gq (2.16)
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Substituting for § and choosing a constant reference (§* = 0) gives:

A | . 1 _+. .
E= Ec’]TM(q)c'] +q 1.4 Clq,q)q+ EqTK(r)q - bg? (2.17)
We can use the following property [37]:

v’ (M(q)-2C(q,§)v=0 (2.18)

Such that (2.17) becomes:
. 1 .
E= qTrC+EﬁTK(t)Zi—b¢']2 (2.19)
For a fixed impedance, K(#) = 0, we can say,

E=q"t.-bg*<q' 7. (2.20)

Hence, the inequality in (2.10) holds. Therefore the system is passive. If there was no damping,
i.e. b =0 the system would have been conservative. However, if a variable impedance is used,
i.e. K(t) #0 the energy rate of change becomes,

. 1 .

E=qTt.+ zcfl((t)ei—qu (2.21)
The sign between the square brackets is not defined. Therefore, the system cannot be said to
be passive in general. The same could be said if we had a changing reference in time g™ # 0.

A possible solution to this issue is the use of energy tanks. In [18] it is shown for a 1-DoF case
where a limited energy supply in the energy tank renders the system passive.
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Energy based safety for passive robots performing
active interaction tasks

Daniél van Dijk

Abstract—In an environment where robots will have to work
in close contact with humans, safe human-robot collaboration
is critical. In this work, a safety-aware control architecture is
constructed along a predefined task. This is done by utilising a
novel dynamic energy injection protocol using joint-level energy
tanks, accompanied by compliance based control in case of
collisions. Collision experiments on a 7-DoF manipulator validate
the proposed strategy and show a highly sensitive and reliable
safety-aware control architecture.

Index terms— impedance control, optimisation, robot safety,
energy tanks, collision detection

I. INTRODUCTION

Recent advances in the field of robotics consider the
development of robots that can operate in the same workspace
as humans, or even interact with them. These robots are
so called collaborative robots (cobots) [1]. Applications of
cobots can be found warehousing, logistics or service robots
for domestic applications [2, 3]. When operating heavy
manipulators used in these areas there are numerous safety
hazards in the form of collisions, clamped configurations or
soft-tissue injuries. These safety hazards can at least be partly
eliminated by mechanical design [4], but in case this is not
possible, sufficient or desirable additional measures have to
be taken. For example, it is possible to use external sensors
such as cameras to detect objects before collision [5, 6]
and exploit information on object location and orientation to
ensure safe behaviour [7]. Additionally, less invasive sensors
such as tactile sensors can be used to detect collisions [8].
However, this comes with the significant downside of having
to use additional sensors, which are expensive and have to be
incorporated in the design. Therefore, substantial research is
done on finding a suitable control framework which is able to
detect unsafe conditions using only a set of standard sensors,
such as joint encoders and torque sensors. For instance, in
[9, 10] disturbance observers are used for collision detection.
However, the performance of strategies using disturbance
observers is limited by the the accuracy of the robot model.

Safety in robotics can be split into two categories: pre-
impact and post-impact. Pre-impact safety concerns itself
with putting constraints on the robot movement to limit the
severity of injury in case of collision. This can be done by
limiting the impact force [11], which prevents injuries such
as bone fracture or internal bleeding, or limiting the power or
energy of the system [12-17]. Post-impact safety consists of
the detection of the collision and the reaction to it.

In this work a novel control architecture is introduced
based on the preliminary work presented in [18]. In [19] it
was reasoned that it is beneficial for robot safety to have

y o —
(b) Grabbing the peg.
R, VN

(d) Unexpected collision.

(c) Inserting the peg.

Fig. 1: Figs. a-b show the starting position of the task and
grabbing of the peg. In Fig. c the peg is successfully inserted
and in Fig. d the task could not be completed due to an
unexpected collision.

minimal feedback, as this introduces stiff behaviour in order
to achieve satisfactory performance. Therefore, the control
of a manipulator should consist of a feedforward term
and a feedback term. In [18] this is done by constructing
an optimised feedforward control action based on a given
task, called the task-based control term, and adding a small
feedback control action for disturbance rejection, called the
task-free control term. Energy tanks were incorporated in the
design to guarantee passivity. [18] showed promising results
in simulation, but still requires experimental validation.
In this work, the task-based control scheme and energy
tank architecture from [18] is extended with a safety layer
that provides safe manipulator behaviour. This is done by
providing a safety metric to the optimisation, including a
collision detection protocol, taking advantage of the energy
tank architecture, and using an adequate reaction strategy
to provide post-impact safety. These contributions are



experimentally validated on the 7-DoF Franka Emika Panda
manipulator performing a peg-in-hole task, see Fig. 1.

The remainder of this paper is structured as follows. In
the next section background material is shown to provide a
technical understanding of the used control framework. In
Section III the control strategy as introduced in [18] is restated
with some small changes. Section IV shows the contributions
of this work for manipulator safety. In Section V we outline
the experimental setup in which the validation experiments
have been performed, followed by Section VI were the results
of the experiments are discussed. Conclusions are formulated
in Section VIIL.

II. BACKGROUND

Fig. 2: A manipulator controlled with Cartesian impedance
control.

The dynamic model of any manipulator can be described in
joint-space coordinates by the following Lagrangian equation
[20]:

M(q)§+C(q.4)¢+G(q)=1" +7., (1)

where g are the generalised coordinates, M (q) is the inertia
matrix, C(q, q) the Coriolis matrix, G(q) the torque induced
by gravity, T are the actuator torques and 7. represent
the other torques induced by friction or other disturbances.
The details on the mathematical framework can be found in
[21]. For completeness some key aspects will be restated here.

Consider the arbitrary manipulator as shown in Fig. 2.
Frames V,,, ¥, and V¥, refer to the end-effector, virtual refer-
ence and inertial frame respectively. The impedance controller
can be generated by means of a virtual spring and damper,
with respectively stiffness and damping coefficients K and B.
The spring pulls the end-effector towards the virtual reference
frame, which change of coordinates can be described by the
homogeneous transformation matrix:

R’ pY
HY = 0 P 2
" <01><3 1 > @

where R, is the 3x3 rotation matrix and p? is the position
vector from frame V¥, to ¥,. The spring K € R66 is
described by a positive definite, symmetric matrix:

K, K.

K = ( K Kt) : 3)
where K, € R3%3, K, € R3*3 and K. € R3%3 refer to the
rotational, translational and coupling elements of the spring.
The wrench, W7 = [r"  fI'], exerted by the spring on the
end-effector is [21]:

7" = 2a5(GoR,) — as(G R P, P, R,;) — 2as(Gp, R,),

4)
f = -Ryas(Gp, )R, —as(G Rp, R,) — 2as(G.R,),
)

where the as(-) operator gives the anti-symmetric part of a
square matrix, the (%) operator the skew symmetric represen-
tation of a vector and

1
§tr(Kﬂ,)I3X3 -K,, 6)

with v € {c,0,t} and the tr() operator gives the trace of a
square matrix. The wrench can be transformed to joint torques
by taking the adjoint to express the wrench in the inertial
frame:

G, =

(WT = Adgr, (WD, (7)
and subsequently transforming this wrench to joint torques via:
T = (W), @®)

where J(q) is the geometric Jacobian of the manipulator.
The effect of the Cartesian damper can be described similarly.
The damper B acts on the twist vector, a 6-dimensional
column vector described as:

IO = [wib wgt], )

where w and v denote the angular and linear velocity vectors.
This twist’s indices notation indicates the twist of frame a with
respect to frame b expressed in frame c¢. The wrench exerted

by the damper expressed in W, is described as:
Wi =BT, (10)

where B € R5%6 denotes the positive definite damping matrix.
This wrench is transformed to joint torques via (7) and (8).
Finally, the actuator torques are expressed as:

T =T (qWi+W)T.

III. CONTROL STRATEGY

(1)

The work as shown in this section is based on previous
work presented in [18]. For completeness the main concepts
are repeated in this section. However, it should be noted that
we made two changes regarding the control strategy:

1) High jerk motions are difficult to realise on the real

system. Therefore, the cost function is augmented by
a term that penalises high jerk.

2) Since the manipulator used for validation is a redundant

robot, we choose a joint space impedance controller



for the task-free term as opposed to a Cartesian space
impedance controller.

An overview of the control architecture can be found in

Fig. 3. The control torque is split in a task-free term 7rp

Real-time

[

ICost Metrics }

Environment

Robot | [Environment
Model | [Model

PTB,completed (t)

Successful task
execution

Fig. 3: The control architecture with the task-based and task-
free controllers. The dashed lines represent signals computed
offline, while the solid lines show signals computed in real-
time.

and a task-based term 7rg. The combination of a task-based
and a task-free term allows to use only minor feedback,
resembling a biomimetic approach [19, 22, 23]. We briefly
motivate the control architecture here, before explaining the
details in Section III-A to Section IV. The task-based control
action comprises a feed-forward torque 7rp(t) constructed
by an offline optimisation algorithm based on gradient de-
scend. It is constructed using time-varying values for the
impedance parameters K and B in a Cartesian impedance
control framework (Section II), and optimised with the task,
cost metrics, and robot and environment models as input. We
use the Cartesian impedance control framework such that:

1) The control action is physically interpretable. This gives
an intuitive understanding of the optimisation results as
shown in Section VI.

2) Given a fixed and reachable desired frame, the system is
guaranteed to converge to that location for any positive
stiffness values in nominal conditions. This increases the
convergence rate compared to blind parametrisation of
the joint torques.

Besides the feed-forward torques, the optimisation yields
the nominal joint angles g*(¢) and joint velocities ¢*(t),
which are used by the task-free impedance controller. The
task-free joint impedance feedback term 7rp compensates
for disturbances from the nominal trajectory (Section III-B).
Subsequently, the control torque 7. is given by:

T(t,q,q) = Tr8(t) + TTR(4, 4) (12)

Lastly, the control is made safe using energy tanks, aug-
mented with a novel energy budgeting protocol (Section IV).
A. Task-Based optimisation

An optimal task-based control torque is found based on a
biomimetic metric. We take inspiration from [22], suggesting

that the human Central Nervous System (CNS) tries to min-
imise the metabolic cost while simultaneously minimising the
motion error. We first define the to be optimised control torque
as:

r=J(q) W’ +G(q), (13)

where W is dependent on K and B from Eq. (7) and
Eq. (10). The optimal solution is found by varying K over
time to get a minimisation of the total cost:

K (t)* = argmin J;.
K(t)

(14)

The Cartesian stiffness K (t) is chosen to be diagonal. We
optimise the the rotational, planar and vertical components of
the stiffness matrix independently:

K (t) = diag(ko(t) I3x3, kp(t) Taxa, ky (t)).

The damping coefficients in B(t) directly depend on the
stiffness coefficients:

15)

b, =2\/k,m,
with v € {o,p,v} and m € Ry. m is chosen based on the
upper bound of the inertia matrix, for a detailed explanation
on the coefficient m we refer to [24]. Since the optimisation
problem as stated in Eq. (14) is of infinite-dimensional nature
i.e. the decision variable K is a vector valued function of time,
we reduce the amount of optimisation variables by formulating
the stiffness curves as uniformly distributed B-splines:

(16)

Neoets
k‘,\/(t) = Z awSi(t), (17)
i=1
with Neoes the amount of coefficients, S;(¢) are the spline
basis functions and c, ; are the coefficients. The coefficients
form the optimisation variables to be solved for, this reduces
the optimisation variables to a finite set of 3N e variables.
The optimisation problem becomes:

o = argmin J;  s.t. k,j > ky(ay,t) > ki vt (18)

When a* has been found the we compute the optimal task-
based torque as:

ros(t) = J(g") W (a*, ¢*, ¢*) + G(q").

In the next paragraphs it is outlined how J; is constructed,
with wy, we, w3, wy weighing constants.

1) Performance cost: The task performance is split between
two terms J, = J + J;. The first cost Je, is the cost based
on the absolute error for each desired robot pose:

Je = wi|[H,(T) — L|lfro.

19)

(20)

where T' are the the final time instances of the multi-phase
trajectory. Contrary to [18] we add a second term that min-
imises the jerk, as the real system cannot track rapidly varying
torque references:

Njoints

T
J; = wy Z/ G 5|dt. 1)
j=1 70



2) Metabolic cost: The metabolic cost comprises the energy
spent during the task. This consists of the electrical resistance
loss in the electrical domain and the power output to the
mechanical domain. The electrical resistance loss is described

by:
N Njoints

Po=) iéRj= ) C-7}
=1

j=1
with N the number of joints and C being the approximated
electrical resistance losses. The mechanical power output is
described by:

(22)

Py =7cq. (23)

It is assumed that the motors do not have four-quadrant
control capabilities, hence we take the absolute value of the
mechanical power output. Subsequently, the total metabolic
cost can be defined as:

T

To=un [Pt (Pu)', 24)
0

where ()T denotes the positive part of the argument.

3) Stiffness cost: The last term penalises high stiffness of
the Cartesian spring. For safety reasons it is recommended
to use the lowest stiffness possible to complete the task,
such that the interaction energy is minimised. Additionally,
using the optimisation parameters directly in the objective
function provides regularisation to the optimisation procedure.
The stiffness cost can be defined as a function of the direct
optimisation variable:

J = wia ' . (25)
B. Task-Free control

We add a feedback control term to the feedforward term to
account for model uncertainties and external disturbances, we
call this the task-free term. The task-free controller is defined
as a joint-space impedance controller:

7rr = K1r(q" — q) + Brr(¢* — §), (26)

with Krp € RV*N | Brp € RV*YN and ¢* and ¢* resulting
from the optimisation procedure.

IV. SAFETY LAYER

In this work we focus on post-impact safety. Safety after
impact, or after an unexpected collision has occurred, consists
of a collision detection and a collision reaction part. In this
framework the collision detection strategy is formulated by
exploiting the energy tank architecture. Stability of systems
interacting with unknown (passive) environments can be guar-
anteed by means of passivity of the controlled system [25].
However, to perform a task, the controlled system may need to
vary the virtual reference frame and, with variable impedance,
the stiffness of the control spring. These variations generate
power ports, injecting energy into the system and destroying
passivity. On top of that, real world tasks often requires the
robot to perform active work on the environment. Energy tanks
are an elegant way of recovering passivity and can be readily
applied on multi-DoF manipulators [12].

A. Energy Tanks

Energy tanks can represented by physical energy storage
elements, e.g. a spring or capacitor, connected to each joint.
In this work, the energy tanks are modelled as mechanical
springs, which potential energy is described by:

1
H;(dj) = Sd;

=&, 27

for the tank in joint j, where d; is the tank state (spring deflec-
tion) and stiffness is unity. The dynamic equation describing
the interconnection of the energy tanks with the manipulator
is described by:

()-8 9 @)+ ()

where d; are the states of the energy tanks, 7, ; are the output
torques, ¢; are the joint velocities and U; is used to inject
energy into the energy tanks. Fig. 4 shows an actuator joint
connected to a tank subsystem. Each actuator can draw energy
from its corresponding tank through a modulated transformer
(MTF) with transformation ratio u;:

(28)

_Ted

4 (29)

U; =

under nominal conditions, where 7 ; is the control torque for
each joint. T is not a passive control action due to the feed-
forward term in Eq. (12) in the task-based part, and due to
the time dependence of the joint and velocity reference in the
task-free part. We can recover passivity by setting U; = 0 and
by decoupling the energy tanks from the actuators, i.e. u; = 0,
in case the energy in one of the tanks has exceeded its preset
energy limits.

—
ETB,Completed,j

H

_ Y%y MTF :‘ Actuator j }:{Robo‘c, joint j

Fig. 4: Schematic tank subsystem of joint j. The modulated
transformer (MTF) modulates the power flow between tank
and actuator by means of ratio u;.




B. Dynamic Energy Injection

In the previous section and in other works energy tanks are
used to recover passivity, usually under the guise of safety.
However, one substantial issue with this approach is that the
content of the energy tank can render the system unsafe,
despite the system being passive. We solve this by using
a novel dynamic energy injection protocol, which fits very
well within the task-based paradigm. From the nominal task
the total energy consumption can be derived, which can be
used to set the energy stored in the tank at the beginning
of each task. This is called the task-based energy Erp,
which can be computed offline via Erp = fOT Prgdt, where
Prg(t) = 77p(t)g" (). Since the actual task will differ from
the nominal task, we add an energy margin called the task-
free energy Ep. The initial energy in the tank is set by the
task-free energy:

d;(0) = \/2E7F ;.

This strategy showed promising results [18]. However, despite
using the well-identified model from [26], there exists a signif-
icant discrepancy between the mechanical power as expected
by the optimisation and the mechanical power measured on
the real system. To solve this issue we use a new task-based
power for dynamic energy injection, which uses measurement
data from a successfully completed task:

(30)

PTB,completed (t) = T measured (t)(jmcasurcd (t) 5 (3 1)

S0 it is necessary to first perform the task on the real system
before being able to use the safety layer. This is illustrated in
Fig. 3. We choose to dynamically inject the task-based energy,
such that the energy content within the tanks is as low as
possible. Hence, the energy content in the tanks is set by:

P complete: 't
d;(0) =2-\/Brr,, Uj(t) = —2 ;tdu().
J

(32)

By using this strategy the system will be non-passive, but much
safer compared to the conventional passive approach, since the
total energy of the system is guaranteed lower. This approach
might seem a bit paradoxical since we wittingly renounce to
passivity, which is the reason why normally energy tanks are
introduced. Nevertheless, this is an effective way to use this
architecture for guaranteeing safety, which should be the main
motivation for introducing such energy-aware control layer.

C. Collision detection and reaction

By using the dynamic energy injection protocol with the
energy tanks, we can detect if anything unexpected occurs.
A collision has been detected when the energy in the tank
has deviated significantly from its starting position. One
advantage of the chosen strategy is that we can still perform
an interaction task (planned collision) if the interaction task
is consistent between iterations.

In case an unplanned collision occurs, a two-phase reaction
strategy is proposed:

Nominal case

Decouple !
Energy Tanks

By > ¢

Draining kinetic

energy \

,,,,,,,,,,,,,,,,,,,

Compliance

Fig. 5: Behaviour tree for regulating the actuator torques.

1) Kinetic energy is removed from the system. This is done
by setting a high damping, Bgyain, On the joint velocities
and combining this with a gravity compensation term to
prevent acceleration due to gravity.

2) After the kinetic energy has been removed, the system
becomes compliant, such that the robot can be removed
from the collided object with minimum effort. Hence,
the control torques in this phase only consist of the
gravity compensation term.

This strategy is visualised in the behaviour tree in Fig. 5. We
have two selectors, the first one at the top of the figure checks
the energy tanks content. If the content in each of the energy
tanks is not too high or too low we set the actuator torque as
Te,j» 1.6. we set the transformation ratio as in Eq. (29), such
that the task-based and task-free control torques are send to
the actuators. If this is not the case we follow a sequence:

1) Decouple the energy tanks, i.e. u; = 0 and U; = 0.

2) The selector determines whether or not to drain the
energy or become compliant depending on the total
kinetic energy of the system.

V. EXPERIMENT SETUP
A. Hardware

1) Franka: To validate the proposed control architecture,
a peg-in-hole experiment was conducted on a real robotic-
platform, using the Franka Emika Panda robotic arm. The
Franka Control Interface (FCI) is commanded via the Robotic
Operating System (ROS).

2) Task: We perform a peg-in-hole task, as it is a bench-
mark test in industrial robotics. The peg is placed on a stand
with a known location. The first phase of the task will consist
of grabbing the peg with sufficient accuracy. Secondly, the peg
is brought above the hole location and subsequently inserted
in the hole in which a compression spring is placed. The final
task is to compress the spring up to a certain distance. For a
visualisation of the task we refer to Fig. 1 and Fig. 7.



B. Software

1) Nodes: Two ROS nodes are required to be able to
execute the peg-in-hole task; one for controlling the joint
torques, called the control_node and one for control-
ling the gripper for grabbing/releasing the peg, called the
gripper_node. A schematic overview of the communica-
tion between nodes and hardware can be found in Fig. 6.
The control_node publishes a flag on a certain topic
to which the gripper_node is subscribed. This way the
gripper knows when to perform a grabbing or releasing action.

i}(\.\».
SR ©)
Franka_ROS (1 kHz) actuator action
r -
i control_node
idle Robot state
flag§ grab
release
§ gripper_node i
' \gripper action,
S

Fig. 6: Communication between ROS nodes and hardware.

2) Trajectory: The peg-in-hole task requires the end-
effector to follow a set of poses from a certain starting
configuration, taking into account constraints of the hardware.
Fig. 7 shows the end-effector poses required to complete the
task. The trajectory is constructed by solving the dynamic
equations using Matlab’s odel5s solver. We solve for each
pose consecutively i.e. once a pose has been reached we
change the virtual reference frame ¥, and solve for the new
pose.

3) Optimisation to FCI: The optimisation to FCI interface
is depicted in Fig. 8. The optimisation outputs from Matlab are
loaded into the C++ script. A joint space impedance controller
brings the manipulator to the correct initial position. Subse-
quently, the control strategy from Section III and Section IV

end-effector desired poses and possible trajectory
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Fig. 7: The desired poses of the end-effector (red star) and a
possible trajectory that completes the poses (blue line).

is followed, which results in the output torque commands 7,
that can be send to the FCI.

Matlab
optimisation

fxy0 * ok

:'Hv (t)v q (t)7 q (t)7 TTB (t)atﬁags
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Fig. 8: Workflow from Matlab optimisation to FCI. Solid lines
are offline signals, while dashed lines are real-time signals at
1kHz.

VI. RESULTS

To obtain the relevant data we run the optimisation algo-
rithm with the parameters as given in Table 1. We validate our
approach in two steps:

1) We execute the task without any unplanned activities.
This is done multiple times to check for reliability of
the control scheme and the sensitivity of the safety
layer. Additionally, we investigate the effectiveness of
the open-loop control torques.

2) We collide the manipulator with a human test subject
to test sensitivity of the collision detection and the
compliance of the reaction strategy.

The experiments have been performed with the parameters
as given in Table II, where Kgp,ring is the spring constant of
the compression spring used for the compression task and
kTF,max 18 the maximum value for each entry of the feedback
gain K. Additionally, we keep the internal Franka collision
detection turned on during the experiments. Since our collision

parameter | value unit

w1 le6 -

w2 5e-6 -

ws 0.1 -

wy le-8 -

Thnal 30 [S]

Neoets 30 -

C 0.0082 | [N~ ITm—Ts~T]
k5 20 [Nm~—1]

kY le5 [Nm—1]

TABLE I: Parameters for the optimisation problem.



parameter | value | unit

kTF 100 Nmrad—!
KTF. max 400 Nmrad—!
kspring 5240 Nm~—1]

brr 15 Nmsrad !
bdrain 40 Nmsrad—!

TABLE II: Parameters used in the experiments on the Franka
Emika Panda manipulator.

detection protocol is able to use information of the task, our
collision detection should at the minimum be more sensitive
than the internal collision detection of the Franka.

A. Executing the task without collisions

1) Effectiveness of the open-loop torques: Fig. 9 show the
task-based and task-free torques over time and in Fig. 10 the
tracking of the joint angles is shown. A key observation to
make here is the task-free torques partly cancelling the task-
based torques. This shows that there is a discrepancy between
the nominal case and the real system. This discrepancy can be
partly attributed to imperfections in the manipulator model.
However, another reason for this discrepancy is that we are
changing the reference frame, while the stiffness of the control
spring is non-zero k., # 0. This introduces a step function in
the control torques, which the real manipulator is not able
to track. This problem could be solved by putting additional
constraints on the behaviour of k. in the optimisation step.
Nevertheless, the task-based torques do contribute to the robot
motion for the parts that are not cancelled by the task-free
control action.

2) Effectiveness of the safety layer: Fig. 11 shows the
energy contents in the tanks while performing the task. The
limits in the tanks are chosen differently for each joint. The
second and the fourth joint have to provide the most power
to complete the task, which correlates to bigger discrepancies
between power transferred for each task. Two key points of
interest can be extracted from the figure:

1) We are sensing a deviation from the nominal task, as the
dynamic energy injection is not perfect i.e. the energy in
the tanks is not constant. However, these deviations are
not significant enough to be labelled a collision. Hence,
the task can be performed consistently, even though
the energy bounds in the tanks are relatively narrow.
The task was repeated five times in a row without any
interventions from the safety layer, which shows that the
safety layer is not too sensitive

2) From t = 23.5s it can be concluded that the interaction
task does not produce a significant deviation in the
energy tanks. This is due to the relatively simple and
consistent interaction environment, which enables us to
keep the energy limits of the tanks constant throughout
the entire trajectory. In case the interaction environment
deviates significantly between iterations, the bounds can
be relaxed during that part of the trajectory, since the

manipulator velocities are low and thus the robot is
relatively safe.

B. Executing the task while colliding with a human

Fig. 12 shows the energy contents in the tanks while
performing the task. From the figure it can be concluded that
joint 2 is empty around 200 ms after the collision occurred.
Fig. 13 shows the end-effector trajectory. After a few sec-
onds the user is interacting with the manipulator to test the
compliance off the robot. The user reported that the robot
could be moved around with minimal effort. We like to refer
to the supplementary material' for the video recordings of
these experiments. Additionally, in the supplementary material
there are also collision experiments presented with a collision
towards the end of the trajectory. In this case the energy
tanks have already diverged from their starting value, but
the sensitivity of the collision detection did not experience
a significant decline.

C. Results discussion

In the experiments as shown in Section VI-B the internal
collision detection of the Franka manipulator was not trig-
gered. This shows the effectiveness of our proposed strategy.
Although the safety layer did not intervene during the exper-
iments from Section VI-A, it should be noted that outside of
these experiments the safety layer unnecessarily intervened a
few times. Mostly, when the robot has been turned off for
a long time. This can be prevented by either dynamically
adjusting the bounds or increasing the energy tank thresholds.

VII. CONCLUSION

We have proposed an energy-and safety-aware control strat-
egy that incorporates the task-based nature of the control
scheme in the energy-tank architecture. The energy-tanks were
utilised using a dynamic energy injection protocol, which
destroys passivity, but provides the system with a post-
impact safety layer. The proposed strategy was experimentally
validated with the Franka Emika Panda 7-DoF manipulator.
Experiments with free motion and obstructed motion show
that the safety layer is both sensitive and reliable. This can
be partly shown with the lack of collision detection by the
internal Franka safety layer. Pre-impact safety is incorporated
in the cost function of the optimisation algorithm, but for
future work we propose to extend this by incorporating pre-
impact safety limits in terms of impact force or energy transfer
as optimisation constraints to ensure complete safety of the
manipulator.

Thttps://cloud.ram.eemcs.utwente.nl/index.php/s/5bzZLDEqwQqANKeE



joint 1 joint 2 joint 3 joint 4 joint 5 joint 6 joint 7

20 il L) 20 20 5 5 5
TTF

e 10 10 10 10 B
<
g o 0 0 0 0 0 0%
=
]

-10 -10 -10 -10

-20 -20 -20 -20 ® ° ®

0 10 20 0 10 20 0 10 20 0 10 20 0 10 20 0 10 20 0 10 20

time [s] time [s] time [s] time [s] time [s] time [s] time [s]

Fig. 9: Experiment without collision: The task-based and task-free torques for each joint for a successful completion of the
task. Data corresponding to experiment 4 in the supplementary material.
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Fig. 10: Experiment without collision: the reference joint angles ¢* and the measured joint angles ¢. Data corresponding to
experiment 4 in the supplementary material.
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Fig. 11: Experiment without collision: Energy levels of the tanks in each joint. The initial energy in each tank is arbitrarily
chosen at 0.65 J. Blue lines represent the energy levels in the tank, while the black horizontal lines represent the energy limits
for each tank. Data corresponding to experiment 4 in the supplementary material.
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Fig. 12: Experiment with human-robot collision: Energy levels of the tanks in each joint. Vertical red and green lines show
the instances of collision and decoupling respectively. Data corresponding to experiment 15 in the supplementary material.
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4 Reflection

This chapter reflects on the work done during this graduation project. We briefly discuss the
problems encountered and mistakes made during the project. After that, a final conclusion
regarding the research questions posed in the introductory chapter is made. Additionally, some
recommendations are made for future work.

4.1 Discussion

There are two events in my graduation project, which influenced the outcome of the project
significantly:

1.

The experimental setup has been changed relatively often. This could have been pre-
vented with a more thorough risk assessment of the experiments. Due to the lack of de-
tail in the experiment plan some delays have occurred that could have been prevented.
The most significant delays were caused by:

* Peg design: Initially, the peg had a smooth surface, such that it could be easily
grabbed. However, the amount of force the peg had to exert on the environment
was quite significant. Therefore, the peg needed to be grabbed such that the grip-
per could not slip from the peg requiring significant changes to the design.

* Accuracy: Since the robot gets no feed-back on the exact location of the hole in
which the peg had to be inserted (only an assumed location) a very high accu-
racy was necessary to insert and grab the peg. Experiencing these issues, as op-
posed to assessing these risks beforehand, delayed the final experiments a signifi-
cant amount of time. Accuracy issues were caused by vibration of the robot plat-
form, alignment of the experiment platform with the manipulator platform, sensor
noise and static friction.

Pre-impact safety was not properly investigated in the preparation. A case study was per-
formed to test this, and the other key aspects of the graduation project, but this lacked
detail. Due to this a critical aspect of pre-impact safety could not be understood, namely
the effective mass. The limiting factors in pre-impact safety, i.e. impact force and trans-
ferred energy, are dependent on this effective mass. During the attempt to implement
this when simulating the Franka robot, very unintuitive values came out of this effective
mass. This made it possible for the Franka to behave very dangerously, while staying
within the safe boundaries for impact force and transferred energy. Due to this it was
decided to drop the pre-impact safety from the assignment. Hence, a small part of the
thesis could not be completed satisfactory.

4.2 Conclusion

In Section 1.3.2 two research questions were formulated. In this section we will reflect on those
research questions.

1.

"Is it achievable to implement the control strategy on a commonly used manipulator? Does
it still have the same benefits over conventional control as shown in the simulation results?
It proved to be relatively easy to implement the control strategy of [1] under the condition
that a dynamic model of the manipulator is available, the optimisation algorithm and
manipulator control code can be found in the supplementary material'. The discrepancy
between model and the real-system required some changes to be made in the control

lnttps://cloud.ram.eemcs.utwente.nl/index.php/s/9Rryznxedo 7GRt
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4.3

architecture with respect to [1]. Due to discrepancy between model and the real system
the task-free torques were quite significant, which mitigates the benefit from the task-
based control action a bit. However, it was shown that the task-based torque did make
a contribution to the control of the manipulator. Therefore, we can conclude that there
is still a benefit of using this task-based control architecture, be it slightly worse than in
simulation.

"Is the control strategy presented safe for human-robot collaboration in a shared
workspace? What steps are necessary to make the control strategy safe for humans and
robots in a shared workspace?"

A small step has been made towards safe behaviour in case of robot interaction with
the environment. A reliable and very sensitive collision detection and reaction strategy
has been developed and experimentally validated. However, the total system cannot
guarantee complete safety yet. To make this possible the optimisation step will have to
take into consideration actual safety limits as constraints. There is already some work
done on that in [20], which can be used to extend the optimisation algorithm with these
safety criteria. Another concern is that the suitability of the task-based approach in case
a human is involved in the task has not been tested yet. The irregularities that can occur
in case of physical human-robot interaction might prove difficulty in the dynamic energy
injection protocol.

Recommendation

Only post-impact safety could be tested on the Franka manipulator. Therefore, a strong
recommendation for future work is to extend the safety layer by also including pre-impact
safety. This could be done by adjusting the optimisation algorithm with additional con-
straints on the safety relevant metrics such as energy, power or impact force. Combining
this work with the work done in [20] should encompass the whole aspect of safety in a
shared structured environment with humans and robots.

The interaction task involved consisted of compressing a spring with k = 5240Nm™! for
10mm. Hence, the interaction energy is only 0.262]. This is in the same order of mag-
nitude as the margins in the energy tanks. The proposed control strategy would be even
more powerful if it was possible to show that we can perform interaction tasks that have
a bigger interaction energy than the energy margins in the tanks. It was not possible to
show this with the current setup due to limitations of the available compression springs
and the force that can be exerted by the Franka manipulator.

It was chosen to use Matlab’s fmincon function to perform the optimisation algorithm,
as this worked very well for the case-study and in previous work. However, as the system
become more complex the speed became a serious problem with the optimisation run-
ning up to 40 hours before converging. For future work, it is recommended to look at the
casadi optimisation software. Which has similar behaviour, but runs a lot faster.

The actuator signals were not continuous in time, due to ky # 0 when switching the ref-
erence frame. Because of this, we had to deal with a discrepancy between the handling
of the control torques on the real system and in the optimisation. Therefore, we recom-
mend to make the actuator signals continuous in time. Perhaps if this is done it won't be
necessary to do an initial supervised completion of the task.

The cost function for the metabolic cost needs to be correctly implemented, such that it
has some physical meaning. The cost function was implemented according to Eq. (22),
(23) and (24) in the paper. However, it does not make sense to first sum the contributions
of each joint and integrate after. In order to have the metabolic cost reflect the actual

Robotics and Mechatronics ~ Daniél van Dijk, January 25, 2022
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energy consumption, the metabolic cost should have looked like:

N T
Jm=ws)_ (Pe,j + Pm,j) " dt 4.1)
j=1J0

Due to the significant different results between Eq. (4.1) and the way the metabolic cost
was constructed in the paper (Eq. (22)-(24)), the result presented in the paper cannot be
considered optimal in terms of the intended metabolic cost.

Daniél van Dijk, January 25, 2022 University of Twente
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