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1. Introduction to the Course To the videos — History, Cars, Applications.
ROS robots

2. Physics, Inertia, URDF models
3. Selecting Motors for Wheeled Robots
4. PID control of Wheeled Robots



http://www.universalleonardo.org/worklarge.php?id=512&ima
ge=08&trail=0&trailCount=&name=



http://www.universalleonardo.org/worklarge.php?id=512&image=0&trail=0&trailCount=&name
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Figure 1: (a) The robot shown at approximately 1:40pm on Oct 8, 2005, as it successfully completes the 132-miles course. (b) View of th
ar and the roof rack with sensors. (¢) The computing system in the vehicle’s trunk.



1. Automated Delivery

https://uh.edu/news-events/stories/2019/november-2019/11102019-starship-
robots.php

Starship Autonomous Food Delivery Robots Deployed at University of
Houston

StarshipPatentUS10732641.pdf

https://patentimages.storage.googleapis.com/39/5e/9e/553ed587b69901
/US10732641.pdf



https://uh.edu/news-events/stories/2019/november-2019/11102019-starship-robots.php
https://uh.edu/news-events/stories/2019/november-2019/11102019-starship-robots.php
https://patentimages.storage.googleapis.com/39/5e/9e/553ed587b69901/US10732641.pdf
https://patentimages.storage.googleapis.com/39/5e/9e/553ed587b69901/US10732641.pdf
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Figure 2. A decomposition of a mobile robot control system based on task achieving
behaviors.



/ \ Pero Profe, cuando voy

42m a usar todo esto????

Feb 1.

Why Learn Physics - Prof - When would we use this stuff??



SHOULD HAVE LISTENED TO THE PHYSICS PROF!
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Glenn

@ Scalars and Vectors  Research

Center

A scalar quantity has only magnitude.
A vector quantity has both magnitude and direction.

Scalar Quantities Vector Quantities
length, area, volume displacement, direction
speed _ velocity
mass, density acceleration

pressure momentum
temperature force
energy, entropy lift , drag , thrust
work, power weight

velocity




Inertia

Stopping Distances

MotorSelection Videos

Inertia and URDF Chapter 2 in Textbook (5435 Web - Text)


https://sce.uhcl.edu/harman/CENG5437_MobileRobots/Webitems2019/5_InertiaLectureWeb.pdf
https://sce.uhcl.edu/harman/CENG5437_MobileRobots/Webitems2020/Stopping%20Distances.pdf
https://sce.uhcl.edu/harman/CENG5437_MobileRobots/Webitems2019/6_References%20Motor%20Sizing%20and%20Selection2_5_2017.pdf
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2 Displays ]
» & Global Options
» v Global Status: Ok
> @ Grid
» th, RobotModel &
> > TF &
joint_state_publisher
-
joint_left_wheel | 0.00 |
=
| Randomize |
| Center |
| Add ||
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| Reset | Left: ght-Click/Mouse Wheel:: Zoom. Shift: More options.

nteract | 6 Move Camera [ jSelect < FocusCamera == Measure . 2DPoseEstimate .7 2DNavGoal @ PublishPoint & =

dd_robot5.urdf in rviz

PAGE 58 IN TEXTBOOK URDF FOR DD ROBOT

<?xml version='1.0'?>
<robot name="dd_robot"s>

<!-- Base Link -->

<inertial>
<mass value="5"/>
<inertia ixx="0.13" ixy="0.0" ixz="0.0"
iyy="0.21" iyz="0.0" izz="0.13"/>
</inertial>

<l-- Caster -->

<inertial>
<mass value="0.5"/>
<inertia ixx="0.0001" ixy="0.0" ixz="0.0"
iyy="0.0001" iyz="0.0" izz="0.0001"/>
</inertial>
</link>

<!-- Right Wheel -->

<inertial>
<mass value="0.5"/>
<inertia ixx="0.01" ixy="0.0" ixz="0.0"
iyy="0.005" iyz="0.0" izz="0.005"/>
</inertial>

<!-- Left Wheel -->

<inertial>
<mass value="0.5"/>
<inertia ixx="0.01" ixy="0.0" ixz="0.0"
iyy="0.005" iyz="0.0" izz="0.005"/>
</inertial>

</robot>



https://navigation.ros.org/setup guides/urdf/setup urdf.html

Setting Up The URDFg

For this guide, we will be creating the Unified Robot
Description Format (URDF) file for a simple differential
drive robot to give you hands-on experience on
working with URDF. We will also setup the robot state
publisher and visualize our model in RVIZ.

Lastly, we will be adding some kinematic properties to
our robot URDF to prepare it for simulation purposes.
These steps are necessary to represent all the sensor,
hardware, and robot transforms of your robot for use
In navigation.


https://navigation.ros.org/setup_guides/urdf/setup_urdf.html
https://navigation.ros.org/setup_guides/urdf/setup_urdf.html#setting-up-the-urdf

drivcwn:_©_link

-ttt
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<!-- Define robot

<Xxacro:
value="0.
<Xxacro:
value="0.
<Xxacro:
.18" />

value="0

<Xxacro:
value="0.
<Xacro:
value="0.
<Xxacro:
value="0.
<Xxacro:
.05" />
<Xacro:
12" />

value="0

value="0

<Xacro:
value="0.

https://navigation.ros.org/ images/base-bot 1.png

property
31" />
property
42" [>
property

property
10" />
property
04" />
property
025" />
property

property

property
14" />

constants -->
name="base width"

name="base length"

name="base height"

name="wheel radius'
name="wheel width"
name="wheel ygap"
name="wheel zoff"

name="wheel xoff"

name="caster_ xoff"



https://navigation.ros.org/_images/base-bot_1.png
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<xacro:property name="caster xoff" value="0.14"/>

<!-- Define 1intertial property macros

-->

<xacro:macro name="box inertia" params="m w h d">

<inertial>

<corigin xyz="0 0 0" rpy="${pi/2} @ ${pi/2}"/>

<mass value="${m}"/>

<inertia ixx="${(m/12) * (h*h + d*d)}" ixy="0.0"
ixz="0.0" iyy="${(m/12) * (w*w + d*d)}" iyz="0.0"
izz="${(m/12) * (w*w + h*h)}"/>

</inertial>

</xacro:macro>




<xacro:macro name="cylinder inertia"” params="m r
h">
<inertial>
<origin xyz="0 0 0" rpy="$%${pi/2} © 0" />
<mass value="${m}"/>
<inertia ixx="${(m/12) * (3*r*r + h*h)}" ixy
= "@" ixz = "@" iyy="${(m/12) * (3*r*r + h*h)}" iyz
= "@" izz="${(m/2) * (r*r)}"/>
</inertial>
</xacro:macro>

<xacro:macro name="sphere inertia" params="m r">
<inertial>
<mass value="${m}"/>
<inertia ixx="${(2/5) * m * (r*r)}" ixy="0.0"
ixz="0.0" iyy="${(2/5) * m * (r*r)}" iyz="0.0"
izz="${(2/5) * m * (r*r)}"/>
</inertial>
</xacro:macro>



Calculating a Car Crash - Numberphile 0o ad i

Watch later  “Share info
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Loss in KE indicates 71MPH at crash!!
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Finally, noting that since the two gear radii do not vary with time, if Egs. (3.3.2)
and (3.3.3) are differentiated with respect to time, their relationship still holds but

with respect to 6 (i.e., the angular velocity w*) or 6 (i.e., the angular acceleration,
a). Using this concept, we may write

N1_r1__T1_92_w2_a2 =
halake = = = (3.3.4)

-—



Example System

* Customer driven requirements include:
— Max load weight (65kg)
— Battery voltage (168Vdc)
— Throughput, longest move time (< 40s)

https://www.youtube.com/watch?v=VJFDU31LQGM&app=desktop



https://www.youtube.com/watch?v=VJFDU31LQGM&app=desktop

>

SI1ZINg and Selection Tor Robotic A iplications |

Xxample System

« Autonomous Warehouse Fork Lift For Picking
Up Pallets and Transporting Them

ROBOT —
Controls LOAD

Traction Drive 65 ka max .
Lift Drive Lift Platform: 4 kg

Batteries BALL SCREW DRIVEN LIFT

O O 6" DIAMETER WHEELS (ONE DRIVEN
BY TRACTION MOTOR)

TOTAL WEIGHT (ROBOT AND LOAD)=418 pounds- 190kg mass

. #ﬂ -

» o) 7:1871:01:54



Control PID _TLH
PID EXAMPLES&Video
StateSpace MotorControl DC Klafter



https://sce.uhcl.edu/harman/CENG5437_MobileRobots/Webitems2019/7_controlforRobots_TLH.pdf
https://sce.uhcl.edu/harman/CENG5437_MobileRobots/Webitems2019/8_PID_demoHW%20Demo%20of%20a%20Digital%20PID%20Controller_AutoCar_MatlabTechtalks.pdf
https://sce.uhcl.edu/harman/CENG5437_MobileRobots/Webitems2019/8a_StateSpacescan0001.pdf
https://sce.uhcl.edu/harman/CENG5437_MobileRobots/Webitems2019/9_MotorControl_KlafterDC.pdf

FEEDBACK

R(s) E(s) Y(s)
1 G(s) -

Hf(s) |-

FIGURE 1.7 Feedback control model

If the input R(s) is constant, we say the control system is a regulator
since the object is to maintain the output at some constant value in the
presence of disturbances. Temperature control or speed-control closed-
loop systems are of this type. Other control systems are designed to
allow the output to follow some time function as input. Such systems
that control mechanical position or motion are called servomechanisms.

The transfer function Y (s)/R(s) for the system in Figure 1.7 is de-
rived by observing that

Y(s) = G(s)E(s)
E(s) = R(s)- Hes)Y (s

and eliminating F/(s) from these equations to yield






DC Motor

Let us find the poles [i.e., the roots of the denominator polynomial of Gm(S)]
of a commercially available dc servomotor. For example, the parameters of
an Electrocraft Corporation ES30 motor are: :

E PT7\ K, = 10.02 oz-in./A ToRAUE CoNDT.

" oF qv\eTOK-S 2
PENDW* % Kp = 7.41 V/1000 rpm Baty, &EmF
= 1.64  (including brush resistance) ;;
L, = 3.39 mH
B = 0.1 0z-1n./1000 rpm
Ty = 0.0038 oz-in.-s>  Ro{o@ wERT (A @



Tf(S} A TW(S)

1 ly{s) Tols) + 1
R, +sl, B+sJy

Figure 4.3.3. Block diagram of DC servomotor including gravitational and friction disturb-
ance torques.



Klafter

K /L,J;
s* + [(RJr + L,B)/L,Js + (KK + R,B)/L,J

7.778 x 10°

OnlS) = 3 484,027 + 5.516 x 10°




OexampLe 505 Reduction of a Second-Order Equation jer
Consider the second-order equation /

mi(t) + bi(t) + kz(t) = f(t).

Using the principles just defined, set z,(t) = z(t) and za(t) = z(t) so the

first-order system becomes —
T (t) = z:(t),
. _ k b f(t)
za2(t) = ;Il(t) —z2(t) + ——

The matrix equation is

0 1
i(t):[_k b ]x+[?}-‘%—f—)



F@(L }( . (b% *‘—G&X e pI LT 2« Z

.7( L.H léq ’“017( "f’% IU&"
mfwo"( s X )
(- e
7<2_Ur)

T(Lk)
Y, LE



FIGURE 5.20: Automobile on a hilly road
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FIGURE 5.21: Automobile mode

| with proportional speed control
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LE 12.6

Linearization

Suppose the acceleration of an automobile can be described by the equation?
of motion |

M d(t ) = cu(t) — av’(t), (1233)
where the first term represents the acceleration caused by the engine at a t;‘m;;
e

tle setting v and the second term is the drag caused by air resistance.
this force is proportional to the square of the speed, the equation is 10
ear. Solving this by numerical techniques would not be difficult if the const

ants




Take (Up, Vo) to be the “operating point,” so that the car travels at a
constant speed Vy for a constant throttle position Up. Inserting this condition
into Equation 12.33 yields

A% :
M=—2 = cUy — aVo’(t) =0,
dt
or Vo = v/cUp/a. Let us assume that a small change in the throttle position
leads to a small change in speed. Thus, we set

u(t) =Up + Au, v(t) = Vo + Av

and substitute again into the equation of motion. The result is

d
M —[Vo + Av] = c[Uo + Au] — a[Vo + Av)°.
Using the result that cUy = aV; and expanding the terms but neglecting the
second-order term —aAv® leads to the approximation
d

]\/IEI;[AU] ~ c[Au] — 2aVpAv.
Writing Av = v,(t) and Au = u,(t) to indicate the linearized variables, the
original differential equation of motion described by Equation 12.33 becomes
the linear differential equation

dva (1)

M
dt

+ 2aVpva(t) = cuq(t). (12.34)

LINEAR MODEL -
GOOD OVER A
LIMITED RANGE



TWO-DIMENSIONAL TAYLOR SERIES

The notion of sequences and series of functions of a single variable as
described in Chapter 6 can be extended to functions of several variables.
For example, the power series expansion for a function of two variables

F(x,y) is
F(z,y) =) falz,y) = folx,y) + fi(z,9) + -+ falz,y) +- -, (12.35)
=0

with the terms

1 n—1

» z — mn ey > » -
fn(f[« y) i Cn,O - Cn.1 Jn Yy o+ v Cn,n—l Yy + Cn,n yn-

IN MOST ROBOT PROBLEMS, WE DEAL WITH MULTIVARIATE FUNCTIONS;
i,,e. POSEAS (XY, ®)FORDD-ROBOT



Control methods for Well- behaved systems — Particularly for linear time-invariant® (LTI) system.

Although PID control is the most common type of industrial
controller, it does have limitations.

First, PID control is generally not suitable for systems with
multiple inputs and multiple outputs (MIMO), as the transfer
functions and differential equations used to represent the
system become overly complex when more then one input (or
output) is involved.

Second, PID control is based on constant parameters, so its
effectiveness in controlling non-linear systems is limited.

https://www.motioncontroltips.com/what-is-state-space-control/



https://www.motioncontroltips.com/what-is-state-space-control/

An alternative control method is state space
control. The key difference between PID control
(aka “transfer control”) and state space control
is that the state space method takes into
account the internal state of the system,
through what are referred to as “state
variables.”

These state variables describe the system and its
response to any given set of inputs.

PID control, on the other hand, relies on an
“observer,” which estimates the internal state of
the system based on measured inputs and
outputs.



SENSOR INTERFACE |

RDDF database

Laser 1 interface
Laser 2 interface
Laser 3 interface
Laser 4 interface
Laser 5 interface
Camera interface

Radar interface

GPS position
GPS compass
IMU interface

Wheel velocity

corridor

PERCEPTION

RDDF corridor (soothed and original)

| | PLANNING&CONTROL | |USERINTERFACE

—» Top level control

pause/disable command

— »  Touch screen Ul

driving mode

vehicle state (pose, velocity)

vehicle

state

» UKF Pose estimation

vehicle state (pose, velocity)

» Surface assessment

velocity limit

A

T—t Road finder foo) comr B Pathplanner —
laser map
,_E 1 r mapper map trajectory
| e vision map
— Vision mapper ———
n—i Radar mapper —obstacie list 1 R SR

Wireless E-Stop

VEHICLE
INTERFACE

ﬁ Touareg interface
Throttle/brake control

heart beats

GLOBAL
SERVICES

T

Process controller

data

}

Linux processes start/stop

health status

Health monitor

Data logger

Communication requests

Communication channels

!

Inter-process communication (ICP) server

emergency stop

»Power server interface

power on/off

—

File system

Figure 2: Software flowchart: The software is divided into six func-
tional groups: sensor interface, perception, control, vehicle inter-
face, user interface, and elobal services.



