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Remember your mission asMAE
undergraduates é

u You are here to grow your knowledge
and skills so as to be able to design
machines with controllable behaviors
and hopefully in some intelligent
ways.
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How to fulfill your mission?

To apply learnt knowledge and skills into the implementation of the following
universal blueprint underlying all the intelligent machines or systems.

u
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Why to study this course?
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Gas & Water
Leak Detection
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Smart Environment

O

We are living inside an ocean of signals
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How to study this
course?

u To put yourselves into the
mindset of designers of
networked sensors as
products:

u

u

u

u

Who are the users?
What are the needs of users?

What are your Internet of
Sensors, which could meet
the needs of your users or
buyers?

What are the solutions
behind the design of your
Internet of Sensors?

Practice with MATLAB

Market Demands or Needs

{

Product Specifications

{

Design Specifications

{

Conceptual Design

\

Selection of Materials/Components/Devices

{

Embodiment Design

{

Prototyping

{

Optimizing
'

Production

{

Marketing
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. . Module 1: Foundati fAlS
What are you going to study In | [yt e s
A Randomness of Physical World

th IS CO u rse ? A Basics of Conceptual Worlds

A Fuzziness of Conceptual Worlds

Randomness

—

= =

Action

Physical

Conceptual
Al Loop

=

=

N~

Module 2: For Electrical Systems Module 3: For Mechanical Systems Module 4: For All Environments ~ Module 5: For All Industries

A Measurement of Voltage A Measurement of Position A Measurement of Pressure A Measurement of Fluid Level
A Measurement of Current A Measurement of Velocity A Measurement of Temperature A Measurement of Flow Rate

A Measurement of Resistance A Measurement of Acceleration A Measurement of Humidity A Measurement of Sound/Voice
A Measurement of Capacitance A Measurement of Force A Measurement of Vibration A Measurement of Photometry
A Measurement of Inductance A Measurement of Torque A Measurement of Air Quality A  Measurement of Geometry
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How to apply?

Directly-detectable

Readable Values

7

Not-Directly-detectable Directly-detectable
. . NI Sensory Data with AI Se NSOrs
Physical Quantities Unbounded Error
Under Measurement Sensing >
|:> Eanguagei
Sensory Data with :
. . Bounded Error . . {Be“efs}
Calibration > | Fuzzification >
{Texts}

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

True Foundation of Machine Intelligence

A One Tool
A Two Worlds — &
. C
A Three Intelligences Machine Intelligence o
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5 2 " 9
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ARTIFICIAL Human Intelligence 3
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Human Languages %
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Todayos Lectures &

u Module 3: Sensors for Mechanical Systems
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Outline of Module 3

u Lecture 1:

u Measurement of Position
u Lecture 2:

u Measurement of Velocity Bosion Dynamics

u Measurement of Acceleration

u Lecture 4:
u Measurement of Force

u Lecture 5:
u Measurement of Torque
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Outline of Module 3

u Lecture 1:
u Measurement of Position

u
u Boston Dynamics
u
u
u
u
u
u
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Outline
% Controller Actuator .
Physical

|

u Understanding of Position

\4

N

World

Sensor

u Computation of Position

u Measurement of Position
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Outline
% Controller Actuator .
Physical

|

u Understanding of Position

\4

World

N

Sensor
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Physical World Consists of Entities

u Any existence in space and time is called an entity.
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All entities have two common

references

Reference for Space

u It provides reference to space
u It has origin
u It has multiple axes

u It has divisions or scales

Reference for Time

u It provides reference to time

u It has origin

u It has one axis

u It has divisions or scales

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Reference for Time

Origin AXis

\ /

-+ +++H+++H+-H—— Time

\ J
|

Divisions or Scales
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Reference for One-Dimensional Space

Divisions or Coordinates
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Reference for Two-Dimensional Space

v AXIS
(7)) A
-
O L
0
'E~__ AXIS
Origin | | /
SO 15X
\ J
|
Divisions
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Reference for Three-Dimensional Space

v AXIS
m N /
C
St
2 |
'5-__ AXIs
Origin | | /
e X
\ )
!
AXiS Divisions
\
Z
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Definition of Coordinates

u A coordinate Is the distance between
the origin and a point along an axis.

u The distance is measured by the
divisions or scales along an axis.
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Example of Coordinates in Time

u  What are the times at points A and B?

u Answer: t, =16.0s iy = 27.0s

Origin AXIS
\ A : /
*—+++-+-+++-++-++-+-x+++—+—x*——H > Time

\ )
|

Divisions or Scales (seconds)
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Example of Coordinates in Space

u  What are the coordinates of points A and B?

u Answer: % AXiS

c Y
= 4 —

A=(3.0, 2.0) (m) S L. T By, .
‘n L | |
> | ! -
2+ A C;’( AXIS

B=(6.0,5.00(m)  origin T " o /
I G S S

Divisions (meter)
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Polar Coordinates in Two-dimensional Space

u A polar coordinate of a point in space consists of two values ~

u One is called linear coordinate which is the distance between the
origin and the point.

u Another is called angular coordinate which is the angle between one
axis of the reference and the line that connects the origin to the
point.
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Example of Polar Coordinates

u  What are the polar coordinates of points A and B?

. ©
u  Answer: E v AXiS
For point A = 4 /
S 4o . By
rp =3 +2° 3 | |
= | ; E AXis
poacand) & A
Origin ; ! /
For point B: Nl ; :
p— [ S S S
g = /6% +5 \ Y J
G = arctang) Divisions (meter)
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Definition of Positions

u The coordinates of a point with respect to a
reference are called the position of the point.

u A reference of coordinates is also called a
coordinate system.

u A position is normally represented by a vector.

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Example of Position Vectors
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Outline
% Controller Actuator .
Physical

|

\4

N

World

Sensor

u Computation of Position
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Observations

u Positions could be computed from the knowledge about velocities.

u Positions could be computed from the knowledge about
accelerations.

u Two-dimensional positions could be computed from the knowledge
about one-dimensional positions (i.e. distances).

u  Three dimensional positions could also be computed from the
knowledge about one-dimensional positions (i.e. distances).
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Example of Computing @

iBeacon

L BEACON 1(Xu, Y1, Z1) pQ
Positions from Constant .. S .
o BEACON 6(X6, Yo Ze) >~ i /,x‘z’

Velocities TRe

u  An object is moving along X axis St s T
with a constant velocity v. What @/ re | ‘@
is the time function of its BEACON 5(Xs ¥ 22 © BEACON 30K 2o
positions? BEACON 40K Y+ 20

Signal could travel at a constant speed
u  Answer: U(O) (x(T[) L O %
Solution to compute distances
Origin
\ ‘ / AXIS

X

||
Divisions or Scales
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Example of Computing -

Positions from Constant e N

Accelerations / .

u  An object is moving along Y axis with a constant The trajectoryofakickedfootl:ll
acceleration a. I f the objectds iInitia

v0, what is the time function of its positions?

u  Answer: Wwo «m L O goo 0

Origin AXis

||
Divisions or Scales
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How to determine positions from distances?

One measurement narrows down our
position to the surface of a sphere

A second measurement narrows down our

position to the intersection of two spheres

A third
measurement
narrows down the
solution to two

500 mile
locations ~

~_ If the positions are

‘‘‘‘‘‘

on a plane, three
measurements are
enough.

Solving the GPS
Geometry Problem
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How to determine distances between two locations?
Answer: To use codedsignal emitters and receivers

1 values
Seeie STV WM Y VIV VLT,
GPS code
T~ 0values

emitter |

S

emitter |

-

Here we show three satellites _

continuously sending coded signals; 7

think of the codes as being ones and
zeroes.

Distance = speed of light x Y0

Yo receiving time i sending time

GPS receiver

The receiver is going to try to decrypt each of the GPS signals separately.
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Example of Computing Two-Dimensional Positions

u

Three points define a two -dimensional
space. Then, we put three time -signal
emitters at three known points. When a
target carries a time -signal receiver, it can
measure three distances to these three
time -signal emitters. Then, the
coordinates of the target 0 position can be
computed from these three distances.

X, 0 ax; 0
20 2°0
ayaoatt, ads0atly
20 &9

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

|-O: O: OO

BEACON 5(X5s, Vs, Zs) @

1-0: O: OOt

any OWE

.
e
-

Q
iﬂe?:on

BEACON 1(Xu, Y1, Z1) o

¥ _+*" iBeacon

BEACON 2(Xz, Y2, Z2)

-
~ Pig
-

_--User Position (X, Y, Z) "~~._
2% \ "y
Xs \ 3 SN
1 ~N —
I4 \“ @)

iBeacon

BEACON 3(Xs,Ys, Z3)

iBeacon
BEACON 4(X4, Y4, Z4)

P T
Ss
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Detalls of Solution

u  Equations of Three Circles:

(X= X)2H (Y- Ya)? =02 = (VAI(L, - 1))’

= (X= %g) +(y- ¥g)* =ds = (VI(ts - t5))° v: Speed of signal
(X %)Y Ye) =de = (vt - )’

/\Y ~ oX ~ o ~
29 B8 B8
a/,oatt, s (:?at b aycoatt
P 0 6 o ~
équ §B+ §C+ axg
g -
S‘é‘AS* 8% 0
&0 :/ 0
& 0 °3
C'A~+ i.E B §C+
& 0
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Detalls of Solution (continued)
X2 - XX+ XE +yP- 2y,y+ Y2 =d?

X7 - 22X X+ X5 +Y? - 2y y+yg =dg

X2 - 2% X+ X2 +yP - 2y y+yE =dd

T 2(Xg - X)X+ 2(Yg - Y)Y =da- di+X5- Xat+ Y- Y

L 2(Xe - X)X+ 2(Ye - Ya)Y=di- d2+XE- XA +YE- Va

CO W CwWw

Co

ccbcbccbcb] 6[’Q'chd)cbdo
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Exercise

u In atwo-dimensional space, we have four time -signal emitters. If a moving
target has a receiver which can receive the time -signal from these four
emitters, what is the solution of determining the position of the target?

A%, 6 AXs O ax. 0 ax, 0
YT T T g o
Y @ oatt, a@soatly aycoatt aypoeatt, -7 D
/\ o 0 Q O """"
®e o REORE B -
=" axXp Q
———— @&°0
éX(") ,,,, EGIDQ
B o Y
- = ¢lo =
"""" \ ----------_--""-------__________*
’d’ \
o \
A w7 \
¥ C
éx 0 \ o ~
$A8 \\ aXCO
%’Ab \\ & O
a 0 \ &ICO
- \ 6
Cta * B E;Efc 0
axs 0
®°0
s 0
%, 0 X
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Example of Computing Three-Dimensional Positions

u  Four points define a three -dimensional space. Then, we put four time -signal
emitters at four known points. When a target carries a time -signal receiver,
it can measure four distances to these four time -signal emitters. Then, the
coordinates of the target 0 position can be computed from these four

distances.

emitter emitter

emitter &
’6#

DISTANCE

7 emitter

emitter

emitter

\
DISTANCE

DISTANCE

-y

&S Recaiver R /\

emitter
\) .
MY emitter

DISTANCE
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Detalls of Solution

u  Equations of Four Spheres:

(X X)2H(y- V)P +(z- 2)? =R

(X- X2)2+(Y' y2)2+(z- 22)2 = R22

) y o, 8% 8 a8
2
(X- %)2+ (Y- Vu)°+(z- )’ =R, @Q 6 250 8,0
248 < alP®e gy &S
@10 “\Rz \ Q}
0] - Y \ R3 I

(x- X4)2 +(y- y4)2 +(z- Z4)2 = Rf ca+ ¢ -

= et
R = Range to satellite AXE® <
C = Speed of light 0 '~
At = signal travel time a0
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Detalls of Solution

(x- )2 +(y- y)?+(z- 2)* =R’
(X- )2+ (Y- ¥,)  +(z- 2)* =R
(x- %) 2 +(y- ¥5)* +(z- ) =R
(X X2 H(Y- V)2 H(z- 2) =R

[ 2(% - X)X+2Y, - V)Y +2A2- 2)2=R - REAXE- ) +yi- Y 2R 2
2% X)XF2(Ys- Y)Y 2AZ- 2)Z2= R - RO+ X - Xy - Y+ - 2

2

2% X)X+ 2Y, - V)Y +2Z,- 2)2= R - RUAX - XK Y- Vi 2 -
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Detalls of Solution

2% - X)X+ 2AY,- Y)Y+ 2A2- 2)2=R- R+ xXe- X+ yi- A2 L

— 2% - X)X+ 2Y5- V)Y +2Az- 2)z=R - R+ X - X +Ys- VP2 - 7

2% X)XH2Y, - Y)Y+ 2z, - 2)Z=R- R X - X Y- Yz -

o % Yor o B AEXg eRl R, +%; - ><f+y§-yf+Z§-ZEg
%X VeV 2 AT @R R4 Xy i+ 2 2y
- % Y. Y Z- ZPEzH eRl RE+X- X +Ye- yi+2z- Z U

éXﬂ 1‘ -X Yo i ZlﬂeRi R +X-X+Y,- Y +7- zlﬂ
eyu_EeX?; X Y- N ZS Zlu eRi R3+X3 X1+y3 y1+23 21u
20 8- % Yoo Vi -zl SR RIEX-XHYi- v +z- Y
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Pay Attention to Coordinate Conversion

From Global Polar Coordinates to Local Cartesian Coordinates

Latitude and
Longitude

This location on
Earth at:

' 0 =lat =
55° 370" N,
A =long =
60° 12°3"E

GPS Coordinates = 3D Polar Coordinates
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From Global Polar Coordinates to Local Cartesian Coordinates

M
ra

North
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Exercise

u Atarget carries a time -signal receiver. It can compute eight distances to
eight time -signal emitters. What is the solution which determines the
coordinates of the targetds positior
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Outline
ﬁ%_Controller Actuator — PhySiCal
Sensor |[< World
u
u

u Measurement of Position
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Applications: Positions in Manipulation

- Y.
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Two Observations

u Observation 1:

u All microcontrollers are programmable sensors
of DC voltages > Design Principle 1

Amplitude

u Observation 2: | W

u All microcontrollers are programmable sensors
of digital signals ==> Design Principle 2

Voltage

p Time

2=

ov » Time
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Principle 1: Using Microcontrollers as
Sensors of DC Voltages

u DC voltages could be digitally measured.
u Positions could be converted into voltages.

u Hence, positions could be digitally measured.

Amplitude
A

» Time
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How to apply principle 1 to design digital
measurement and sensing systems for positions?

Position is converted to voltage which is measured by digital voltmeter
(e.g. microcontrollers).

u

Voltage

Synthesizer

Position Position/ Voltage Analogue
Voltage
Conversion Comparator

All microcontrollers are programmable digital sensors of voltage!

Stop signal
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Point of Impact

Using Infrared Signals to Convert -l

Linear Positions into DC Voltages < O T
\ /—_—\\

u Infrared Distance Sensor: basic design AN :

—Infrared (IR) LED
Transmitting

Infrared IR Object Detection Sensor

+5 vdc Photo Diode
i Detection

S
R1 § 10K

270Q
H Output LED Phototransistor

PCB | proximity Sensor
LED1 ( g )Q‘ e i
% Phototransistor i
Baffle »

&

Infrared
LED

The basic design of the infrared proximity senso
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Using Infrared Signals to Convert Linear
Positions into DC Voltages (continued)

u Infrared Distance Sensor: input-output relationship

35

Point of Impact = White paper (Reflectance ratio 00%)
e
o st l----- Gray paper (Reflectance ratio 18%) |
25 \
AN = ! \\
A - > 2
L
—_— =0
= } \
- g 1.5 \
=
g ™~
Photo Diode — Infrared (IR) LED s 1 ‘"“M‘.‘\
Detection Transmitting |
Infrared IR Object Detection Sensor 0.5 / ]
0
0 10 20 30 40 50 60 70 80

Distance to reflective object Licm)
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Using Potentiometer to -
Convert Linear/Angular @ @ E—
Positions into DC Voltages L .

u Linear Potentiometer: Setup

otating Dial
esistive Element

W B

Connection Leads
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Using Potentiometer to Convert
Linear/Angular Positions into DC
Voltages (continued)

u Linear Potentiometer: Equations

V V.
V. =9 =-"9d
i ==

Rl | *
- Y_v_ Vv d= LVout
out V
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Using Potentiometer to Convert
Linear/Angular Positions into DC
Voltages (continued) Internal view

u  Rotational Potentiometer: Setup D Moti
ion

12 ] b
.':l ] | ;
k2

5.2 |38
[=]
Lt
: '
+ 1
1o
-
15
_ag 41
(=
=]
‘ﬂ'

306 !
P=2 |

\ Potentiometer for measuring angular positions
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Using Potentiometer to
Convert Linear/Angular

Positions into DC Voltages
(continued)

u  Angular Potentiometer: Equations

Potentiometer
A W B
Connection Leads
W Wiper
< @)
| R _ Vi
Ve r Vou = ) r
VOU'[
V. V.
‘, =) =2 Mg
5 c 20 20
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Principle 2: Using
Microcontrollers as
Sensors of Digital Signals

u Digital signals could be
directly measured.

u Positions could be
converted into digital
signals of either time =®
series or parallel bits . 3__ ‘0

. Hence, positions could =* " ¥,

be digitally measured. > %/ |
'Q.lli’;
a

N\
Photo sensor
Code wheel (4 bits)

K slock the light

m Pass the light
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How to apply principle 2 to design digital
measurement and sensing systems for positions?

u Position is converted to digital signals (i.e. pulses) which are to be
measured by microcontrollers.

A Level High Hardware or Software Counters Programmable
A Level Low

A Rising Edge

A Falling Edge ALU and Counters

A Serial counting
A Parallel counting

Position SOSHONE Digital Input and
Digital Pulse

Conversion Output Ports

Start/sig nal

All microcontrollers are programmable sensors of digital signals!
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ARM Cortex |1

Each GPIO portis a

Exampl e of

/O Interface

Mode
— Commit Control separate hardware
Control GPIOAFSEL i iati
Control
GPIOLOCK GPIOADCCTL InStantlatlo_n Of the
GPIOPCTL GPIOCR GPIODMACTL same physical block.
Periph 0 . Alternate Input »6‘
; Alternate Output m| Pad Input
Periph 1 = =
;:( Alternate Output Enable §1
I = Digital Package I/O Pin
igita
- ,| =| Pad Output ,9,'0 . .
c
Pad
Data ) GPIO Input » X
Control | |5PIO Output 1 Pad Output
GPIODATA | | | 5p0 Output Enable ”| £| Enable
GPIODIR > X
— A A4 b A A
Interrupt C:':t?’ol
Control -
GPIODR2R
GPIOIS GPIODR4R
Interrupt
P TGPIoIBE | | GPIODRER
GPIOIEV GPIOSLR
GPIOIM GPIOPUR
GPIORIS GPIOPDR
GPIOMIS GPIOODR
GPIOICR GPIODEN
GPIOSI GPIOAMSEL
Identification Registers
GPIOPeriphIDO | | GPIOPeriphlD4 | | GPIOPCellIDO
GPIOPeriphID1 | | GPIOPeriphlD5 | | GPIOPCellID1
GPIOPeriphID2 | | GPIOPeriphlD6 | | GPIOPCelllD2
GPIOPeriphlD3 | | GPIOPeriphlD7 | | GPIOPCellID3
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Example of Converting Positions into Digital
Signals in the Form of Time-Series pux

u  Ultrasonic Distance Sensor: Setup / m

| | :\
. [ . i = > |
| O . Distance between transmitter
| | and receiver |
———y———— T
Trigger 7 ;

40KHz
Acoustic I
Burst 8x40KHz .

Output of
ECHO Pin
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Example of Converting —
Positions into Digital Signals |
In the Form of Time -Series

u  Ultrasonic Distance Sensor: Equations

w
[&)]
O

Humidity 100%
0%

Speed of Sound (m/s)
w
i
o

d — Vsound(tz ) tl) 260 280 300 320

Temperature (K)

Microcontroller

Start Pulse
JL —
<« _| I— B
FenommePuise ;= | Rising Edge at t1: to start the counting
t t, Falling Edge at t2: to stop the counting
2
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Example of Converting Angular Positions into
Digital Signals in the Form of Parallel Bits

u  Optical Absolute Encoder: lllustration
Rotary Absolute Encoders

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example of Converting Angular Positions into
Digital Signals in the Form of Parallel Bits

u  Optical Absolute Encoder: Setup of Two -Bit Output

| Output
ﬁ (Bit 2)
\ %ﬁ Output
| [: (Bit 1)
BZ Bl L L
O 1
1 0
1 1
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Example of Converting Angular Positions into
Digital Signals in the Form of Parallel Bits

u  Optical Absolute Encoder: Setup of Three-Bit Output

Gray Coding
4 1
3-bit Binary-Reflected
Gray code (BRGC)
5 8
Black sectors are ‘'ON’
Sector Contact1 Contact2 Contact: Angle 1 fm change f":n 1 sector to
1 off off off 0° to 45° another
2 off off on 45° to 90°
3 off on on 90° to 135°
4 off on off 135° to 180°
5 on on off 180° to 225°
6 on on on 225° to 270°
7 on off on 270° to 315°
8 on off off 315° to 360°

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example of Converting Angular Positions into

Digital Signals in the Form of Parallel Bits
u  Optical Absolute Encoder: Setup of Four-Bit Output

15 0 T

B3 B2 Bl BO

0 0O O 0

0 0O O 1

0 0O 1 0
20 Opaque is fiono é

1 1 1 1
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Example of Converting Angular Positions into
Digital Signals in the Form of Parallel Bits

u  Optical Absolute Encoder: Setup of Eight-Bit Output
Rotor plate Photo transistor
Light emission diode Fixed slit

)

Absolute Encoder Simplified Structure

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example of Converting Angular Positions
iInto Digital Signals

u  Optical Absolute Encoder: Equations

u  Measured Angular Position:

@

c #1 O DPAOBEDA D A

u Accuracy of Measurement:

_,3600,1

D
7 2N 2
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Exercise

u An optical absolute encoder hasfour-bi t out put. | f t he
value is 0x0100, what is the measured angular position and its accuracy?

u  Answer:

AngularPosition= 360 4=90

24

0, %=11.250

Accuracy= 3(234

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Remember to Do Calibration

u  Curve fitting for calibration:

Measurement

u Yiis produced by Xi

EA)

u  Ziis computed from Yi W —T SenSing

u  Zi must be equal to Xi S
Calibrated Values @ Calibration > )
Measured Values 9
N
ke > True Values &
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Remember to Do Error Analysis

_ For each true value, we can do
Systematic error = mean value dtrue value error analysis

c

u  Repeatability error = value with maximum error

dmean value {]HH d}{l

6
u Accuracy = value with minimum error dmean - h
value N
0 5§ 10 15 20 25 30 35 40 45 S0 S5 60 85 70
N
& S
. . ) Output & \Qo‘ {8;0\(\
u Hysteresis error = [measured value in increasing e © &

d measured value in decreasing|

Hysterisis Error

W

Input voltage

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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There Are Vision-based Methods

u We will study vision-based met hods in separate |

Target

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Summar
y % Controller Actuator PhySiCal

|

u Understanding of Position

\4

World

N

Sensor

u Computation of Position

u Measurement of Position
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Outline of Module 3

u
u
u Lecture 2:
u Measurement of Velocity Bosion Dynamics
u
u
u
u
u
u
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School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 3 Lecture 2
MA4822

Measurement of Velocity

Xie Ming, PhD (France)

mmxie@ntu.edu.sqg

http://personal.ntu.edu.sg/mmxie
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Outline

—>®— Controller

Actuator

\4

|

u Understanding of Velocity

u Computation of Velocity

u Measurement of Velocity

Sensor

N

Physical

World
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Outline

—>®— Controller

Actuator

\4

|

u Understanding of Velocity

u Computation of Velocity

u Measurement of Velocity

Sensor

N

Physical

World
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Velocity of a rigid body Is related to position
through displacement which is different from
distance e

N

Home

Displacement = Shortest Distance B Displacement = blue arrow

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Definition of Displacement

u When an object in solid state changes its position, the difference between
the final position and the initial position is called Displacement.

School
®

. N~ , U
e , A d=rl-T

Divisions (meter)

Home D e e wm ¢ e s wm o wm o ' --------------
Displacement = blue arrow T : . .
11 | ~ AXIS
] . /

Displacement = Black Arrow

Divisions (meter)
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Definition of Velocity

u  The time rate change of positions is called Velocity.

u  Velocity is a vector, which is equal to displacement vector divided by
time.

u  Amplitude of velocity is called Speed.

~ O C C d C
d:rz-rl —> V=dt :—(rz-r(f)
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More exampl es of ve

Velocity of Solid Velocity of Liquid Velocity of Gas

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Outline

—>®— Controller

Actuator

\4

|

u Understanding of Velocity

u Computation of Velocity

u Measurement of Velocity

Sensor

N

Physical

World
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Arbitrary Linear Motions

u If we know the time function of positions, then:

C d
V(t) =—r(t)
dt
u If we know the acceleration function of positions, then:

) = & St

)

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example of Using Indoor GPS Data

\—/ — r (tZ) B r(tl)
tz' t1

-—éj = tr:::;ans\ic;:?:n T

Tx1 F A @
o ,_;///////////‘ N ‘\'\\’}\\Q\
//////;/r"

T
T
-~

- TOF measurement
(ZigBee)

\/&\j\ ® Synchronization and
control (ZigBee)

Coordinator

TOF: Time Of Flight
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Example of Using Recorded Distance Data

160
120 | )
3 Distance
< 80
40
(5 1 10 15 20 25 : 30
: : Time in seconds :
20 ¢
1ot Velocity
w
E o .
> 30
-10 -
.20 -
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Arbitrary Angular Motions

u  If we know the time function of angular positions, then:

mt) = — 67(t)

u If we know the acceleration function of angular positions, then:

mt) = ﬁa(t)dt

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example of Angular Motion versus Circular Motion

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Special Linear Motion: Motion with
Constant Linear Acceleration

u  Basic Equations of Kinematics:

rC(t) :\ﬁo)H%th

v(t) = V(0) +at

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example

u If a target moves with constant accelerations, then we have:

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example

V.= vcost

v, = ysineg

11
T — !E 12 —_ I':I'I
‘I—-I—,.,,‘*II—I—‘I}r H_tau.—

1

X
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Example

u  As shown in the figure, what is the velocity when t = 1.5 seconds?

u Answer:
v, (0) = 259 cos@5’) =20.48m/s | v (1.5)=v,(0) =20.48m/s
v, (0) = 251sin(35’) =14.34m/s | v, (1.5) =14.34+(-9.8)* 1.5=-0.36m/s

¥

V(L5) = 2048 - 0.36] (m/s)

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Special Angular Motion: Motion with
Constant Angular Acceleration

u  Basic Equations of Kinematics:

g(t) = wO)t + %atz

mt) =m0) +at

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Outline

—>®— Controller

Actuator

\4

|

u Understanding of Velocity

u Computation of Velocity

u Measurement of Velocity

Sensor

N

Physical

World
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Observation

v Ampl i tude of a rigid bodyos
displacement and time duration.

o YQ : Y—
0) <~ <
Yo YO
u Hence, we could measure a r

possible to measure:
u a) displacement

u b) time duration — Could be converted into digital signals

u c) direction of motion (a series of binary digits or bits)
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Design Principle: Using Microcontrollers
as Sensors of Digital Signals

Code wheel ¢

u Digital signals (i.e.,
bits) could be

directly measured.

u Velocities could be
converted into digital
signals in series.

Counter Clockwise

u Hence, velocities
could be digitally |
measured. Phase:B

Phase: A

> Time

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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How to design digital measurement and
sensing systems for velocities?

u  Velocity is converted to digital signals (i.e. binary digits or bits)
which are to be measured by microcontrollers.

Hardware or Software Counters Programmable

Four Active Signals

A Level High
A Level Low ALU and Counters
A Rising Edge
A Falling Edge \ A" Serial counting
A Parallel counting

Digital

Velocity/ Digital Input and
Digital Pulse

Conversion Output Ports

Velocity

Start/sig nal

All microcontrollers are programmable sensors of digital signals!
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Code wheel

<
AT, | Sl

—

g}

3

(V)]

Code wheel

Photo sensor .B A B A

Counter Clockwise
Phase : A
Phase : B

? > Time

Fixed Slit
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How to convert angular velocities into digital signals?

u  Detalls of Hardware:

u A code disk has a ring of holes or slits.

u A pair of light and photo cell is to
convert a displacement into a series of
pulses of logic 1 and O.

u  The pitch angle between two adjacent
holes or slits is equal to an angular
displacement.

u  The counting of the pulses within a
time interval allows to determine the
speed.

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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How to convert angular velocities into digital signals?

u  Detalls of Equations:

+5V
ov

+5V
ov

=
L
glpipled

N, : Numberof countedpulses

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example

u  Avelocity sensor can produce 200 pulses when the code disk of the sensor
makes a full rotation. What is the angular displacement corresponding to

one pulse?
u  Answer:
Code Disk
\ W77
3600,
qp - 18
200

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Discussion:
How to know direction of motion?

light light
eniitters detectors

Sy
‘\\\\\ Ny
WS

i
410

/4
I[l’

Note: this type of encoder is
commonly used in com-
puter mice with a roller
ball.

-
/7’/
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Pulse Waveforms of Clockwise Rotation

channel A 0

\

/
channel B

Active signal of B leads
active signal of A
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Pulse Waveforms of Counter-clockwise Rotation

>

channel A

channel B

Active signal of A leads
active signal of B
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Rule 1: Direction of Motion

u If pulse B leads pulse A by 90 degrees, the direction is clockwise.

u If pulse A leads pulse B by 90 degrees, the direction is counter -clockwise.

CW CW CCW CCcw Ccw Ccw Ccw

'/ \. ./ \. ‘/ \. ‘/ \. ./ \. ./ \. ./ \.

/ \ / \ / \ / \ / \ / \ / \
pral [T Lt [T ] N I SN e VTN oy N oy N
phe ] L] | I IR O | | L 1 { !
T ) . o . . .
clkdiv 1 [ [ I N M M M
dir | |
pos -1 -1 -1-1-1-1-1-1-1 +1+1+1+1+1+1+1+41 -1 -1-1-1-1-1-1-1-1-1-1-1-1-1-1
rel +1 +1 +1 +1 +1 +1 +1 +1
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Rule 2: Change of Direction of Motion

u Case 1: When pulse B makes two transitions while pulse A remains
unchanged, CW is changed to CCW.

u Case 2: When pulse A makes two transitions while pulse B remains
unchanged, CCW is changed to CW.

CW Cw CCW CCWwW Cw Cw Cw
., \. ., \. -, \. -, \. ., \. ., \. ., \.

! \ ! \ ‘ ! v \ ‘ ! \ ! \ ! \
phA: |'—|: m : |—|| : | !| | | : | ! | : | ! | : | ! L
pe ) L L L T I I Y e A

clk . . r T o . . 2 . - 7
clkdiv ] | [ [ [1 [ [ [ [

dir | |

pos -1 -1 -1 -1 -1 -1 -1 -1 -1 +1+1+1+1+1+1+1 41 -1 -1 -1 1 -1 -1 =1 -1 -1 -1 -1 -1 -1 -1 -1
rel +1 +1 +1 +1 +1 +1 +1 +1
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How to enable the calculation of angular
positions from angular velocities?

u  The solution is to include an additional track which is called | track or Z
track. | stands for index of zero point.

Position of Zero or Origin

X
C
o

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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How to calculate the angular positions
from the readings of velocities?

u  Detalls of Equations:

Equation of

- q - q Velocity Definition
w= '

Equation of l Dt

Velocity Measurement

_ C3gq, . >(7'qi_C3qp
" D & Dt Dt

g=g +C3q,

\l/when | or Z signal appears

g =g +C3q, ©-q-qg =(C-C)3q,

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example

Counter

uw A velocity sensor &: Eneoger. i

is 1.8 degrees. When the % §

velocity sensor is powered on, | i{l

we rotate the motol I

until the pulse from the photo | |

cell of the reference appears.

And, the reading of channel A

Is +650 counts. Now, we let

the motor to make a

movement. If the reading

from channel Ais -1190

counts, what is the angular

position of the mot

u  Answer:

g- g =(C-C)3q,=(-1190- 6503 1.8° =-3312

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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How to convert linear velocities into digital signals?

Coded Light & Dark

Pattern on ng M0t|0n of Disk 2 Photo-detectors
Dspla{:a:l by 907

IIIII@/I/IIIII -

Channel A Output _... .....

Signal A leads ::
Dark pattern tr signal B. | |

Geared Motor

N

Electric Slider

Displaced by Offset of 25%
o0°

Forward Motion Backward Motion
B "leads" A A "leads" B
1 1 | | 1 1 | | 1 1 | | I | 1 1 I | 1 1 I | 1 1
| 1 | 1 I 1 T 1 T 1 T 1
A1 — = A 0 =
T 1 T 1 T 1 [ T 1 T 1 T
1 | 1 | 1 |
B = | 1 T 1 T 1 T B _:— : : : : :
[ T T R T R R R D R B I T I T T [ R B B |
Output 00:101:111:110:00:101111110:00101111:110:100| |Output 00:110:111:101:00110111:01:100:110:111:101:100
I T Y D T R I I D I [ Y T (N (O T O (S D I O
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Example

u Inalinear incremental encoder, the distance between two adjacent
empty slits is 0.1mm. If the counted number of pulses is 7000counts/s,

what is the linear speed?

. — -3 —
u Answer: v=0.1310"°3 7000=0.7/m/s
Coded Light & Dark
pmemgﬂn DBEF Motlon of Disk  ZPhoto-detectors
DEDLEI{:-Ed by S0°
I I I I I @/I/I I I I I -
Channel A Qutput _... .....
Channel B OQutput _B.... _I_I_rE-L.--.
Signal A leads : H!'iiﬂﬂ from
Dar k pattern trn signal B. ! Rightto Left Electric Slider
Drspla:.vedby
o907
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Good News: Some Microcontrollers provide advanced support
to the implementation of velocity sensors ...
u ARM Cortex Microcontrollerodos OQEI Bl ocl

5
C qp Control & Status Velocity Timer

Dt QEICTL QEITIME

QEISTAT

W =

Y
Velocity Accumulator

Velocity N QEICOUNT
Predivider QEISPEED
clk

[ SignalA PhA ——> : >

Quadrature Boction |
Encoder | dir osition Integrator

— SignalB PhB — * >
Signal | IDX T

—> QEIINTEN

Interrupt Control > Interrupt
5 QEIRIS

g-g.=(C-C)q, 1=

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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gur e

QE |

Number of cycles per unit of time

~S

O

QEILOAD
Velocity Timer

e

QEITIME
A

OC

QEICOUNT
QEISPEED

u Setti ng of Load Val ue Of/( Velocity Accumulator

Cycle Time = 1/Frequency | | Yo= QEITIME x 1/Frequency

> QEIMAXPOS

Position Integrator

QEI Timer Load (QEILOAD)
QEI0 base: 0x4002.C000
QEI base: 0x4002.D000 T
Offset 0x010
Type RW, reset 0x0000.0000
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
I I I 1 1 1 1 1 I 1 1 1 I I
LOAD
1 1 1
Type  RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 14 13 12 1 10 g 8 7 6 5 4 3 2 1 il
I 1 1 1 1 1 I 1 1 1 1 1 1 I I
LOAD
1 1 1
Type  RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bit/Field Name Type Reset Description
31:0 LOAD RW 0x0000.0000 Velocity Timer Load Value

The load value for the velocity timer.
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Configure QEI O t

Velocity Timer

QEITIME

u  Setting of Maximum Value of Position Integrator Velocity Accumulator

QEICOUNT
QEISPEED

> QEIMAXPOS

QEI| Maximum Position (QEIMAXPOS) Position Integrator
QEI0 base: 0x4002.C000 [_aeros ]
QEI1 base: 0x4002.D000 T
Offset 0x00C
Type RW, reset 0x0000.0000
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
1 I I 1 1 1 1 1 I I 1 1 1 1 1
MAXPOS
1 1 1
Type  RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
1 1 1 1 1 1 I I 1 I || 1 1 I I
MAXPOS
1 1 1
Type  RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bit/Field Name Type Reset Description
31:0 MAXPOS RW  0x0000.0000 Maximum Position Integrator Value

The maximum value of the position integrator.
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" " QEILOAD
Run QEI to Read Time Duration | veemm
A
4
Y
= Velocity Accumulator
Current Value of Q | 683 Vie | Y
q o QEICOUNT
W = p QEISPEED
Dt >
QEI Timer (QEITIME) Position Integrator
|__QEIPOS |
QFEI0 base: 0x4002.C000 [ceros ]
QEI base: 0x4002.D000 T
Offset 0x014
Type RO, reset 0x0000.0000
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
I I I 1 1 1 I I I ) 1 1 I I
TIME
1 1 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
T I I 1 1 1 1 1 I I 1 1 1 1
TIME
1 1 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bit/Field Name Type Reset Description
310 TIME RO 0x0000.0000 Velocity Timer Current Value

The current value of the velocity timer.
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Run QEI to Read Pulse Numbe

Velocity Timer

QEITIME

A

u Current Number of QEI 6s Ve Velocity Accumulator | O U

|_—21 QEICOUNT

/ - QEISPEED

5 »  [cEmAXPOS]
C3q,

Position Integrator

QEI Velocity Counter (QEICOUNT) W =
QEI0 base: 0x4002.C000 Dt
QEI1 base: 0x4002 D000 T
Offset 0x018
Type RO, reset 0x0000.0000
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
1 I I 1 1 1 1 1 I I 1 1 1 1 1
COUNT
1 L 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
I ] ] Ll 1 1 I I 1 1 1 1 1 I I
COUNT
1 1 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bit/Field Name Type Reset Description
31:0 COUNT RO 0x0000.0000 Velocity Pulse Count

The running total of encoder pulses during this velocity timer period.
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Run QEI to Read Velocit o
Velocity Timer
T
u Current Value of QEI 6s Est ,
(pu|SeS/pe|’i0d) Velocity Accumulator
o QEICOUNT
A QEISPEED
1 e Lz
Y >
QEI Velocity (QEISPEED) Z/ Position Integrator
QEIO base: 0x4002.C000 [_QEPos |
QEI1 base: 0x4002.D000 _— Q E I SPEE D
Offset 0x01C A
Type RO, reset 0x0000.0000
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
I I I 1 1 1 I 1 I I 1 1 1 I I
SPEED
1 1 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
T I I 1 1 T I 1 ] I 1 1 T T T
SPEED
1 1 1
Type RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO RO
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bit/Field Name Type Reset Description
31:0 SPEED RO 0x0000.0000 Velocity '

The measured speed of the quadrature encoder in pulses per period.
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Run QEI to Read Position Lo

T
u  Current Value of Position Integrator (pulses) ,

Velocity Accumulator
QEIPOS 0O O ==

R
\\@sition Integrator

QEI Position (QEIPOS) —_ C C 3
QEIO base: 0x4002.C000 q - qr — - r qp T

QEI1 base: 0x4002.D000

Offset 0x008
Type RW, reset 0x0000.0000
31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16
I I 1 || 1 1 I I 1 1 1 1 1 I I
POSITION
1 1 1
Type  RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
I I 1 I 1 1 I I I I 1 1 1 I I
POSITION
1 1 1
Type  RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW RW
Reset 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bit/Field Name Type Reset Description
310 POSITION RW 0x0000.0000 Current Position Integrator Value

The current value of the position integrator.

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Exampl e

LED

-

\

Driver + Motor

o

®

Electronics :@?» O . 0

’ Motor s@

of

Photodetector
+ Electronics.

Speed

| Trigger

P> Schmitt

>

Con

90° shift
Offset of 25%

DAC 0

Pl

1 €

. 0 . / -

— QEISPEED

l ADSP CM403f
Register Timer
Speed estimation |_gRegister Period CNT

method <Register Counter| peripheral

. Desired Speed
Commanded

speed
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Summary

—>®— Controller

Actuator

\4

|

u Understanding of Velocity

u Computation of Velocity

u Measurement of Velocity

Sensor

N

Physical

World
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Outline of Module 3

u
u
u
u Lecture 3:
u Measurement of Acceleration |
u
u
u
u

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



NANY ANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 3 Lecture 3
MA4822

Measurement of Acceleration

Xie Ming, PhD (France)

mmxie@ntu.edu.sqg

http://personal.ntu.edu.sg/mmxie

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)


mailto:mmxie@ntu.edu.sg

Nanyang Technological University

Outline

u Understanding of Acceleration

u Computation of Acceleration

u Measurement of Acceleration

G " _ Gyro i Eym
er)-(c;s L Y aij Lz axi/

Acc Acc Acc /
axis Y axis Z axis

Behind Gyroscope is Centrifugal Force
Behind Accelerometer is Inertial Force Y RAM.L
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Outline

u Understanding of Acceleration

G " _ Gyro i Eym
er)-(c;s L Y aij Lz axi/

Acc Acc Acc /
axis Y axis Z axis
Z
X
| as
Behind Gyroscope is Centrifugal Force v .
Behind Accelerometer is Inertial Force ~ Y RAM.L
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There Are Three Types of Basic Motions

u Linear Motion

u Angular Motion

u Circular Motion

Their Combinations Create
Complex Motions
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Definition of Acceleration

u The time change rate of velocity is called Acceleration.

C dC_C d
a——V = —W

dt dt
Linear Motion Angular Motion
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Cause behind Acceleration

u Acceleration is the change of motion state.

u  The change of motion state is caused by net force acting on a
moving target.

= [
a=— a=-—
m I

Linear Motion Angular Motion
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Example of Linear Acceleration

Thrust
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Example of Angular/Circular

Acceleration
u Radial Acceleration and Centripetal Force: U
2 2 t c
\Y \'
a =— |:r = M— A
I I

u  Centrifugal Acceleration and Centrifugal Force:

Angular acceleration systematically induces radial acceleration,
which is equivalent to linear acceleration in radial direction
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Determination of Net Force

u  Solution: Free Body Diagram Y

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Example of Determining Net Force

Forward
Driving Force
Air
Resistance

Friction l Friction

Weight
Contact = Contact
Force Force
|:y,net = |:Weight B I:contact front ~ |:contactback
|:x,net = |:driving B |:resistance B |:friction
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Inertial Force due to Acceleration

u Object Ais placed on object B. When object B
accelerates, object A will exert a so -called inertial
force on object B if both objects stay together.

u Reacting force from B is equal to inertial force from A.
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Nanyang Technological University

Example with Reacting Force

Reacting Force 1 Inertial Force =0

F- mfa=0
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Example without Reacting Force

Inertia Forces

) ACCEIBEEATION s W

La &

2 iH—H DEC EIBSSATION {—

0 o
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Outline

u Computation of Acceleration

G /Gy G
;;CESL YaTjZAZ;r:i/

Acc Acc Acc /
axis Y axis Z axis
Z
X
| as
Behind Gyroscope is Centrifugal Force v .
Behind Accelerometer is Inertial Force ~ Y RAM.L

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)




Nanyang Technological University

Linear Acceleration Could Be Computing from
Li near Position and Ve

u If we know the time functions of linear positions, we have:

sty =S C?t)

u  If we know the time functions of linear velocities, we have:

C. dC
alt) =Vt
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Example
Starting from rest Position More generally
at position zero (
1 _ 2
y=§,mz y y_yﬂ+vﬂr+5ar
Velocity v=y, +at
v =at Vv Velocity is equal to
the slope of the

position curve.

I
a = constant

Acceleration Acceleration is
accelerating at equal to the slope
2 of the velocity curve.
9.8 m/s
time —
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Example

120 F

Distance

x (m)

8o

40

5 10 15 20 | 25 I a0
P Time in seconds :
20 f
10k Velocity
WL
E o -
> R 30
A0k
20 v
— 4-
Yo of 5 :
E r | Acceleration
w O ' ' . . . - *
0 5 10 15 20 25 30
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Linear Acceleration Could Be Computed
from Linear Displ acem

v In a massspring system, the mass will undergo a linear displacement
when an acceleration occurs in the ¢
axis.

Without acceleration

With acceleration

. Acceleration

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Llnear ACCe|erat|On COUId Inertial Force:
Be Computed from Linear s
Displacement of Shyenai=a® a¢

u  Equations:
2 Displacement of Spring:
Afp—

Moving —
System Deceleration |nert|al‘ kDd
Moving Dd = m—ﬂa
System Constant VeI00|ty k

: l Equation for Calculating a:

ﬁ
Moving km
System Acceleration = —

m
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Example of Computing Linear Acceleration
from Springos LI near

u  We have a friction -free massspring system as shown in the figure

below. What is the equation for computing acceleration from the
displacement of mass1?

,5:1 'Ig‘.’-ﬂ ';:3 i
M
u  Answer. |—/\/\/\f NN\ A 7 J\/\/\/‘l System

f f _ Acceleration |—s I
1+ Z_rn-l-a rn="=0 x, =0
fy- f,=ma ma f
. imljEs=—— "
fl
kX +Ky (X - %) =ma
m,a
— f
i i _ Sm2<——1s
k3X2 K, (X - %) =m,a f,
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kX +Ky (% - %) =ma
KX, - Ky (X - %) =m,a
(k1 + kZ)Xl - kzxz —ma (1)

- kyx + (ks +k;)x, =m,a (2)

(D Tk, +ks) +(2) Tk,

foXo R oXe) QQ‘
a Q 0 O(Q
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Angular Acceleration Could Be Computing from
Angul ar Position and V

u  If we know the time function of angular
positions, then: Ve oa
2 t

d
a(t _Wq(t)

u  If we know the time function of angular
velocities, then:

a(t) =%W(t)

Angular acceleration systematically induces radial acceleration,
which is equivalent to linear acceleration in radial direction.
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Example of Computing Angular
Acceleration

u What is the radial
acceleration of the ball?

u What is the tangential
acceleration of the ball?
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Solution:
u  What is the radial acceleration?
Answer: —i
& m
_ mgcosg) _

gcosQ)

m

u  What is the tangential acceleration?

Answer:

at:E

_mgsin@) _
m

gsin@)
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Example of Relating Linear Acceleration
to Angular Acceleration

u Assume that there is a

velocity sensor at the / \

joint of the rotating C abm -

arm. Velocitg Sensor
u What is the relationship L

between the angular i

acceleration of the ball

and the linear

. ——x
acceleration of the cart? K /
;‘Q I"\) T[
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Angular velocity measured

SOIUnon/ by velocity sensor

| U
5
wr D LAY
(0] S U—
U
W U] 00—
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Solution (continued) O - 0—
U

u | f mass C¢ |1 S at rest , t he ball 0s

acceleration in X direction is: %) 0 | O—

#.,. =- & Ccos@)+a sin@)
O
#,. =- Lcos@)if+ Lsin@g)d*

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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. - ’ l‘) )
Solution (continued) O = —
9]
u | f mass € I s at rest , t he ball &s
acceleration in Y direction is: & D | H—

¥ =-&sin@)- a cosq)

#,. = - Lsin(@)df~ Lcos@)d?

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Solution (continued)

Now, mass € has acceleﬁion e \

u  From the free -body diagram of
cart o0s Xumestisn: i n

F - Tsin(g) = m#

u  From the free -body diagram of ‘ \
bal | 06s Xmiaestisn: i n

=

“YOE+ a (1)

O O+mr
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Solution (continued)

Now, mass ¢ has accele%ion é \

u  From the free -body diagram of
cart o0s Xumestisn: i n

F - Tsin(g) = m#

u  From the free -body diagram of ‘ \
bal | 0s Yrieestisn: i n

=
YAT & a4 Q a & (2)

W W r
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Solution (continued)

Tsin@) =m# =m#+m#, . (1)

- Tcos@)- m,g = mp% = mp%/c (2)

(1) Tcos@) +(2) Tsin@)

< W7
L &= cos@)# + gsin(g)
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Solution (continued)

u Angular acceleration could
be compgted from linear / mg W \
acceleration. ‘

Léf= cos@)# + gsin(g)

u Linear acceleration could be J
computed from angular ‘ !
acceleration.

L= cosg)# +gsing) /

How to measure acceleration?
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Outline

u Measurement of Acceleration

G " _ Gyro i Eym
er)-(c;s L Y aij Lz axi/

Acc Acc Acc /
axis Y axis Z axis
Z
X
| as
Behind Gyroscope is Centrifugal Force v .
Behind Accelerometer is Inertial Force ~ Y RAM.L
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\f'i
‘ \\"*
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Principles of Measurement  ,_ 1 ¢

v Principle 1: Acceleration can induce
Inertial force or centrifugal force on a
mass, which could output voltage.

u Principle 2. Acceleration can cause a mass
to undergo displacement, which can be
sensed and measured by doing
displacement to capacitance conversion.

u Principle 3: Acceleration can cause a mass
to undergo deformation, which can be
sensed and measured by doing deformation
to resistance conversion.

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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How to apply principle 1 to design digital
measurement and sensing systems for

acceleration?

Acceleration is converted to voltage which is measured by digital
voltmeter (e.g. microcontrollers).

u

Voltage

Synthesizer

Acceleration ACC\?(I)?t?;En/ Voltage Analogue
Conversion Comparator

All microcontrollers are programmable digital sensors of voltage!

Stop signal

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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How to convert acceleration to voltage?

u A piezo-electric material is placed underneath a mass.
When there is an acceleration, the induced inertial
force (or centrifugal force) compresses the piezo
electric material. The piezo -electric material in turn
outputs electrical charges or potentials.

. F=ma

Seismic mass ~ "Q  charge sensitivity:

m

Piezoceramics w u Bga = g Charge/Acceleration

voltage sensitivity:

Acceleration a[

Bua = : Voltage/Acceleration

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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Examples of lllustration

N

Voltage

Mass

Acceleration e———]_]

Piezoelectric
material
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How to apply principle 2 to design digital
measurement and sensing systems for

acceleration?

Acceleration is converted to capacitance which is then converted
to voltage. Finally, the voltage is measured by digital voltmeter

u

(e.g. microcontrollers).

Acceleration/ Voltage

Acceleration Capacitance .
Conversion Synthesizer

Capacitance
Capacitance/ Ry An alogue

Voltage
Conversion Comparator

Stop signal

All microcontrollers are programmable digital sensors of voltage!

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)
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How to convert acceleration to capacitance?

v Hardware Design:

u  When acceleration occurs, the inertial force (or centrifugal force) causes a
moving mass to change its position, which in turn causes the changes of
capacitances of capacitors.

\

F m — O v 3t ac
- ﬂ a. — A
mass  SPRING APPLIED
ACCELERATION
! ! I I Acceleration
CS1<CS2
FIXED OUTER < <
PLATES
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How to convert acceleration Inertial Force:
to capacitance? F .. =-m3a
u  Equations of Measurement:
; 0 .. 0 . Displacement of Plate:
o - 5 ‘ YO - EYQ _
[l &7 Ao
. 0
0] - — . .,
Q YO 5Q —
Q
mass  SPRING APPLIED Equation of Acceleration:
ACCELERATION
. Q30 0 Q .
W — — 30
I I a a o -
! ! CS1 < CS2 Equation of Capacitance:
FIXED OUTER 5
PLATES _ o -
Acceleration Q & OFQ

N
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Example of 1-Axis Accelerometer

F- mfa=0
5| it
2
H ()
g 0 5 0
0 - = i~
Q Q YQ
Y
mass  SPRING APPLIED
ACCELERATION
o
v at ac

CS1<Cs2

I

FIXED OUTER
PLATES

Acceleration

N
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Example of 2-Axis Accelerometer

565

54() Z-sense comb
fingers

565

510

e
.......
atatatyty

''''''''''

530 so0 2P 545
565" y-sense comb 500
fingers -
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How to apply principle 3 to design digital
measurement and sensing systems for

acceleration?
Acceleration is converted to resistance which is then converted to
voltage. Finally, the voltage is measured by digital voltmeter (e.g.

u

microcontrollers).

Acceleration/ Voltage

Acceleration S .
Conversion Synthesizer

Resistance

Resistance/ Voltage An alogue

Voltage
Conversion Comparator

Stop signal

All microcontrollers are programmable digital sensors of voltage!
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How to convert acceleration to resistance?

u A resistive material is placed onto a deformable beam.
When there is an acceleration, the induced inertial
force (or centrifugal force) causes the beam to
deform. The deformation in turn causes the change of
resistance of the resistive material.

O Resistor Test mass

Anchor Cantilever

Acceleration

\ Substrate
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Other Principle of Designing Measurement and Sensing
Systems for Acceleration ¢

u  Two parallel mirrors in a chamber form a resonator of lights. The frequencies of
resonance depend on the distances between the two mirrors. Hence, one
movable mirror is fixed on a movable mass. When an acceleration occurs, the
movable mirror-mass causes the change of freq

Fixed Mirror Movable Mirror Acceleration
< >
Light Intensity Signals -~eerin FiberOut | ight Intensity Signals
\SUSpenslon System
4,
Broadband Input System of Serialized FPIs Signal Output
Without ,l : [.‘ ’ 1 1 With
3 -
Resonance g $ Resonance

Wavelength (\) R X

Wavelength ()\)

t'nx 2 t=n\,

(Learning, Teaching)xo > (Research, Innovatlon) <0> (Leadership, Service)



Nanyang Technological University

Remember to Do Calibration

u  Curve fitting for calibration:

Measurement

u Yiis produced by Xi

EA)

u  Ziis computed from Yi W —T SenSing

u  Zi must be equal to Xi S
Calibrated Values @ Calibration > )
Measured Values 9
N
ke > True Values &
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Remember to Do Error Analysis

_ For each true value, we can do
Systematic error = mean value dtrue value error analysis

c

u  Repeatability error = value with maximum error

dmean value {]HH d}{l

6
u Accuracy = value with minimum error dmean - h
value N
0 5§ 10 15 20 25 30 35 40 45 S0 S5 60 85 70
N
& S
. . ) Output & \Qo‘ {8;0\(\
u Hysteresis error = [measured value in increasing e © &

d measured value in decreasing|

Hysterisis Error

W

Input voltage

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Summary

u Understanding of Acceleration

u Computation of Acceleration

u Measurement of Acceleration

G " _ Gyro i Eym
er)-(c;s L Y aij Lz axi/

Acc Acc Acc /
axis Y axis Z axis

Behind Gyroscope is Centrifugal Force
Behind Accelerometer is Inertial Force Y RAM.L
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Outline of Module 3

u
u
u
! B o P
u
u
u Lecture 4:
u Measurement of Force
u
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Outline
% Controller Actuator PhySiCal

|

u Understanding of Force

\4

World

N

Sensor

Applied Force

u Computation of Force

u Measurement of Force

Piezo-electrical Materials
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Outline

\4

—> g — Controller Actuator .
Physical

|

u Understanding of Force

World

N

Sensor

Applied Force

u Computation of Force

u Measurement of Force

Piezo-electrical Materials
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Understanding Force (1)

u 1. Force is the cause which changes the state of linear motion.

[ -y
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Example

Y T (Thrust)

>

F (Air Friction)

X

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Understanding Force (2) Field Forces

u 2. There are three types of forces.

Contact Forces

i)

Induced Forces

friction force shear reaction force

Centrifugal

Force Haorizontal

Component
of Lift
{acting as
Centripetal
Force)
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Example of Contact Forces

Push and pull forces

Friction force — > ]

Normal contact force
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Exampl e of
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Exampl e of Al rodos Re
i
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Example of Gravitational Field Force

G =6.673 10 **Nn? / kg?

A a%

avitational
. Force
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Example of Electric Field Force

1
E = 0., 1 9031 NRE/C2
4p e

Like rﬁdrgﬁ- the Attila
the Huns ﬂftﬁe C5Wge World!

povy Unlike cﬁmges— like mmﬂ_y
aby! cosmtic, wan!
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Example of Magnetic Field Force
F=LYI3B

Wire carrying current

Direction of force

F
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Example of Induced Centrifugal Force

u Acaris moving along a circular path with a radius of 45.0 meters. A person
of mass of 60.0 kg Is sitting iInside
velocity is 60.0 km/h, what is the centrifugal force induced on the person?

u  Answer:
o"------»
. @ di ti f
v="2 10 =16.667m/s near 4 e il
603 60
2 2
v: _16.667
=V 1666 =6.173n°/s
R
Centrifugal
F. =ma, =60.0% 6.173=37038N g
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Example of Induced Coriolis Forces

A Projectile fired northward B Projectile fired southward
\
w |
N Vn Velocity toward north

\

\\/J / Velocity toward south
S
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Outline

\4

—> g — Controller Actuator .
Physical

|

u Understanding of Force

World

N

Sensor

Applied Force

u Computation of Force

u Measurement of Force

Piezo-electrical Materials
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Computation of LiInk

u A prismatic link joint carries a payload of 3.0 kg in a vertical direction.
The kinetic frictional force of the joint is 0.5 N. If the upward
acceleration has to be 2.0 m/s”"2, what should be the acting force on the
prismatic link?

u Answer:
0O 0O O a'Q 0O ™™ o8t o)
0 m® o8t f) 081 Car M=3.0kg
O ™ o3t ) o8t ¢8t o @V
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Computation of Legos

v What should be the |l egbs acting force
direction?

u  Answer:

Q AIGS 0 Q
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Computation of Driving Force and
Tension Force
ensic S

An inverted pendulum is attached to a
cart through a rigid bar.

u A) What is the driving force to A
produce a desired horizontal )
acceleration? ‘ A F

u  B) What is the tension force inside \ ——x /

the bar when a desired horizontal
T . <3

acceleration occurs?
#,, =- Lsin@#* Lcos@)d®
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