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Outline

» Module 1: Foundation of Al Sensors

» Module 2: Sensors for Electrical Systems
» Module 3: Sensors for Mechanical Systems
» Module 4: Sensors for All Environments

» Module 5: Sensors for All Industries
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Remember your mission as MAE
undergraduates ...

»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.

User’s
Instructions : :
Planning Digital || Perception
Modules Workspace Modules
Autonomy T
Control Sﬁsntcelénrs Actual
Modules Control Workspace
Automation
Sensory
Modules
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Why to study this course?
o _; Y =

| Traffic Management 9 Aif Pollution »
Smart Parking @
: Electromagnetic
| Emissions
Internet of Things G G
J,
Smart Buildings

((( r)))

Public Safety
Smart Home
Gas & Water O
Leak Detection Smart Environment

D O

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

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

» 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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What are you gOing to StUdy 'in Module 1: Foundation of Al Sensors

*  Basics of Physical World
* Randomness of Physical World

t h i S CO u rse? . Basics of Conceptual Worlds

*  Fuzziness of Conceptual Worlds

Randomness

—

= =

Action

Physical

Conceptual
Al Loop

World World

=

=

N~

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

Directly-detectable

Readable Values

N
7

Not-Directly-detectable Directly-detectable
) . Measurement Sensory Data with AI SensorS
Physical Quantities Unbounded Error
Under Measurement SenSi ng >
—> i [ Languages |
Sensory Data with Sz {B eli efs}
. . Bounded Error . .
Calibration > | Fuzzification >
{Texts}
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Today’s Lectures ...

>

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

» Lecture 1:

» Measurement of Voltage
» Lecture 2:

» Measurement of Current
» Lecture 3:

» Measurement of Resistance
» Lecture 4:

» Measurement of Capacitance
» Lecture 5:

» Measurement of Inductance

Senes Circuit
DC current
—>
— +
AC current
—>
- +
S |
Chargin Dischargin
Vdc =l Ci g.tg Ci gt g
12V ircui ircui
L <3H
140 140
— | |
| | - | S
R1 R2
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Outline of Module 2

» Lecture 1:

» Measurement of Voltage
» Lecture 2:

» Measurement of Current
» Lecture 3:

» Measurement of Resistance
» Lecture 4:

» Measurement of Capacitance
» Lecture 5:

» Measurement of Inductance

Series Circuit
DC current
—>
— +
AC current
—>
— +
S|
Charging Discharging
Vdc =l Circuit Circuit
12y ircui ircui
L 43H
140 140
— | |
e - Rl
R1 R2
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O u tl] ne % Controller Actuator

A4

Physical

» Electrical Charge I Sensor World

N

» Electrical Force

Entity photons
molecule
» Electrical Field 4 /
"\‘ atom
. . C ‘1
» Electrical Potential H
electron
nucleus
» Measurement of Voltage neutrons

protons
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O u tl] ne % Controller Actuator

A4

Physical

» Electrical Charge I Sensor World

N

» Electrical Force _
Ent|ty photons

» Electrical Field

» Electrical Potential

eluctrm"l A ' T quark
nucleus

» Measurement of Voltage eutrons| U

protons
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Example of Electric Charges inside
Human Bodies ...

ELECTROCARDIOGRAPHY

O LN VUWTIOUC FLLATEN

SCRAL AN T
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Structure of Matter K@ )

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

18
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Example of Atoms

@

Hyvdrogen Helium

Lithium

Structure
of atoms.
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Example of Nucleus

M
- -
N
° ‘,\‘ /
.\ ’/:’_K ‘\\ /
R I
.\ 7 7 I\
Nucleus LN = s —X//. N
it LN & ®
N
NP :

N
Electron Shellsj
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What happens when a neutral
atom losses or gains an electron?

» 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

» When a neutral atom losses electrons, the result
is called a positive electrical charge.

» A proton itself is a positive electrical charge!

» When a neutral atom gains electrons, the result
is called a negative electrical charge.

» An electron itself is a negative electrical charge!

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

¢ 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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O u tl] ne % Controller Actuator

A4

Physical

» Electrical Charge T Sensor World

N

E ical F
» Electrical Force Entity ohotons

» Electrical Field

» Electrical Potential

‘

electron A ' T quark
nucleus

» Measurement of Voltage eutrons| U

protons
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Coulomb’s Law

» Charles Augustin de Coulomb (1736-1806) has done the study
about the interaction force between charges.

» He has discovered that the interaction force is proportional to
charges and inversely proportional to their distance square.

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



Nanyang Technological University

Unit of Charge

» One unit of charge is one Coulomb, denoted as C
» 1Cisequalto: 6X 10" electrons
» The charge of one electronis: 1.60217733x107°C

» The charge of one protonis:  1.60217733x107°C

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Value of k

‘%%‘
7”

F=k

k =8.988%x10° N.m?*/C"

k = : =9.0x10° N.m?*/C?
dre,

g, =8.854x107" C*/N.m’

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



Nanyang Technological University

Example

» Find the electrical force between charge q1=+25nC and q2=-75nC
if their distance is 3.0cm.

» Answer:
-9 -9
P k‘qlqz‘ 9.O><109><25X10 ><7(2)><10
7’ (0.03)
F=0.019N
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O u tl] ne % Controller Actuator

A4

Physical

» Electrical Charge T Sensor World

N

» Electrical Force

Entity photons
molecule
» Electrical Field , /
atom
| X
» Electrical Potential H
electrun
nucleus
» Measurement of Voltage neutrons

protons
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Concept of Electrical Field

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

» Then, the electrical force at distance r is:

194 _ ;12

r 7‘

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

\Q\ =19, -

7' r

E=k—=
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Definition of Electrical Field

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

» The density of electrical field is equal to:

E:k@ E:k@-?
r r

(vector representation)
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Example

» 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?

» Answer:
Ol
ku
F=Ee(Q2= k‘Q‘oQ2
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AY
Example
» We have two charges as shown in the ~"JK Regultant Field

figure. What is the electrical field at 7 \E
the position which is at distance r1
from g1 and at distance r2 from q2?

» Answer:

E_=E cos(a)+E, cos(f3) ) '@ .,

E, = Esm(a)+ E, sin(f)

[
L[]

E=Ei+E,j
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Example

» 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)?

» Answer:

EP =k@n—{+k@n§ +k@n§ +k‘q“‘0174
r r

- R - - R -

1=ﬁ(l_D Tz=ﬁ(l+7)

, R | , R | * Repelling forces
5= \/i( L+ 4= ﬁ(_l -7 +  Attracting forces
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O u tl] ne % Controller Actuator

A4

Physical

» Electrical Charge I Sensor World

N

» Electrical Force _
Ent|ty photons

» Electrical Field

» Electrical Potential

eluctrm"l A ' T quark
nucleus

» Measurement of Voltage eutrons| U

protons
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Uniform Electrical Field

» 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

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

Work done
by a force

’ Ve 4 I'=ELeq
Eq|

e | ad=Y, -7,

E v
v ¥ Eq T APE=W =FeAd=Eeqge(Y,-Y))
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Definition of Electrical Potential Energy

Gravitational Potential Energy = Gravitational Force x Height

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

/\Y
+H++++++++

Case 1: Point Charge Y | X

Case 2: Uniform Electrical Field
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Definition of Electrical Potential

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

k N, KOO
r F ?EE'[,,F
./.q » = 1
Q
Electrical Potential Energy Electrical Potential

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

» What is the voltage at distance r1 from a point charge q1?

» Answer:
A y
q What is the force?
Vl'= k Tl _Pisjuatapuint
: u:pml Discussion \+: e  HghTotential
r / ]_ T > X
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Example

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

» Answer:

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

» 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?

: ) rY
. Electrical potential energy
» Answer: / per unit charge
Legey
V= =Ley
q

AV =V(y=d)-V(y=0)=FEed
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Comparison Between Electrical
Field and Gravitational Field

@ Gravitational

@Potential GPE = mgh

h @ Energy (Joules)
h

Gravity Field

h

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

Electric EPE:qu

Potential

d Energy (Joules)

Electric Field

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



Nanyang Technological University

O u tl] ne % Controller Actuator

A4

Physical

» Electrical Charge I Sensor World

N

» Electrical Force _
Ent|ty photons

» Electrical Field

» Electrical Potential

eluctrm"l A ' T quark
nucleus

» Measurement of Voltage eutronh| 9"

protons
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Voltage Generator

Generator

Pl o) 0:01/4:00

48
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Voltage Measurement Inside AC Generator

220V

— g — Controller Actuator :
Physical

T 220V
Systems

\4

\ 4

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
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In general, AC-DC conversion involves
two devices:

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

With Capacitor

A Cch - Wavef
A Ripple BES CD*nscharges / ﬂ::th.nn
O MM\T«: Capacitor
03 o1 PR WAl SOV ChRR SO, Wy S, | B
e L G B
B ovd V V V \ Capacitor
4 D2 e
O C Without Capacitor
k - current
o 4
» voliage
/\ °
_ e

A
VARV - '
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More Solutions ...

. N .
(a) (b)

Vin (AC) - Vout (DC)

(c) (d) [
| = J Vout (0c)

(e) oL (f)

Il | ‘
V- ——
Vin(ac) i M in (AC) {. J —— 7
5 t(DC)
. Il il "

| | | T

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

» 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

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to scale up or down DC voltage?

RESISTOR USED TO) == w— R 2
COMTROL MHIFI@HQ%:

R]

Vin—{I_———
nverinvg -ea o | OP AMP

MO INVERTING +

——  BASIC INVERTING AMPLIFIER

MADE WITH AN OP-AMP
V: R,
Vout =RL:XR2 =R_1XVin
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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: V Rz
Vout — R1 ><RZ —R_lxvin
Vin 12.0
R, = ><R2=—><100K—363636K0hms
Vout 3.3

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to cope with multiple ranges of
voltages to be measured?

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

R,
/o
/ R R,
Inverter
N

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to convert voltages of a fixed range
into computer-readable digital values?

» To use microcontroller such as ARM Cortex M4

» Working Principle:
» 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 ql| Counter
Voltage voltage g
Moasurement _ Analogue @l Digital

7

Comparator Display
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Example of Digital Counter ...

Receiving circut
Clock sigra EN
}mm e Q3 Q2 Q1 Qo
— it 0 0 0 0
0 0 0 1
Qo 5% Q2 Qs 0 0 1 0
\?ddvddvddvdd 0 0 1 1
e N S
e, = S =
@;E a | [d s | [d s | | 8 1 1 ?
1 0 0 1
I I . I 1 0 1 0
Active Clock Signal: Falling Edge 1 X 1 1
1 1 0 0
1 1 0 1
1 1 1 0
1 1 1 1
0 0 0 0
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Example of Voltage Synthesizer ...

D/A Converter
— R =1
A digital system 5Vor0V V, —-A\W— !
outputs digital
- 2R 0V R <-— 1 +1,+1
values encoded in 1T 2T A3
5V or OV Vi —-AN—
three bits. A DAC RS ]_
converts these —
V, AN
digital numbers into SVor OV Vs - v
analogue voltages. N ot
If we use the circuit
as shown in the oV
figure, what is the —
analogue voltage if
the digital value is _ Vv, V;
11172 Vnnt_'(vl'l' 2 + 4 )
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Exercise

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

» Answer: 5 5 5 5
= — X = —3.
Vour = —3000 (640,000 * 160,000 " 20,000 T T0,000) = 332 VOIS

640 kQ
e I..SB\\
1(3 /
320 kQ
0° > AN
160 kQ 5 kQ
5110 > AN ¢
é '\ 80 kQ
g 00— > ANV ‘ -
40 kQ
pri +
= 1o > ANN—1 ANALOG OUTPUT
0 \ 20 k@
O SAAA A e |
/’
1 MSB [ 10 kQ
\o—1 > AN
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Example of Analogue Comparator ...

» Analogue Comparator is a device which outputs:
» logic 1 if V(+) > V(-)
» logic 0 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

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Good News: All microcontrollers are

actually digital voltmeters

» Cortex M Series

» Support 12 inputs of
voltages under
measurement

» Digital values with 12
bits

TM4C123x

ARM®
Cortex®-M4
Up to 80 MHz

Control Peripherals

2x Quadrature Encoder
Inputs

16x PWM Outputs

| 85°C | 105°C |

Temperatures

Up o 256 KB Flash |8
Up to 32 KB SRAM .
2 KB EEPROM &

DMA (32 ch)

I comms Peripherals |

" 8x UART ’

4x SSI/SPI ’

B exrc |
2x CAN ,_

USB Full Speed _
‘ (Host/Device/0TG) .

Temperature Sensor
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Output from Cortex M4’s ADC

» 12-bit digital numbers: 0x000 to OxFFF

D
A
OxXFFF =
% I
0xC00 D — i X 212 |
3.3 |
0x800 =~ I
I
0x400 ——
|
-~ I i i Q! >~
N N) IN
& Aqs'f‘\} Q_ée \\Q_éxﬁ qug
Q” ]’ Q
& & &

- Input Saturation
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Blueprint of ARM Cortex M4’s ADC

Digi tal / Quantization Devices 12 shared
Va|ues _ _ x Input Channels V()ltageS
Triggers ? \ ADCO | ces Channels
Output| Tioges y Input
aoc 1 [ e
e

\ Internal Process /
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w L]
[of— . SSO0 can take in a sequence of 8 samples.
o -<<:>< e
® -((: S L
CE)_ -Z = . E / 4 Sample Sequencers \ N
8 . x| HE ) Sampling Device 0
Sampling Device 1
ADC 0
Quantization Device 0 Sampling Device 2 <
(7p] <« g)
_§ T R o S— KSampIing Device 3/ 3
s =80 = MUX | o
o e —3
Q. = - / 4 Sample Sequencers \
E e L e Sequene —
o Sampling Device 0 <
O == —
ADC 1 Sampling Device 1
Quantization Device 1 Sampling Device 2

kSampIing Device 3 / - J
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ADC of Sequence-based 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 ¢ T :
Comparator —————{ ™ Sample Dlgltlzatlon
GPIO —— Sequencer 0
Timer »|sS3 >+ Control/Status ADCSSMUXD > S
P > Analog-to-Digital | | | =] g g\
™ ADCACTSS ADCSSEMUXO -10- |
T ADCOSTAT ADCSSCTLO Comverter votages
Comparator ———— Sampling & | D_ Analog Inputs
GPIO ——» ADCUSTAT ADCSSFSTATO Quantization 1 (nINx)
Timer ——m»{SS2—e |
PWM — ADCSSPRI ' )
*—P i ADCSPC Sample "
Sequencer 1
ADCPP
Comparator —— ADCssMuxt | [€ :
GPIO ———» ADCPC Hardware Jﬂ.weragmlJ
Timer ——SS51—9 ADCTSSEL ADCSSEMUX1 |
*—» ADCCC [
i ADCSSFSTATA i
Comparator —————| A ]
GPIO —1— I
Timer PSSO Sample )
PWM ——» Sequencer 2 < |
| B ADCSSMUX2 I Digital
ADCSSEMUX2 J, Col ato
ADCEMUX FIFO Block v mparator
ADCSSCTL2 " ADCSSOPn
ADCPSSI ADCSSFSTAT2 L | ADCSSFIFOD ADCSSDCn
— ADCSSFIFO1 ADCDCCTLn
Sample ADCSSFIFO2 ADCDCCMPN
Sequencer 3 ADCSSFIFO3
S50 Interrupt -« Interrupt Control ADCSSMUX3 | [ ADCDCRIC
SS1 Interrupt <€ ——
SS2 Interrupt ¢ ADCIM ADCSSEMUX3 | | L \ I
5853 Interrupt -
p ADCRIS ADCSSCTL3
ADCISC ADCSSFSTAT3
ADCDCISC DC Interrupts

e

PWM Trigger

Digital
Outputs
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Table of ADC’s Input Pins (12 in total)

Nanyang Technological University

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 0 can o o o 1

DCle— MUX </SSk—MUX |«

Digital comparators

take 8 analogue inputs/scan

Sample sequencers
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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

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



Application of Differential Sampling

]E_Tl:rtEl| LA

R:

Wheatstone Bridge Circuit

Wz

*B Flour pack
O

R3

000T —¢
000T

Learnchannel-tv.com
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Why to calibrate a sensor?

» Reason:

» Measured values may not be equal to true values.

Measurement
Data with unbounded errors
| 3 Sensing g
Physical Quantities
Under Experiments | |
Data with bounded errors
Calibration >

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



Nanyang Technological University

How to obtain reference values for
sensor calibration?
» Standard of 1 Volt:

» 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?

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

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

Measured Values
N

Maximum
cnor :

\
\
Output

E > True Values
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Exercise

» 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 Y;from the sensing unit are 1.2, 2.3,
3.4, 4.5 and 5.6 when the true values of input X; 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: Z; = a,Y;* +

a3Yi3 + azYiz + a]_Yi + Ao ?

2.0 "
t Maximum error
Measurement S
(<]
_— : &
Xi 1 SenSIng 3 1.0 Eull scale
5
j=1
LY 3
| Ideal line |
Calibration > 7, ; 5 e

—Setting distance (mm 1)-»
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An sSwer. Measurement

X; —3 Sensing

Zi = a4_Yi4 + a3Yi3 + azYiz + a]_Yi + Ao {} Yl
Calibration > Z;

1.0=a, x 1.2* +a3 x 1.2° +a, x 1.2% 4+a; X 1.2+ a,

2.0=a, x 2.3* +a; x2.3> +a, X 2.3% 4+a; X 2.3+ q,

1.0 1.2
3.0=a, X 3.4* +a; x 3.4° +a, x3.4% +a; x 3.4 + q, 2.0 2.3
3.0 3.4
4.0=a, X 4.5% +a; X 4,53 +a, X 4,52 +a,; X 4.5+ ay 4.0 4.5
5.0 5.6

5.0= a, X 5.6* +as x 5.6 +a, X 5.6° +a; X 5.6 + a,
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Why to do sensor’s error analysis?

» Reason: To tell buyers or users about a sensor’s For each Itru_e value, we can do
error analysis
performance.

» Error analysis is to compute:

» Systematic error = mean value - true value ]
4
o , , IS 5 fo 15 2 25 % 3 4 4% %0 % 60 8 70
» Repeatability error = value with maximum error - mean 5
(o3
Q
Value OUTlet ' \(\é (b%\og
Voltage & @
(mvAY) o

» Accuracy = value with minimum error - mean value

Hysterisis Error

» Hysteresis error = | measured value in increasing - measured value
in decreasing|

W

Input voltage

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



Nanyang Technological University

Example

» 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

» Answer: error analysis

» Mean value of measurements is: -

» V_aver = 6.03 volts ,
7 L

> Systematic error is: ° ﬂﬂﬂ ‘l }[ } { {

» V_aver - V_true =6.03 - 6.11 = -0.08 volts

6
» Repeatability error is: = h
» V_max -V_mean =5.96 - 6.03 = -0.07 volts

0O § 10 15 20 25 30 35 40 45 S50 S5 ©0 65 70
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Summar X
y %Controller Actuator — Physical
» Electrical Charge I
° Sensor |< World
» Electrical Force
Entity photons
» Electrical Field A:f"“"'e /
i‘h‘ = atom
» Electrical Potential he
electron

nucleus

» Measurement of Voltage

neutrons
protons
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Outline of Module 2

>

>
» Lecture 2:

» Measurement of Current
» Lecture 3:

» Measurement of Resistance
» Lecture 4:

» Measurement of Capacitance
» Lecture 5:

» Measurement of Inductance

Series Circuit
DC current
—>
— +
AC current
—>
— +
S|
Charging Discharging
Vdc =l Circuit Circuit
12y ircui ircui
L 43H
140 140
— | |
e - Rl
R1 R2
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UNIVERSITY =010, etge

Module 2 Lecture 2
MA4822

Measurement of Current

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

http://personal.ntu.edu.sg/mmxie
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OU tl_l ne % Controller Actuator Physical

|

\4

Sensor |< World
» Understanding of Current
Entity photons
» Computation of Current A;;T"“""‘-‘ /
i"'\‘ ~ atom
¢ Ve T ucleus
» Measurement of Current H ‘ b proton
ron @@~ u
ﬂ:ﬂ:::us i
quark
neutrons
protons
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OU tl_l ne —>®— Controller Actuator Physical

|

\4

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

O«

» 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)

» 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
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Understanding Current (3)

» 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 e« *)

Good conductor Semiconductor Insulator
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Understanding Current (4)

» Current cannot flow into insulator.

insulator | | conductor

=
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Example

Comparison
Insulators
and
Conductors
Differences Differences

stop the flow AN

of electrons - -_} f;;-"' Similarities
R

affect the flow
Insulators - Conductors

& ®

dry wood, paper,
rubber, ceramic

{ Examples: plastic,
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Understanding Current (5)

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

LOW CURRENT
2

HIGH CURRENT
© © Coo,
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Example

Light —
Conductors
+1.5V T

Positive Negative
Terminal = Terminal

@

S

@ =

Direction of electron flow Electrolyte 8

® A0 +12V

Higher voltage could produce higher current
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Understanding Current (6)

> When a Current passes [?:Ssnetic Field

through a coil, it will n
produce a magnetic Current Out A
SurmontOist

field. AL

ST TS ,.
|IIIII .'.’

v, V L

-

>

<ttninas O
Np NS :lllll;::.l'b
l|||

PR ]

: 'll-;:. \‘

V RELLT 11

S

Current In

Secondany

Pri Circuit
rimary

Circuit
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Example of Making Coils

6,5
Coils

4,5 Active coils

n

Wirediameter  Pitch Geound surince

Left hand Right hand

(Anticlockwise) (Clockwise)

J2JoweIp dpIsu
J9)0 WRIP IPISINQ

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



Nanyang Technological University

Example of Coils inside Motors
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What is a magnetic field?

Lines of Magnetic Flux

¥ a

_.—--'-*—-'—n—_

Like Poles - "Repel”
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Understanding Current (7)

» 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)
| (current)

ﬁ:lo(jxé)
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Right-hand Rule F

F = 1/Bsin 6
F 1 plane of I and B
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Example Of Energy Magnetic /‘\C&gcmaggs
Conversion (Motor)

field

Commutator

Brushes reverses
carry current
current to

commutator

Electric

current
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Example of Designing Analogue Sensor

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

» 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 Hall B <// produced by current
Z
I '
> &

Effect Sensor
./

:} pi;ﬂ
When there is no magnetic field, the /1 /+
electrons follow the straight path. s
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)

» Current represents electrical
energy.

» 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

» 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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Current’s Unit of Measurement

» 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

—

0

arbitrary point S I = = (Coulomb/second or 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
1 g
Conductance mho (G or ©) G=—=_
R 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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OU tl_l ne —>®— Controller Actuator Physical

|

\4

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

» System of R Circuit

Time Domain V

Frequency Domain

Relationship in Frequency Domain
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Equation of Current (2)

» System of C Circuit

v G
i=C d < 4
t . . C +{)
Time Domain ]
WV rms @ | Ve

Frequency Domain -0l
I(s) Y
——=( XS
V(s)

Relationship in Frequency Domain

Ss=0+jw
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Equation of Current (3)

» System of L Circuit

di R
y, =L — PR PR
L d Ifj, ;Hxxll
t .lr'r;’ w1
I Ly :
N Self-inductance
i N
VL Vm@ Vi R L|||| of the Coil
I = —dt ‘“L 1
A /| ij"fr
Time Domain ' R I

Frequency Domain

Relationship in Frequency Domain
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Equation of Current (4)

» Electro-magnetic System

F (force)

| (current) \\

ﬁzlo(fxé)

Current
Length of conductor Density of

Magnetic field
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Equation of Current (5)

» 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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OU tl_l ne —>®— Controller Actuator Physical

|

\4

Sensor |< World
» Understanding of Current
Entity photons
» Computation of Current ,;‘“jf"“""* /
t"'\‘ ~ atom
¢ Ve T ucleus
» Measurement of Current H ‘ b proton
ron @@/, qu
ﬂ:ﬂ:::us i
quark
neutrons
protons

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



Nanyang Technological University

Requirement of Doing Current Measurement

CW Rotation Elec. Deg.

Rotor Coils

-
a
2

v

I I I

Hall
Halz [ |
Mals [ 1 [

3 3

%] 59z §gz 5¢

5

Stator /
Field Coils

Shaft

VXI=TXUD

—> g —{Controller Actuator :
Physical

\4

Systems

N

Sensor
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Example of Current/Torque Control

T=kXIi VXIi=TXUD
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Principles of Measuring Current

» Current produces electro-magnet field which can
interact with another electro-magnetic field.

» Current produces electro-magnet field which
deviates a primary circuit’s electrons into a
secondary circuit.

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

» Arotor is subject to two sources of
torques.

» One is from the torsional springs.

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

» When the two torques are equal in

B [
magnitude and opposite in direction, f —oT,
the reading from a scale indicates the Force |
value of the current under Jewelled Bearing
measurement.

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



Nanyang Technological University

Equation Relating Current to Torque
4 Z F’zlo(fxé)

L)

P 4 Electromagnetic force on L1:

ﬂr/ x Fy=LeleB
: '¢; L1
// Electromagnetic force on L3:

I,=—L,e][eB

7/ N-F'
\/ \ Torque produced by F; about Y axis:

b b
T = (Gsin(@)) e Fy = (Gsin(g))easl«B

Pointer

Torque produced by F5 about Y axis::
b b
T3 = (=5sin(¢)) * Fs = Gsin(¢)) e asl+B
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Equation Relating Current to Angle |

N

Torque from current:
g T

Ti=k°I°Sin(§—9)

Torque from spring:
T,=Ce0

Equality of both torques:

kOIosin(%—H)zcwH

Equation of current:

C G B ' .
=< R
T orce
SIH(E_H) Jewelled Bearing
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Conceptual Design: Ammeter

Linearscale :
' 06 08

Nty
WA Iy
ok Wilry,,

!
7\

I/',//

Pr— Hairspring

Softiron
cylinder
Permanent
magnel

Jewellered
beanna
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B

Hall Effect Methods

yd
» A current under I /
measurement passes through . _
coils or a conductor in order /, /
+

to produce electro-magnetic
field which is applied to a
Hall sensor. V.,-k|IxB|

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

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

» 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 RL

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

» The voltage drop across the resistor or

shunt can be measured. T
Measured current

Voltmeter

AN

hd

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

» In this way, voltmeter becomes

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

An ammeter’s shunt allows the measurement of current values too large to
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 in Multiple Ranges ...

3002 F5.=1 mA

.-r"!.;"'w
L 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,=5.05051Q
. A .
1 off
.
black test red test
lead y | Current lead y | Current
Flows Out Flows In
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How to design digital measurement
and sensing systems for current?

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

Digital

Voltage
Synthesizer -{ll Counter
Voltage g
Current/ 2 .
Current Voltage Analogue Digital
Voltage :
Comparator Display

Conversion

All microcontrollers are programmable digital sensors of voltage!

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



Nanyang Technological University

How To Convert High Current to Voltage?

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



Nanyang Technological University

How To Convert Normal Current to Voltage?

20008 -
2002 ’ 2,

=

3002 Wb, g

l Drnd, 200ms,,
Range -’ EEIEIS'E 25
Selector DP1 DRI DR D

oL — +6Y
95¢
-5
A0, —

T 055 Microcontroller with Display
248

4
015

[T In I
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Remember to Do Calibration

» Curve fitting for calibration:

. : Measurement
» Yiis produced by Xi
» Ziis computed from Yi X;—1> Sensing
» Zi must be equal to Xi Y:
L
Calibrated Values Z; Calibration > L
Measured Values Y;
N
I”’*’”
L > True Values X;
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What is the standard of 1 Ampere when
doing the calibration of Ammeter?

» Answer:

» 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 - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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Example

» 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?

» Answer:

» Mean value of measurements is: |I_aver = 2.027 amperes
» Systematic error = |_aver - |_true = 2.027 - 2.0 = 0.027 amperes

» Repeatability error = |_max - |_aver = 2.10 - 2.027 = 0.073 amperes
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S umma ry % Controller Actuator Physical

|

\4

Sensor |< World
» Understanding of Current
Entity photons
» Computation of Current A;;T"“""‘-‘ /
i"'\‘ ~ atom
¢ Ve T ucleus
» Measurement of Current H ‘ b proton
ron @@l qu
ﬂ:ﬂ:::us i
quark
neutrons

protons
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Outline of Module 2

» Lecture 1:

» Measurement of Voltage
» Lecture 2:

» Measurement of Current
» Lecture 3:

» Measurement of Resistance
» Lecture 4:

» Measurement of Capacitance
» Lecture 5:

» Measurement of Inductance

Series Circuit
DC current
—>
— +
AC current
—>
— +
S|
Charging Discharging
Vdc =l Circuit Circuit
12y ircui ircui
L 43H
140 140
— | |
e - Rl
R1 R2
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Module 2 Lecture 3
MA4822

Measurement of Resistance

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

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

|

\4

Sensor |< World
» Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
» Computation of Resistance W
e

» 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
» Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
» Computation of Resistance = =
SE=afes ESSnea
= o S o o= T

» 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

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

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

insulator | | conductor

'4
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Definition of Resistor

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

Aluminium Body for
Heat Dissapation

Cooling
Fins

l \ Electrical Connecting Lugs

Mﬂunting I e S
Feet

Resistive Metal Wire

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



Nanyang Technological University

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, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Graphic Representation of Resistor

Resistors
Ag-738 rectangular
(USA, Japan) (Eurcpe)
MWy 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

Thermustor

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

Light Dependant Q

Resistor (LDR) U_'
Resistivity sensitive to light

W

I
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Definition of Resistance

» 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

» The unit of measurement of resistance is Ohms.

47 x 10 @ 5%

A example:

multiplier tolerance
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Resistor’s Colour Code Chart

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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Example of Reading Resistor’s Colour Codes

1K RESISTOR (+/-)5%

1 0.0 103 (+-)5%

Match the Third Band First
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Resistors Could Be Connected in Series

Calculation:

Series: Wn, AA—AN— —AM—

Example:

R2 R3
KO |— 300

R=R1+R2+R3+R4

=100Q2 + 1IKQ + 330Q
+2KQ

=343 KQ
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Resistors Could Be Connected in Parallel

Calculation: R,
_fv‘.‘,hu_
R, R, ~(URALRytI'R)!
Parallel: A = W
‘R.i‘
_r“u“‘,hv_
Example:
Q
W G C C G
X X - -
o o o ()

Total Resistance = Value of One Resistor / Number of Resistors
25K=10K /4

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



Nanyang Technological University

Outline
% Controller Actuator :
Physical

|

\4

Sensor |< World
» Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
» Computation of Resistance  ==|| Al 4
SE=afes ESSnea
= o S o o= T

» 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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Ohm’s Law for Resistor

] = K Resistance
R
d Flow of
. vV Electrons
di = —
R
Time Domain
Frequency Domain
Voltage
I(s) 1
V(s) R
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Example

» 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?

» Answer: Resistance
dv
dl - oW O
R Ell:elctronfs
P dv _ 0.2 10
di 0.1
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Alternating Current (AC) Circuit with Resistor

» Diagram:

70,

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

40
» Kirchhoff’s Voltage Rule:

V(t)—V,(t) =0 Y

V(t)—I(t)R =0

]( )_ V(t) V S]n((()t) |(t) >
’ R < V(1)
I(t) = ]0 Sin(a)t) V(t) =V, sinwt ‘

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

» Phasor Diagram: [(t)
@ R V(1)
Lpo =1, Vio = V5 V(1) =V, sin®t ‘
IRO —— IR(t)
w
Vo | -7 Vil
. % o ; \\
{ V) RO
v i RO ----5 -
wt Vro
Phasor Diagram

Peak Values
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AC Circuit with Resistor

)

» Root-Mean-Square Voltage:

T T > R Z V40
Vims = 1 j VZ sin?( wt)dt = 1 f V2 sinz(z—nt)dt L V(t) =V, sin@t
rms T 0 T 0 T \/E 0
0 0
Vo = V2 X Vims
Igo |-~ Ix(?) »
\‘_.‘; 'x} w
Vo t7-7 Valt )
& / ") L)oo 7 }
t _ RO
v i RO [---—5 -
wt Vro
Phasor Diagram
Peak Values (RMS: Root Mean Square)
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Current-Voltage Methods

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

» Hence, the value to be calculated is:

V[} Siﬂﬂ)f

ity

2

<
R
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Example of Calculating Resistance

g Am{rﬂn\a‘ter R,

§ —B—W

o 1 Voltmeter
= Rsubject
S —

e Rwiue

©

g VA

C

O

O

Voltmeter indication
Ammeter indication

R

subject =
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Example of Calculating Resistance

o Current Flow I Ammeter
O . -
= i
5 + | .
(7)) p— I
T W |
S I R=— | " Circuit
S : vV ! R, L
=  Voltage | @) | | Resistance
O 1 |
> I Vaoltmeter ' |
d - | I
c L E
S
)
c
(@]
@)

Linear
Value
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Example of Calculating Resistance

» What is the equation of calculating the resistance RX as shown in the circuit

below? RL1

_O_._

+
Constant
RX urren I Vv
%ourcetz f @ X1

» Answer: L O0—e—

RL2

V = Ix(RL1+ RL2 + RX)

RX=¥—RL1—RL2
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Bridge-Circuit Methods

» 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.

Vot = & L, - 4 Z,
Z + 7, Z,+7Z,

V, 06 O_Vszz_VSZ4

Sine ,9 @ - Z1 -I—Z2 Z3 +Z4

Wave
oy (o _

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

Y Torque

X Torque

Fg Bridge (Force of gravity)

RZ . Rx
Ri+R, R;+R,
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Example of Calculating Resistance

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

R3
» Answer: & RI%IUK %mﬁl Ips
DC 4 GV,
IV = 100K

_ LINEAR L

oo 30TL2 s o f R oo

10x10° RX
Vv, 10x10°

R =2 x1.2=6.67KQ
[,, 3.0-12
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Outline
% Controller Actuator :
Physical

|

\4

Sensor |[< World
» Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
» Computation of Resistance = =
SE=afes ESSnea
= o S o o= T

» 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.

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



Nanyang Technological University

Applications: Resistive Touch Screens

Resistive Projected Capacitive
Touch Screen Touch Screen
]
Machanical
Actuation
— ] —
1

SEATN 110
s _Glass

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

TR1

R2 Re
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Applications: Potentiometer

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



Nanyang Technological University

Applications: Force/Torque Sensors

Card 1

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

PC e
Card 3
Encoder v
Counter | Motor
Driver

. Buffer
Card 4 Circuit
DSP r
L DS ] | e

Circuit Low Pass Filter [
& Level Adjust | I

T

Hall-Effect |
Current Sensor | F W1 W2

b4 Y
Power & Signal Connector | O
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Principles of Measuring Resistance

» Electric voltage can be

automatically measured. 5000 ES. - L mA
N
91\,?' [ 1 R
» Electric current can be I | |: i A
automatically measured. DC
! Y
» Electric resistance could be related b'alck test RXx red test
ead lead

to voltage or current.

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

+ V
[ =
L off
er:mltl ierl =A
R ot "V\K, S ——
AN Rimitiplier V
e . <L
ro
_
® ® Ro — \V
Common” A Va
jack V —1IxRg
&—:»—( T T
R Input
X Selection
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Example of doing manual [

T
measurement
[ 2 LDH-
RTIJUlti. ierl =A
Rshum M .
¢ AN + R uiplierz V
AA oy
fo
® ®
"Common” A
jack
Power must be 4‘:'7
disconnected
from the circuit R Input
X Selection
Ry
v $ - V —1XRq
- Measuring Resistance R.Q + Rx x I
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How to design digital measurement
and sensing systems for resistance?

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

Voltage

Synthesizer

Resistance Resistance/ Voltage Analogue
Voltage
Conversion Comparator

All microcontrollers are programmable digital sensors of voltage!

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

» To use Wheatstone
bridge circuit ...

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

» To use a circuit with constant V-
current source ... in
V. " Resistor under
Vl — RZ in R1 " Measurement
R{ + R,
Vout
Vz — Vl Vl
Vin R
Vo.:=V: R
out n 2 Rl + RZ Re
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Remember to Do Calibration

» Curve fitting for calibration:

. : Measurement
» Yiis produced by Xi
» Ziis computed from Yi X;—1> Sensing
» Zi must be equal to Xi Y:
L
Calibrated Values Z; Calibration > L
Measured Values Y;
N
I”’*’”
L > True Values X;
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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Summary
% Controller Actuator )
Physical

|

\4

Sensor |< World
» Understanding of Resistance
Resistive Projected Capacitive
Touch Screen Touch Screen
» Computation of Resistance W
e

» 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 o e
» Lecture 1: B - .

» Measurement of Voltage

Dynamics of Voltage

» Lecture 2: _I_—I
» Measurement of Current

+4+++ ++

» Lecture 3:
» Measurement of Resistance

» Lecture 4:
» Measurement of Capacitance
S é light AC ¢ é light
» Lecture 5: !
Il
» Measurement of Inductance !

load
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Measurement of Capacitance

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

http://personal.ntu.edu.sg/mmxie
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O u tl] ne % Controller Actuator

|

\4

Physical

Sensor |< World
» Understanding of Capacitance
» Computation of Capacitance e I

Elsctromagnatic \
Actoation

b

» Measurement of Capacitance

o= _Glags | I I S 7 Gl T )

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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O u tl] ne % Controller Actuator

|

\4

Physical

Sensor |< World
» Understanding of Capacitance
» Computation of Capacitance o I

» 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.

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



Nanyang Technological University

Definition of Capacitor

» 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

» It is a device which stores elastic potential energy.

» The energy stored inside a spring is not constant.

< realtime | | Jupiter

S el | 9172
o

_ 116 time _ PlanetX

_ pause g=0

By ]
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Properties of Dielectric Material

» 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
material. 1
Dielectric

» Dielectrics is the study of dielectric
properties which concern the
storage and dissipation of electric
and magnetic energy in materials.
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Pr0|3§rty of Capacitor with Dielectric Material

Q. Dielectrics
,, Increases |

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
B 3 charge to voltage

Increase in charges | increases.
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Dielectric Constant ...

D i EI ECtr i CS Dielectric

C=K
s d

dielectric constant

k

= 9.0 x 10°N.m2/C? :: > g, =8.854x10"2C/N.m’

4me
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Graphic Representation of Capacitor

1 o d
Lod 444

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)

plates
» Capacitance: C (Farad) \
d ___
+ |<——[ " 1Q
» Distance between two plates: d (meter) N i :
insulator )
:II: die.l::arctri-: :
» Area of parallel plates: A (meter?) 4+ l
C|t |
A
()
—/
V
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Capacitance without Dielectric

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

¢ =€ (Coulomb/Volt)
y \
d
V x A S I 1 Q
Q — 80 d + | + | insulator ! —
+ die.l::arctri-: :
_I_ ]
A C :'I-‘ :
C=¢,—
d
)
9 2 2 U
k = e, = 00X 10°Nm /C V
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Example
» A parallel-plate capacitor has the area d \
of 10.0 mmZ2. The distance between Q¥ : Q
the plates is 0.1 mm. What is the i _ :
capacitance? T HE ol N
+ dielectric |
+ 1
» Answer: Cl|+ '
A
C=¢,— )
d —/
_ V
6
C =8.854x107" IO'OXIO_3 =0.8854x10"*F
0.1x10
k= = 9.0 x 10°N.m?/C?

4me
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Capacitance with Dielectric

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

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

0, Conductive plates
C == (Coulomb/Volt) / \
v ]
' d

T

\ 4

0-=Ke, V x A
d Dielectric
A
C=Kg,—
d
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O u tl] ne % Controller Actuator

|

\4

Physical

Sensor |< World
» Understanding of Capacitance
» Computation of Capacitance e I

» 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

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

» A1 farad capacitor, when charged with 1 coulomb of electrical charge,
has a potential difference of 1 volt between its plates.

Condu;ti\ve plates
any LS
T

C =§ (Coulomb/Volt)

_Q
¢ =y (Farad) Dielectric
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Capacitors Could Be Connected in Series

Calculation: C C, Cn-1 Cn
O II " oo " " Vo)
LI + 1 ...+ 1 + 1
Crot Ci1 Cy  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

O—9o——— ¢ e00e—9o———— ¢ O

Calculation: C, C, Cu. Cu
O —eo—o0s0s—0— 00
CTOI.' = C1+C2+... +CN—1+CN
Example: Ao ol :
A lll llz ¢13
C1 C, Cs
12v —— —— ——
I I I
0.1uF 0.2uF 0.3uF
Y
Bo
Co =C,+C,+C,=0.140.2+0.3=0.6 uF
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Dynam]CS Of Capacltor Transient response

Steady-state response

» Transient Response:

iy’
V > A chqrge PﬁSiTi;\ﬁ,’HiSCW {
Q _ go position
d H
= — l

izcﬂ C_i 0

dt B —

Time Domain

Frequency Domain

Hs) _ oy ' This | t
V(S)_ S S=0+jw IS IS a veclor
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Frequency Response of Capacitor ...

» AC Circuit:

40 N,

T/UT (t) =V, sin®t |
= A . = A

w=2nf w=— - Frequency response

Frequency Domain _
s=0+jw

I(s) o) 1
V(s) Cxs L) V(jw) 1/joC <—— Impedance
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Example of Frequency
Response:

Function : 1
. generator :
e rm e s e em—n . ' CX = —
w”Z
w = 2nf

200



Nanyang Technological University

Frequency Response of Capacitor ...

20

» Kirchhoff’s Voltage Rule:
Vo

o\ 1

Vt)=Ve()=0

0-29

O@)=CxV(t)=CV,sm(wt)
dO(1) @ C —Ve®

I[(t) = V(t) =V, sinwt
(1) =

[(t) = wCV, cos(wt) C= % (Coulomb/Volt)
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Frequency Response of Capacitor ...

i : Vit
» Capacitor’s Resistance: ()

I[(t) = wCV, cos(wt) T/U/\ K
¥

Vo +— oAl I
V
I(t) = " —cos(wt)=1,cos(awt) |- Frequency response
(1/ oC ;
p—
V. V
I, = 0 _ 0 @ c L,
(1/oC) Z, | - Ve
V(t) =V, sinwt
1
Lc = a)C « It is called Capacitive Resistance

Impedance = {Resistance, Reactance}
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Frequency Response ... ] et
Ph Di :
> asor Diagram @ c = v
[(t) = wCV, cos(awt) V(t) =V, sinot
I 1 1
VO = 1 = Z Impedance = {Resistance, Reactance}
&)
/Reactance
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Computing Methods Using AC Circuits

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

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

I:are
/\/\/f\/ 7 - VA2 _ VA2 R
ZX " 1 VAI o VA2 "
@ == |
\V/ \/ C. = L
A A2 < X COZX
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Example

» Voltage amplitude measured at A1 is: VA1 = 1.929 V. Voltage amplitude
measured at A2 is VA2 = 0.310 V. Phase difference between voltage
measured at A2 relative to A1is 6 = -79.95°. What is the amplitude of
the difference between Voltage at A1 and Voltage at A2?

N

J

» Answer:

\ 4

\9 g VA1: al

I7A2 =V, cos(@)z7 +V,, sin(@)]’

e e |
@
N
g é
@)
o)
j
o
D

(to continue)
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/\j
Answer:

\9 > V= AI;

I7A2 =V, cos(@)f +V,, sin(@)]’

‘VAI — I7/12‘ = \/(VAI -V COS(Q))z +(0-V,, Sin(‘g))z

‘VAI - VAZ‘ = V20 =2V, V,,cos(0)+ V2

‘VAI - VAz‘ =/1.929% —21.92900.31cos(=79.95°) +0.31°
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Example

» Voltage amplitude measured at A1 is: VA1 = 1.929 V. Voltage amplitude
measured at A2 is VA2 = 0.310 V. Phase difference between voltage
measured at A2 relative to A1is 6 = -79.95°. What is the capacitance if
Rref = 1K Ohms?

» Answer:

(to continue)
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Answer

0.31¢1000

Ly = 2 0 2
\/1.929 —201.92900.31c0s(—79.95")+0.31

Z,=163.1930 [ Cy=—r
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Computing Methods Using RC Circuits

Von , « Transient response

ol C_lq 7 0.632% |
N/
L e 0
Switch B 0 7=RC 2t 3t 41 t
(a) | (b)
—
s | https://www.youtube.com/watch?v=74fz9iwZ_sM
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Example

» In the following RC circuit, express the current as a function of time when
the switch s is turned on. If the current is i(1) when t=1s, what is the
equation for the calculation of capacitance?

» Answer:

q Resistor d q

C —.))- It
g .
i q ; ; Capacitor ! 5 Aj\{/tv

N

e "R RC
dq ¢ ¢
dt R RC

g=Ce(l—e ")

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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q(t) = Ce(1 — e~ t/RO)

C d q € . Resistor L . d q dv
(Y — L _ S —t/RC | -1 _ =
i) =—-=xe — )/ i=g =0
< g Capacitor —l—> R
—¢ i(t)R
— = In( ) .
RC € 5
< —t
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—t
C = .
R X ln(l(?R)
Resistor L L dq B dv
— D) T
i
b) When t = 1s, we have: A W
¢ = _3(1)}2 %
R X In( = )

Note: i(1) is given by the question
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Yoltage across Capacitor/V
Example ED

» In a RC circuit, the resistor’s ‘0 e e e
resistance is 50 Kilo Ohms. If © FEEE

we have the plot of voltage
across capacitor as shown in
the figure, what is the
capacitance and the applied 0

voltage? Timels

41

|
I

14

20

» Answer: Resistor . dq dv

qzcg(l_e—t/RC) —.'ém}'" l=E—CE

; ; Capacitor R
l': dq — & e—t/RC A
dt R
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COnt]nued Voltage across Capacitor/V

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Hints

oV RC _ &
c—0.55
P2/ RC _ &
c—1.00
E E E

X =
c—0.55 £-055 &-1.00

et —1.0c=¢"-1.1¢ +0.3025 C=

g =3.025 volts T

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Computing Methods Using Bridge-Circuits

» Four devices 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.

Vot = & L, - 4 Z,
Z + 7, Z,+7Z,

V, 06 O_Vszz_VSZ4

® o) Z+Z, 0 Z,+Z,

RS .z

Z+Z, Z,+Z,

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

» The capacitance C, to be calculated is connected to a bridge-circuit’s arm.
Alternating current from the built-in generator G is fed to one of the
diagonals of the bridge. A balance indicator | is connected to the other
diagonal of the bridge through an amplifier U. The bridge is balanced by
selecting the reference capacitor C, that produces the minimum deflection
of the balance indicator. By changing the ratio R,R,, it is possible to select
the required measurement ranges.
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Example

» If the generator G
produces the alternating
voltage of Vg, what is the G
difference between Va and

Vb?
» Answer:
1
Zy =Rq L3 =~
JwG,
P 1
Zz = R2 4 _]G)Cx

to continue ...
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Continued ...
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O u tl] ne % Controller Actuator

|

\4

Physical

Sensor |< World
» Understanding of Capacitance
» Computation of Capacitance o I

» 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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Applications in Electronic Circuits

Capacitor Circuit Capacitor
. Waveform :
purpose application requirements
. . C v High insulation
Coupling :
c m ». | resistance.
or .
blockin R, R, v Correct voltage,
g Ue JAAAAAAAL» t Low self-inductance
Decoupling n e ’ ANNNANNANS High insulation
or s i ' | resistance,
bypassing T NN Low self-inductance
: Ue > 1
Ue v
Filtering T oy e A [ RO l&?stipa Con tactor
R, R; v e ol ; '
Pass filter i R J:\ Stable capacitance
v Low
Filtering U PAAAAAL T e dissipation factor,
Stop filter v v i \/ Stable capacitance.
Ui N : Uo v IW Comp_arably high
Smoothing 230 VAC J— v " capacitance,
‘|’ ¢ R ‘ Low dissipation
. o : factor
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Applications in Touch Screens

,/]‘/ Surface Glass
* Capacitance formed when finger approaches

-, «—— Conductive Mesh

X-Plane Capacitance

Perpendicular
arrays of
Electrodes

Glass or other
Dielectric Layers

Substrate

Backside
Electric
Shielding

+ LCD
| Display
~—=* Layers
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Applications in Force/Torque Sensors

Flexure Beam

Capacitor
Electrode

Outer Ring Inner Ring
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Applications in
Acceleration
Sensors
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Principles of Measuring Capacitance

Constant Current Source vV

» Electric voltage can be 9y =
automatically measured. MPSAS2
» Electric current can be Vg
automatically measured. Ve e
I1
i 47 k
» Electric capacitance could be _lllg
related to voltage or current. 2k T
» Hence, electric capacitance can = =
also be automatically measured.
dv I,
d

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

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

Voltage
Synthesizer

Capacitance Capacitance/ [EVSiS
Voltage
Conversion

Stop signal

Analogue
Comparator

All microcontrollers are programmable digital sensors of voltage!
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How to convert capacitance into AC or
variable voltage?

! UEG
2x
MPSAS2
_ Resistar, R AC
—AY ¢
UE
Vin - = t .
/\} | Capacitor, C | Vou | i Variable DC
1
! + o 47k
:‘L , &
Vac 2k

CseN R, Instrumentation
Amplifier

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



Example of Converting
Capacitance into AC Voltage

Function ; 1
. generator :
;.. generator . C,=—
w”Z
w = 2nf

228
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How to convert
AC voltages into
DC voltages?

Tl
AC In D1
g DC Out >
Trana —C]
100uF
<

GND
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Remember to Do Calibration

» Curve fitting for calibration:

. : Measurement
» Yiis produced by Xi
» Ziis computed from Yi X;—1> Sensing
» Zi must be equal to Xi Y:
L
Calibrated Values Z; Calibration > L
Measured Values Y;
N
I”’*’”
L > True Values X;
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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S umma r'y % Controller Actuator

|

\4

Physical

Sensor |< World
» Understanding of Capacitance
» Computation of Capacitance e I

Elsctromagnatic \
Actoation

b

» Measurement of Capacitance

o= _Glags | I I S 7 Gl T )

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 oo,
» Lecture 1: — 2 +
» Measurement of Voltage
» Lecture 2: — 000
» Measurement of Current Mo current
> Lecture 3: So LED is OFF
M f Resi —
» Measurement of Resistance Dynamics of Current
» Lecture 4:

» Measurement of Capacitance
» Lecture 5:
» Measurement of Inductance
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Module 2 Lecture 5
MA4822

Measurement of Inductance

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

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

» Understanding of Inductance

» Computation of Inductance

» Measurement of Inductance
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Outline

» Understanding of Inductance

» Computation of Inductance

» Measurement of Inductance
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What is inductor?

Mink. Design. Bui

o) 0:08/2:59
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Definition of Inductor

» An inductor, also called a coil or reactor, is a passive
two-terminal electrical component which resists
changes in electric current passing through it.

» An inductor is a device which could induce magnetic
field.

» An inductor consists of a conductor such as a wire,
usually wound into a coil.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Making Inductors

Inductor with Inductor with
Iron Core Air Core

Copper

Higher
Inductance

Lower
Inductance
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Graphic Representation of Inductor

Inductor Symbols

Inner Core
Length [“ Material

- - | ’/
Cross-sectional
Area, (A)

Air Core lron Core
I
1
1 Mumber of Turns (M)
I
Fearrite Variable
Core Core
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Examples of Graphic Representations

Preset Preset
Iron Ferrite Ferrite Air Variable Inductor
Core Core Core Core  Inductor (rare) (common)

0t
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Physical Parameters of Inductor

» Inductance

Inner Core

Length (1) Material

’I

» Number of Turns ‘..

/ Cross-sectional
Area, (A)

» Cross-Sectional Area

» Length
i Number of Turns (N)

» Inner Core Material - O]
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Definition of Inductance

» Inductance refers to the ability for an inductor to
induce magnetic flux by electric current.

l Current

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



Nanyang Technological University

O h m ,S LaW fo r Simple a.c. Generator

Inductor s

¢=Lxi

do=Lxdi o

current flows

Current

d¢  Voltage induced by the
— —  change rate of magnetic flux
d inside a coil or loop

V

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

» Understanding of Inductance

» Computation of Inductance

» Measurement of Inductance
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Unit of Measurement of Inductance

» The henry (symbol H) is the unit of electrical inductance in the
International System of Units. The unit is named after Joseph Henry
(1797-1878), the American scientist who discovered electromagnetic

induction independently of and at about the same time as Michael
Faraday (1791-1867) in England.

di
dt

Voltage Across Inductor (VOLTS
LHENRYS) = di/dt (an (mnpsfsec_L—L“nnds) |

v=1L
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Nanyang Technological University

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
Conductance mho (G or U) G = i = l
R E
Power watt (W) P=IxEorP=IR
Inductance henry (L or H) V, = -L (%]
Capacitance farad (C) C = % (Q = charge)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Inductor’s Colour Code Chart

Result Is In pH

43%[}@0353 270uH = 5%
i —

COLOR 1st BAND | Z2nd BAND | MULTIPLIER TOLERANCE

BLACK

=
=

+ 20%

—

BROWN 1 Military = 1%
RED 2 2 Military = 2%
ORANGE 3 3 1,000 Military + 3%
YELLOW 4 4 10,000 Military + 4%

5 5

6 B

7 7

WHITE 9 9
Military + 20%

0.01 Both =10%

Identifier = I = b.8uH = 10%
MILITARY CODE

To use military code
Decimal Point
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Example

‘MULTIPLIER TOLERANCE
+ 20%

7st BAND |2nd BAND

Military = 1% RS

Military + 2%
ORANGE Military + 3%
YELLOW Military = 4%

GREEN
| BLUE |

VIOLET
 GREY |

WHITE |
NONE Military + 20%
_____ <

OLD
SILVER

1st Band red

2nd Band violet Multiplier Hrown

A 270pH Inductor
27x10 pH with a tolerance rating of + 5%
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Inductors Could Be Connected in Series

L1 L2 L3 Ln
oI ) o Wy p T, o WS YT Y
+ + + +
+# V1t T v2T  v3 T vn ~
V'
o

L, =L+L,+..+L

equal
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Inductors Could Be Connected in Parallel

AO - y
A I Iz I
v L Lo Ls
BO-Y
| | | |
=—t—t.+—
Lequal 1 LZ Ln
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Dynamics of Inductor ...

Transient response / Switch to 1 \ / Switch to 2 \

Steady-state response
di di

V=iR+L— iR+L—=0
d d
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« Transient response

Exa m p le « Steady-state response

» In a RL circuit, when the loop is closed, what is the time function
of voltage across the inductor?

Vb
1=0 =%
» Answer: 2 e
|"U’h R | — | -'.."' Current I _ E(l ~ E_me)
] T R
i LY
Vb = l R + L —_— r-.....- ' Voltage across inductor
dt V,=V,+V, i e V= Ve R
Al I R i
Vi=IR+L—= / L, 2L 3T ——
= — _— G L]
Vb As the current increases R ‘R V,
i=—(1- e_tR/L) Dy Attime [ =0 time £ =%
=0
R V,= R+ 4 V, =0 V=V,
V.=V,
the rate of change of Time constant T = %

current decreases.
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Continued ...

V
10 = _b
=0 R
Z e
| g Current
I;Vh K —4 L -, ] = E(l _ e—rm.f.)
- ‘.li‘ R
L | - “"-,i Voltage across inductor
H:Vﬂ_l_vi. | T VL =Vbe-fﬂfl.{.
M ------------------
V,=IR+L-= T 2 T
t=— t=— As T —» oo
‘ / R R ’
As the current increases ) ‘I,JL
@ At time I='U time [ — I—}'E
Al 1=0
V,=IR+L—} Ve=0 Ve =V,
the rate of change of Time constant T = —
current decreases. R
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Frequency Response of Inductor ...

» Diagram:

70,

Vo

SN LB o
. T/UT V(t) =V, sinwt

Frequency response
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Frequency Response of Inductor ...

» Kirchhoff’s Voltage Rule:
(1)

V() -V, ()=0 ,

dl(t) /\ t

V(t)—L—2=0
O=-L=,, Ll ST
_ 1 _ 1 . ° Frequency response
1= [V()at = - [V, sin(er)dt |
v, v, . . © | L8 v
[(t) =——=cos(wt) = —sin(wt ——) V(1) =V, sin@t
ol ol 2 \
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Frequency Response of Inductor ...

» Inductor’s Resistance: )
v 5
I(t) = —OL sin(wt — %) = [, sin(wt — %) /\ t
0
Wy —— _TLMT_ .
A
"ol Z,
@ L g V(1)
V(1) =V, sin@t
Z, =wL
T It is called Inductor’s Resistance

Impedance = {Resistance, Reactance}
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Freq uency ReSpOnse: Impedance = {Resistance, Reactance}

s=0+jw
» Phasor Diagram: Frequency Domain @ L g Vi(t)
\ V(1) =V, sin@t

dI(t) I(s) 1 [(jw) 1
Vit)=L——— 1 = — = -
dt V(s) Ls Vijw) joL
\

Impedance

ol = 1,(0) G v,

T f . Reactance
ARV C

(] S [

Vio = Vo Current lags voltage by 90 degrees

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



Nanyang Technological University

Computing Methods Using RL Circuits under
Frequency Response ...

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

» Hence, the inductance could be computed as follows:

Zy = wlLy
AYAVAY
| ZX ZX — VAZ — VAZ Rref
1 VAI o VAZ
) |
Va Vio | 24
| s
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Example

» Voltage amplitude measured at A1 is: VA1 = 1.832 V. Voltage amplitude
measured at A2 is VA2 = 0.952 V. Phase difference between voltage
measured at A2 relative to A1 is 6 = 56.03°. What is the amplitude of the
difference between Voltage at A1 and Voltage at A2?

» Answer: —’\?\fi\/ AC1 R A2
| s :
V,,=V,cos(0)i +V,sin(@)] @ Z,
Z VA1 =V 4l I spmyepeseyepeyepeseyepeyeps |
A4 7, = wly
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Answer: JRY N B, Yl
: 50

V,=V,cos(0)i +V,sin(@)] | ~

—
>VAl

‘VAI — VAZ‘ = \/(VAI -V COS(Q))Z +(0-V,, Siﬂ(e))z

=V 4!

‘Vm - VAZ‘ = V=2V, cos(0)+ V72,

V., =V, |=41.832%-201.83200.952c0s(56.03°) +0.952
Al A2
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Example

» Voltage amplitude measured at A1 is: VA1 = 1.832 V. Voltage amplitude
measured at A2 is VA2 = 0.952 V. Phase difference between voltage
measured at A2 relative to A1is 6 = 56.03°. What is the resistance of the
inductor if Rref = 1K Ohms?

» Answer: premmmmmm ey
i ng i Al I:%naf A2
- VYWV
4 v 5 500 i
ZX — A2 _ A2 Rref E @ i i
! VAI - VAz i i i
(to continue) T :
v ZL = a)LX
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. Re | Al Ry A2
Answer Yy |

0.9521000

Zy= 2 0 2
\/1.832 —20]1.83200.952¢0s(56.037)+0.952

7. =625.895Q > Ly=—
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Computing Methods of Using RL Circuits under Transient

Response ...

|dea of
Calculating.L

/" Switch to 1

V:iR+Lﬁ
dt

%

[ =—

R (1 _ e—tR/L)

~

/" Switchto2

. di
IR+L—=0
dt
Vo
j =L omtRIL
R
/
Iy
0.36810_
0 T T
0 7=L/R 21 3t 4t
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Computing Methods Using Bridge Circuits

» Four devices form a rectangular 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.

V V
Vot = — 4, - -
Z, + 7, Z,+ 7,

ine VS VS
VSVave o 6 0= Zz — Z4

® o Z+Z, Z,+7Z,

RS .z

Z+Z, Z,+Z,

Z,
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Example

» If Vnull of the circuit below is equal to zero, Zi =R, +jwL,
what is the equation of calculating Lx?

» Answer:
Zl — Rx +](1)Lx
Zz — R
1 1 1
Zg — R —

to continued ...

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



Nanyang Technological University

Continued ...

Zy  Zy
7+ 7y, Zs+Z,

Zl —_ Rx +](ULx

(1 + jwR,Cy)
| = RSSSRZ ¢LX=CSR2

This is a vector

v
N
=
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Outline

» Understanding of Inductance

» Computation of Inductance

» Measurement of Inductance
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Mutually Coupled

° ° Coils
Applications s
O D q O
q
» Transformers . b L2
ﬂ— P L1 T H—
» Electro-magnets i ——— ylnesel
» Sensing Elements (e.g. acoustic sensors) = I

o
¢ 95

L, Ls

D ( .

o T - e

-
-

Large Distance

Current

1. Flow of charges creates magnetic field.
2. Change of magnetic field creates flow of charges.
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Example of Applications

I changing

Galvanometer
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Example of Applications

Primary cod

To rectifier on vehicle side
Magnetic fiux
Secondary coil
AC power source/,
I Power panel
dh Supply power from
ViaM —— the inverter
dt
Principle schematic diagram
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Example of Applications

\ J.— Battery cells End of bus route
B Primary coils

Electric bus
equipped with
secondary
coils

Secondary coils

* .— Primary coils
Primary coils ‘ mary o
(fixed to road) Start of bus route
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Example of Applications

/,/ Electric

re-charging
lane

-
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Example of Applications

DURABLE |
DESIGN
\ nﬁwe"ﬁm

EXTREMELY

AGILE™ INDUCTIVE

CHARGING
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Example of Applications

Microphone Loudspeaker

uuuuuuuuuu
=============

testing 1, 2, 3
/ coil of wires

‘n) NS

fixed
/ mafgnet

diaphragm
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Principles of Measuring Inductance

» Electric voltage can be automatically
measured.

» Electric current can be automatically
measured.

» Electric inductance could be related
to voltage or current.

» Hence, electric inductance can also
be automatically measured.
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How to design digital measurement
and sensing systems for inductance?

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

Voltage
Synthesizer

Inductance Inductance/

Voltage
Conversion

Stop signal

Voltage

Analogue

Comparator

All microcontrollers are programmable digital sensors of voltage!
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How to convert inductance into AC voltage?

VR
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How to convert
AC voltages into
DC voltages?

= Bridge

Recitified output.
~ waveform

No
negative
half cycle

k5

Microcontroller
Smnnthing_

Capacitor

-—

C Charges C Discharges Waveform

Ripple ~A ¥ - Ea:g“;“m
Wac

AR e R T B s S

/ A ! L7 1 \ e
El'u"" v ‘." v \ Capacitor

Resultant Output Waveform
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Example of 5 !
Converting zi=500 }« = ), '
Inductance to AC i Rs o
Voltage Which Is ! @ 5 }( g
Further : - ] ch.2
Converted Into s , osclloscope
DC Voltage

function ;E;{Ground

generatar
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Remember to Do Calibration

» Curve fitting for calibration:

. : Measurement
» Yiis produced by Xi
» Ziis computed from Yi X;—1> Sensing
» Zi must be equal to Xi Y:
L
Calibrated Values Z; Calibration > L
Measured Values Y;
N
I”’*’”
L > True Values X;
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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Summary

» Understanding of Inductance

» Computation of Inductance

» Measurement of Inductance
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Summary of Module 2

» Lecture 1:

» Measurement of Voltage
» Lecture 2:

» Measurement of Current
» Lecture 3:

» Measurement of Resistance
» Lecture 4:

» Measurement of Capacitance
» Lecture 5:

» Measurement of Inductance

Parallel Circuit

S|

Charging

Vd .
C== Circuit

12V

140

Discharging
Circuit

140

]

R2
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