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Energy Efficiency in Mobile Robots

output output task
Input  energy consumption

Efficiency =

« Consumption related to Power Source (Battery) life which is finite!

* Goal:
— To maximize ratio
— To maximize battery life, Cost
— To maximize task output: time, area or distance covered, etc AND
— To minimize Energy Consumption



Energy Consumption in Mobile Robots

* To minimize the consumption in:
1. Motors: direct

—  To minimize Energy Dissipation (loss).
—  Power model related to motor current driver circuit

2. Motion: indirect (ignoring motor losses)
—  To minimize Time, to minimize distance (discrete analysis)
—  Also, cost function: “input power” u(t)?
—  Produces ‘optimal’ trajectory

3. Motors + Motion: Integrated Analysis

— Analyzing both trajectory & motor
—  Conflicts between time and energy

4. Auxiliary Sources:

— sensors frequency
—  Microprocessor or Computer



Related Work (1)

* Focus paper later on in the presentation

* New paper 2009! From Purdue University:

Brief paper

Optimal solutions to a class of power management problems in mobile robots”
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ABSTRACT

This paper studies an approach to minimize the power consumption of a mobile robot by controlling its
traveling speed and the frequency of its on-board processor simultaneously. The problem is formulated as
a discrete-time optimal control problemwith a random terminal time and probabilistic state constraints.
A general solution procedure suitable for arbitrary power functions of the motor and the processor is
proposed. Furthermore, for a class of realistic power functions, the optimal solution is derived analytically.
Interpretations of the optimal solution in the practical context are also discussed. Simulation results
show that the proposed method can save a significant amount of energy compared with some heuristic
schemes.

& 2009 Elsevier Ltd. All rights reserved.




Related Work (2)

1. Y.Meietal “Deployment of Mobile Robots with Energy and Timing Constraints”
— Minimize time & maximize energy
— Optimization problem with: distance cost & energy limit constraint
— Solution: constant speed depending on energy and velocity limits

2. Y.Meietal “A Case Study of Mobile Robot’s Energy Consumption and
Conservation Techniques”: Power Management & Real-time Scheduling

3. Kim & Kim, “Minimum-Energy Motion Planning for Differential-Driven Wheeled
Mobile Robots” and “Minimum-Energy Translational Trajectory Generation for

Differential-Driven Wheeled Mobile Robots”: Optimization on Motor
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4. Kim & Kim, “Energy-Saving 3-Step Velocity Control Algorithm for Battery-
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Related Work (2)

5. Sergaki et al. “Optimal Robot Speed Trajectory by Minimization of the Actuator
Motor Electromechanical Losses”. Analytic Motor power model

Pioss = iR, + i2R. + (C 0 4+ Cr0)p> + C30%i% + 2uvpi, + fr(w)

6. Z Sun & J. Reif, “On Energy-minimizing Paths on Terrains for a Mobile Robot”

— Terrain faces graph discretized into edges with weights ’

— Search methods

7. Khoukhi, “Dynamic Modelling and optimal time-energy off-line programming of
mobile robots: A cybernetic problem”: Nonlinear Programming with many constraints.

8. Qinetal., “Optimal Trajectory generation for wheeled mobile robot”: Car-Like,
limits on rotations,

9. Ancenay & Maire, “A Time and Energy Optimal Controller for Mobile Robots”:
simple discrete motion model, ONLY as example of Quadratic Programming



Focus Paper

* Y. Mei, Y-H. Lu, Y. C. Hu, and C. S. G. Lee. Energy-Efficient Motion

Planning for Mobile Robots. In International Conference on Robotics and
Automation, pages 4344—-4349, 2004.

e Problem Statement:

— To investigate Energy Efficiency of a mobile robot for Open Area Covering
using different methods (namely, Scan-lines, square spirals, and spirals)

e

— (p. 6) *l




Robot Model

* Palm Pilot Robot Kit (PPRK), CMU
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e  Omnidirectional

e 3 servomotors




Power Model

Experimentally,
P, (w)= 4.216 x 1075w 4+ 1.387 x 107%w® — 6.777 x 107 3w* + 4.238 x 10723

—1.016 x 107w + 1.178 x 1071w + 1.695 x 1071,
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Scan-lines Area Covering

* At each straight line:

— Acceleration and deceleration with ‘A" m/s”2 _
Deceleration

A 2nl

— Until constant speed of ‘S’ m/s

* Ateach corner:
— Rotation of -90 degrees | 2]

— With angular Acc. & Dec. of ‘A’ S h
— angular speed of ‘€Y’ §.
« At Constant speed: IS
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Scan-lines Area Covering

e At accelerations and decelerations:

0
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Square Spiral Area Covering

 Rotation are same as scan-lines

* Accelerations and deceleration are same as scan-lines

* However, for constant speed motion, 21 2nl

With: El — PS .tS
1 2 N 2
ts =gl _SA)JerZ_;‘ @K1=S /)1 o 2nl

Change in distance

Area = (2nl +21)?



Spiral Area Covering

Motion along the curve: pos=p-60

2l I
To have separation of 2/’ every 27z: P = 59 = ;9 (p, 6)

Curve position |
pos = —6*
T

For any full rotation of @

O
2 |2 2
Area =217 + j%(geﬂ)zdg: 212 4 4% 4 Lo
O —7
NOTE: author did not provide much information

along the spiral. Due to the limitation of space, we do
not derive the formulas in this paper. Interested readers
are encouraged to follow the procedure explained earlier
to obtain the analytic form of the energy efficiency.
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Spiral Area Covering

* All derivation here are done manually (p, 6)

« curve position: P0s=p-0
e So, X=p-cosé , however: p:l_e 2/

y=p-Sin6 d

* S0, V = I—é[cos@—@sin 6?] we require linear speed ‘S’
T

Vyzéékm0+9amﬂ

: 7S
* So, S=.V°4+V? =0-= , from this we can have VX,Vy
J S | -v1+ 67 o
.............. Vx
* Forrotation: & | wer( \V )
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How did | programmed MATLAB?

energy=E :jPower dt

* Programmed function to calculate Power for any robot at any time instant
>> rob power ([Vx, Vy, Q], J, r)

With ‘)" is Jacobian of any robot, ‘r’ wheel radius

* For Scanline & Square spirals:

— Very simple because of minimal number of variables changing at each segment:
either linear speed or rotation speed

 However for Spirals, all 3 variables are changing
. . . _ dé
— The integration (numerical) needed some change of variable : dt = —



Results: Reproduced

Firstfor;: S=0.08 A=02 Q=% A=%
With robot specifications of: b=0.12m r =0.02m

And values of: | =0.3m h=8m n Varies to control area
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Results: Reproduced

e Scan-lines with area=100, “h” variable

2nl

efficiency with Area=100
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Results: Reproduced

 area=100, “S” variable

efficiency with area=100
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Extension: different parameter

 area=100, “S” variable, with wheel radius=0.03

efficiency with area=100
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Results: Another structure

For the robot:
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Future Directions

Focus Paper work: Only predefined areas, Three predefined methods

An extension is to test for other methods
A better extension is towards abstraction of the problem:

— To plan energy-optimal area covering “path”
— The area could contain obstacles, terrain
— Find a way for optimization given only the power model of the motors

* General Comments:
— No works for analytic solutions of relation between path and energy consumption

— Most works are experimental power (energy) models
— Most use only Kinematic Model (steady state). future:
e transient behavior of motors
* Torques, friction, load torques
— Generally, no online energy optimization

= The essential future direction: Theoretical Foundation
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