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Experimental evaluation of energy optimized trajectories for industrial robots
EMMA VIDARSSON

Department of Signals & Systems

Chalmers University of Technology

Abstract

This thesis presents a method reducing the energy consumption in industrial robots up to
more than 30%. The reduction is possible by the use of a smart optimization algorithm
tuning the individual robot motions and improving the coordination of multiple robots.

To increase the sustainability of the automated manufacturing industry, the large
energy consumption in industrial robots must be reduced. Various approaches, such as
new control systems, lower robot weight, DC-based architectures and smart sleep mode,
are being evaluated today. However, with over 1.3 million industrial robots operating
worldwide, a solution for already existing robots is also desirable. The challenges are to
develop an energy-optimized solution and to integrate it in existing robots.

The experiments and evaluations in this thesis have been conducted on real industrial
robots available in the robotic laboratory at Chalmers University of Technology. Based
on the current robot behavior, various approaches for reducing the energy consumption
of predefined trajectories have been evaluated. The results show that the use of an
optimization algorithm for minimizing the squared acceleration can reduce the energy
consumption in a robot significantly. When coordinating multiple robots the reduction
can be increased even further, by the use of a smart zone-booking system reducing
waiting time.

Furthermore, tools for measuring robot performance and for implementing and ex-
ecuting optimized trajectories in the robots have also been developed. The latter is an
important contribution towards integrating the final optimization strategy in existing
robots.

The resulting energy reduction of over 30% indicates, along with the execution
method, that a fully integrated solution is feasible and likely to provide satisfying results.

Keywords: Industrial robots, energy consumption, power consumption, energy optimiza-
tion, path planning, implementation method
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Glossary

Cartesian Space
End-effector

Joint space
Multi-robot system
Path

Pose

Posture
Trajectory

Work cell

Workspace

Space describing position and rotation of objects in global
x-, y- and z-coordinates.

The outermost part of the robot arm used to attached tools
for part manipulation.

Space describing position and rotation of objects in joint
angles.

A system of robots containing multiple robots and other
machines and peripherals.

A geometric description of motion only denoting points in
space
The position and orientation of the robot’s end-effector

The angles of all joint in one instance determines the posture
of the robot in that instance.

The path motion, defining the velocity and acceleration of
each joint in each point of the path

The area within the robot operates, containing the robot and
other peripherals such as, other machines, static obstacles
and safety environment.

The area defined by all points in space reachable by the
end-effector of the robot.



List of notations

Symbols

0 angle
w angular velocity
w angular acceleration
0 angular jerk
FE,,  mechanical work
h sampling time
I electrical current
% percentage electrical current
Py heat dissipated power
P,,  mechanical power
SE mechanical work reduction
Sw, heat dissipated savings
Wy heat dissipated energy

Abbrevations

CIRC Circular motion

DOF  Degrees of Freedom

KRL KUKA Robotic Language

LIN Linear motion

NLP  Non-Linear Programming

PLC  Programmable Logic Controller
PPO  Pick-and-Place Operation

PTP  Point-to-Point motion

SP Sequence Planner

TCP  Tool-Center-Point



1

2

Contents

Introduction

1.1 Background . . . . . . . ...
1.2 Previouswork . . . . . . . ...
1.3 Challenges and objectives . . . . . . . .. ...
1.4 Contribution . . . . . . . . . .. e
1.5 Delimitations . . . . . . . . . . . . . e
1.6 Structure of thereport . . . . . . . . . ...

Robots and Robotic Systems

2.1 Robot manipulator . . . . . . . ... o
2.2 Positioning and orientation . . . . .. ... L oL Lo L
2.3 Kinematics . . . . . . . . Lo e
2.4 Dynamics . . . . . ... e
2.5 Path and trajectory . . . . . . ... o
2.6 Motion types . . . . . ...
2.6.1 Continuous path motions (LIN, CIRC) . . . . . ... ... ... ..
2.6.2 Point-to-point motion . . . ... ... Lo
2.6.3 Continuous and non-continuous points . . . . . . . . . .. ... ..
2.6.4 Splinemotions . . . . . . ... L Lo Lo
2.7 Motion Programming . . . . . . ... ... L oo
2.8 Multi-robot systems . . . . . ... L L Lo
2.8.1 Industrial working procedure . . . . . .. .. ... ... ..
2.9 Summary . . ...
Optimization
3.1 Optimization . . . . . . . ...
3.1.1 Modeling the optimization problem . . . . . . . .. ... ... ...
3.2 Shared Zone Constraints . . . . . . . . .. .. . oL
3.3 Summary Optimization . . . . .. .. .. ... L .

10
11
12
12
12
13
13
15
15
15
17
18
19



CONTENTS

Energy calculations

4.1 Electrical motors . . . . . . ... ..o
4.2 Calculating the energy consumption . . .. ... ... ...
4.3 Summary Energy calculations . . . . . ... ... ... ...

Methodology and tools

5.1 Evaluation methodology . . . . . .. ... ... ... ....
5.2 Therobots . . . .. . ... ...
5.3 Implementation of trajectories in the robot . . . . . .. ..
5.3.1 Generating optimized trajectories . . . . . . . . . ..
5.3.2 Implementing optimized trajectories . . . .. . . ..
5.4 Data Collection . . . . . . ... .. ... L.
54.1 Thelogger . . ... .. ... . ... ... ...
5.5 Dataanalysis . . . .. ... ... ... L.

5.5.1 Calculating execution time, path and trajectory

5.5.2 Calculating the energy consumption . . . .. .. ..
5.6 Summary of methodology and tools . . . .. ... .....

Evaluation of point-to-point motions

6.1 Evaluation of the Logger and ASCII program . . . .. ...
6.2 Motion configurations . . .. ... .. ... ... ...
6.3 Rotational motion . . . . .. ... ... ...
6.3.1 Velocity varied rotation . . ... ... ... ... ..
6.3.2 Acceleration varied rotation . . . . ... ... ...
6.4 Gravitational affected movement . . . . . . . ... ... ..
6.4.1 Energy consumption gravitational motion . . . . . .
6.5 Summary of the point-to-point evaluation . . . . .. .. ..

Evaluation of optimization strategy

7.1 Evaluation of optimization criterion . . . ... .. ... ..
7.2 Optimized pick-and-place operation . . . .. .. ... ...
7.3 Multi-robot movement . . . . ... ..o oo
7.4 Summary of the Optimization Evaluation . ... .. .. ..

Evaluation of Splines as an implementation method

8.1 The implementation hypothesis . . . . . . . ... ... ...
8.2 Experimental setup . . . . . . ... ..o
83 Results. . . . . . . ..
8.4 Summary of the splines evaluation . . . ... ... ... ..

Conclusions

9.1 Repeating the objectives . . . . . . . .. ... ... ...
9.2 Create an experimental setup . . . . . . ... ... .....
9.3 Energy calculations . . . . . ... ... 0oL

ii



CONTENTS

9.4 Evaluate the existing trajectory planning strategies . . . . . . .. ... .. 70
9.5 Optimization . . . . . . . . .. . .. . e 70
9.6 Implementation of optimization . . . . . . . ... ... ... 0L 71
9.7 Future work . . . . . ... 71
Bibliography 75
The code for evaluating Spline blocks 77
A.1 KRL - No intermediate points . . . . . . . . . .. ... ... ... ..... 7
A.2 KRL - one asymmetric intermediate point . . . . . ... ... ... ... 7
A.3 KRL - 10 evenly distributed intermediate points . . . . . ... ... ... 78

A.4 KRL - 10 unevenly distributed intermediate points . . . . . . . . ... .. 78

iii






Introduction

N THE MANUFACTURING INDUSTRY much manual work has been, and still is, re-

placed by industrial robots due to their repeatability, accuracy, speed and efficiency.

As the technology has evolved the industry has become more automated to provide

efficient, adaptive and evolving production lines. Unfortunately industrial robots

are very energy intensive and their presence has a negative impact on the factories sus-

tainability. Much effort is therefore directed towards designing more energy efficient
manufacturing systems.

1.1 Background

A more effective and adaptable but yet sustainable manufacturing industry can be
reached through joint effort from both the industry and the academic world. One of
those efforts is the European research project AREUS (Automation and Robotics for
European Sustainable manufacturing) [1]. The project aims to develop sustainable solu-
tions for industrial robotics while increasing energy efficiency and reducing cost. It can
be divided into four major work packages.

e WP1: Revolutionary energy reduction technologies.
o WP2: Eco-efficient design and simulation tools.
e WP3: Sustainable path and operation optimization.

e WP4: Life cycle sustainability assessment .

In short, WP1 aims to develop a new bi-directional electrical power supply to be
able to exchange, harvest, store and recover energy at the factories. WP2 aims to create
tools that consider sustainability when designing robotized automation by integrating
advanced mathematical models for simulations, optimization and control design. WP3
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aims to create tools to optimize the complex multi-robot cells and WP4 aims to assess
the automation systems life cycle [1].

Ten major partner organizations from six European countries are involved in the
project. The Automation research group at the Department of Signals and Systems
at Chalmers University of Technology is one of the organizations and is responsible
for WP3. In this package the group is focusing on developing algorithms and tools to
optimize an industrial working cell containing robots, machines and other moving parts
such as conveyor bands. Through advanced scheduling optimal operation sequences for
robots and other moving devices can be determined. Areas multiple robots, machines
and other moving parts can access, so called shared zones, are generated and shared
automatically between robots and all moving devices within the cell to avoid collisions.
Furthermore, the start times and initial motion for idling machines are optimized as well
as the motion of each robot on an individual level.

1.2 Previous work

The aim of a sustainable manufacturing industry through the development of more en-
ergy efficient industrial robots has been approached by both the robot vendors and the
end users. According to Paryanto et. al, [2], the reduction of energy consumption in in-
dustrial robots can be achieved at different stages in the development of manufacturing
systems: during production planning, commissioning processes and process optimiza-
tion stages. Production planning improvement includes optimizing the scheduling and
choosing robots with low energy consumption rates [3], while improvements during the
commissioning process are obtained by reducing idle and waiting time in the coordination
of robots. Process optimization usually includes implementation of optimal trajectories.

Given the large area of interest, much research has been conducted within all three
stages. An overview of various methods for a more energy efficient use of industrial robots
can be found in [4]. The development of industrial robots with low energy consumption
rates and more efficient engines is well investigated in [5], [6] and [7]. The scheduling of
operations can be optimized on an individual level where the sequence of operations for
one robot is to be determined, as in [8], or on a higher level in the synchronization of
multiple robots, moving machines and other parts within a robotic work cell. This kind
of scheduling usually considers the cycle time of the system, as in [9] and [10]. It can
also consider the reduction of velocity and acceleration of the robots by the use of idle
time, as in [11], but here with no consideration to the energy consumption. Scheduling
directed more towards reducing the energy consumption can be found in [12] and [13],
where also the reduction of idle time is considered as a part of the scheduling. Trajectory
planning strategies are usually directed towards finding a time-optimal solution as in [14].
Development of energy optimized trajectories can be found in [15], [16] and [17].

Given the intense research within the field of manufacturing industry new more
energy efficient and sustainable systems are being developed. However, in addition to
the development of new systems, improvements of existing systems and robots are also
important. According to the study World Robotics 2014, conducted by the International
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Federation of Robotics (IFR), there were between 1.3 and 1.6 million industrial robots
operational in the world by the end of 2013 [18]. Considering the 10-15 year long lifespan
of an industrial robot it is also desirable to find a solution for reducing the energy
consumption of already existing robots.

One possible alternative for energy reduction in existing robots is trajectory optimiza-
tion. Most trajectory optimization though, requires the freedom of recreating the path
of the robot. Such requirements are not desirable for optimization in existing robots.
Trajectory generation in robots is usually created to maximize production rate while
bounded to take surrounding obstacles into consideration, as well as other robots and
machines moving in close proximity. The procedure to create and coordinate operations
in an industrial setting is therefore often complex and time consuming. A solution reduc-
ing the energy consumption in existing robots should therefore be created with respect
to already existing configuration, concerning path and execution time of the robot, to
avoid collisions with objects in the robots proximity and to minimize extra work. Also,
allowing the operator to create trajectories in a way familiar to them instead of learning
new techniques is positive, with respect to time and cost.

1.3 Challenges and objectives

To design and develop an energy optimization strategy, possible to implement in ex-
isting robots and integrate with its technology, is a difficult challenge. It is desired to
develop a strategy allowing for rapid energy optimization on existing trajectories with-
out changing the configurations. Since detailed robot models require computationally
heavy optimization procedures it is important to make smart simplifications and develop
innovative tools and algorithms to achieve the desired result. The Automation research
group at Chalmers University of Technology has access to an industrial robot making it
possible to evaluate trajectory planning strategies through live experiments. To evaluate
the trajectories, a method for capturing the energy consumption is necessary. Further-
more, the finally developed optimization strategy must be implemented and integrated
in existing robots, desirably by the use of existing trajectory planning tools available in
the robot.

Considering the research challenges, the purpose of this master thesis is to experimen-
tally evaluate industrial robots with the aim to better understand the energy consump-
tion. Different trajectory planning strategies are tested and compared to determine
important criteria and find a sufficient strategy to minimize the energy consumption.
There is also an interest in implementing an optimization strategy in an industrial set-
ting using existing trajectory planning tools, why splines are investigated as a possible
method. The results will give a better understanding of the energy consumption in in-
dustrial robots and how to reduce it to improve the sustainability of the manufacturing
industry. The main objectives of this thesis are

e Create an experimental setup, enabling evaluation of trajectories and collection of
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data, as described above

e Experimentally evaluate the trajectory planning strategies available in the robot
today

e Implement and evaluate optimization strategies to determine optimization criteria
reducing the energy consumption

e Investigate the possibilities for the integration of an optimization strategy in ex-
isting technology

1.4 Contribution

This thesis resulted in the following contributions, achieved in collaboration with the
Automation research group at Chalmers University of Technology.

e The verification of a method reducing the energy consumption in industrial robots
up to more than 30%. The reduction is possible by the use of a smart optimization
algorithm tuning the individual robot motions and improving the coordination of
multiple robots.

e The development of tools for measuring robot performance and for implementing
and executing optimized trajectories in the robots. The method for implement-
ing and executing the optimized trajectory is an important contribution towards
integrating the final optimization strategy in existing robots.

1.5 Delimitations

The desire to optimize the trajectory with respect to energy consumption is limited by
some constraints and requirements. The aim is to develop a technique for optimizing
an existing trajectory, requiring only limited information and without altering the con-
figurations. The path and the execution time have to remain undisturbed as well as
the synchronization between joints. This implies that only the velocities and acceler-
ations along the given path are being altered to achieve the optimization. This limits
the technique to mainly be applicable on operations where a specific constant velocity
is not crucial. To limit the work, given the time frame, the thesis is therefore focusing
on material handling operations. The majority of motions in material handling opera-
tions are point-to-point why the initial work, investigating the behavior of the robot, is
focusing on point-to-point motions and the optimization on pick-and-place operations.
Furthermore the motions performed in the experiments are chosen due to the position of
the robot in the laboratory in such manner to minimize the risk of accidents or collision
with other objects as the robot and the laboratory is an area shared by many students
and projects.
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1.6 Structure of the report

Each chapter in this thesis is initiated with a brief introduction of the content, and ended
with a short summary concluding the main contributions. Following this introduction
to the subject and description of the challenges, objectives and contributions, is Chapter
2, giving a brief review of the fundamental principles concerning robotics and robotic
programming. Chapter 3 describes the theoretical aspects of the optimization algorithm
and Chapter 4 derives an expression for the energy consumption in industrial robots.
In Chapter 5 the working procedure is explained along with the experimental setup.
The chapter describes the development of tools needed to implement trajectories and
the programs used to collect and analyze data. In Chapter 6, 7 and 8 the evaluation
of the robot, the optimization and the splines as an implementation tool are described
respectively, along with the results. The last chapter is dedicated the discussion of the
results. Here, conclusions are drawn and proposals for future work are given.
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Robots and Robotic Systems

To understand the work in this thesis some basic knowledge of robotics and robotic pro-
gramming is required. This chapter briefly describes the fundamental principles concern-
ing industrial robots and robot programming. It mentions the kinematics and dynamics
of a robot, explains the differences between a path and a trajectory, and describes the
programming of robots. Finally, it describes the setup and principles of multi-robot
Systems.

2.1 Robot manipulator

The earliest robots for industrial applications were developed in the 1960s [19]. The
technology has, from then, greatly progressed and can now be said to have reached
mature levels. Through the automation of processes the technology is not only trying
to replace human operators in the execution of operations but also in the intelligent
processing of information. Automation is the synthesis of mechanical technology used
in the industry and computer technology allowing information management [19]. The
industrial robot is, due to its programmability and flexibility, an essential component in
the programmable automated systems growing larger within the industry.

By ISO 8373 [20] an industrial robot is defined as a re-programmable, automatically
controlled, multipurpose manipulator programmable in three or more axes. A robot
manipulator is classified as a robot with a fixed base (compared to a mobile robot with a
mobile base) and consists of a number of rigid bodies referred to as links. These links are
connected to one and another by joints that are either prismatic or revolute. Prismatic
joints creates a relative translational motion between two links where revolute joints
creates a relative rotational motion [19]. The displacement is referred to as joint offset
and joint angle respectively.

Manipulators can be classified as Cartesian, cylindrical, spherical, SCARA or an-
thropomorphic depending on the type and sequence of the degrees of freedom (DOFs).
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A2

Figure 2.1: An anthropomorphic robot with the six joints described.

For a manipulator to perform an arbitrarily positioning and orientation of an object in a
three-dimensional space six DOF are required, three to position the object and three to
orient the object. The links in a manipulator can either form an open or closed kinematic
chain. In an open kinematic chain there is only one sequence of links connecting the two
end points compared to a closed kinematic chain where some sequence of links form a
loop. In an open kinematic chain each joint provides the robot with one DOF.

The most common class in industrial settings is the anthropomorphic, because its
high dexterous makes it useful in a wide range of application. The anthropomorphic
robot contains six revolute joints in an open chain and can be divided into three parts,
an arm, a wrist and an end-effector. By the use of a tool attached at the end-effector the
robot can manipulate objects. Because of the similarity with a human arm the second
joint is called the shoulder joint and the third joint the elbow joint. Its position and
orientation of an object in space is only limited to the workspace of the robot. The
workspace is the area defined by all the points reachable by the robots end-effector.
An anthropomorphic robot can be seen in Figure 2.1.

The use of industrial robots in the manufacturing process industry can be divided
into three major categories [19]:

e material handling
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e manipulation
e measurement
Material handling refers to all the moments in a manufacturing process where mate-

rial and parts are moved from one place to another for storage, manufacturing, assembly
and package. A robot is ideal for pick and place operations such as:

e palletizing
e part sorting
e loading and unloading

e packing. ..

In a similar fashion manipulation is referring to all the moments during the manu-
facturing process where parts and material are altered, added and finally turned into a
finished product. Typical manipulation applications where the robot can perform such
tasks are:

e painting and coating

e arc and spot welding

e gluing and sealing

e sqrewing, wiring and fastening ...

Finally, within the process of manufacturing there are several moments where the
parts and material are examined to ensure correct manufacturing and product quality.

These kind of measurements can be performed by manipulators and some examples of
applications are:

e object inspection
e operation supervision

e contour finding. ..

Independent of the task performed by the robot, the motions, as well as the present
mechanisms and dynamics, have to be described and represented by some means.
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Figure 2.2: The base and tool frame of a robot. Photo: KUKA Robotics

2.2 Positioning and orientation

To be able to manipulate and handle objects it is necessary to describe the position
and orientation of both the object and the robots end-effector in space. Assuming there
exists a universal coordinate system to which everything can be referred to, and an object
is provided a coordinate system or a frame, the position and orientation of the object
can now be described with respect to the universal coordinate system [21]. It might
be desirable to describe the position and orientation of the object with respect to some
other reference system and since any other frame also is described with respect to the
universal coordinate system it is possible to recalculate the position and orientation of
the object with respect to the new reference frame. This is called transforming, mapping
or changing the description of the object [21]. The tool frame and base frame of a robot
can be seen in Figure 2.2.

The position and orientation of a robot’s end-effector is usually referred to as the
pose, [19], and can either be described in Cartesian space or in joint space. In
Cartesian space the pose of the end-effector is described by its position in the global
x-,y, and z-coordinates as well as its rotation around the global x-, y- and z-axis. In
joint space the pose of the end-effector is described by the angles on each of the joints
in the robot. [22]. The angles of each joint in the robot also determine the posture of
the robot [19].

10
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Figure 2.3: Two robot postures giving the same position and orienta-
tion of the end-effector. Photo: KUKA Robotics
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2.3 Kinematics

For an industrial robot the relationship between the joints position and the end-effectors
pose is described through its kinematics [19]. The kinematics of a robot refers to all the
geometrical and time-based properties of a motion, such as position, velocity, acceleration
and all higher order derivatives of position, while ignoring the forces causing it. The
relationship between the joint motions and the motions of the end-effector is described
through the Jacobian matrix and referred to as the robots differential kinematics [19].
The kinematic relationships can be divided into two categories, the direct, or forward,
kinematics and the inverse kinematic.

The direct kinematics describes the end-effectors pose as a function of the joint
angles, the posture of the robot, and is also known as transforming from joint space de-
scription to Cartesian space description [21] and is relatively straightforward. Describing
the end-effectors tool frame relative the base frame is an example of a direct kinematic
problem.

The inverse kinematic problem consist of computing the joint angles given the
end-effectors pose. This is usually more complicated and might not provide a unique
solution as a robot can reach the same end-effector pose through different joint angles
and postures. Figure 2.3 shows one example of two different robot postures giving the
end-effector the same position and orientation. The inverse kinematic problem might also
not have a solution and the robots workspace is defined by the existence or nonexistence
of an inverse kinematic solution [21]. If no solution exists the given end-point position
lies outside of the robot’s workspace.

11
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2.4 Dynamics

A dynamic model of a robot describes the relationship between a motion, position,
velocity and acceleration, and the forces required to cause the motion. Parameters
such as mass of the robot, the inertia of different components, the geometry and gear
characteristics (gear torque) as well as external forces such as gravitation takes into
consideration and determines the dynamic performance of the robot [21]. The dynamic
model is of great importance when designing a control system. In a similar way as the
kinematics, there is a direct and inverse problem with the dynamic model. The inverse
dynamic calculates the force and torques in each joint related to the position, velocity
and acceleration while the direct dynamics calculate the motion with respect to internal
or external forces and the torques acting on it [21]. In a direct model calculation the
current joint position, velocity and torques along with active forces are entered in to the
model to output the resulting joint acceleration.

2.5 Path and trajectory

The terms path and trajectory are commonly incorrectly used as synonyms. Since both
are being used frequently throughout the thesis the difference between the terms are to
be explained to avoid confusion. A path is a geometric description of motion and only
denotes points in space, Cartesian or joint, that the end-effector has to move through
when executing the assigned task. In each point the pose of the end-effector and the
posture of the robot is defined.

A trajectory is the path motion and defines the velocity and acceleration of each
joint in each point of the path [19]. The path can be seen as the road the car has to
follow and the trajectory defines how the car is traveling along that road, where it slows
down or speeds up.

2.6 Motion types

Both path and trajectory are crucial when programming robots. In principle the de-
scription and constraints of a path along with the dynamic constraints can be seen as
the inputs to the trajectory planning algorithm, while the outputs are a time sequence
for the end-effectors position, velocity and acceleration. The function of a trajectory
planning algorithm is to create a smooth trajectory defining the motion of the robot
without violation of any constraints.

In an operators point of view, a trajectory is created by defining one or more motions
after each other. The motions can be of different type but the starting point of one
motion is always the end point of the previous motion [23]. Depending on the desired
application of a robot its trajectory is programmed differently. Some general motion
types are:

e Point-to-point (PTP)

12
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e Linear motion (LIN)
e Circular motion (CIRC)
e Spline motions (SPLINE)

Linear, circular and spline motions are all continuous path motions while point-to-point
motions are not. Positioning motions, such as material handling operation or spot weld-
ing, are only considering the pick-up and the drop-off positions why these operation,
called pick-and-place operations (PPO), usually are constructed with mainly point-to-
point motions. On the contrary, manufacturing operations are often very path and
velocity specific, why they are created using continuous path motions.

2.6.1 Continuous path motions (LIN, CIRC)

In a continuous path motion the path is defined in Cartesian space. When creating a
linear (LIN) and circular (CIRC) motion the robot guides the tool-center-point (TCP)
at a defined velocity along a straight and circular path between the start and end point
respectively [23]. A linear path is defined by a start and end point while a circular path
also needs an auxiliary point as seen in Figure 2.4 and 2.5.

When creating continuous path motions, problem with singularities and workspace
limitations may arise. Even though a start and an end point lies within the workspace
there might be intermediate points that do not. It would, as an example, be impossible
for the robot to move in a linear path between two points positioned on either side of the
robot since the body of the robot lies in its way. Singularities arise when the Jacobian,
specifying the mapping of velocity in joint space to Cartesian space, is not invertible, that
is, the recalculation from Cartesian coordinates does not provide one unique solution in
joint space [23]. Two examples of postures of the robot where singularities arise is seen
in Figure 2.7 and 2.8. Figure 2.7 shows an overhead singularity where the wrist point
(the center of joint 5) is positioned directly in a vertical line of joint 1, preventing joint
1 to be uniquely determined. In Figure 2.8 an arm extension singularity is shown. The
wrist point lies in the direct extension of joint 2 and 3 and the TCP is located in the
outermost region of the workspace. Translating the position into joint space give unique
joint angles but low Cartesian velocities provide very large joint velocities for joint 2 and
3 causing trouble [23].

2.6.2 Point-to-point motion

In a point-to-point (PTP) motion the robot moves the TCP in joint space from a start
point to an end point without considering the path in between. Instead a PTP motion
is time-optimized such that the robot moves the TCP along the fastest path between
the start and end point as seen in Figure 2.6. As the motions of the robot joints are
rotational, curved paths are executed faster than straight paths and the path, velocity
and acceleration in Cartesian space is said to be uncontrollable [24].
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Figure 2.4: Linear mo-
tion. The robot guides the
TCP with the predefined
velocity along a straight
line to the finishing point.
Photo: KUKA Robotics

Wrist point

Figure 2.7: Overhead singularity. Photo:

KUKA Robotics

Figure 2.5: Circular mo-
tion. The robot guides
the TCP with the prede-
fined velocity along a cir-
cular path to the finishing
point through the auxil-
iary point. Photo: KUKA
Robotics
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Figure 2.8:
Photo: KUKA Robotics

Figure 2.6: Point-to-
point motion. The robot
guides the TCP to the
finishing point along the
fastest path. The path is
said to be non determin-
istic since it can not be
predicted. Photo: KUKA
Robotics

Wrist point

Arm extension singularity.



2.7. MOTION PROGRAMMING

2.6.3 Continuous and non-continuous points

All motion types can be defined as continuous or non-continuous. A continuous point
is a point the robot only have to come within a certain distance of before it can move
on towards the next point where as a non-continuous point has to be reached before
moving on toward the next point. The distance of which the robot has to come within
for a continuous point is predefined in the robot. Continuous points can for an example
be used as via-points to avoid collisions and to create linear motions along a curvature
in continuous path planning as in Figure 2.9. For continuous points with PTP motions
the side of which the TCP will pass the continuous point can not be determined [25].

2.6.4 Spline motions

For newer software a complex curved path can be created using splines instead of contin-
uous LIN and CIRC. The spline motion, of Cartesian motion type, shows clear advantage
over LIN and CIRC. For instance, for continuous LIN and CIRC motions the path is
defined by approximated points not located on the path and the approximation is al-
tered for different velocities, why generating the desired path is complicated and time
consuming. For splines, the points are located on the path making it easier to generate
and the path remains the same for different velocities. The defined velocity is better
maintained for spline motions and the path remains the same irrespective of possible
overwrite setting, velocity and acceleration [25]. Figure 2.9 and 2.10 show the differ-
ences in programming a complex path with continuous LIN and CIRC compared to
spline blocks.

The spline motion will not be explained in detail but one of the most useful and
versatile spline motion worth mentioning is the spline block. Each motion in the spline
block is called spline segment and is similar to other motions. The differences lie in the
execution of the trajectory. The robot plans and executes the whole block as one single
motion instead of only planning three lines ahead and executing each single line as an
individual motion, as in traditional trajectory planning using sequences of LIN, CIRC
or PTP [25].

2.7 Motion Programming

To implement the different motions and create trajectories a robot programming lan-
guage is used [21]. Most robot systems are equipped with an interface, including an
inline form, designed to simplify the path- and trajectory planning for the operator.
This operator interface is user friendly and equipped with predefined commands and
functions which allow the user to create a trajectory by only defining a few settings such
as motion type, velocity and acceleration for different sections of the trajectory. An
operation is usually programmed by defining points along the path. A pick-and-place
operation can, for example, be created as following:

Define Points P1-P6:
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PO

Figure 2.9: A complex path programmed Figure 2.10: A complex path programmed
using continuous LIN and CIRC motions. using spline block segments. Photo: KUKA

Photo: KUKA Robotics Robotics
P1 : Start at a secure location
P2 : 10 cm above bin A
P3 : At position to pick part in bin A
P4 : Point in space between bin A and B to maneuver around obstacle
P5 : 10 cm above bin B
P6 : At position to place part in bin B

Define trajectory

© 0 N ok W

—_ =
- O

Start in P1

Move to P2 - PTP, 100 % velocity

Move to P3 - LIN, 2 m/s

Close gripper

Move to P2 - LIN 1 m/s

Move to P4 - PTP continuously 100 % velocity
Move to P5 - PTP 100 % velocity

Move to P6 - LIN 1 m/s

Open gripper

Move to P5 - LIN 2 m/s

. Move to P1 and start over - PTP 100 % velocity
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File: | Program Configure I anitar Setup | Commands | Technology | Help
1 DEF Inline ex{ )
2 INI
&‘ 3 100%
- L PTP HOME VUel= 188 % DEFAULT
5
6 PTP P1 Vel=188 % PDAT1 Tool[4]:Zeiss_Camera Base[2]:GORstudy
7 PTP P2 Uel=188 % PDAT2 Tool[4]:Zeiss_Camera Base[3]:GORstudy
8 LIN P3 Uel=2 m/s CPDAT1 Tool[4]:2eiss _Camera Base[3]:GORstudy J—
9 LIN P2 Uel=2 mfs CPDATZ Tool[4]:Zeiss_Camera Base[3]:GORstudy
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i bl
12 EHD
=1
10
G
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C| Time | no. | Source | Message | =
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Online hep | | | | [ ackn | Acknar |

Figure 2.11: Coding the robot in the controller using the built in inline
form. The motion setting line is shown where the movement, point,
continuity, velocity and acceleration are defined.

At each point of the trajectory the motion type is defined as well as velocity, acceleration
and other settings , such as whether the point is continuous or not. An example of a
trajectory created using the inline form can be seen in Figure 2.11. For a more complex
program where more flexibility and freedom is necessary the user can manually create
the trajectory by using the KUKA Robotic Language (KRL) form. Here, each action
has to be created manually by coding the desired behavior. A simple trajectory created
using the KRL can be seen in Figure 2.12

2.8 Multi-robot systems

Independently of the area of use, an industrial robot is always interacting with, and have
to consider, obstacles in its surrounding. There are both fixed obstacles, such as conveyor
bands and drop off areas but most often also moving obstacles, such as material or parts
being transported on the conveyor band or other robots working in the same area. The
robot along with the obstacles in its surrounding and other peripherals such as the safety
environment are, as mentioned earlier, referred to as a robot cell or a workcell. A
system including multiple robots along with peripherals are, not surprisingly, referred to
as a multi-robot system.

The coordination between individual robots as well as the coordination between
robots and other machines and obstacles is most usually performed using a programmable
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File | Frogram | Configure | b anitar | Sefup | Commands | Technology | Help
1 DEF KRL ex{ )} -
? decl axis p@
& 3  decl axis pi 100%
“la
5 IHI
6
7 pB={al —145, a2 -9@, a3 98, a4 @, a5 -908, a6 B}
x g pi={a1 -110, a2 -98, a3 90, a4 @, a5 -908, a6 0} {—
9
18 PTP ehome Uel=188 % PDAT3
11 $vel axis[1]= 58
12 ptp p8
13
14  $vel axis[1]= 188 ==
15 PTP P1
—_— 1b
17 PTP EHOHE
18
19 e
28 END
— 21
22 -
23 10%
24 LH@%
[krC:\R1\DISNEY|KRL_EX.SRC [tn 19, coln |
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Figure 2.12: A simple example of coding the robot using KRL in com-
bination with the inline form

logic controller (PLC). The interaction between robots, other machines and obstacles
have to be programmed with regards to their positions in the cell but also with regards to
the synchronization of motions and operations. The main objective of this coordination
is to avoid collision between objects but also to determine work flow and sequence of
operations [26]. To coordinate the robots and sequence of operation in a safe but yet
efficient way is everything but simple.

2.8.1 Industrial working procedure

The traditional challenge for a robot cell in the industry is to perform as many operations
as possible during a given cycle time. The coordination of machines and work flow can
be determined in more than one way, but the state-of-the-art work procedure to achieve
efficient multi-robot control system include three steps [26]:

e Define desired sequence of operation using CAD models
e Semi-automatically generate individual robot trajectories.
e Manual control code generation

18



2.9. SUMMARY

Define desired sequence of operation

By using planning tools such as Process Simulate, Siemens PLM or Delmia Automation,
Dassault Systems the whole multi-robot system is created as a detailed CAD model,
including information and geometry of obstacles and moving equipment within the cell.
The behavior of all equipment is defined in terms of tasks such as moving, placing and
fixating operations. While some operations can be performed in an arbitrary order others
have to be performed in a specific sequence to, for instance, ensure accurate assembly
or packing.

Semi-automatically generate individual robot trajectories

For an individual robot, trajectory planning consist of creating a time-optimized trajec-
tory along a collision free path, given static obstacles. For a multi-robot system when
more than one robot is moving simultaneously and paths are intersecting, the velocities
of each individual robot have to be tuned to avoid collisions between robots. Software
such as Process Simulate, Siemens PLM and Delmia Robotic Path Planner, Dassault
Systems are used to create the individual path planning as well as simulating the whole
cell and generating the final robot control code. Unfortunately, little support is given for
the tuning of velocity for intersecting trajectories why an accurate model and simulation
of the whole system is critical to allow for easier manual tuning, including zone booking.

Manual control code generation

To obtain the desired sequence of operations, the start and coordination of different robot
tasks have to be arranged appropriately. This coordination can be achieved through the
PLC or through implementation using one of the robot controllers. To achieve more
flexibility, a zone booking system can be introduced, allowing only one robot to enter a
specific zone after booking it and being granted access. Such zone booking systems are
mostly generated manually and therefore also only include basic functionality.

The complexity of creating efficient robot cells leave room for improvements and
optimization and much research is focused on these areas. As this thesis will conclude,
there are possibilities to reduce energy consumption within a larger system by optimizing
the trajectories on an individual basis as well as by improvement of the zone booking
scheduling.

2.9 Summary

This chapter introduces concepts important for the work in this thesis. The basic geom-
etry and functionality of the robots are described. The positioning and orientation of
the end-effector is defined as the pose, and the joint values also describe the posture of
the robot. The position and orientation of the end-effector can be described in Carte-
sian Space by its position in, and rotation around, the global x-, y- and z-coordinates
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or in joint space by the angle of each joint. Furthermore is the workspace of the
robot defined by all points reachable by the end-effector. The path of the end-effector
is a geometric description of motion and only denotes the points the robot has to move
through. Each point along the path is also related to a specific posture of the robot. The
trajectory defines the velocity and acceleration along the given path. Trajectories are
created by defining a sequence of motions using motion types such as LIN, CIRC and
PTP, each with different properties. The trajectories are created and executed using a
robot programming language as such KRL.

In an industrial setting multiple robots usually work in close proximity of each as well
as other obstacle and moving machines. This setup is referred to a work cell or robot
cell. The coordination of robots and execution sequences, as well as the creation of
trajectories, to achieve efficient multi-robot control systems can be determined through
the state-of-the-art work procedure.
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Optimization

The optimization of existing trajectories is depending on predefined configurations al-
ready implemented in the robot. This chapter describes the constraints limiting the
optimization as well as the approach and optimization model used to reduce the energy
consumption. For the optimization of a robot cell containing multiple robots the last
section also describes the zone booking constraint used.

3.1 Optimization

With a better understanding for the motions of the robot, the next task is to find an
optimization algorithm minimizing the energy consumption. It is desired to find an
algorithm easy to implement and rapid enough to work online. The procedure includes
acquiring the original trajectory from the manipulator, optimizing it with respect to the
given constraints and feeding the optimized trajectory back to the robot. As mentioned
before, the optimization is limited by two constraints.

e The execution time has to equal the execution time for the original trajectory.
e The original sequence of posture of the robot must not be altered along the path.

In further detail, this means the optimized operation has to be finished in the same cycle
time as the original operation and move along the same path. The optimized trajectory
is implicitly following the original path when fulfilling constraint two. The original
operation defines the path and the trajectory by a sequence of robot postures between
the starting and finishing point, sampled every Ah second, where Ah is a relatively short
sampling interval. The optimized operation is then moving along that same path, with
the same posture but with another time sequence. Basically the sequence of points along
the path can be seen as a fixed input to the optimizer and the time to move between
samples the degree of freedom. The relationship between the two trajectories can be
seen as a mapping of the uniformly spaced original path onto the differently spaced
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Figure 3.1: The mapping of original to optimal trajectory.

optimal path as in Figure 3.2. The spacing of the positions for the optimal trajectory
is representing the new energy efficient trajectory. The optimal trajectory will have
different velocity and acceleration in each position compared to the original trajectory,
as seen in Figure 3.3 where the velocity is plotted as a function of position. Both
trajectories consist of moving joint 1 from -90 to 0 degrees but with different velocity
in each point. The path and total execution time are preserved but the velocity and
acceleration along the path is different for the optimized trajectory.

The statement requiring the posture of the robot to be preserved along the path is
indirectly fulfilled when the path is defined in joint space. In theory it means that the
synchronization of joints have to remain the same. The original trajectory is divided into
samples of joint positions with a fixed, Ah, sample time. The value of the joints in each
sample defines the posture of the robot in that specific sample. The difference between
two samples give a ratio between joints. This ratio must remain and is only allowed
to be scaled. That is, if the robot reached a specific posture in two seconds with the
original trajectory, the same posture have to be reached with the optimal trajectory as
well, but it can happen after one or two and a half, or any other arbitrary time instants.

The optimization algorithm uses the original trajectory as an input and then mini-
mizes the cost function quickly, using a non-linear programming (NLP) solver.

3.1.1 Modeling the optimization problem

Details about the optimization model is given in [27]. The model is generalized to handle
multiple robots with different number of joints and separate paths and timespan. The
constants and variables used to construct the model are organized in sets as follows:

e R={12,...,r,...,q} is the index set for a set of robots where R, denotes the r*"
robot.
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Figure 3.2: The velocity of the original Figure 3.3: The acceleration of the origi-

(blue line) and optimal (red line) trajectory nal (blue line) and optimal (red line) trajec-
is plotted as a function of the position. The tory is plotted as a function of the position.
plot show how the path is preserved while The plot show how the path is preserved
the optimization alters the velocity, acceler- while the optimization alters the velocity,
ation and jerk along the given path. acceleration and jerk along the given path.

o 7" ={12,...,4,...,n,} is the index set for a set of joints in robot R,

o W' = {wj,wj,...,w},...,wy }is a tuple of weights (costs) defined for each joint j
in robot R,..

e P. ={1,2,...,m,...,l,} is the index set for the set of postures for the path of
robot R,.

o pl = ( I ,Gg’m, cosbp, ) is the mt" posture for robot R, defined as a set
of n, angular positions for n, joints of robot R,. 67, is the angle of the g% joint
of robot R, at the m!* posture along its path. It is assumed that each joint has
its own polar coordinate system, thus the angle of each joint is measured relative
to its own polar axis.

o T" = (t,th, ...t ... ,t};) is a set of time variables for robot R,. The value of
t" determines the time when the robot will pass through the m* posture in the
corresponding path.

oV = (.{’m, 'g,m, . ,H';TM, . ,éghm) is a tuple of velocity variables for joints in
robot R, at posture p;,. The value of 9§m determines the speed at which the jt*
joint of robot R, passes the m!" pose.

o qa = ("71"7m, Ggm, - ,égm, e ,é;hm) is a tuple of acceleration variables for joints

in robot R, at posture p;,. Values of erm determines the acceleration at which the
4t joint of robot R, passes the m'* posture.
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The optimization problem is then formulated as

min Y > ST Wi, (3.1)

TERjEJT meP,

subject to:
d ot <A reRr (3.2)
meP,
b1 — tm > € reR,meP, (3.3)
r — 05
]r,mﬂz% reR,j€J,meP, (3.4)
m+1
.. or 41 or
m ,m .
0 i1 = # reR,jeJp,mePb, (3.5)
m+1 m
9;,771—‘,—1 — 0;,7’71 r -
ﬁgkj reR,jedr,mePl: (3.6)
m—+41 m
167 | < 05 reR,j € Jp,me P (3.7)
|9§7m‘§c§ TER,jejramEPT (38)
L=05,=0 reR,jer (3.9)
05, =07, =0 reRjed, (3.10)
tr, >0t €R reR,meP, (3.11)
9§m,9777m ceR reR,j€J.,meP, (3.12)

Assuming the acceleration is closely related to the energy consumption the objective
function in (3.1) represents an approximation of the energy consumption. The weights,
wj, are used to tune the influence from each joints acceleration on the overall energy con-
sumption. The constraint in (3.2) limits the execution time for the optimized trajectory
to the original execution time, predefined as A. (3.3) is a physical constraint forcing the
trajectory to spend time moving between two samples. To avoid numerical instability e
should be assigned an small positive arbitrary number larger than 0. The constraint in
(3.4) and (3.5) defines the velocity and acceleration between two samples respectively.
The maximum jerk, acceleration and velocity for each joint, j, are bounded by the values
of k7, b7 and ¢} in (3.6), (3.7) and (3.8) respectively. The true values of &7, ¢} and b} can
not easily be obtalned as they depend on the configuration, load and posture of the robot
but given the original data rough approximations can be calculated. It is assumed that
the trajectories start and ends in a stationary position with no velocity or acceleration
present, represented by the constraints (3.9) and (3.10). Finally the domain for time,
velocity and acceleration are defined in (3.11) and (3.12).

The algorithm above is used for the work of optimizing existing trajectories in the
thesis. The implementation of the trajectories is described in Chapter 5.
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3.2 Shared Zone Constraints

In the coordination of multiple robots moving within the same area, a set of shared zones
is introduced to represent areas available to several robots. Collisions are then avoided
by the use of a booking system only allowing one robot to access the shared area at a
time and only after requesting and being granted access. If another robot is occupying
the zone the robot requesting the zone has to wait. The scheduling and coordination of
accessibility is an important part in the optimization of multiple robots. The optimizer
decides in what order the robots should enter the zone. With this sequence specified,
constraints necessary in the optimization of the trajectories are easily formulated. Giving
an example with two robots, each needing to enter a shared zone once, the posture time
index of the first robot leaving the zone and the posture time index of the second entering
the zone are then designated by fieqve and Senter respectively. There are two possible
scenarios where either robot one enters first and robot two thereafter, or the opposite
where robot two enters first. The corresponding time constraint then become

t;enter o t?”zeaue e or tgenter o t}leave =€ (3.13)
stating that the first robot have to leave the zone € time instances before the second robot
enters, where € is a small positive number providing a safety margin to the transition.

3.3 Summary Optimization

The chapter describes the optimization model used to generate energy optimized trajec-
tories given an original trajectory. The generation of an optimized trajectory is limited
by the existing original configurations. The original path and execution time is not
allowed to be altered. The optimization can be seen as a mapping of the sequence of
postures, sampled with a fixed time interval, onto a time sequence of not fixed time
intervals. The energy optimal time sequence is generated by the use of an NLP solver.

For a setup with multiple robots with shared zones, a constraint is set to define the
time a robot is allowed to enter the shared zone.
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Energy calculations

This chapter derives the power and energy consumption in electrical engines and briefly
describes the different contributions to the total energy consumption.

4.1 Electrical motors

According to [7] the industrial sector consumes the largest amount of energy worldwide
with the major contributor identified as industrial motors and, more specifically, elec-
trical engines. With the growing concern about energy consumption and its impact on
the environment more effort is put into improvements of this situation. Improvements
can either be achieved by reducing the total energy or increasing the efficiency by re-
ducing the energy losses. An electrical motors function is to convert electrical energy to
mechanical energy necessary to perform a task. The efficiency of the engine determines
how well the engine converts the electrical energy to mechanical energy. The efficiency
of standard motors range between 83% and 92% while energy-efficient engines perform
even better [7]. The losses in an engine consists, among other things, of stator, rotor and
stray load losses. These losses are load dependent and results in heat generation. While
the rotor and stator losses depend on the resistance to current flow and are proportional
to the resistance of the material and the square of the current (RI?) the stray load losses
are more difficult to calculate, as they arise from a variety of sources, but are generally
also proportional to the square of the rotor current [7].

Though comprehensive literature in the technology, policy and energy savings of
electrical engines can be found in [6] a correct calculation of energy use in an engine is
difficult to achieve. The calculations in this thesis are based on the work in [13], [15]
and [28], along with some further assumptions and simplifications explained below.
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4.2 Calculating the energy consumption

The power consumption, P(t), of an electrical engine can be described as:

P(t) = V(t)I(1) (4.1)

where V(t) and I(t) are the DC voltage and current respectively. With the voltage
defined as
V = RI(t) + K,Kpw(t) (4.2)

the power P(t) can be described as a function of the electrical current, I, and the angular
velocity w such as

P(t) = (RI(t) + K K pw(t)I(t) = RI2(t) + KoK pw(t)I(t) (4.3)

where R is the stator resistance, K, the electrical (back emf) constant and Kp the
transmission gear ratio.

The power consumption can, as mentioned before, be divided into two terms, one
describing the heat dissipated losses, P; and one describing the mechanical power, P,
used to perform work such as:

P(t) = Py(t) + Pu(t) (4.4)

where the heat dissipated losses and the mechanical power are

Py(t) = RI*(t) (4.5)
Po(t) = Kw(t)I(t)

respectively and the constant K in P, (t) describing the product of K, Kg.
Given the power consumption, the energy is simply equal the power consumption
over time such as:

ty ty
E= /0 P(t)dt = /0 (Pa(t) + P (t))dt (4.7)

Equivalent to the power the energy consumption can be divided into two terms [15]
describing the heat dissipated energy, W; and the mechanical work, F,,, as

E=W,+E, (4.8)
where " " 2
W, = / Py(t)dt = R / I()2dt (4.9)
0 0
tf tf
B, = /O Po(t)dt = K /0 (B I(8)dt (4.10)

This give a simplified, but yet sufficient, model of the energy consumption in an
electrical engine powering the different joints in an industrial robot. For the energy
calculations in this thesis some further simplifications and and assumptions are necessary.
This is explained further in Chapter 5 describing the experimental setup and the data
analysis.
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4.3 Summary Energy calculations

The power consumption in an electrical engine can be described as a function of the
electrical current and the angular velocity. The total power consumption can also be
divided into terms describing the heat losses and the mechanical power respectively.
Given the expression for the power, the energy consumption is derived as the total
power consumption integrated over time.
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Methodology and tools

Given the theoretical aspects described in Chapter 2, 3 and 4 the experimental setup can
be created. This chapter describes the work procedure, the tools used for the experiments
and the experimental environment. It gives a description of the robots and the programs
used to evaluate trajectories and explains the data collection and analysis.

5.1 Evaluation methodology

The main objectives of this thesis are described as follows:
e Build an understanding of the existing trajectory planning strategy in the robot.
e Develop an optimization strategy to minimize the energy consumption.

e Investigate spline blocks as a possible implementation tool for the optimization
strategy.

Furthermore, the work is divided into three tasks related to each objective. Before
addressing any of the tasks, the experimental setup needs to be defined along with the
methodology for evaluation. Chapter 2 provided a necessary fundamental understanding
of industrial robots while Chapter 3 described the theoretical background of the opti-
mization algorithm and Chapter 4 the theoretical aspect of energy calculations. This
chapter describes the development of tools and methods to implement these theories.
The three tasks described above are all following a similar experimental procedure.

Generate code to create a trajectory

Implement and execute the trajectory in the robot
Log data from the experiment

Derive the relevant results

Analyze the result

GUk e
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Figure 5.1: Overview of the Robotic Lab- Figure 5.2: The KUKA robot in the
oratory at Chalmers University of Technol- Robotic Laboratory at Chalmers University
ogy of Technology.

The details of the procedure are explained in the following sections. The experiments are
mainly performed in the robotic laboratory at Chalmers University of Technology. The
setup of the robot and the robot cell can be seen in Figure 5.1 and 5.2. The evaluation
of splines as an implementation method is performed at the KUKA office in Gothenburg
as the necessary software is lacking in the robot at Chalmers.

5.2 The robots

The two robots used in the experiments are a KUKA KR30 with control system KRC2,
provided by the laboratory at Chalmers University of Technology, and a KR16 with
control system KRC4, provided by the KUKA office in Gothenburg. The KR16 is used to
evaluate the spline blocks, as the KR30 is not equipped with these functions. Both robots
are anthropomorphic six jointed, as described in Chapter 2.1 and seen in Figure 2.1. The
joints are powered by transistor-controlled, low-inertia brushless AC servomotors. They
are mounted to the floor and have a rated payload/supplementary payload of 30/35 kg
and 16/30 kg respectively, which can be moved at maximum speed with the arm fully
extended. As described in Figure 5.3, the rated payload is the maximum load the end-
effector can handle, while the supplementary payload is the load mounted on the robot
up to joint six (such as air pressure cylinders and cable packages). The range of motion
and maximum speed of each joint can be seen in Table 5.1 and 5.2 given in [29] and [30].

5.3 Implementation of trajectories in the robot

The trajectories used for the three tasks have to be defined and implemented in the robots
for evaluation. This is realized in a similar fashion for the first and third task. As both
tasks involves evaluation of the robot and the existing software, trajectories are created
using the controller in the robot. For task one, the points creating the path are defined
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Figure 5.3: The rated payload and the supplementary payload.

in the initiation of the program and the trajectory is created and altered by choosing
velocity and acceleration in the inline form. The code used for one of the trajectories
in task one can be seen in Figure 5.4. Initially a sequence of simple trajectories is
performed with varying settings for velocity and acceleration to build an understanding
for the motions. The trajectories gradually become more complex to mimic real robot
cell setups.

For task three the path of the trajectory is defined within a spline block. The points
along the path is then moved to evaluate the response of the robot.

In contrast to the generation of paths and trajectories for task one and three, the tra-
jectories used in task two are generated differently. In task two, the trajectories from task
one is used as input to the optimizer which then create optimized trajectories with the
same posture and execution time. The trajectories from task one are therefore hereon re-
ferred to as original trajectories and the trajectories from the optimizer as the optimized
trajectories. With the original trajectories as a starting point, optimized trajectories
are generated, executed and compared. The optimized trajectories are generated offline,
that is, not in the robot, and therefore also implemented differently.
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Table 5.1: The range of motion and max- Table 5.2: The range of motion and maxi-
imum speed for each joint of the KR30-3 mum speed for each joint of the KR16 with
with in-line wrist and rated payload 30 kg. in-line wrist and rated payload 16 kg.

Joint | Range of motion | Speed Joint | Range of motion | Speed
software-limited software-limited
1 +185° | 140°/s 1 +185° | 156°/s
2 —135° —35° | 126°/s 2 —155° — 35° | 156°/s
3 —120° — 158° | 140°/s 3 —130° — 154° | 156°/s
4 +350° | 260°/s 4 +350° | 330°/s
5 +119° | 245°/s 5 +130° | 330°/s
6 +350° | 322°/s 6 +350° | 615°/s

5.3.1 Generating optimized trajectories

The generation of optimized trajectories differs greatly from the generation of the orig-
inal trajectories. In addition to the state-of-the-art procedure described in Chapter 2 a
software named Sequence Planner, developed at Chalmers University of Technology, is
used to generate the desired sequences of operations. Full details about Sequence Plan-

File | Program | Canfigure | Manitor | Setup | Commands | Technologyl Help
1 DEF PTP rot{ )
2
& 2  DECL axis PTP_HOME 100%
#| 4 DECL axis PTP_P1
L INI
L] PTP_HOME={a1 -1868, a2 -98, a3 98, a4 @8, a5 -99, a6 8}
7 PTP_P1={a1 -78, a2 -98, a3 98, a4 8, a5 -98, a6 @}
8 STIMER[10]=0 {-
9 STIMER[11]=8

18  $TIMER_STOP[18]=FALSE

11 SerialOpeni)

12 PTP PTP_HOME Uel=188 % PDAT46 Tool[1]:tooldcal Base[ @]
13 wait sec @

14 currMeasActivate=TRUE =14
15 i Here starts the logging-------
— 16 wait sec @

17  ptp PTP_HOME

18  ptp PTP_P1

19  wait sec 8 ﬁ
_1 21 currMeasActivate=FALSE
22 serialWritefafterTest()

23 SerialClose() 10%
24 END {@3
| [krc:\R1YDISNEYPTR_ROT SRC [tn 1, colo I
E| Tirne | ha. | Source | Message |
Num [ Cap | 5][M|[R]| [I71][HOV 10% |[ KR 30-3|[ 4:51 PM| ..
Online help | | | bekn | Ackna

Figure 5.4: The code used to capture the motion where joint 1 is
rotating 110 degrees.
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ner can be found in [31] but in short is Sequence Planner featuring a number of functions
related to visualization of operation sequences projected from various perspectives such
as product, resource, human or safety [26]. The procedure generating optimized trajec-
tories now roughly consists of six steps [27]:

1. Generate an original trajectory using the robot or a simulation software such as
Delmia V5 [32] or Visual Component 3DCreate [33]

2. Use the generated trajectory as input to Sequence Planner [31]. Manually add
extra execution conditions if necessary, for example requirements on standstills or
order of operations if more than one robot is optimized.

3. Through Sequence Planner the sequence of operations is identified, the logical
behavior verified and operations split into multiple parts based on the motions.

4. The Ipopt library [34] solves the optimization problem, defined in Chapter 3, and
the Sequence Planner returns an optimized trajectory

5. The optimized trajectory is time shifted compared to the original trajectory and
therefore interpolated using cubic spline to generate the optimal trajectory with
data samples matching the specific sampling time equal the original trajectory.

6. The interpolated trajectory is converted to an ascii file possible to execute in the
robot using an ASCII program.

The interpolation in the second to last point in the list is due to the setup and constraints
in the optimization algorithm. The position samples in the original trajectory are used
as fixed inputs and the time samples as the degree of freedom. As a result, the optimized
trajectory, generated by the optimizer, is containing the same amount of samples with
the same positions but with other time samples. As the generated optimized trajectory
is implemented and executed in the robot by other means than the original trajectory
the time sampling has to be shifted to be compatible with the implementation program.

5.3.2 Implementing optimized trajectories

The optimized trajectories are executed in the robot using an ASCII program created
by the programmers at KUKA Gothenburg. The optimization algorithm writes the
trajectory to an ascii file with each line representing a time instant followed by the
angular position of the six joints. The time interval between each samples is 12ms. The
velocity and accelerations are not defined but rather a result of the distance traveled
between the fixed time interval. To implement the trajectory in the robot the ascii
file is imported to the predefined location path.emi on the robots hard drive. With
the trajectory implemented at the correct location, the ASCII program executes the
trajectory by loading the data located at path.emi to the robot. Given the text file is
correctly formatted, otherwise a message is displayed explaining the error, the program
pauses at the first position in the text file before running through the following positions.
Finally the program unloads the ascii file before ending the program. An example of the
ascii file path.emi and a part of the ASCII program can be seen in Figure 5.5 and 5.6.
To execute a new optimal trajectory the related ascii file has to be imported to path.emi
and thereby automatically overwrite the old trajectory.
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Figure 5.5: The header and the first 25 samples of an optimized tra-
jectory in the text file path.emi used to execute the ASCII program.

Fil

le | Frogram | Configure |

Manitor

Sefup

| Commands | Technology | Help

[ | @

1 halt

l, move_emi command.

45 PTP starthxis
b wait sec @

1t wait sec @
52 wait sec @

1 SerialClose()

co resetParam()}

61 EHD

he currHeasfActivate=TRUE

53 currMeasActivate=FALSE
54 serialWritefafterTest()

n2 ;Goes to First position. This is required to perform the

nh s============ Here start the measurment =================

58  MODUE_EHMI "EMI_DEU1™ "PATH_TABLE.EMI™ FLT 8

57 ;Unloads the file “path_table.emi from the import path
l, specified for “EWI_DEVU1* in emily dru.indi.

58 md_cmdReturn = HD_CHD{"EMI_DEV1*,"UNLOAD PATH_TABLE.EHWI*,
l, intParam[],realParam[])

-

1002
I

=

[kre:iR1YDISNEY EVASCIIL SRC

[ines, col7

10%

Gz

EI Time | no. | Source | Message

Online help

fokn. | Acknal |

Nom o SR T HOV 0% KR303| £30PH] .
I I I

Figure 5.6: One section in the ASCII program used to run optimized
trajectories in the KUKA robot.
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5.4 Data Collection

To evaluate the executed trajectories, it is crucial to collect relevant data. The data
collection is limited by the variables present and available in the robots. Two variables
the robot automatically measure are the true position of all joints and the electrical
current fed to each of the six motors powering the joints. According to [29], [30] the
positions of the joints are sensed by means of a cyclically absolute positioning sensing
system, featuring a resolver for each axis in the robots, and captured in the global
variable $AXTS_ACT_MFEAS in the robots system file. In a similar fashion are the
actual current of the joints captured in the global variable SCU RR_ACT as a percentage
of the lower value of maximum amplifier or motor current. This data is useful to evaluate
the trajectory and energy consumption and therefore desired to extract from the robot.
This is achieved through the development of a program named the logger.

5.4.1 The logger

The program is designed to capture the position and electrical current in two matrices
every 12 millisecond and export the data to a text file. The program consists of a
number of functions, each designed to perform a specific task, executed sequentially.
The program logs the values of the electrical current in each joint (in percent of max
ampere) followed by the position of the six joints (in degrees) and the time instant (in
milliseconds). An example of a logged file can be seen in Figure 5.7. The package of
programs is added to both the code used to generate original trajectories as well as
the ASCII program executing the optimized trajectories. This allows data from each
trajectory to be collected and exported for later analysis and comparison.

Figure 5.7: The data logged at every executed trajectory. Column one through six are the
percentage of electrical current on joint 1-6, column 7-12 are the position in degree for joint
1-6 and column 13 is the time in milliseconds.
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5.5 Data analysis

Given the data from the logger the position, velocity acceleration and any higher deriva-
tives, as well as execution time and power consumption can be calculated and analyzed
using MATLAB. Since the logger starts recording a few instances before the trajectory starts,
and stops recording a few instances after the trajectory has finished, the data is groomed man-
ually to give a fair comparison. The trajectories are assumed to start moving immediately why
the first sample in the collected data will contain the starting position instantly followed by a
sample with values separated from the starting position. All trajectories are designed to have no
motion in the final position. To verify that the robot have stopped and neither velocity nor accel-
eration is present three samples containing equal values are needed. Therefore, the trajectories
are defined to contain three equal values in the end. All values after that are erased.

With the clean data the calculations are performed as described below and the result is stored
in -mat files for later analysis.

5.5.1 Calculating execution time, path and trajectory

With the constant sampling time A = 0.012 sec and the number of samples n known the execution
time ¢ is calculated as:
ty =nh =0.012n (5.1)

Further, given the position, or more exact, the angle, 6 [°], in each sample, k, the angular
velocity, w [°/s], and the angular acceleration, & [°/s?], are calculated for each joint, 4, as:

0;(k) — 0;(k — 1)

w9 (k) = ; i=12...6 k=12,...,n (5.2)
wﬁg(k):wi(k)_:i(k_l) i=12...6 k=12,....n (5.3)

In a similar fashion, the jerk, wjeg [°/s3], and snap, ilifeg [°/s%], can be calculated. The path,

velocity, acceleration and jerk profile can now be plotted and compared between trajectories. For
the energy consumption calculation, the angular velocity is also converted to rad/s

™ deg
1' = - . _4
Wi = oW (5.4)

5.5.2 Calculating the energy consumption

From the logger the position is given along with the electrical current expressed as percentage
of the maximum electrical current available. To calculate the power and energy consumption as
described in Chapter 4 the electrical current on each joint, I;, and the angular velocity, w;, are
needed. w; is derived with equation (5.4) while, given the maximum electrical current I,,,4,,; for
the two robots in Table 5.3, the electrical current for each joint consumed in the trajectories can

be derived from the percentage value I ng ,(k), given by the logger as

Il(k) = Il(z]g,i(k) * Imaa:,i (55)
Now, given the equations for electrical engines power and energy consumption in (4.4) and
(4.8), the overall power and energy consumption for a robot could be derived as

N
Bt =Y E; i=12,....N (5.6)
i=1
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Table 5.3: The maximum electrical current [amp] on each joint for the KR16 and KR30.

Robot | Joint 1 | Joint 2 | Joint 3 | Joint 4 | Joint 5 | Joint 6
KR16 20A 20A 14A SA SA SA
KR30 32A 32A 32A SA SA SA

where E; is the total energy consumption for the i*" joint and N is the number of joints in the
robot.

There are some few aspect needed to take into consideration though. Given the engines are
not equal for all joints the constants, R and K are also not equal over the different engines
why they better be expressed as R; and K; where i = 1,2,...,N is the number of the joint.
Further more, the values of R; and K; and the ratio between the two are unknown and hard
to estimate why the total energy consumption can not be derived exactly. The heat dissipated
power and energy, and the mechanical power and work, are therefore derived separately. As one
objective of this thesis is to compare the results, the comparison between different trajectories
and, more exact, the energy savings are more critical than the true energy values. The true
values for the power and energy consumption are therefore not presented. Instead all values are
compared between trajectories and joints, allowing the unknown R; and K; to be eliminated as
all trajectories compared are executed on the same robot and the constants can be assumed to
be equal over the different runs. That is, the relation between the heat dissipated power, P;, and
the mechanical power, P,,, for an original and an optimized trajectory for each joint is derived
respectively as

2 2
Pd,opt,i o Ri]opt,i o Iopt,i (5 7)
L T2 - 12 :
Pd707"9»l RZIorg,i Iorg,i
Pm,opt,i - KiIopt,iWopt,i _ Iopt,iwopt,i (5 8)

Pm,org,i Ki-[org,iworg,i Iorg,iworg,i

Furthermore, the relationship between the heat dissipated energy, W, and the mechanical
work, F,, for the original and optimized trajectories are given as

ty t
Wd,opt,i _ fof Pd,optddt _ of Igpt,idt (5 9)
- t - t .
Wd,org,i fOf Pd,org,idt Of Igrg,idt
t t
Em,opt,i _ fof Pm,opt,idt o fof Iopt7iw017t,idt (510)

tf Torts
fO -Prn,o’r‘g,idtL fO Iorg,iworg,idt

Again, as the aim of this thesis is to decrease energy consumption, the results of interest are
the energy savings why all data will be presented as a percentage of savings in relation to an
original trajectory. The energy savings, expressed in percentage, for the heat dissipated term,
Sw,,i and for the mechanical work, Sg,, ; is then derived as

Em,org,i

W, opt,i

Sw,i =100 % (1 — —Lorti (5.11)
d,org,i
Em opt,i

Spi = 100 % (1 — =220 (5.12)

m,org,t
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The total energy saving can not be derived as the relationship between the heat dissipated
energy and the mechanical work is not known. Instead, the heat dissipated savings and the
mechanical work reduction can be seen as the boundaries, and the total energy reduction should
be somewhere in between.

This is the final step in the methodology describing the data analysis. With the energy
consumption expressed as above, no emphasis is put on the true values and all results will be
presented either normalized or, in a comparison, as a percentage savings. Provided the tools
to generate and execute trajectories as well as a methodology to extract and analyze data, the
experimental setup is completed and the experiments can be conducted.

5.6 Summary of methodology and tools

The work procedure is defined and the experimental setup created. Original trajectories are gen-
erated in the robot using the robot controller, while a program to execute optimized trajectories
have been designed. The resulting data is collected as values on position and electrical current
sampled each 12 milliseconds. As the constants R and K are unknown the true energy consump-
tion can not be calculated. Instead are trajectories compared and the energy consumption is
described as a percentage saving.
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Evaluation of point-to-point
motions

To build a better understanding of the robot, its movement and the energy distribution over the
different joints some initial experiments are performed. The settings, available when program-
ming the robots using the inline form, are manipulated to investigate their influence on the path
and trajectory. This chapter describe the experiments and the conclusions given the results. The
trajectories defined in this chapter are later used in the optimization.

6.1 Evaluation of the logger and ASCII program

Before starting the experiments, the logger and the ASCII program, used to run the optimized
trajectories, are evaluated to ensure correct data collection.

By running an ascii file and comparing the logged data with the original data both the logger
and the ASCII program is ensured to be working properly. The ascii file is computed with data
samples every 12 millisecond and the logger is logging data with the same time interval why a
plot of the position, velocity and acceleration of the two should conform.

Figure 6.1 show a trajectory created with an ASCII file along with the logged result. The
two trajectories are consistent, confirming the reliability of the logger and ASCII program.

6.2 Motion configurations

As explained earlier a trajectory can be created in several different ways depending on the chosen
motion and settings. In the optimization, the velocity and acceleration profiles are crucial, why
the initial tests will focus on the effect different velocity and acceleration settings have on a PTP
trajectory and the energy consumption. Two different motions are evaluated. First a rotational
motion, exciting one joint and with no change in the gravitational force acting on the robot.
The motion is evaluated with decreasing acceleration and velocity. In the second experiment the
effects of the gravitational force are investigated by extending the robot to the outer bound of its
workspace. Both the extending and the reversed retracting motion are evaluated with decreasing
velocity.
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40 Comparison of original ascii-file and the logged ascii-file
- T T T T T

angle [degrees]

———— ascii
-200 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Figure 6.1: Comparison of the ascii-file exported to the robot and the
logged result showing the reliability of the logger and ASCII program.

6.3 Rotational motion

In the first experiment only joint 1 is moving, resulting in a rotation of the robot around its
vertical axis. This motion is chosen with the intent to keep the gravitational consistent out
through the motion. The robot is positioned in a predefined home position and rotated 110
degrees. The start and end position of the robot can be seen in Figure 6.2 and 6.3. The motion
is carried out in two configurations. First the acceleration is set to 100 percent and velocity
decreased from 100 to 30 percent with steps of 10. In the second configuration the velocity is set
to 100 percent and acceleration decreased from 100 to 30 percent with steps of 10. The resulting
trajectory and electrical current are recorded and collected using the logger.

6.3.1 Velocity varied rotation

The resulting energy reduction for joint 1 with velocities decreasing from 100 to 30 percent, along
with the resulting execution time can be seen in Table 6.1. The energy reduction is displayed both
with the heat dissipating energy saving, Sy, 1, and the mechanical work reduction, Sg,, 1. The
reduction in energy is proportional to the reduction in velocity while the increasing execution
time is not. In Figure 6.4 the heat dissipated energy and the mechanical work for each run
is presented as a function of its execution time, normalized over the fastest run. The energy
consumption decreases with the velocity but with the cost of longer execution time. The trade
off between time loss and energy saving is better for higher velocities. As mentioned before the
energy saving for the heat dissipated energy and the mechanical work gives the boundaries for
the total energy saved. For this simple motion the savings for both the heat dissipated energy
and the mechanical work, and therefore the total energy, is approximately equal the velocity
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Figure 6.2: The starting position of the Figure 6.3: The finishing position of the
robot for the rotational motion. robot for the rotational motion.
HOME =[-180 —90 90 0 —90 0] P1=[-70 —-90 90 0 —90 0]

Table 6.1: Energy savings for the rotational movement with decreasing velocity. The table
show both the heat dissipated savings, Sw, 1, and the mechanical work reduction, Sg,, 1,
for joint 1.

Velocity [%]| 100 90 80 70 60 50 40 30
Ty [s] | 1.164 1.224 1.308 1428 1.596 1.836 2.196 2.832
T—";{,—o [%] | 100 105 112 122 137 158 189 243

Sw,1 [%] 0 9 20 30 39 51 60 69
SEm,1 [%] 0 9 20 29 38 47 56 64
reduction.

Figure 6.5 and Figure 6.6 show the velocity and acceleration profile for the different values of
velocity. The velocity profiles are identical in the initial acceleration phase showing that the robot
is using the same acceleration profile independently of the velocity settings. The same is true
for the deceleration phase. The only difference in the trajectories are the the maximum velocity
reached and therefore also the execution time. For the trajectory with 100 percent velocity
the robot reaches a value of 240 degrees per second, consistent with the value for maximum
velocity in Table 5.1. For the other trajectories the maximum velocity is consistent with the
given percentage.

In Figure 6.7 the position, velocity and acceleration is presented for joint 1 rotating with
100 percent velocity, as well as the electrical current, I; over all joints, the heat dissipated power
consumption, Py 1, and the mechanical power consumption, P, ;. The motion can be divided in
to three phases, acceleration, constant velocity and deceleration. Comparing the power with the
motion in Figure 6.7, identifies the acceleration phase as the major mechanical power consumer
and both the acceleration and deceleration phases as the major heat dissipated power consumer.
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Wd and Em on joint 1 for 30 to 100 % of velocity relative max velocity
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Figure 6.4: The heat dissipated energy consumption, Wy, and the me-
chanical work, E,,, on joint 1 for the rotational movement with decreasing
velocity (100-30 percent) as a function of the time normalized with re-
spect to fastest run.
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Figure 6.5: The velocity profiles for the
rotational movement with velocity from 100
to 30 percent.

Figure 6.6: The acceleration profiles for
the rotational movement with velocity from
100 to 30 percent.
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Maintaining a constant velocity consume relatively little power in both plots but there is a
significantly difference for the heat dissipated power where the constant velocity takes values
approximately 1/10 of the maximum value. For the mechanical power this difference is only
around 1/2. This is reasonable since the mechanical work is not only dependent on the current
but also the velocity. The heat dissipated power and the mechanical power for the decreasing
velocities can be seen in Figure 6.8 and 6.9.

There is also a very interesting and distinct similarity between the acceleration profile in the
upper rightmost plot in Figure 6.7 and the electrical current profile for joint 1 in the lower leftmost
plot in Figure 6.7(d). Since the motion is limited to joint 1 with all other joint configurations
constant it would be reasonable to only have a variation in the electrical current on joint 1 but,
as seen in th lower leftmost plot in Figure 6.7, describing the electrical current on each joint,
there is also some variation for joint 2 and 4. This is believed to be a result of the centrifugal
force acting on those joint due to the orientation and positioning of the robot, seen in Figure 6.2,
during the rotation. As it is rotating the increased power consumption is preventing the arm to
fall out.
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Figure 6.7: An overview of the rotational movement showing the position, veloc-
ity, acceleration and jerk for joint 1 as well as the power consumption on all joints
and the total energy consumption.

6.3.2 Acceleration varied rotation

In the second configuration of the rotational motion, the same 110 degree rotation is executed
but with acceleration decreasing from 100 percent to 30 percent in steps of 10 and velocity set
to 100 percent. The corresponding execution time and energy savings are found in Table 6.2.
Just as for the velocity varied trajectories the energy saving is described both as heat dissipating
saving, Sw, 1, and the mechanical work reduction, Sg,, 1.
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The heat dissi power, Pd/R, for joint 1 with ing velocity
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Figure 6.8: The heat dissipated power for
the rotational motion with velocity from 100
to 30 percent.
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Figure 6.9: The mechanical power for the
rotational movement with velocity from 100
to 30 percent.

Table 6.2: Energy savings for the rotational movement with decreasing acceleration. The
table show both the heat dissipated savings, Sy, 1, and the mechanical work reduction,

SE,, 1, for joint 1.

Velocity [%]| 100 90 8 70 60 50 40 30
Ty [s] | 1.164 1.200 1.224 1.272 1.332 1.416 1536 1.740
% [%] | 100 103 105 109 114 122 132 149
Sw,1 [%]| 0 8 16 23 31 38 47 58
Sg,.a  [%]| 0 3 7 10 15 21 30 40

The energy consumption for decreasing acceleration is presented as a function of the time
normalized with respect to the fastest run in Figure 6.10. In Figure 6.11 the same functions
are compared to the energy consumption related to the velocity decreased trajectories. There
are four interesting conclusions that can be drawn from the comparison. First, independently
of reduced velocity or acceleration, the energy consumption is reduced. Secondly, the execution
time is not as highly affected for decreased acceleration as for decreased velocity. Thirdly, the
heat dissipated energy W, shows significantly better results for decreased acceleration compared
to decreased velocity. Last, the mechanical work is slightly higher for the acceleration decreased
trajectories.

The velocity and acceleration profiles for the acceleration decreased trajectories can be seen
in Figure 6.12 and 6.13. In a similar way as for the velocity profiles in Figure 6.5 the acceleration
profiles show the same decreasing from the maximum value consistent with the settings, the 70%-
trajectory reaches a maximum acceleration of 420°/s2, corresponding to 70% of the maximum
acceleration of 600°/s2.

The heat dissipated power and the mechanical power for the acceleration decreased trajecto-
ries are displayed in Figure 6.14 and 6.15. The heat dissipated power in Figure 6.14 has a much
more distinct decrease in power for the acceleration phase compared to the velocity decreased
heat dissipated power in Figure 6.8. This indicates that decreasing the acceleration is more
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CHAPTER 6. EVALUATION OF POINT-TO-POINT MOTIONS

effective to reduce the heat dissipated power. On the other hand is the mechanical power not
decreased as effectively but rather increased during the constant speed phase. This is due to the
velocity being higher at decreasing acceleration compared to the decreasing velocities. Since the
mechanical work is related to the velocity the values increases.

6.4 Gravitational affected movement

To investigate the effect of the gravitational force on the motion and power consumption two test
are performed. One where the robot moves in the direction of the gravity (downward motion)
and one where it moves in the negative direction of the gravity (upward motion). In the same
way as for the rotational movement the robot is positioned in a home position and then moved
to a second position, P2. The two positions can be seen in Figure 6.16 and 6.17 and the degrees
in the both positions are stated below. The motions excite joint 2 and 3 and are conducted with
the acceleration set to 100 percent and the velocity is decreased from 100 to 30 percent, by steps
of 10.

HOME = [180 -90 90 0 -90 0]
Pl = [-180 0 0 0 -90 O]

Figure 6.16: The starting position of the Figure 6.17: The finishing position of the
robot for the downward motion and the fin- robot for the downward motion and the

ishing position for the upward motion. starting position for the upward motion.
HOME =[-180 —-90 90 0 —90 0] P1=[-180 0 0 0 —90 0

6.4.1 Energy consumption gravitational motion

In the same way as for the rotational motion the heat dissipated savings and the mechanical
work reductions for the upward and downward motions can be found in Table 6.3 and Table 6.4
respectively.
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6.4. GRAVITATIONAL AFFECTED MOVEMENT

Table 6.3: Energy savings for the upward gravitational motion with decreasing velocity.
The table show both the heat dissipated savings, Sw,, and the mechanical work reduction,
SEg,,, for joint 2 and 3.

Velocity (%] | 100 90 80 70 60 50 40 30
Time T [s] | 1440 1440 1452 1500 1596 1740 2004 2.470
% (%] | 100 100 101 104 111 121 139 172
Joint 2 Swa (%] 0 1 6 0 16 19 20 18
Sg,, [%]| 0 0 11 18 23 29 3
Joint 3 Swa (%] 0 1 11 22 34 46 56 67
Sg,, [%]| 0 1 9 19 30 41 51 63

Table 6.4: Energy savings for the downward gravitational motion with decreasing velocity.
The table show both the heat dissipated savings, Sw,, and the mechanical work reduction,

Sk, , for joint 2 and 3.

Velocity [%] | 100 90 80 70 60 50 40 30
. Ty [s] | 1.188 1.212 1.260 1.344 1.452 1.632 1.920 2.424
Time

hs [%] | 100 102 106 113 122 137 161 204

Joint 2 Swa %] 0 7 15 24 34 43 51 53
S, [%]| O 15 27 36 45 52 56 58
Joint 3 Swa (%] 0 4 11 17 21 26 30 32
Sg,. [%]| 0 7 12 16 22 28 36

The heat dissipated energy, the mechanical work and the total energy for joint 2 and 3 with
different velocities are plotted as functions of the maximum energy for the upward an downward
motions in Figure 6.18 and 6.19. The plots for joint 2 and 3 in 6.18 show a similar behavior to
the opposite joints in 6.19. This is likely due to the similarity in the motion between the two
runs, joint 2 moves downwards in a similar way as joint 3 moves upwards and vice verse.

If comparing the energy on joint 2 for the upward and downward motion more energy is
required, as expected, to move upward, against the gravity. In Figure 6.20 and 6.21 the position,
velocity and acceleration as well as the heat dissipated power and the mechanical power can
be seen for joint 2 in the upward and downward motions with 100% velocity. For the upward
motion the acceleration reaches a value of —100°/s? and then keeps that constant until it reaches
a state where it has to start breaking to stop at the top. This acceleration profile is different
from the acceleration profile for the downward or the rotational motion. The execution times
for the upward motion is also quite much longer than the downward motion, due to the slow
acceleration. In a similar fashion as for the rotational motion, the electrical current copy the
acceleration profile. As mentioned before the downward motion is not as energy consuming as
the upward motion. The acceleration profile for the downward motion show a fast acceleration
and then a slower deceleration.
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Figure 6.18: The heat dissipated energy Figure 6.19: The heat dissipated energy
and the mechanical work for the upward and the mechanical work for the downward
motion plotted over the maximum energy. motion plotted over the maximum energy.

In Figure 6.22, 6.23, 6.24, 6.25 the heat dissipated power and the mechanical power is pre-
sented for the up- and downward motion respectively. The heat dissipated power does not
decrease as distinctly as the mechanical power for the upward motion. The plots of the upward
heat dissipated power are similar to the mirror image of the plot for the downward heat dissi-
pated power, indicating that the heat loss is similar for deceleration in an outreached position
and acceleration up from the same position. The same relationship is not found in the mechanical
work for the up- and downward motion.

6.5 Summary of the point-to-point evaluation

The initial test verifies that the logger and the ASCII-program is working properly. The evalu-
ation of PTP motions showed that a reduction of velocity or acceleration also reduces the heat
dissipated energy and the mechanical work. The electrical current and the heat dissipated energy
show a distinct relation to the acceleration profile of the motion. The rotational motion with de-
creased velocity have all identical initial acceleration profiles independently of desired maximum
velocity. Furthermore, the up- and downward motion show that the gravitation negatively affects
the energy savings as the downward motion showed better savings for reducing velocities than
the upward motion with reducing velocities. For both the rotational and the up- and downward
motion the robot shows a desire to, as fast as possible, reach the defined maximum velocity,
maintain this velocity for as long as possible and then abruptly decelerate and stop. The results
indicates that energy savings through energy optimization of the trajectories are feasible.
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Evaluation of optimization
strategy

This chapter provides information about the evaluation of optimization criterion and the resulting
trajectories. Initially, the motions created in the evaluation of point to point motions are used as
original paths for optimization and comparison. Furthermore, a more complex motion, mimicking
a pick-and-place operation with several points exciting all joints, is also created and optimized
to show the result of a more realistic situation. Finally the upward and downward motions are
used to evaluate the energy consumption and optimization of a working cell with multiple robots
and shared zones.

7.1 Evaluation of optimization criterion

Four different optimization criterion are formulated and evaluated for comparison. The algorithm
in chapter 3 is used for the optimization with small changes in the optimization problem to fit
it for the different optimization criterion. The criterion, C;, evaluated are; minimizing the
squared acceleration, minimizing the squared jerk, a combination of minimizing the squared
acceleration and jerk and minimizing a model representing the electrical current by a combination
of acceleration, velocity, jerk along with a gravitational term modeled as a sine curve.

C1 : Simple acceleration

Cs : Simple jerk

C3 : Combined acceleration and jerk

C, : Combination of acceleration, velocity, jerk and sinusoidal gravity

To evaluate the optimization criterion the rotational motion from chapter 6.3 with 50, 70 and
90 percent velocity are set as original trajectories and the related path and execution times are
used as inputs to the optimization algorithm. To not cause confusion in the comparison later the
original motions are named Rot50, Rot70 and Rot90. The optimized trajectories are generated
with respect to the four criterion Cy — Cy.
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The heat dissipated energy, Wy and the mechanical work, E,,  for each of the optimized
trajectory are compared to the original trajectory with the same execution time in figure 7.1
and 7.2 respectively. The energy percentage for the optimized trajectories relative the original
trajectories are also stated in table 7.1. All four minimization criterion show a reduction in
heat dissipated energy but, while criterion C; and Cj both show a reduction in the mechanical
work, criterion C5 and C3, including jerk, increase the mechanical work compare to the original
trajectory. Given the slightly better reduction of energy for C; minimized acceleration, this
criterion is chosen for further optimization and evaluation.

Looking closer at the results of the acceleration minimization criterion, C7, in Table 7.1, it
shows that a reduction in velocity gives an increased heat dissipated energy saving (from 20 to
29 percent) and a decreased mechanical work reduction (from 14 to 6 percent) compared to the
original trajectories. This is due to the minimization criterion. The close relationship between
electrical current and acceleration decreases the heat dissipated energy while the relationship
between the mechanical work and the velocity is not accounted for in the optimization. This
explains the better result for the heat dissipated energy compared to the mechanical work for
the original trajectories with lower velocity settings. Firstly the relative velocities are increased
for optimized trajectories with longer execution time (Rot50 compared to Rot90). Figure 7.3
show the velocity profiles of the optimized trajectories with minimized acceleration compared to
the original trajectories Rot50, Rot70 and Rot90. The optimized velocity is 31 percent higher
than the original velocity in Rot50, compared to only 11 percent higher for Rot90. As a result
the acceleration is smoother, reducing the heat dissipated energy, while the increased relative
velocity lowers the mechanical work reduction.

Given the savings of both the heat dissipated energy and the mechanical work, the total
energy saving lie somewhere in between. That is, for the trajectory with 90 percent velocity the
total energy saved with the optimization is somewhere between 14-20 % while the saving lies
between 6-29% for the trajectory with 50 percent velocity. Figure 7.4 give the position, velocity,
acceleration as well as the electrical current, heat dissipated power and the mechanical power for
the Rot90 original and optimized trajectory. As seen in this figure, as well as in Figure 7.3 the
optimized velocity achieve parabolic profiles instead of the original flat topped profile, allowing
for a better acceleration profile and a less energy consuming trajectory.

In the figures for the electrical current, as well as in the figures for heat dissipated power and
the mechanical power, more oscillation is observed for the optimized trajectory compared to the
original one, especially in the acceleration phases. No mechanical vibrations have been observed
and when comparing the oscillations to the result of lowered acceleration for the rotational
motion in the PTP-evaltuation in figure 6.15 and 6.14 a similar oscillation is also observed for
lower acceleration reducing the concerns about harmful behavior, but the effects might still need
to be investigated further.

Table 7.1: Comparison of energy consumption for the original and optimized rotational
movement with 50, 70, 90 percent velocity.

Sih1 Swia Swha Swha | SEhai S8R. Spia SEia
Trajectory | [%] (%] (%] (%] | (%] (%] % (%]
Rot90 20 9 9 20 14 -3 -3 11
Rot70 25 7 8 24 9 -13 -13 7
Rot50 29 18 18 29 -9 -9
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malized over the original Rot90 motion. inal Rot90 motion.

7.2 Optimized pick-and-place operation

The initial experiment was performed with a single point-to-point movement and only exciting
one joint. As the experiment viewed positive results a longer trajectory with multiple points,
movements and velocities is generated. The trajectory is created to mimic a pick-and-place
sequence normal for an industrial robot. The robot moves from home position to a pickup zone,
picks up a part and transports it to the drop off zone through a continuous point, added to avoid
collision with an obstacle. The robot drops off the part and returns to home position through yet
another continuous point. It enters and exits the pick up and drop off zone in a linear fashion.
The sequence of motions can be seen in Table 7.2. The original trajectory is logged and used in
the optimization algorithm. The comparison in energy for joint 1 to 6 can be seen in Figure 7.5
and 7.6 and Table 7.3. As seen in the table, joint 1-3 show an energy saving between 13-55%
while joint 4-6 show little to no energy savings (0-16%). Firstly, it should be mentioned that
there is nearly no motion, and therefore also very low energy consumption, in joint 4-6, as seen
in Figure 7.5 and 7.6. Secondly, an optimization containing several joint have a priority in the
algorithm since the optimization of one joint can contradict the optimization of another joint.
This is solved with a weighting between joints, prioritizing the optimization. For the industrial
robot the first three joints are actuated with larger engines compared to the last three joints.
Assuming they affect the overall energy consumption greater than the last three, the optimization
of joint 1-3 is prioritized higher than joint 4-6, also resulting in a better optimization result for
joint 1-3. If comparing the energy reduction on joint 1-3 the result is significantly better for
joint 1 and 3 compared to joint 2. This might be due to the overall lower movement of joint 2
compared to the other two or that the gravitational force on joint 2 allows less optimization.

With these considerations accounted for the optimization shows very promising results. As-
suming that joint 1-3 are actuated with identical engines the total heat dissipated energy savings
and the total mechanical work reduction for joint 1-3 is 38 and 26 percent respectively.
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Table 7.2: The movement sequence for the pick-and-place trajectory

KRL Joint position
Motion Point Settings 1 2 3 4 5 6
PTP HOME 100 % -160 90 90 0 -90 O
PTP P1 100 % 180 95 95 0 -90 O
LIN P2 2 m/s -180 -8 8 0 -90 O
LIN P1 2 m/s -180 -95 95 0 -90 O
PTP P3 100 % cont -130 -95 40 O -90 O
PTP P4 70 % -50 -100 110 40 -90 O
LIN P5 2 m/s -60 -8 100 40 -90 10
LIN P4 2m/s -50 -100 110 40 -90 O
PTP Pé6 50 % cont -90 -8 110 0 -110 10
PTP HOME 100 % -160 -90 90 0 -90 O

Table 7.3: The energy reduction for the optimized pick-and-place operation with respect
to the original trajectory, joint 1-6. Execution time T = 6.9s.

Joint 1 2 3 4 5 6
Sw, [%] |55 15 44 16 8 0
Sp, [%] |34 13 32 8 5 0
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Figure 7.5: The heat dissipated energy
consumption, Wy, for the original and op-
timized trajectories for the pick-and-place
operation normalized over joint 1.
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Figure 7.7: The cell with robots R1 and R2

7.3 Multi-robot movement

Finally a two-robot cell with a shared zone is created and evaluated. The cell can be seen in
Figure 7.7. Both robots perform one motion each, robot 1 (R1) is moving from an upright
vertical position down to an outreached horizontal position using joint 2 and 3 and robot 2 (R2)
makes the reversed motion, starting in the outreached horizontal position and move up to the
vertical upright position. If they move at the same time they will collide as they share workspace.
The shared zone is defined as the area where joint 2 is between -30 and -60 degrees and joint 3
simultaneously is between 30 and 60 degrees for both robots.

The original motion is created with KRL giving two possible sequences to avoid collisions.
Sequence 1 (S1) where R1 is moving before R2 and sequence 2 (S2) where the order is reversed
and R2 is moving before R1. Both sequences are logged and evaluated. The logged original
trajectories are used as input to the optimizer and the optimized sequences are also evaluated.

In addition to optimizing the two sequences where only one robot is moving at a time, two
sequences are also generated where the robots, instead of standing still and waiting for the other
to finish its task, are allowed to move simultaneously without colliding. The first robot perform
its task as before (R1 in S1 and R2 in S2) but the second robot in each sequence is optimized
such that it is allowed to start its motion at once and only have to ensure that the first robot
have left the shared zone before entering the same zone. In this way the execution time for the
second robot will increase to the total time of both original motions added the zone-constraint
defined in Equation 3.13 in Chapter 3, preventing it from entering the shared zone before the
first robot has exit.

The heat dissipated energy and the mechanical work for the two robot motions, can be seen
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Table 7.4: The heat dissipated energy saving and the mechanical work reduction on joint 2
and 3 for sequence 1 and 2 and the original (org), optimal sequential (opt-seq) and optimal
non-sequential (opt) trajectories. The energy is displayed in relationship to Sl,r42 and
Slorg,3 for joint 2 and 3 respectively.

Sw, SE,,
org opt—seq opt | org opt—seq opt
Joint 2 S1 0 17 27 0 20 28
S2 | 26 43 47 0 20 35
Joint 3 S1 0 20 33 0 17 31
S2 0 20 33 0 17 27

in Figure 7.8 and 7.9 and Table 7.4 where the original motions are named S1,,, and 52,4, the
optimized sequential motions are named S1;°7 and S2; 1 and the final less constraint optimized
motions are named S1,,; and S2,,;. In the figures the first two sets of bars show the energy on
joint 2 while the two last sets of bars show the energy for joint 3. Each set of bars show the
original trajectory, the sequential optimized and the fully optimized trajectory respectively.

If looking at Figure 7.8 the first two sets of bar show the heat dissipated energy for joint 2
for sequence 1 and sequence 2 respectively. Significant energy can be saved depending on the
sequence of the motions. If comparing the two original motions Sl,.2 and 524,42 the later
is more energy efficient. The difference is due to the position the robots wait in. In sequence
1 both robots are waiting for the other to finish in an outreach position compared to sequence
2 where the robots wait in a less demanding upright position. This can also be seen in Figure
7.10 and Figure 7.11 where the heat dissipated power for the waiting phase is larger for S1 than
S2. The position in which the robots are waiting is only affecting the heat dissipated energy
as the mechanical work is directly related to the velocity, equaling it to zero when the robot is
standing still, as seen in the velocity and mechanical work plots in Figure 7.10 and 7.11. Also, the
mechanical work for the original and the sequential optimized motions are identical in sequence
1 and 2, as seen in Figure 7.9. This is reasonable since the only difference between the two
sequences are the waiting position which is not affecting the mechanical work.

When looking at the sequences for the sequential optimized trajectories, S1;° and S277¢,
there is an improvement for both the heat dissipated energy and the mechanical work, compared
to the original trajectories. But while the mechanical work saving does not differ for the two
sequences, the heat dissipated energy saving is quite larger for sequence 2 compared to sequence
1, again a consequence of the waiting position.

Finally when comparing the fully optimized path to the original path, sequence 2 show larger
savings than sequence 1 due to the second robots early start. As seen in the upper rightmost
plot in Figure 7.11, both robot start moving at the same time and the second robot enters the
shared zone slightly after the first robot has left it. The early start of the second robot allows it
to have a softer acceleration and therefore save energy.

It should also be mentioned that the small difference for sequence 1 and 2 for joint 3 is
most likely due to the identical resting position of joint 3 for the two sequences. Still, the full
optimization show an energy reduction of 27-33% for joint 3.

Consequently it can be said that by choosing the right sequence and optimizing the sequence
with respect to a shared zone as much as 35-47% can be saved.
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7.4 Summary of the Optimization Evaluation

The evaluation of optimization criterion show that a minimization of acceleration give a sufficient
energy saving and allow for rapid and simple optimization, making it ideal to implement in
existing robot programs. The optimization algorithm shows reduction in energy for both heat
dissipated energy as well as the mechanical work for all trajectories. For the pick-and-place
operation the reduction is as large as 26-38% over joint 1-3, assuming identical actuation engines
and as large as 33-55% if only looking at joint 1. The experiment with two robots shows that the
order of operations highly affect the energy consumption as well as a shared zone optimization,
allowing the robots to start early to get a smoother acceleration. The optimized trajectory
achieve an parabolic velocity profile, compared to the flat topped original velocity profile. These
profiles are crucial for the optimization.

To implement optimized trajectories in an industrial robot ascii-files have been used in these
experiments but it would be desirable to use existing trajectory planning tools why PTP splines
are investigated next.
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for Sequence 1. From left to right: original, sequential optimized and optimized trajectory
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Evaluation of Splines as an
implementation method

In this chapter the functionality and behavior of SPLINE and time blocks are investigated to
determine if they are suitable as implementation tools for the optimization algorithm.

8.1 The implementation hypothesis

Giving the satisfying energy optimization it is desirable to implement the algorithm on robots
already installed in the industry. It is desirable to use an online approach for the implementation.
This means that an operator creates a trajectory as usual using the KRL. As the robot executes
the trajectory a plugin installed in the robot records the path and optimizes it. For the following
executions the plugin take over and the optimized trajectory replaces the original.

For the experiments the optimized trajectories have been implemented using an ascii-file but
for the real industry this approach bring some issues. When implementing a trajectory with an
ascii-file the trajectory can not be interrupted or manipulated and the trajectory does not take
any inputs or outputs into considerations, which all are crucial features. It would therefore be
desirable to use existing programming tools for the implementation. Based on the result from the
investigation of PTP motions in Chapter 6, it seems like the parabolic velocity profile connected
with the optimized trajectories in Chapter 7 are not possible to generate using PTP motions.
Instead, one other option is the motions SPLINE and SPLINE blocks present in software KRC4.
In the ASCII-program the velocity and acceleration is controlled continuously by the sequential
definition of position and time. A SPLINE block, defining the path, can be controlled using time
blocks and thereby might allow for the control of velocity and acceleration in a fashion similar
to the ASCII program.

Given these conditions it is of interest to understand how the robot implement spline blocks
and time blocks and how these can be manipulated. The hypothesis is that a trajectory can be
manipulated in a spline block using time block and intermediate time block parts. By adding
intermediate points with time block parts along the path, the trajectory can be controlled and
manipulated in a desired way. To control the manipulation it is important that only the added
time block parts and not the added points affected the trajectory.
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Table 8.1: The points defined along the path for the different experiments

Point values

Setup 1 | 60 -50

Setup 2 | 60 50 -50

Setup3 |60 50 40 30 20 10 O 10 20 30 40 50
Setup4 |60 0O -5 -10 -12 -15 -22 -30 -31 -38 -40 -50

The spline blocks are PTP spline blocks and the tests have been conducted on the KUKA
KR16.

8.2 Experimental setup

To be able to use spline blocks as implementation tool it is important to be able to divide a
given path into smaller fractions to later be able to define the velocity in those fractions using
time blocks. It is therefore crucial that a path is not affected by the number of points along it as
long as the velocity, or time stamp, is not manipulated. To investigate how the number of points
along a path, defined within a spline block, affect the trajectory, an experiment is conducted
through a single rotational motion where joint 1 is moving from 60 to -50 degrees. The motion is
implemented with four different settings. In the first experiment the spline block contains only a
start and an end point. In the second experiment one point is added along the path, close to the
starting point. In the third experiment ten points are evenly distributed between the starting
and finishing point and in the forth experiment ten points are distributed randomly along the
second half of the path. The points can be seen in Table 8.1 and the full code for each setup can
be found in appendix A. The resulting trajectories are recorded using the logger.

8.3 Results

A comparison of the four trajectory show a negative result. Firstly, the final time are different
for the four trajectories.

tr=[1.1880 1.1520 1.1280 1.1640]

Secondly, an overview of the position, velocity, acceleration and jerk for all trajectories can be
seen in Figure 8.1. The trajectories are clearly changing depending on the number of points in the
spline block and also depending on the distribution of the points. When the trajectory with only
an initial and final point is compared to the other three trajectories the following observations
are made.

With only a initial and final point the trajectory experience an overshoot and move off the
desired path before converging towards the final value. When adding a point close to the initial
point in the spline block the trajectory changes. The overshoot decreases and the robot moves
in the right direction earlier. The two trajectories can be seen in Figure 8.2, where the third and
fourth plots gives a detailed view of the position and velocity for the overshoot.

Adding ten points evenly distributed every ten degrees along the path alters the trajectory
again. The trajectory is similar to the trajectory for one intermediate point as seen in Figure 8.3.
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Around time instant 0.15 seconds something happens and acceleration and velocity experience
spiked values. The effect on the path can be seen in plot three in Figure 8.3.

In the last test ten points are added to the spline block with values between 0 and -50
degrees. The points are unevenly distributed along this second half of the path. The trajectory
settle somewhere between the trajectory with only an initial and final point and the other two.
The trajectory is compared to the first trajectory in Figure 8.4. It gets an overshoot larger than
the one for the initial trajectory as seen in plot 3 in Figure 8.4. Also, right before the first
intermediate point is reached at 0 degrees the robot decelerate and then accelerate. This can be
seen in the velocity and acceleration profile at time instant 0.6. This "bump” does not seem to
affect the trajectory though.

8.4 Summary of the splines evaluation
Since the trajectory is changing with the number of points in the spline block, and not in an
orderly fashion, no investigation of time block was conducted. The path changes following the

addition of a point is unpredictable and therefore hard to compensate for. The spline blocks are,
for now, concluded to not be useful for implementation of the optimized trajectories.
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Conclusions

The result from the evaluations is discussed with respect to the objectives of the thesis. Remarks
are made on the results and based on the conclusions, recommendations for future work are
given.

9.1 Repeating the objectives

The objectives, earlier stated in the introduction, are

e Create an experimental setup, allowing evaluation of trajectories including collection of
the energy consumption.

e Experimentally evaluate the trajectory planning strategies available in the robot today

e Implement and evaluate optimization strategies to determine optimization criteria reducing
the energy consumption

e Investigate the possibilities for the integration of an optimization strategy in existing tech-
nology

9.2 Create an experimental setup

An experimental setup was successfully created with help of the personal at KUKA Gothenburg.
By installing the ASCII program and the logger, optimized trajectories could be executed and
relevant data collected for later analysis. The setup can be improved by further development of
the data collection also adding alternative methods for measuring the energy consumption. A
comparison of an ascii file and the logged results from the execution of the same ascii-file verified
that the logger and the ASCII-program are working properly.

9.3 Energy calculations

The unknown relationship between the heat dissipated energy and the mechanical work, as well
as the contribution between joints made it impossible to calculate the exact energy savings. If
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wanted, the relationship between the two can be discussed and there might be ways to make an
estimation of the relationship. For example, assuming the efficiency of the engine is approximately
90% the relationship between the heat dissipated energy and the mechanical work could be
believed to be somewhere in the ration of 1:10. This could be further investigated though,
through simulated robot models and better measurements.

It should also be mentioned that there most likely are other terms of energy losses not
accounted for which might throw the results of, but given the assumptions and simplifications
made, the result is still believed to give a reasonably correct picture of the energy reduction.
Still, to verify the results, some complementary measurements should be done. As a simulation
tool for a robot cell, developed by KUKA, now exists at Chalmers it is recommended to verify
the results in this thesis, as well as future calculations from experiments, using the simulation.
Furhtermore, KUKA has developed new technology to more accurately measure the energy in
the robot. By installing these tools the experiments will be more reliable.

9.4 Evaluate the existing trajectory planning strategies

The evaluation of the existing trajectory planning method in the robot gave a great understanding
and shows there is much room for improvement. The uniform acceleration profile of the rotational
motion, along with the robot’s desire to reach a constant velocity, is useful for manufacturing
applications where it is important to reach and maintain a constant velocity. This kind of
behavior would be reasonable to find in LIN and CIRC motions but unnecessary in PTP motions,
where the shape of the velocity profile is of less importance. This leaves room for optimization
and energy savings.

Even without the optimization algorithm the energy consumption can be reduced by allowing
a slightly longer execution time. By reducing the acceleration, a small increase in execution
time and an relatively large reduction in energy consumption is obtained. For an example, by
reducing the acceleration to 60 % the execution time is increased with 14 percent while the energy
reduction lies between 15-31% (Table 6.2). This is a quick and simple initial step towards a more
sustainable industry. The effects of an acceleration reduced trajectory has only been evaluated
for the rotational motion and the effect of more complex trajectories should probably be further
investigated to give a more complete picture.

9.5 Optimization

The optimization showed results exceeding the expectations. It was satisfying to find an op-
timization algorithm with a minimization criterion requiring such small computational effort.
Furthermore, the identification of the trajectory samples related to the entering and exiting of
shared zones simplified the optimization of coordination of robots and further increased the en-
ergy reduction. The algorithms should be evaluated on more complex systems though, to give a
more complete result.

The close relationship between the heat dissipated power, the electrical current and the
acceleration explains the impressive results in energy savings using an optimization criterion
minimizing the squared acceleration. The energy savings of the mechanical power is good but
not in the same league as the heat dissipated savings. As the mechanical work is related to both
the electrical current and the velocity an investigation of a minimization criterion of combined
squared acceleration and acceleration times velocity would be interesting, to see if this could
further improve the reduction of energy.
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The optimized trajectories showed some oscillations in the figures showing the electrical
current and energy consumption, raising some concerns. Similar increase in oscillations could
also be observed in the figures with decreased acceleration in the evaluation of point-to-point
motions why it is reasonable to believe such behavior should have been investigated by the robot
company and proven not harmful.

For KRL and inline programming the velocity is limited to the 100 % defined in the robot.
Trajectories executed through ASCII are allowed to reach velocities higher than the, by robot,
predefined 100 percent, as seen in the optimization of the rotational motion. This possibility
to reach higher velocities is crucial to optimize a trajectory but the effect of such violation of
predefined limits should be investigated further to verify no long term harm, specially considering
situations with higher loads. All evaluations have been conducted on robots under no load. The
results should be complemented by investigating the optimization algorithm and energy reduction
with the robot under load.

9.6 Implementation of optimization

The trajectory planning tools existing in the robot have shown to be hard to manipulate. Inde-
pendently of the settings the robot executes with the same strategy, to reach the highest allowed
velocity and keep it for as long time as possible before breaking. The experiments in Chapter 8
show that spline blocks are not an option to implement the optimized trajectories in the robot
as it changes the path with changing number of intermediate points in the block. It is neces-
sary to find a tool which allow a more controlled manipulation of velocity and acceleration than
what is present in the robots today. The best option for full control of the trajectory is the
ASCII-program. Further work should include investigating the possibilities to allow for signals
and interruptions when implementing the optimized trajectory. The problems could possibly
be addressed by taking possible interrupts into account in the ASCII-program. Either by some
means remembering where in the text-file the interruption occurred and be able to resume the
execution from that value, or by saving the remaining part of the text-file to a temporary file
to execute after an interruption. Also, trajectories where the robot stops and wait for a signal
could possibly be divided into several ascii-files loaded and executed sequentially allowing for
I/O signals in between. These approaches need further investigation and consideration.

9.7 Future work

Given the result of this thesis it is realistic to believe that a fully integrated solution is feasible
and likely to provide satisfying results. To arrive at such development more effort is needed.
Firstly, it is recommended to verify the results in this thesis by conducting experiments on a
robot under higher, preferably maximum, load and also by other means of measuring the energy
consumption. Secondly, much of the work in this thesis haa been performed manually. For a final
solution the work haa to be automated to be implement in the robot as an independent program.
Also, the implementation has to be investigated further. As a first step, the possibilities with
multiple ASCII programs should be evaluated thoroughly.

Finally, as a side step it should be mentioned that the evaluations in this thesis have mainly
been conducted on PTP-motions defined in joint space. It would also be interesting to evaluate
other existing motion types such as LIN and CIRC, or even SPLINES.

It is the author’s believe that a solution, significantly reducing the energy consumption in
existing industrial robots, is feasible, and reachable within a close future.
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The code for evaluating Spline
blocks

The following code was used in the four experiments evaluating the SPLINE blocks in KR40.

A.1 KRL - No intermediate points

DEF Splines()

DECL axis EHOME

INI

EHOME={ al 60, a2 -90, a3 90, a4 0, a5 -90, a6 90}

SPTP EHOME Vel=100% PDAT1 Tool[2]: Gripper0l Base [3]:BlueBasel.
startlog("file_name_ log”)

PTP SPLINE S1 Vel=100% PDAT1 Tool[2]: Gripper01 Base [3]:BlueBasel
sptp ehome

sptp {al -50}

ENDSPLINE

stopLog()

END

A.2 KRL - one asymmetric intermediate point

DEF Splines()

DECL axis EHOME

INI

EHOME={ al 60, a2 -90, a3 90, a4 0, a5 -90, a6 90}

SPTP EHOME Vel=100% PDAT1 Tool[2]: Gripper0l Base [3]:BlueBasel.
startlog("file_name_ log”)

PTP SPLINE S1 Vel=100% PDAT1 Tool[2]: Gripper01 Base [3]:BlueBasel
sptp ehome
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sptp {al 50}
sptp {al -50}
ENDSPLINE
stopLog()
END

A.3 KRL - 10 evenly distributed intermediate points

DEF Splines()

DECL axis EHOME

INI

EHOME={ al 60, a2 -90, a3 90, a4 0, a5 -90, a6 90}
SPTP EHOME Vel=100% PDAT1 Tool[2]: Gripper0l1 Base [3]:BlueBasel.
startlog("file_name_ log”)

PTP SPLINE S1 Vel=100% PDAT1 Tool[2]: Gripper01 Base [3]:BlueBasel
sptp ehome

sptp {al 50}

sptp {al 40}

sptp {al 30}

sptp {al 20}

sptp {al 10}

sptp {al 0}

sptp {al -10}

sptp {al -20}

sptp {al -30}

sptp {al -40}

sptp {al -50}

ENDSPLINE

stopLog()

END

A.4 KRL - 10 unevenly distributed intermediate points

DEF Splines()

DECL axis EHOME

INI

EHOME={ al 60, a2 -90, a3 90, a4 0, a5 -90, a6 90}

SPTP EHOME Vel=100% PDAT1 Tool[2]: Gripper01 Base [3]:BlueBasel.
startlog("file_name_ log”)

PTP SPLINE S1 Vel=100% PDAT1 Tool[2]: Gripper0l Base [3]:BlueBasel
sptp ehome

sptp {al 0}

sptp {al -5}

sptp {al -10}

sptp {al -12}

sptp {al -15}

sptp {al -22}

sptp {al -30}

78



APPENDIX A. THE CODE FOR EVALUATING SPLINE BLOCKS

sptp {al -31}
sptp {al -38}
sptp {al -40}
sptp {al -50}
ENDSPLINE
stopLog()
END
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