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ENERGY-ORIENTED MODELING AND CONTROL OF ROBOTIC SYSTEMS

AMIN GHORBANPOUR

ABSTRACT

This research focuses on the energy-oriented control of robotic systems using an ultra-
capacitor as the energy source. The primary objective is to simultaneously achieve the
motion task objective and to increase energy efficiency through energy regeneration.
To achieve this objective, three aims have been introduced and studied: brushless
DC motors (BLDC) control by achieving optimum current in the motor, such that
the motion task is achieved, and the energy consumption is minimized. A proof-of-
concept study to design a BLDC motor driver which has superiority compare to an
off-the-shelf driver in terms of energy regeneration, and finally, the third aim is to

develop a framework to study energy-oriented control in cooperative robots.

The first aim is achieved by introducing an analytical solution which finds the optimal
currents based on the desired torque generated by a virtual. Furthermore, it is shown
that the well-known choice of a zero direct current component in the direct-quadrature

frame is sub-optimal relative to our energy optimization objective.

The second aim is achieved by introducing a novel BLDC motor driver, composed of
three independent regenerative drives. To run the motor, the control law is obtained
by specifying an outer-loop torque controller followed by minimization of power con-
sumption via online constrained quadratic optimization. An experiment is conducted
to assess the performance of the proposed concept against an off-the-shelf driver. It
is shown that, in terms of energy regeneration and consumption, the developed driver

has better performance, and a reduction of 15% energy consumption is achieved.



For the third aim, an impedance-based control scheme is introduced for cooperative
manipulators grasping a rigid object. The position and orientation of the payload are
to be maintained close to a desired trajectory, trading off tracking accuracy by low
energy consumption and maintaining stability. To this end, an optimization problem
is formulated using energy balance equations. The optimization finds the damping
and stiffness gains of the impedance relation such that the energy consumption is
minimized. Furthermore, £, stability techniques are used to allow for time-varying
damping and stiffness in the desired impedance. A numerical example is provided to

demonstrate the results.
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these observations, we set the hypothesis of the first problem as the possibility of
increasing energy regeneration by incorporating the dynamics of the motor and the
robot. To this end, we devised and introduced two control schemes, namely current

regulation and voltage regulation.

The second problem is related to energy-oriented modeling and control of
CRM. Based on the results published by the previous works, it is shown that, there is a
great chance of energy regeneration in single robots. In those works, robots are either
isolated without any contact with the environment, or have limited (in the sense of
low and intermittent interaction forces) interactions with it. Accordingly, interactions
were not modeled and regarded as external disturbances. The established framework
arose the question of the possibility of energy regeneration in cooperative robots.
Therefore, in the second problem, we provide a bridge between energy-oriented control

works and the subject of cooperative robots, considering the stability of interactions.

1.4 Specific Aims

Objective 1: Design a controller based on BLDC motor current regulation.

The dynamics of BLDC motor will be considered and the augmented model of robot-
joint mechanism-motor will be obtained. The energy extraction from the ESE will
be obtained as a function of the robot’s states and the applied current to the motor,
and a constraint optimization problem will be formed. An analytical solution will be

obtained which maximizes energy regeneration.

Objective 2: Design a controller based on BLDC motor voltage regula-

tion.

We seek to introduce a novel motor driver which has superiority in terms of energy

15



regeneration in comparison to an off-the-shelf inverter. To this end, the dynamics of
BLDC motor is considered and an augmented model for the robot-joint mechanisms-
motors will be introduced and a voltage-based control scheme will be developed. The
control law will be obtained by specifying an outer-loop torque controller followed by
minimization of power consumption via online constrained quadratic optimization.
Finally, an experiment will be conducted to assess the performance of the proposed

concept against an off-the-shelf driver.

Objective 3: Develop a comprehensive model for CRM and design an

impedance-based energy-oriented controller.

The problem of trajectory tracking of cooperative manipulators grasping a rigid load,
will be considered. First, a comprehensive model of all robots, the joint mechanisms,
and DC motors will be presented, and an impedance-based control scheme will be
introduced. Using the energy balance between the ESE and robots, a function rep-
resenting the energy consumption will be introduced and the gains of the impedance
relation will be tuned such that the energy consumption is minimized. Furthermore,

the stability of the system will be studied using the passivity theorem.

1.5 Outline

This dissertation is organized as follows:

o Chapter 2 details the development of controller for BLDC motor based on ac-

tuator current and voltage regulation, respectively.

o Chapter 3 details the theories developed in passivity by the author. Then the
modeling of CRM is introduced. The challenges and limitations are explained,

and an impedance-based controller is adopted for the problem. The optimiza-
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tion is formulated and finally the simulation of two cooperative RRR. planar

robots is demonstrated.

e Chapter 4 presents the final conclusion based on results obtained in chapters
two and three. The future works are explained and recommendations to improve

the work are listed.

17



CHAPTER II

ENERGY-ORIENTED MODELING AND CONTROL OF ROBOTS
WITH BRUSHLESS DC MOTORS

2.1 Introduction

In this chapter, we study the trajectory tracking control problem of a robotic ma-
nipulator actuated by brushless DC (BLDC) motors. We set the main objective as
developing an energy-optimal control scheme. In this regard, we consider an n-degree
of freedom open-chain robot manipulator. All joints are revolute, and each joint is
actuated by a BLDC motor, using a joint mechanism (JM). The robot has n = ny+n»
degrees of freedom where n; joints are fully-active and ns joints are semi-active. A
fully-active JM exchanges mechanical power with the robot and with an external
power supply. A semi-active JM exchanges electric power with an energy storage el-
ement (ESE), e.g., an ultracapacitor, and mechanical power with the robot, without
a connection to external power supplies. The model allows for any number of semi-
active joints, ranging from zero to the number of joints. Each semi-active joint uses a
self-contained regenerative control unit (RCU). Energy storage through regeneration
is not possible with fully-active drive systems, which draw energy from an external
source. The semi-active drives considered here are used to achieve simultaneous mo-

tion control and energy management tasks. There are two scenarios for powering
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Figure 51: Sankey diagram showing the energy balance for the CRM when following
the desired trajectory.

3.10 Concluding Remarks

In this research, a framework is established for controlling cooperative robots and
executing the motion task of moving a object along a desired trajectory. A compre-
hensive model of an augmented dynamics of the robot, JMs and the motors, provides
the opportunity to introduce a new control scheme for semi-active joints called virtual
control strategy (SVC). Based on SVC, any suitable control approach can be utilized
to control the motion task in CRM. Here we used the concept of impedance control
to devise the control scheme. The controller was studied and developed for two cases;
constant damping and stiffness gains in the impedance relation; and variable gains.

For both cases, the input/output passivity tool was used to analysis the stability.

Moreover, an optimization was introduced to obtain an energy-oriented
impedance control. The optimization finds the best impedance gains such that the
energy extraction from the power source is minimized. Using a simulation example,
it was shown that energy regeneration can occur during the motion task, and it has

huge effect in terms of energy saving.
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The experimental evaluation of this research is left as the future work of
this research. Also, another possible future work is to find an energy-optimal path
for moving the object from point to point, which requires forming an optimization to

find the optimal trajectory.
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between robots eliminates singularities in the workspace. However, it needs

more investigation.

e Passivity study. The passivity theorem can be well-fitted in other researches.
The developed Lemma and theorem in chapter 3 are useful tools which can be

utilized for studying the stability of other dynamical systems.
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