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Remember your mission as MAE
undergraduates &

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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Smart Environment
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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
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Module 2: For Electrical Systems Module 3: For Mechanical Systems Module 4: For All Environments ~ Module 5: For All Industries
Measurement of Voltage A Measurement of Position A Measurement of Pressure A Measurement of Fluid Level
Measurement of Current A Measurement of Velocity A Measurement of Temperature A Measurement of Flow Rate
Measurement of Resistance A Measurement of Acceleration A Measurement of Humidity A Measurement of Sound/Voice
Measurement of Capacitance A Measurement of Force A Measurement of Vibration A Measurement of Photometry
Measurement of Inductance A Measurement of Torque A Measurement of Air Quality A  Measurement of Geometry

o I> T I> I

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



Nanyang Technological University

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}
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True Foundation of Machine Intelligence
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. C
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Todayos Lectures &

u Module 2: Sensors for Electrical Systems
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Outline of Module 2

u

u

u

u

u

Nanyang Technological University

| ecture 1:
u Measurement of Voltage
Lecture 2: series Gt
u Measurement Of Current DC current

— — +
LeCtu re 3 AC current
u Measurement of Resistance — — +
Lecture 4: Ny
u Measurement of Capacitance | -

Vde Chlargl.ng Dlscharglng
LeCture 5 2y T Circuit Circuit
L 3H
u Measurement of Inductance 1s0 140
R1 R2
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Outline of Module 2

v Lecture 1:
u Measurement of Voltage
u Lecture 2: seres Gt
u Measurement Of Current DC current
— — +
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Outline X
%Controller Actuator —> Physical
u Electrical Charge I Sensor < World
u Electrical Force .
Ent|ty photons
molecule
i Electrical Field 4 /
. . HC )
u Electrical Potential
electron
nucleus
u Measurement of Voltage neutrons

protons
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OUtI | ne % Controller Actuator
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electron
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u Measurement of Voltage neutrons
protons

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



Nanyang Technological University

Example of Electric Charges inside
Human Bodi es &

ELECTROCARDIOGRAPHY

O LN VUWTIOUC FLLATEN
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Structure of Matter K@ )

NEUTRONS
ELECTRONS
ATOMS HAVE THREE BASIC PARTS
Matters Atoms
u  Molecules u Electrons
u  Atoms u  Protons
u  Quarks
—— Nucleus
9 """ u  Neutrons
u  Quarks
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Example of Molecules

hydrogen bond

ice: open network
held by H-bonds

Water in Solid State

hydrogen bond

water: clusters linked by
H-bonds

Water in Liquid State

19
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Example of Atoms

@

Hyvdrogen Helium

Lithium

Structure
of atoms.
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Example of Nucleus
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What happens when a neutral
atom losses or gains an electron?

u  Answer: Neutral atom

loss of gain of

electron(y \e:ectron(s)

Cation Anion

Positive ion Negative ion
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Definition of Electrical Charges

u When a neutral atom losses electrons, the result
IS called a positive electrical charge.

u A proton itself is a positive electrical charge!

u When a neutral atom gains electrons, the result
IS called a negative electrical charge.

u An electron itself is a negative electrical charge!
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Properties and Constraints of Electrical
Charges

Like charges repel each other

Opposite charges attract each other
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Example

Movement due to force of attraction

€ 0 Eo L I

¢ Electricity is *
a flowof .
electrons @
around a

'R circuit t

a=d = )
Battery Electron flow

+

Lamp
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Electrical charges can be induced

Charged getting concentrated at
the ends due to charged particle.
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Example of Creating Positive Charges

2 2
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OUtI | ne % Controller Actuator
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u Electrical Potential

electron
nucleus

u Measurement of Voltage neutrons
protons
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Coul ombodos Law

u  Charles Augustin de Coulomb (17361806) has done the study
about the interaction force between charges.

u  He has discovered that the interaction force is proportional to
charges and inversely proportional to their distance square.
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Unit of Charge

u  One unit of charge is one Coulomb, denoted as C

. 1Cisequalto: 063 1018 electron:
. The charge of one electronis:  1.6021773310°C

. The charge of one protonis:  1.6021773310*C
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Value of k

\qlqz\
I‘

F =Kk

k =8.988210° N.m?/C?

k = . 0.03 10° N.m?/C?

40 ¢

e, =8.854° 10 C?/N.m’
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Example

u  Find the electrical force between charge q1=+25nC and g2=-75nC
if their distance is 3.0cm.

u  Answer:

\qlqz\ 903 1qps 25°10°° 70°10°

F =k .
2 (0.03)

F =0.019N
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Concept of Electrical Field

u  We have a point charge Q and a unit charge q

u  Then, the electrical force at distance r is:

I

u  Finally, we can define the force per unit charge as electrical field
density which is a vector:

C
E:kQ E:kg'ﬂrc
I I

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



Nanyang Technological University

Definition of Electrical Field

u A point charge creates a field of forces acting
on unit charges in its proximity. Such a field of
forces is called Electrical Field.

u The density of electrical field is equal to:

C
@ £,

C
r2 E=kFﬂl‘

(vector representation)
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Example

u  There is a point with a charge of Q1 in a space. If we place another charge
of Q2 inside the electrical field of Q1, what is the force acting on Q2 if the
distance between the two charges is r?

u  Answer:

e

r.2

F=ETQ2= k‘Q]J‘I]QZ
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AY
Example
u  We have two charges as shown in the K Redultant Field
figure. What is the electrical field at B L e )

the position which is at distance rl
from g1 and at distance r2 from g2?

u  Answer:

E, =E, cos@)+E,cosp) %@ @

X

E,=Esin(a)+ E,sin(b)

y

S R
E=El +E, |
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Example

u  We have four charges as shown in
the figure. What is the electrical
field density at point P ( imagine a
positive unit charge at P )?

u Answer:
c C C C C
r, r rs r
) la ) Y
\/E b _QD b
Y oY A Repelling forces
° K °° °© & ?° A Attracting forces
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OUtI | ne % Controller Actuator
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u Electrical Force

u Electrical Field o

u Electrical Potential

electron
nucleus

u Measurement of Voltage neutrons
protons
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Uniform Electrical Field

u  When the electrical field is constant in
magnitude and parallel in direction, such
electrical field is an uniform electrical field.

Positive Plate Negative Plate
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Electrical Potential Energy

u In an uniform electrical field, work done by an external force which
moves a charge g from an initial position Yi to a final position Yfis
equal to the variation of the so -called electrical potential energy.

Work done
by a force

E vi
7’Eq T DPE=W =F Dd = Efq1(Y; - Y)
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Definition of Electrical Potential Energy

Gravitational Potential Energy = Gravitational Force x Height

u  Electrical potential energy of an electrical charge inside an electrical
field is equal to electrical force times position of the electrical charge.

/\Y
+H++ 4+
Q kQq .® Y TEGY
U=k=Sg3r=—— M ?ﬁ_ B,
r r = %oF
r—4g ! E
Ve v
b
0 O
Vb
Case 1: Point Charge Y | s X

Case 2: Uniform Electrical Field
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Definition of Electrical Potential

u  The electrical potential energy per unit charge is called electrical
potential , which is also called voltage.

N\
./q » ./q =1
Q Q
Electrical Potential Energy Electrical Potential
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Example

u  What is the voltage at distance rl from a point charge q1?

u Answer:
/\y
q What is the force?
Vl'= k Tl _Pisjuatapuint
: u:pml Discussion \+:I:::+  HghTotential
o )y 9 |
r //‘i_k— 1 _ . X
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Example

u  What is the electrical potential at a point which is close to three
charges as shown in the figure?

u  Answer:
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Example

u  The electrical field between two charged plates is E. If the distance
between the two plates is d, what is the difference of voltage between
the two plates?

<

Electrical potential energy

/ per unit charge

v=Efaty _po

u Answer:

DV =V(y=d)-V(y=0)=ET"d
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Comparison Between Electrical
Field and Gravitational Field

@ Gravitational

@Potential GPE = mgh

h @ Energy (Joules)
h

h

Gravity Field

+++++++++++++++++++++++++

Electric .
Potential EPE - q Ed
d ; Energy (Joules)
d

Electric Field
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OUtI | ne % Controller Actuator
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u Electrical Force

u Electrical Field o

u Electrical Potential

electron
nucleus

u Measurement of Voltage neutrons
protons
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Generator

Pl o) 0:01/4:00
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Voltage Measurement Inside AC Generator

\4

\ 4

220V - :
% ontroller Actuator Physical
T 220V

Systems

N

N

Sensor

™

Generator
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How to convert voltages of alternative
currents into voltages of direct currents?

HALF WAVE AC
OUTPUT

DIODE

\V

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



Nanyang Technological University

In general, AC-DC conversion involves
two devices:

u 1. Transformer which scales up or down the amplitude of AC voltages
u 2. Bridge circuit of diodes, which converts sine waves into constant voltages

With Capacitor

A CCh : = Wavefo
° Ripple agf» CD*nscharges / ﬂ:;h.""
O MM\T«: Capacitor
03 o1 PR Nrbl U, GRSV, Wy S B
LY g e Wavebm
B ovd V V V \ Capacitor
L
4 D2 —
O C Without Capacitor
i - current
o 4
. Yollnge
/\ :
f— e

A
VARV ) '
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More Soluti ons &

(a) (b)

- Vout (DC)

(c) (d §
| = J Vout (0c)

(e) ' (f)

I . i .

Il
V- ——
Vin (AC) ~I M in (AC) ‘[- 1 — v
5 t(DC)
- Il Il "

Vout (DC)
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What is the Unit of Measurement of
voltage?

u 1 Volt =1 Joules/Coulomb
(potential energy per unit charge)

o kag

Electric Force o Newtons

Electric Field ~ E =X = ®% _ Newtons/Coulomb

q r?
Potential Energy U = Fr = kf}_q = Joules
Potential v=Lr By
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How to scale up or down DC voltage?

RESISTOR USED TO) == w— R 2
COMTROL N.I'IF'I.IFICAHQ&LEI:

R]

Vin—{I_———
nverinvg -ea o | OP AMP

MO INVERTING +

——  BASIC INVERTING AMPLIFIER
MADE WITH AN OP-AMP
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Exercise

Refer to the previous slide. The resistance value of resistor 2 is 100 K

Ohms. The variation range of input voltage is [0.0, 12.0] volts. If the
variation range of output voltage has to be [0.0, 3.3] volts, what should

be the resistance value of resistor 1?

Answer: , d) !Y 'Y
— - W
(D !Y !Y
(b p 6[ € v (74 T/ r r
Y — Y — T O oL Qaoll
o 0D p OF ) Nell1)
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How to cope with multiple ranges of
voltages to be measured?

u  Solution: to use a circuit with multiple pairs of resistor -to-resistor ratio.

Pas
e - Y
G
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How to convert voltages of a fixed range
iInto computer -readable digital values?

u  To use microcontroller such as ARM Cortex M4

u  Working Principle:

u

u

u

To predict digital value

To generate DC voltage corresponding to each predicted digital value

To compare input voltage with generated voltage

Voltage
Prediction

To stop prediction when two voltages are close enough

To read digital value as output

Voltage Digital
Synthesizer 3 Counter
Voltage Voltage §
veasurement _ Analogue gl Digital

7

Comparator Display
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Exampl e of Digital

Receiving circut

Clock sigral EN
}E:ﬁ Quiputs Q3 Q2 Ql QO
—d it 0 0 0 0
0 0 0 1
Qo L) Q= Qs O O 1 0
\?ddvddvddvdd 0 0 1 1
el el ud s s 16

=S = = =
ol bl plld plld g o 11 1
1 0 0 1
Active Clock Signal: Falling Edge . X . 0
1 1 0 0
1 1 0 1
1 1 1 0
1 1 1 1
0 0 0 0
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Exampl e of Vol tage

D/A Converter

— R =1
A digital system 5V oro0V V, —-A\W— !
outputs digital
values encoded in 5\, or oy V5 _ﬁi-\_, ov. X li+1+1;
three bits. A DAC 4R+_ 1, ]_
converts these —

Vi —AN—

digital numbers into SVorQV Vs - v
analogue voltages. N ot
If we use the circuit
as shown in the Y
figure, what is the S
analogue voltage if
the digital value is _ Vv, V;
111°? Vnnt - (Vl + 2 + 4 )
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Exercise

u  Refer to the figure below. If the binary input is 1010101, what is
the analogue output?

u Answer. v v U
® Unnr((pTl‘ll[T[ﬂp(pl‘ll[T[T[T mnnpmn)rl o ©T 1 00

640 kQ
e I..SB\\
1(3 /
320 kQ
o© > AN
160 kQ 5 kQ
5110 > AN ¢
é '\ 80 kQ
g 00— > ANV ‘ -
40 kQ
pri +
a o > ANN—1 ANALOG OUTPUT
0 \ 20 k@
O SAAA A e |
/
1 MSB 10 kQ
\o— > AN
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Exampl e of Anal ogue

u Analogue Comparator is a device which outputs:
u logic 1 if V(+) > V(-)
u logic O if V(+) < V(-)

a) V1 > Vz ; Output = ON b) V1 < Vz p Output = OFF
Vi
3\./51v H °_> v 0 °—> %
Vz o——oI Vz Dl SZ
25V ZSVH \A\A
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Good News: All microcontrollers are
actually digital voltmeters!!!

u Cortex M Series

u Support 12 inputs of
voltages under
measurement

u Digital values with 12
bits

TM4C123x

| 85°C

105°C

ARM®
Cortex®-M4

| UptozsoKerash |
Up to 80 MHz Up to 256 KB Flash

Up to 32 KB SRAM
2 KB EEPROM

DMA (32 ch)

‘_ Real-time JTAG |

Control Peripherals Comms Peripherals
2x Quadrature Encoder 8x UART
Inputs 4x SSI/SPI
16x PWM Outputs |
2x CAN

USB Full Speed
‘ (Host/Device/0TG)

| Power & Clocking |

Precision Oscillator
RTC Battery-Backed Hibernate

System Modules
6x 32-bit Timer/PWM/CCP |
6x 64-bit Timer/PWM/CCP
Systick Timer

2x Watchdog Timer

Analog
2x 12ch, 12-bit ADCs,
1MSPS

LDO Voltage Regulator
3x Analog Comparators

Temperature Sensor
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OQutput from Cortex

v 12-bit digital numbers: 0x000 to OxFFF

D
A
0XFFF =
V I
oxco0 - — _in 3 12 |
3.3 |
0x800 == I
I
0x400 =
I
- I | | Q! >~
Q Q N N
\\Q‘é . ﬁqgﬁ‘\} . éé . '\\Q-é\; quﬁ

- Input Saturation
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Bl ueprint of ARM Co

/ Quantization Devices

Dlg ital 12 shared
Values _ | x Input Channels V()ltag es
Triggers ? \ ADCO | Foes Channels
Output| Trger y Input
oo | S
e

\ Internal Process /
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U) -
[ — . SSO can take in a sequence of 8 samples.
g SHE ) O
2 LL
g % = . E / 4 Sample Sequencers \
8 . x| HE ) Sampling Device O A
ADC 0 Sampling Device 1
Quantization Device 0 ‘ Sampling Device 2 «—
N <« Q
ie) T R o S— KSampIing Device 3/ P 8
S o MUX [£— <
— < O o
e A =3
Q = e / 4 Sample Sequencers \
EE— - e s —
Sampling Device O <« -
o LS —
ADC 1 Sampling Device 1
Quantization Device 1 Sampling Device 2
kSampIing Device 3/ N\ /
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ADC of Sequencebased Approach

The TM4C123GH6PM ADC collects sample data by using a
programmable sequence-based approach, instead

of the traditional single or double-sampling approaches

found on many ADC modules. Each sample sequence is a

Fully programmed series of consecutive(back-to-back) samples.

Sample Sequencers

The sampling control and data capture is handled by the sample sequencers. All of the sequencers
are identical in implementation except for the number of samples that can be captured and the depth
of the FIFO. Table 13-2 on page 802 shows the maximum number of samples that each sequencer
can capture and its corresponding FIFO depth. Each sample that is captured is stored in the FIFO.
In this implementation, each FIFO entry is a 32-bit word, with the lower 12 bits containing the
conversion result.

Table 13-2. Samples and FIFO Depth of Sequencers

Sequencer Number of Samples Depth of FIFO
SS3 1 1
SS2 4 4
SS1 4 4
SS0 8 8
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VDDA/GNDA

Trigger Events ¢ HP H
Comparator [~ Samplo Digitization
GPIO —— Sequencer 0
Timer »|sS3 >+ Control/Status ADCSSMUXD > S
PWM —M» | | | | ey e T
— ADCSSEMUX0D Analog-to-Digital
i ADCACTSS Converter # Voltages
Comparator —|— ADCOSTAT ADCSSCTLO Sampling& | Analog Inputs
GPIO ——» ADCUSTAT ADCSSFSTATO Quantization | (21mx)
Timer ——»S552—=9 |
PWM — | ADCSSPRI ; )
*—P ADCSPC Sample "
i ADCPP Sequencer 1 '
Comparator ———» apcssmuxt | |
GPIO ———» ADCPC Hardware Jﬂ.weragmlJ
Timer ——»SS1— ADCTSSEL ADCSSEMUX1 l
[ — ADCCC |
i ADCSSFSTATA i
Comparator —————| A ]
GPIO ——»| )
Timer PSSO Sample )
PWM ——» Sequencer 2 < |
| B ADCSSMUX2 I Digital
ADCSSEMUX2 ! Comparato
ADCEMUX ] FIFO Block v mparator
ADCSSCTL2 R ADCSSOPn
ADCPSSI ADCSSFSTAT2 L | ADCSSFIFOD ADCSSDCn
L ADCSSFIFO1 ADCDCCTLN
Sample ADCSSFIFO2 ADCDCCMPN
Sequencer 3
SS0 Interrupt < Interrupt Control ADCSSMUX3 | [€ ADCSSFIFO3 ADCDCRIC
S51 Interrupt ¢ S
SS2 Interrupt ¢ ADCIM ADCSSEMUX3 | | L \ I
S53 Interrupt
p ADCRIS ADCSSCTL3
ADCISC ADCSSFSTAT3
ADCDCISC / DC Interrupts
PWM Trigger < ODI?Itatl
utputs
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of

A D

CoOs I

Pin Name Pin Number |Pin Mux/Pin| Pin Type |Buffer Type® |Description
Assignment
AINO 6 PE3 I Analog Analog-to-digital converter input 0.
AIN1 7 PE2 I Analog Analog-to-digital converter input 1.
AIN2 8 PE1 I Analog Analog-to-digital converter input 2.
AIN3 9 PEO I Analog Analog-to-digital converter input 3.
AIN4 64 PD3 I Analog Analog-to-digital converter input 4.
AINS 63 PD2 I Analog Analog-to-digital converter input 5.
AINéE 62 PD1 I Analog Analog-to-digital converter input 6.
AIN7 61 PDO I Analog Analog-to-digital converter input 7.
AINE 60 PE5 I Analog Analog-to-digital converter input 8.
Pin Name Pin Number |Pin Mux/Pin| Pin Type |Buffer Type® |Description
Assignment
AIN9 59 PE4 I Analog Analog-to-digital converter input 9.
AIN10 58 PB4 I Analog Analog-to-digital converter input 10.
AIN11 57 PB5 I Analog Analog-to-digital converter input 11.
Sample sequencer O can o o o

take 8 analogue inputs/scan

DCi/

MUX —SSk—+—

MUX

Digital comparators

Sample sequencers

npu

12
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About Differential Sampling

Differential Sampling

In addition to traditional single-ended sampling, the ADC module supports differential sampling of
two analog input channels. To enable differential sampling, software must set the Dn bit in the
ADCSSCTLON register in a step's configuration nibble.

When a sequence step is configured for differential sampling, the input pair to sample must be
configured in the ADCSSMUXn register. Differential pair 0 samples analog inputs 0 and 1; differential
pair 1 samples analog inputs 2 and 3; and so on (see Table 13-3 on page 810). The ADC does not
support other differential pairings such as analog input 0 with analog input 3.

Table 13-3. Differential Sampling Pairs

Differential Pair Analog Inputs
0 O and 1
1 2and3
2 4 and 5
3 6and7
4

5

8and9
10 and 11
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Application of Differential Sampling

]E_Tl:rtEl| LA
= T

R:

Wheatstone Bridge Circuit

Wz

*B Flour pack
O

R3

000T —¢

000T

Learnchannel-tv.com
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Why to calibrate a sensor?

u Reason:

u Measured values may not be equal to true values.

Measurement
Data with unbounded errors
| . Sensing g
Physical Quantities
Under Experiments | |
Data with bounded errors
Calibration >
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How to obtain reference values for
sensor calibration?

u Standard of 1 Volt:

u It is equal to the potential difference between two
parallel, infinite planes spaced 1 meter apart that
create an electric field of 1 newton per coulomb.

AY

Measurement

A4

Sensing

Rz

Calibration

\ 4
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How to do sensor calibration?

u  To prepare reference values as inputs.
u To read sensory outputs corresponding to reference values at input.

u  To determine the equation which makes measured values to be equal
to reference values.

Measured Values
N

Maximum
' oemor !
] I
'

] [}
|

\
\
Output

= > True Values
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Exercise

u  Avoltmeter has a built calibration unit as shown in the figure below. The
measurement range is between 0.0 Volts and 5.0 Volts. During a
calibration test, the values of output  @from the sensing unit are 1.2, 2.3,
3.4, 4.5 and 5.6 when the true values of input @ are 1.0, 2.0, 3.0, 4.0
and 5.0, respectively. What should be the equations for us to determine
the coefficients inside the following calibration equation: @ @O ®

W W9 W e

20 -
t Maximum error
Measurement S
@
d‘) W SenSing g 1.0+ Full scale
(3 ) 3
2 3
| Ideal line |
Callbratlon > (I) 0 1,IQ' 2.6’---- "

—Setting distance (mm 1)-»
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AI’]SWG I‘Z Measurement

n

® —> Sensing

Calibration > W

10 @ p& & p& O pg& O pg W

20 O & ®W v WO ¥ O ¥ O

1.0 1.2
30 & o8 & o8 & o8 O o8 © 2.0 2.3
3.0 3.4
40 @ ® 0 @ O @ ® ® W 40 4.5
5.0 5.6

50 @ v® ® LV® @ LV® W LV O

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



Nanyang Technological University

Why to do sensoros e

v Reason: To tell buyers or|Fogesckirpeyalueaws ¢ande
performance. error analysis

u  Error analysis is to compute:

u  Systematic error = mean value dtrue value ]
4 -
- _ _ IS 5 fo 15 2 25 % 3 4 4% %0 % 60 8 70
u  Repeatability error = value with maximum error dmean 5O
(o3
Q
value Output & & @00-’
Voltage <& 0@1
(mvAY) @
R
. R T RS
u Accuracy = value with minimum error dmean value >
Hysterisis Error
u  Hysteresis error = |measured value in increasing d measured value
in decreasing|
Input voltage
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Example

u In a calibration test, 10 measurements using a digital
voltmeter have been made of the voltage of a battery
that is known to have a true voltage of 6.11 Volts. The
readings are: 5.98, 6.05, 6.10, 6.06, 5.99, 5.96, 6.02,
6.09, 6.03, and 5.99 Volts. What is the systematic error?
And, what is the repeatability error?

For each true value, we can do

u  Answer: error analysis

u  Mean value of measurements is: i

u V_aver=6.03 volts "
7 L

. Syetematicaror s {wﬂ ‘] }[ | {

u V_averoV_true =6.0306.11 =-0.08 volts

6
u  Repeatability error is: . h
u V_maxoV_mean =5.96 86.03 =-0.07 volts

0O § 10 15 20 25 30 35 40 45 S50 S5 ©0 65 70
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Summar .
y %Controller Actuator — Physical
u Electrical Charge I
) Sensor |< World
u Electrical Force
Entity photons
u Electrical Field 4:“'“""* /
i“\‘ ~ atom
u Electrical Potential nC 1
electron

nucleus

u Measurement of Voltage

neutrons
protons
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u
L ecture 2: series Gt
v Measurement of Current DC current
— — +
Lecture 3:
AC current
u Measurement of Resistance — — +
Lecture 4: ‘|
u Measurement of Capacitance | o
Vde Ch.argl.ng Dlscharglng
LeC'[UI’e 5: oy T Circuit Circuit
L < 3H
u Measurement of Inductance a0 a0
R1 R2
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Measurement of Current

Xie Ming, PhD (France)

mmxie@ntu.edu.sqg

http://personal.ntu.edu.sg/mmxie
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O U tl | ne % Controller Actuator Physical

|

\4

Sensor |[< World
u Understanding of Current
Entity photons

u Computation of Current A;:f'ﬂu'e /

i"'\‘ ~ atom

¢ GO g
u Measurement of Current H

electron

nucleus

neutrons
protons
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\4

O U tl | ne —>®— Controller Actuator Physical

|

Sensor |< World
u Understanding of Current
Entity photons
u Computation of Current A;:j"“"'e /
t"'\‘ o atom
¢ - ucleus
u Measurement of Current H ‘ - proton
ron @@l qu
ﬂ:ﬂ:::us ™
quark
neutrons

protons
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Understanding Current (1)

O«

u An atom can be in one of the

following states: O @

Nucleus O
Electron —'—7
(=~ Negatively charged
Proton / : " U
- O
Neutron ‘// .
Neutral @

O

Positively charged
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Understanding Current (2)

u  The flow of negative charges (i.e. electrons) in one direction gives
rise to the impression of a flow of positive charges (or current) in
the opposite direction.

Direction of the

Electron e Electric Current

Direction of
Movement =y == P Current

Positive Chah

Megative Charge

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



Nanyang Technological University

Understanding Current (3)

u Current is the flow of electrons inside a path
which is called conductor.

insulator | | conductor

e
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Example

x Non-metal
(Glass)

@2 ‘)Co o‘)(o i)

Good conductor Semiconductor Insulator
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Understanding Current (4)

u Current cannot flow into insulator.

insulator | | conductor

=
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Example

Comparison

Insulators
and
Conductors

Differences Cifferences

stop the flow
of eleclrons

dry wood, paper,
rubber, ceramic

{ Examples: plastic,
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Understanding Current (5)

u High current corresponds to high density of electrons in a flow.
Low current corresponds to low density of electrons in a flow.

LOW CURRENT

o
o
e =)
HIGH CURRENT
°°°= © 000,
(=] Qﬁg
°g0g° (o =
e 0" 0 @90
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Example

Light —
Conductors
+1.5V T

Positive Negative
Terminal = Terminal

@

S

@ =

Direction of electron flow Electrolyte 8

® A 0O +12V

Higher voltage could produce higher current
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Understanding Current (6)

u When a current passes lins e
through a coil, it will n
produce a magnetic Current Out A 4
field a2
eld. ":-IIII;::.,.'
wanmai0
W W G0
; : PP
v U ST

‘lllll;:.'ll‘

e

»-

+ "'llll-.-
=3)
-ﬂ- Current In A ——
= _— = "-...““\
Secondany V
Pri Circuit
rimary
Circuit

S
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Example of Making Colls

6,5

4,5 Active coils Coils

n

Wirediameter  Pitch Geound surince

Left hand Right hand

(Anticlockwise) (Clockwise)

J2JoweIp dpIsu
4P WeIp 2pisng
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Example of Colls inside Motors
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What Is a magnetic field?

Lines of Magnetic Flux

¥ a

_.—--'-*—-'—a—__

Like Poles - "Repel”
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Understanding Current (7)

u When a current passes through a conductor which
Is placed inside a magnetic field, there will be an
electro -magnetic force acting on the conductor.

v

F (force)
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Right-hand Rule F

F = 1/Bsin 6
F 1 planeof I and B
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Example of Energy et 7 N A
Conversion (Motor)

field

Commutator
reverses
current

Brushes
carry
current to
commutator

Electric
current
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Example of Designing Analogue Sensor

Permanent '°"‘°{'
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Understanding Current (8)

u A magnetic field can cause a fraction of electrons to deviate from
their main path. Such an effect is called Hall Effect.

Second
: Current
Primary
Hall Element
Current / Loop
Loop Magnetic
flux
Nensity
A
+
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This could be

Example Of Ha” B <« | produced by current
»
!
- >

Effect Sensor
./

o -
Hall

When there is no magnetic field, the /1 /+

electrons follow the straight path. N

When there is magnetic field, the V-k|IxB]|

electrons follow the curved path. Hence,

some electrons enter the vertical circuit v

and produce Hall voltage VH.

VH is proportional to the magnetic field
density B.

B can be produced by electro-magnet.

B is proportional to the current which
flows inside the electro-magnet.
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Understanding Current (9)

u  Current represents electrical
energy.

u  Energy could be converted
from one domain into another
domain.

Electrical Power = Voltage x Current

Mechanical Power = Force x Velocity
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Definition of Current

u The flow rate of electrons In a conductor
IS called current.

positive
flowing electrons charges
)

- o> \HH"‘
- > +
_ > o> o5 -

negative copper wire
charges
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Cur r eumitobMeasurement

u  One unit of current corresponds to the amount of electric charges passed
through a conductor per unit of time. It is called one Ampere.

t = 0 secs.
1 coulomb

—

arbitrary point  x | —
t = 1 secs.

—

(Coulomb/gcondor Ampere)

1 coulamb

Flow Rate of Electrons
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Other Related Units of Measurement

Parameter Measuring Unit Relationship
Voltage volt (V or E) E=IxR
Current amp (I) I = E
R
. E
Resistance ohm (R or Q) R = T
P 1
Conductance mho (G or ©) G=—=_
2 E
Power watt (W) P=IxEorP=IR
Inductance henry (L or H) V, = -L (%J
t
Capacitance farad (C) C = 2 (Q = charge)
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\4

O U tl | ne —>®— Controller Actuator Physical

|

Sensor |< World
u Understanding of Current
Entity photons
u Computation of Current A;‘“jj"“"'e /
t"'\‘ o atom
¢ - ucleus
u Measurement of Current H ‘ 7o proton
ron @@l qu
ﬂ:ﬂ:::us ™
quark
neutrons

protons
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Equation of Current (1)

u  System of R Circuit

Time Domain V

Frequency Domain

O

P
w i Y
™~

Relationship in Frequency Domain

~

p—
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Equation of Current (2)

u  System of C Circuit

N \Y, o
i =C—= " }
at . | C |+a
Time Domain i
WV rms @ | Ve

Frequency Domain -0l
!IQ’ ]
-—— 0 | '
W \

Relationship in Frequency Domain

i, Q
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Equation of Current (3)

u  System of L Circuit

vV, =L — P ] D
" dt
.lr'r;’ w1
I N .
N Self-inductance
I 11
_ ~V|_ Vm@ Vol ol L of the Coil
| = dt b 1y
RN RN
L _ _ R A
Time Domain v - _y

Frequency Domain

Relationship in Frequency Domain
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Equation of Current (4)

B kmag‘\ I
u  Electro-magnetic System
F (force)
| (current)
> w v
F=19(3B)
Current

Length of conductor Density of
Magnetic field
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Equation of Current (5)

u Electro-magnetic System

|
Magnetic field at wire 2 from 410

current in wire 1: B
_ ﬂﬂl
B =9/_' S ’
Vo
Electric ' Force on a length AL of wire 2: — /
current Q
F=LALB k|IxB|

Force per unit length in terms
of the currents:

F _ 1
AL 2nr

Magnetlc
field

Design Idea of Contactless Sensor
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\4

O U tl | ne —>®— Controller Actuator Physical

|

Sensor |< World
u Understanding of Current
Entity photons
u Computation of Current A;:j"“"'e /
t"'\‘ ~ atom
¢ Ve T ucleus
1 Measurement of Current H ‘ b proton
ron Ne®)--. u
ﬂ:ﬂ:::us i
quark
neutrons

protons
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Requirement of Doing Current Measurement

CW Rotation Elec. Deg.

Rotor Coils

-
a
2

v

I I I

- ——
was L
paom—
goon 1

T

gc

5QI QT 5=

mT

%A

Shaft Brushes

1
§ L]

\4

—>( g —{ Controller Actuator .
Physical

Systems

N

Sensor
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Example of Current/Torque Control
t Q0 0 Qft 0
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Principle s of Measuring Current

u Current produces electro -magnet field which can
Interact with another electro -magnetic field.

u Current produces electro -magnet field which
deviates a primary <circuito
secondary circuit.

u Current could be converted into voltage with the
use of resistor/capacitor/inductor.
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Magnetic Force Methods

u  Arotor is subject to two sources of
torques.

u  One is from the torsional springs.

u  The other is from the electro -magnet
of a current under measurement.

u When the two torques are equal in ] S— |
magnitude and opposite in direction, .
the reading from a scale indicates the Force i |
value of the current under Jewelled Bearing

measurement.
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Equation Relating Current to Torque
N i F=19(3B)

L)

Sl a N ElectromageticforceonL1:

i F=L9118
e L1
/ ElectromageticforceonlL3:

F,=-L,7198B
INF NI e ——

41 OTD@A A QARARATIAWE O
= - t ‘E*’o Ed O ‘E*’o Ed ROFQES

47 OFP@A A QASAAAT NWE O g
w., . . W, . .
T EO Ed EO Eo Ed EOFETES
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Equation Relating Current to Angle

Y

N

Torque from current: ¢

T OF@OE

N4
|

Torque from spring:

T of—

Equality of both torques:

k9l ‘nsin(%- q) =cflg

Equation of current:

C B ' C
I = E ﬂ q Force i "
S|n(% = q) Jewelled Bearing
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Conceptual Design: Ammeter

Linearscale . 08

oA i
N \\\\“\\\\\\\\uu Witlyg,

\
A

72 A\
N “f \‘

J—= Hairspnng

Soft iron
cylinder

Permanent
magnel

Jewellered
beanna
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B

Hall Effect Methods

yd
u A current under I /

measurement passes through K
coils or a conductor in order

to produce electro -magnetic / /|.
field which is applied to a

Hall sensor. V-k|IxB]|

u  The primary loop of the Hall
sensor is internally built -up.

u  The secondary loop of the
Hall sensor will output a
voltage, which can be
measured.

u By calibration, the output
could be related to the
current under measurement.
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Conceptual Design: Hardware

CURRENT FLOW

MAGNETIC FIELD

FERRITE RING CORE MAGNEYIC FIELD

TRAPPED IN FERRITE
HALL SENSOR

MOUNTING PAD

/

CURRENT CARRYING CONDUCTOR

|
|
SIGNAL OUTPUT [
TERMINALS i
l
|
l
i

Conductor
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Conceptual Design: Signal Circuit

Magnetic lines of flux Hall Effect
around conductor Sensor

\

Magnetically
Permiable Core

Inductive
Sensor

“—__ Hall Effect

Device
Constant

Current

Magnetic
Field — T ™=

Output
Signal

2

Wire Wound
Magnetically
\ Permiable Core

Signal Power Supply &
Conditioner Signal Conditioner
i j T T j I
4-20mA 24 VAC/DC  4-20mA
Loop Powered Power Output

CURRENT CLAMP ADAPTOR

Fig.1: the circuit uses Hall effect sensor HS1 which produces a voltage at its pin 3 output that depends on the

magnetic field induced into an iron-powdered toroid core. This voltage is fed to op amp IC1a which then drives

the negative terminal of the multimeter. IC1b drives the meter’s positive terminal and provides null adjustment.
\
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Voltage Methods

I awn—1
u If the current is very high, let the R drune
current under measurement to pass -
through a special resistor called — % Load
Shunt

u  The voltage drop across the resistor or

shunt can be measured. T
Measured current

Voltmeter

AN

hd

u  The values of current could be
computer-readable and human-
readable.

u In this way, voltmeter becomes

ammeter. TMeasured current
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What Is a shunt (i.e. special resistor)?

An ammeter s shunt all ows the measur e
be directly measured by a particular ammeter. In this case the shunt, a

resistor of accurately known resistance, is placed in series with the load so

that all of the current to be measured will flow through it. In order not to

disrupt the circuit, the resistance of the shunt is normally very small. The

voltage drop across the shunt is proportional to the current flowing through

it and since its resistance is known, a voltmeter connected across the shunt

can be scaled to directly display the current value.
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Example of Ammeter Which Could
Measure Currents I

3002 F5.=1 mA

.-r"'!.:"'a.
L
100 A R E, =5.00005 mL2
] WW———
range selector + 10 A MRA R, =350.005 mQ
switch ' 1.
L LA MRJ | R; =500.5005 mQ
100 mA R, R,=5.05051 &
. A .
1 off
.
black test red test
lead  y | Current lead ¥ Current
Flows Out Flows In
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How to design digital measurement
and sensing systems for current?

u  Current is converted to voltage which is measured by digital voltmeter.

Voltage Digital
Synthesizer Counter

Voltage
Current C\:/l:)rliggz Voltage Analogue Digital
o Comparator Display

All microcontrollers are programmable digital sensors of voltage!

Stop signal
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How To Convert High Current to Voltage?
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How To Convert Normal Current to Voltage?

20008 -
2002 ’ 2,

=

3002 Wb, g

l D, 2002,
Range - Eggg‘g 2""1"—(:-
Selector DP1 DRI DR D

oL — +6Y
95¢
-5
A0, —

T 055 Microcontroller with Display
28

4
015

[T In I
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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 &

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



Nanyang Technological University

What is the standard of 1 Ampere when
doing the calibration of Ammeter?

u Answer:

u One ampere is the constant current that will produce
an attractive force of 2 x 107 Newtons per meter of
length between two straight and parallel conductors
of infinite length and negligible circular cross section
placed one metre apart in a vacuum.
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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
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Example

u In a calibration test, 10 measurements using an ammeter have been made
of a circuit that is known to have a true current of 2.0 amperes. The
readings are: 1.98, 2.05, 2.10, 2.06, 1.99, 1.96, 2.02, 2.09, 2.03, and 1.99
amperes. What is the systematic error? And, what is the repeatability

error?

u  Answer:

u  Mean value of measurements is: |_aver = 2.027 amperes
u  Systematic error = |_aver dl_true =2.027 62.0 = 0.027 amperes

u  Repeatability error = | _max dl_aver = 2.10 82.027 = 0.073 amperes
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S umm ary % Controller Actuator Physical

|

\4

Sensor |[< World
u Understanding of Current
Entity photons

u Computation of Current A;:f'ﬂu'e /

i"'\‘ ~ atom

¢ GO g
u Measurement of Current H

electron

nucleus

neutrons
protons
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Outline of Module 2

u Lecture 1:
u Measurement of Voltage
u Lecture 2: seres Gt
u Measurement Of Current DC current
— — +
Y LeCture 3 AC current
1 Measurement of Resistance — 7 +
u Lecture 4: Ny
u Measurement of Capacitance | -
Vde Ch.argl.ng Dlscharglng
u LeC'[UI’e 5: 2y T Circuit Circuit
L < 3H
u Measurement of Inductance a0 a0
R1 R2
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Module 2 Lecture 3
MA4822

Measurement of Resistance

Xie Ming, PhD (France)

mmxie@ntu.edu.sqg

http://personal.ntu.edu.sg/mmxie
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Outline
% Controller Actuator PhySiCal

|

\4

Sensor |< World
u Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
u Computation of Resistance —
e

u Measurement of Resistance

Resistor is a sensing element

Both resistive and capacitive technologies have a strong electrical component,
both use ITO (Indium-Tin-Oxide, a clear conductor), and both will be around for
a long time to come. A resistive touchscreen consists of a flexible top layer,
then a layer of ITO (Indium-Tin-Oxide), an air gap and then another layer of ITO.
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Outline
% Controller Actuator PhySiCal

|

\4

Sensor |[< World
u Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
u Computation of Resistance = =
fE==—u InE T
I I e I A 010D S e T )

u Measurement of Resistance —
Resistor is a sensing element

Both resistive and capacitive technologies have a strong electrical component,
both use ITO (Indium-Tin-Oxide, a clear conductor), and both will be around for
a long time to come. A resistive touchscreen consists of a flexible top layer,
then a layer of ITO (Indium-Tin-Oxide), an air gap and then another layer of ITO.
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Definition of Conductor/Insulator

u  Conductor refers to any material which allows electrons to pass
through it without difficulties.

v Insulator refers to any material which does not allow electrons to
pass through it.

insulator | | conductor

'4
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Definition of Resistor

u  Resistor refers to any material which allows electrons to pass
through it with certain levels of difficulties.

Aluminium Body for
Heat Dissapation

l \ Electrical Connecting Lugs

Cooling
Fins

Mﬂunling _ - F e

Fegt T Lo v
Resistive Metal Wire
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Example of Resistor Design

l Connecting Leads —l

Insulating
Material

Spiral Groove Resistive Film
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Example of Resistor Design

Connecting Leads

Insulating Material Carbon Midure
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Example of Resistor Design

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



Nanyang Technological University

Graphic Representation of Resistor

Resistors
Ag-738 rectangular
(USA, Japan) (Eurcpe)
MW fixed resistor [

W variable resistor wa
W{: continuous resistor ﬁf
W()' pre-sef resistor ﬁ
A potentiometer -

33"’{ pre-set potentiometer ﬁ
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Example of Graphic Representations

Fixed Resistor

Variable Resistor

I

Thermustor

* Thermistors are constructed of semiconductor material
with a resistivity that is especially sensitive to temperature

Ny
Light Dependant Q

Resistor (LDR) U_'
Resistivity sensitive to light

W
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Definition of Resistance

u Electrical resistance measures the degree to which a
resistor opposes an electric current passing through it.
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Example of Measuring Resistance

RESISTANCE: Measure this
with the component NOT
connected to the circuit.

Resistive Material on a Ceramic Tube
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Unit of Measurement of Resistance

u  The unit of measurement of resistance is Ohms.

47 x 10 @ 5%

A example:

multiplier

1% brown

2% red
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Resi stor os Col our C

Third Band

Mateh the third band 1o a chart below.
Then match the first two bands and read the value.

2 b b B bbb bbb
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e of Reading Res

1K RESISTOR (+/-)5%

8t p 1 (H-)5%

Match the Third Band First
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Resistors Could Be Connected Iin Series

Calculation:

Series: Wn, AMN—AM— —AM—

Example:
R2 R3
KO |— 3300
g R=R1+R2+R3+R4
Rl -t
=100Q + 1IKQ + 330Q2
+2KQ
=343 KQ

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



Nanyang Technological University

Resistors Could Be Connected in Parallel

Calculation: R,
_fv‘.‘,hu_
R, R, ~(URALRytI'R)!
Parallel: AN = W
‘R.i‘
_r“u“‘lhv_
Example:
Q
W G C C G
X X - -
0§ & = = = =

Total Resistance = Value of One Resistor / Number of Resistors
25K=10K /4
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Outline
% Controller Actuator PhySiCal

|

\4

Sensor |< World
u Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
u Computation of Resistance || i %) |2
SE==e == SEEEe =
= o S o o= T

U Measurement ol Hesislance | Resistor is a sensing element

Both resistive and capacitive technologies have a strong electrical component,
both use ITO (Indium-Tin-Oxide, a clear conductor), and both will be around for
a long time to come. A resistive touchscreen consists of a flexible top layer,
then a layer of ITO (Indium-Tin-Oxide), an air gap and then another layer of ITO.
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Ohmos Law f or Resli s

| = — Resistance
R
Flow of
di dv Electrons
| = —
Time Domain
Frequency Domain
-, Voltage
a p
W i Y

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



Nanyang Technological University

Example

u In the circuit as shown in the figure, when the voltage output varies 0.2
volts, the current changes 0.1 amperes. What is the resistance?

u  Answer: Resistance

. adv
dl - — Flow of
Electrons
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Alternating Current (AC) Circuit with Resistor

u  Diagram:

70,

2 It “
/N, ® R; o
¥, T /UT V(t) =V, sinwt ‘
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Equations of AC Circuit with Resistor

40
u Kirchhoffds Vol tag
Vod — .

V(t)- V,(t) =0 7,
N NZ
V(t)- 1()R=0

0= V(t) 0 Sin(at) N |
- , R < V(1)
| (t) — IO Sln(l/l/t) V(t) =V, sinwt ‘

Property of LTI System: Sine input, Sine output
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AC Circuit with Resistor

u  Phasor Diagram: (1)
@ R V(1)
lro = 1o Vro = Vo V(t) =V, sinot ‘
IRO —— IR(t)
@
s v
Vko % &() L) | - \
{ - RO
v i RO ----5 -
wt Vo
Phasor Diagram

Peak Values
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AC Circuit with Resistor

u  Root-MeanSquare Voltage: |(t)
— . © RZ Wi
& P o oET 0o B o oEiZoqo & [ =V,sinwr
~ o y \/E 0
» VYo o
I RO F——- I R(t) ‘w\r{;\h\!’
\\wﬁﬁ%&\ [0
Vio | 7-7 Vr(t
& / ") L) 7 ﬁﬁ]
{ - RO
v i RO [---—5 -
wt Vro
Phasor Diagram

Peak Values (RMS: Root Mean Square)
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Current-Voltage Methods

u  Zx refers to the value of the electrical parameter of a resistor under
measurement. Rref is a resistor with a precise value of resistance.

u Hence, the value to be calculated is:

V[} Siﬂﬂ)f

ity

2

<
R
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Example of Calculating Resistance

@ Ammeter R,
g (A) A
" N/
o 1 Voltmeter
% — Rsubject
S —
*% Rwiue
3 VA
S
O
Voltmeter indication
Rmbjmr =

Ammeter indication
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Example of Calculating Resistance

o Current Flow I Ammeter
o —>
o + ! | 7
7)) — |
T W I
@ : R=— | " Circuit
=2 I v I R, | _
% Voltage : @) | : Hesistance
> | Voltmeter ' I
+— = I |
c L B
L
)
c
(@]
@)

Linear
Value
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Example of Calculating Resistance

u  What is the equation of calculating the resistance RXas shown in the circuit

below? RL1

_O_._

+
Constant
RX | V
detQr | x

u Answer: | O0—e—

RL2

V =13 (RL1+ RL2+RX)

RX=¥- RL1- RL2
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Bridge-Circuit Methods

u  Four devices of resistor form a rectangle loop. A known power source is
applied to one pair of diagonal points. The voltage output from another
pair of diagonal points indicates the in -balance or out-of-balance of the
bridge circuit.

Viar = Vs Z, - Vs Z,
Z,+Z, Z,+Z,

V, 0 6 0= Vs Z Vs Z,

Sine ,9 @ _Zl+Z2 2 Z3+Z4

Wave
6 é Z, _ Z,

Z.+2, Z,+Z,
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Example of Using Bridge-Circuit

r"

Y Torque

X Torque
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Example of Calculating Resistance

u As shown in the figure below, if V1 = V2 = 1.2 volts, what is the resistance of
the resistor under measurement?

! : | RmiguK ok | O
Answer $ % % l
DC| LZW—©—V,
| — 30- 1.2 ampere | R2 P :%I;I{I%rjuouilﬁéw
103 10° | RX
3
R =Y, 10 10" 1 5= 6.67KW
., 3.0-12
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Outline
% Controller Actuator PhySiCal

|

\4

Sensor |€ WOI’ld
u Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
u Computation of Resistance = =
e S ot 1
SE=afes ESSnea
I I e I A 010D S e T )

u Measurement of Resistance =
Resistor is a sensing element

Both resistive and capacitive technologies have a strong electrical component,
both use ITO (Indium-Tin-Oxide, a clear conductor), and both will be around for
a long time to come. A resistive touchscreen consists of a flexible top layer,
then a layer of ITO (Indium-Tin-Oxide), an air gap and then another layer of ITO.
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Applications: Resistive Touch Screens

Resistive Projected Capacitive

Touch Screen Touch Screen
— —
Machanical Elsciromagneatic
Actuation 1 Acfualion \I /
= e L T e s mE
LEE 1 BT iy o 1ITO kit
iz L0 SR T T

Resistor is a sensing element

Both resistive and capacitive technologies have a strong electrical component,
both use ITO (Indium-Tin-Oxide, a clear conductor), and both will be around for
a long time to come. A resistive touchscreen consists of a flexible top layer,
then a layer of ITO (Indium-Tin-Oxide), an air gap and then another layer of ITO.
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Applications: Constant Current Source

| B
R1 Load

5

R2 Re

-
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Applications: Potentiometer
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Applications: Force/Torgue Sensors

Card 1

RS 232 &f—/ﬁ
Serial Port
PCIBus Interface Box Power
Card 2 Supply
D/A
A/D

PC "
Card 3
Encoder -
Counter | Motor
Driver

. Buffer
Card 4 Circuit
e | s
Force/T\ Adapter

Circuit Low Pass Filter [
& Level Adjust | I

T

Hall-Effect |
Current Sensor | F W1 W2

| Power & S:grual Ccnmet:tc:rIr | O
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Principles of Measuring Resistance

u  Electric voltage can be

automatically measured. 5000 FS.=1mA
9v [ ] » R
u  Electric current can be [— WA
automatically measured. DC
- 1"
u  Electric resistance could be related b""l‘é‘;fﬂ RX reﬂ';ggt

to voltage or current.

u  Hence, electric resistance can also
be automatically measured.
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Example of Designing Analogue Measurement and
Sensing Systems for Resistance

+ W
!IO ! ‘
Y Y
L of
er:mltl ierl =A
R ot "V\K, S ——
AN Rimitiplier V
e . <L
ro
1
® ® Ro — V
Common” A Va
jack ') O Y
Y
L:J O
* Input
Y Selection
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Example of doing manual [

.l_

measurement
> L Drr
RTIJUlti. ierl =A
R gt M oo
¢ AN ’ R uiplierz V
A .
o
® ®
"Common” A
jack
Power must be 4‘:'7
disconnected .
from the circuit Y Input
Selection

- Measuring Resistance
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How to design digital measurement
and sensing systems for resistance?

Resistance is converted to voltage which is measured by digital

u
voltmeter (e.g. microcontrollers).

Voltage

Synthesizer

Resistance Re\?oli[sgge/ Voltage An al Og ye
Conversion Comparator

All microcontrollers are programmable digital sensors of voltage!

Stop signal
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How to convert values of resistance
iInto values of voltage?

u  To use Wheatstone
bridge circuit

Resistor under
D Measurement
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How to convert values of resistance into
values of voltage? (continued)

u  To use a circuit with constant 0’0
current source ¢

"~ Resistor under

(’0 Y R1 " Measurement
Y Y :
W
W W
, v W Y
©or Ty TYY R
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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
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Summar
y % Controller Actuator .
Physical

|

\4

Sensor |< World
u Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
u Computation of Resistance —
e

u Measurement of Resistance

Resistor is a sensing element

Both resistive and capacitive technologies have a strong electrical component,
both use ITO (Indium-Tin-Oxide, a clear conductor), and both will be around for
a long time to come. A resistive touchscreen consists of a flexible top layer,
then a layer of ITO (Indium-Tin-Oxide), an air gap and then another layer of ITO.
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Outline of Module 2 IRt N
u Lecture 1: — — +

u Measurement of Voltage

Dynamics of Voltage

u Lecture 2: _l_—l
u Measurement of Current

+4+++ ++

u Lecture 3:

u Measurement of Resistance

u Lecture 4:
v Measurement of Capacitance

load

I — . [ )
é light AC é light

Il I
u Measurement of Inductance I |

u Lecture 5:
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Measurement of Capacitance

Xie Ming, PhD (France)

mmxie@ntu.edu.sqg

http://personal.ntu.edu.sg/mmxie
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Outline
ﬁ(Tm—Controller Actuator — Physical
Sensor < WOrld
u Understanding of Capacitance
u Computation of Capacitance . N

oo M

u Measurement of Capacitance

ITO

, ™ T —D ==
s L.Glags | iR A GRogS TS

Both resistive and capacitive technologies have a strong electrical component,
both use ITO (Indium-Tin-Oxide, a clear conductor), and both will be around for
a long time to come. A resistive touchscreen consists of a flexible top layer,
then a layer of ITO (Indium-Tin-Oxide), an air gap and then another layer of ITO.
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Outline
ﬁ(fm—COntroller Actuator — Physical
Sensor < WOrld
u Understanding of Capacitance
u Computation of Capacitance - —

u Measurement of Capacitance

Both resistive and capacitive technologies have a strong electrical component,
both use ITO (Indium-Tin-Oxide, a clear conductor), and both will be around for
a long time to come. A resistive touchscreen consists of a flexible top layer,
then a layer of ITO (Indium-Tin-Oxide), an air gap and then another layer of ITO.
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Definition of Capacitor

u  Capacitor refers to a device which can store variable electric
charges or energy.

Condujti\ve plates
any L
T

A

Dielectric
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Similar Device: Elastic Spring

u Itis a device which stores elastic potential energy.

u  The energy stored inside a spring is not constant.
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Properties of Dielectric Material

u Adielectric material (dielectric for
short) is an electrical insulator that
can be polarized by an applied

electric field. When a dielectric is Conductive plates
placed in an electric field, electric A A 1
charges do not flow through the | ’ d

T

material.

Dielectric
u Dielectrics is the study of dielectric

properties which concern the
storage and dissipation of electric
and magnetic energy in materials.
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Prorfrty of Capacitor with Dielectric Material

— Increases

Dielectrics

Decrease in voltages

Voltmeter
(@)

+Q, ' " Q, +Q
Vs

Inserting a dielectric into a
capacitor while either the
voltage or the charge is
held constant has the

same effect — the ratio of
3 3 charge to voltage

Increase in charges | increases.
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DI el ectri ¢ Constant

D i EI ECtr i CS Dielectric

€A
C=Kk-°
dielectric constant / d
E o o opn. BT[> g =885410 CIN.N
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Graphic Representation of Capacitor

o A
Lod 144

Standard capacitor Old (obsolete) Electrolytic capacitor symbols
symbol capacitor symbol (with respect to polarity)
Variable capacitor
symbol
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Parameters of Capacitor

Electric charge: Q (Coulomb)

c

plates
u  Capacitance: C (Farad) \
d ___
QMF |~——[710
u  Distance between two plates: d (meter) i :
insulator e
+ die.l::arctri-: !
_|_ 1
u Area of parallel plates: A (meter?) 4+ l
Clt |
A
()
—/
V
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Capacitance without Dielectric

u When the space between the parallel plates is vacuum, we have:

c =2 (coulombnolt)
v \
d
V3 A QrEl—71°
Q - eo d + | + | insulator ! —
+ die:arctri-: !
_I_ ]
A il
C=¢g— c
d
)
. P ) /
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Exam p I e plates
u A parallel-plate capacitor has the area d \‘_
of 10.0 mm2. The distance between QM+ |—— : Q
the plates is 0.1 mm. What is the i _ :
capacitance? t HE ol N
+ dielectric |
+ ]
u  Answer: C|t '
A
d —/
31(y° \%
C=8.854310" 100 193 =0.8854 10 **F
. P .
E — w8t pt. B T#
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Capacitance with Dielectric

u When a dielectric is inserted into the parallel plates, the voltage will
decrease by a factor of K, if the charge is kept constant.

u When the voltage is kept constant, the charge will increase by a factor
of K. So, we have:

Q Conductive plates
= —= (Coulomb/\blt) / \
V ; _L
& 7
3
Q:KeOV A
A Dielectric
C=Kg —
d
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Outline
ﬁ%_Controller Actuator — Physical
Sensor (< World
u Understanding of Capacitance
u Computation of Capacitance . N

u Measurement of Capacitance

Both resistive and capacitive technologies have a strong electrical component,
both use ITO (Indium-Tin-Oxide, a clear conductor), and both will be around for
a long time to come. A resistive touchscreen consists of a flexible top layer,
then a layer of ITO (Indium-Tin-Oxide), an air gap and then another layer of ITO.
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Unit of Measurement of Capacitance

u  The Sl unit of capacitance is the farad (symbol: F), named after the
English physicist Michael Faraday.

u Alfarad capacitor, when charged with 1 coulomb of electrical charge,
has a potential difference of 1 volt between its plates.

Conductive plates

0 e L
6 — #1 01T 1TAT6T10 4 /\ 1
@ y g
;O &AOAA
N Dielectric
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Capacitors Could Be Connected Iin Series

Calculation: C C, Cn-1 Cn
O II " oo " " Vo)
LI + 1 ...+ 1 + 1
Crot C1 Cp = Cy_1 Cy
Example:

10F 10F 33F

1 l+l+l

= =0.1F + 0.1F + 0.03F = 0.23F
Ctotal 10F 10F 33F

Ctotal = 2 e 4.35F
0.23F
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Capacitors Could Be Connected in Parallel

ee0—0— ¢ O
Calculation: C, C, Cu. Cu
O—e— o —o0000—0—— 00O
CTOI.' = C1+C2+... +CN—1+CN
Example: 1 _
AT I3 |8 15
oF Cs Cs
L — —
0.1uF 0.2uF 0.3uF
A
B o
Con =C, +C,+C,=0.1+0.2+0.3=0.61F
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Dynam|CS Of CapaC|tor A Transient response

A Steady-state response

u  Transient Response:

A0
3 arge position ffrisc
Q:@OVdA chrgpo'r\ﬁ,dpﬂme{ H
w ] TV
i =C— '

dt R H—

Time Domain

Frequency Domain

a
174 ’ ’
— o | |

o , Q This Is a vector
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Frequency Response
u  AC Circuit:

40 N,

" |
T/UT (t) =V, sin®t |
= A . = A

A Frequency response

e~ .r[ 17
Ol_&',( |:> o P

W i w0 pIfQ 6 <— Impedance
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Response:

: Function ; 1
. generator : —
. generator . C,=——
WZ.,
—| c 1 "Q
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Frequency Response

20

u Kirchhoffds Vol tage
Vo

V(t)- V. (t) =0 ’ %
Q(t) _ vy
V(t)- C

Q(t) =C3 V() =CV,sin(m)
dQ(t) @ C —Ve®

V(t) =V, sinwt
dt

| (t) = uCV, cosin) ¢ =2 (CoulombAoh)

|(t) = —2
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Frequency Response

., Capacitords Resista ¥
Vo
| (t) = nCV, cosin) 1 _TLMC ;
1(t) = ( 1/\/,/,0,(:) cosit) =1,cosiit) |A F;eTesponse
o " (1/VI/IO/C) i \Z/Z @ C V)

V(t) =V, sinot

. P
(0)) — « It is called Capacitive Resistance
o Impedance = {Resistance, Reactance}
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Frequency Res/pe-nse-

u  Phasor Diagram:
EV C V)

| (t) = WCV, cos(in) V(t) =V, sint

O 0 E

d) p (,o Impedance = {Resistance, Reactance}
Iy
Vo |-

Reactance
| co—lo VC 0= Vo Current leads voltage by 90 degrees
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Computing Methods Using AC Circuits

u  Zx refers to the resistance of the electrical parameter of a capacitor
under measurement. Rref is a resistor with a precise value of
resistance.

u  Hence, the value of capacitance could be calculated by:

I:{ref
VWV z,=Ye=_Yu_ R
ZX | VA1'VA2
S = |
Y V C, = L
Al A2 X = 5
v WZ
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Example

u  Voltage amplitude measured at Al is: VA1 = 1.929 V. Voltage amplitude
measured at A2 is VA2 = 0.310 V. Phase difference between voltage
measured at A2 r e79.89%.\Wha istheoamp@itudeiofs q =
the difference between Voltage at A1 and Voltage at A2?

/\j

u  Answer:

o w w

Vo =V, €08Q)1 +V,,SIN@) |

(to continue)
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/\j

Answer: .
\q > VA1 :VAli
V:z =V COS@)i\J"'VAz sin(@) T

Vio| = (Vs - Vi €OS))° +(0- V,, SiN@G))°

V-V,
V- Vio| =V 2= 2V, c0SG) +V/
V-V,

Vi| = J1.92F - 291.92910.31cosf 79.95°) +0.37
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Example

u Voltage amplitude measured at Al is: VA1 = 1.929 V. Voltage amplitude
measured at A2 is VA2 = 0.310 V. Phase difference between voltage

measured at A2 r el9.8%.\Wha is theocapacitancesf a =
Rref = 1K Ohms?

u  Answer:

(to continue)
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Answer

= VA2 — VA2 ) -];
Zx | VA1 ] VA2 I:\>ref 7
Z 0.3191000

* JL929 - 291.92910.31c0s( 79.95) +0.312

1
WL,

Z, =163193N —> C, =
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Computing Methods Using RC Circuits

Von A Transient response
oA A Steady-state response
R capacitor y P

7
b N C_lq 7 0.632E |
- —T=q
o W
e P— 0 -
Switch 0 z=RC 27 3t 4t t
(a) (b)

https://www.youtube.com/watch?v=74fz9iwZ_sM
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