Design of Data Acquisition
Systems Electronics

Theory



Basic electrical concepts: current,
voltage, resistance

Resistance, capacitance,
What will be inductance and power

covered

Real-world effects like heat,
grounding, and wire resistance
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Interacting Electric Fields of Two Charged Particles:

;
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Electric current

Positively and Negatively Two Positively Charged
Charged Particles Particles

* Electric current means how much electric charge flows past a point (or through an area) every second.

* Imagine water flowing in a pipe: instead of liters of water per second, we measure coulombs of charge per
second.

AQ crosses A in At

-l i ® o
| - I | |
_AQ L K e N o> | 1A=1C/s
Iaw — ? \ \\: = \\ X \ >\ ll“\ _,/'
Individual Charge AQ A

The unit of current is coulombs per second, but this unit is also called the ampere (A), named after Andre-
Marie Ampere.

Within conductors such as copper, electrical current is made up of free electrons moving through a lattice of
copper ions.
The charge on a single electron is given by:  Qelectron = (—€) = —1.602 x 1077 C

If a current of 1 A flows through a copper wire, the number of electrons flowing by a cross
section of the wire in 1 s is equal to: 1C ][ electron

1s )| -1.602x107° C

1A= ( } = —6.24 x 10" electrons/s

Design of Data Acquisition Systems — Electronics



Valence shell

Materials

/:\\\.\ it P e Conductors

/>\ ‘ , /<> Materials that allow electric current to flow easily.

\;/ They have lots of free electrons (valence electrons loosely bound).
N Copper, aluminum, gold, silver.

Very low resistance - used in wires, cables, and circuits.
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Conduction / Orbital Shells
Band

Insulator Conductor Semiconductor

1 . 1 1 Insulators
Conduction band . .
/Elemron e Materials that do not allow current to flow easily.
=3 & Conduction band & . . .
2 Bandgap 2 o - 7 corgictangang e Their electrons are tightly bound to atoms (no free charge carriers).

5@ . s L. °, d * Rubber, glass, plastic, wood, ceramics.
@® L o . .
s Walenel:eban:dl ® 0® Svaimcetm] ® ©  vatenceban e Very high resistance - used to protect us from electric shock.

Insulator Semiconductor Conductor
Semiconductors
Respolise ot Otenile Maseriats e Materials with electrical properties between conductors and insulators.
-« 0 .
Sarniconelicton e At low energy (room temperature) they act like insulators, but if given

energy (heat, light, voltage, or doping with impurities), they can conduct.
- Silicon (Si), Germanium (Ge), Gallium arsenide (GaAs).
v - Basis of modern electronics (diodes, transistors, integrated circuits).

ﬂ Current (A)
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Voltage (V)
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Analogy: voltage and current

EL Hydraulic
Voltage Pressure
Current Current

(charge/second) (water/second)



Voltage

Voltage is trying to push current.

Like (water) pressure is trying to push (water)
current.

There are only voltage differences

When reference point not mentioned: ground.
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A voltage source is an
element in an electrical
circuit that provides a
specified potential
difference (voltage)
between its terminals,
independent of the current
flowing through it.

-

Ground

Voltage

el




Definition of Volt and Generalized Power Law

Volt (V)—the unit of measure of voltage

1 joule

1 volt =- , 1 ‘Ji = J/C (Energy definition)
1 coulomb 1C =

Two points with a voltage of 1 V between them have enough “pressure” to perform 1 J worth of work while moving

1 C worth of charge between the points. For example, an ideal 1.5- V battery is capable of moving 1 C of charge
through a circuit while performing 1.5 J worth of work.

Another way to define a volt is in terms of power, which happens to be more useful in electronics. Power
represents how much energy per second goes into powering a circuit.

Example: Our 1.5- V flashlight circuit draws 0.1

P=Vl, and V=P/I A. How much power does the
In terms of power, then, the volt is defined as: circuit consume?
1 watt 1W
1 volt= , IV=—-4=W/A =VI|=(1. ) =0.
Vo Lamp TA / P=VI=(1.5V)(0.1A)=0.15W

Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 —2.3.2



Grounding

* |tis common practice to connect one or more nodes in a circuit to “ground”. All voltages are then
expressed w.r.t. this ground.

* The first reason to use grouding is the ease of using ground as a reference for all other points in the
circuit, as we discussed above.

 The second reason is for safety; the outside of a piece of equipment is often connected to ground so
that in case of accidental voltages on the casing the fuse in your house will blow instead of

electrocuting the person touching it.

Paint voltags

1.5v < e
relative o ground " "
Type of "Ground” Symbols

%
L) L 4

Woltoge
— Differerce + - Earth Ground Frame or Chassis A-Analog Common Voliage
D-Digital Reference Points

'“_5‘ —
oY o«— (N grourd referemce Cﬂmmun (Flouhng} Return

Book: PI%AOCTICAL ELECTRONICS FOR INVENTORS — CH2 —2.10



Resistance is the property

of a material or component Re S i Sta n Ce

that opposes the flow of

electric current.

- N ~—

Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 —2.12 (2.12.1, 2.12.2, 2.12.3)
11 , _ : .
Book: Make:Electronics — Experimetn 3



" Resistor Symbols

«
—{— 1 —{Z 1
Variable
| Rhecstat] | Potentiometer) | Trimpot )

Fixed

Variable Variable

Resistor

* Resistors are devices used in circuits to limit current flow or to set voltage levels within circuits.

 When two or more resistors are placed in parallel, the voltage across each resistor is the same, but
the current through each resistor will vary with resistance.
* Total resistance of the combination will be lower than that of the lowest resistance value present.

* When a circuit has a number of resistors connected in series, the total resistance of the circuit is
the sum of the individual resistances.

12

Resistors in Parallel
i

24y 42 mA 24v 24V 24v
2 -\ 0.58W ~\ 029W 3
v + J Aose ‘ \ 014w
——. okd I RI I R2 / R3
sl 572 Q l IK l 2K l 4K
N 2ama | Y 2ma | Y e | Y
v ov ov ov
Az M Pl -ixv-05W Equivalent
P2 = ;x Vo= 029W Circuit =
P3 = f,xV, = O14W W
| | | | 2= ik i
= + + : 572
Rua R R. R: R
[=Vea! Rew
The voltage across each resistor is the same, but the  Pea= leaX Viu

current through each resistor will vary with resistance.

Resistors in Series

| +

oV —

Qe—X——0

Equivalent Circuit

Color values

o 1 2 3 4 5 6 7 8 8

First  Second Mumber  Wider  Tolerance:
digit  aigit ofzeross  gap Siver=10%

\\ VT

First SBG}HCI Thid  Number Wider Tolerance
digit  ofzemes  gap [various

\ \ T

Three-digit code

digit

15 ohms

150 ohms

15K
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Ohm's Law

Ohm's Law

Chm's Law '

V=IxR
|=VIR
R=V/I

Power Loss
P=|xV

P=I"xR
P=V'/R

Example

. i "\.~ | 44 W

+

|2V — 120 mA : §:oogig’.j

N
}

A resistor with a power rating I2ss thon |.44W
would fry, altering the resister's resistance
As a rule of thumb, s2lect a resistor vitha
power roting twice the maximum expectad.

Obhm's Law

V = (120mAl (100€ = 12V
1= 112V)7 10082 = 120 mA
R = {12V} { 120mA = 100€)

Power Loss

2 = (120mAl 112V) = | 44W

P = (120mAl% (100CY = 1.44W
P =12V { 100€ = |.44W

Design of Data Acquisition Systems — Electronics

Rate of Flow
{similar to

“; S
{similar to
amperage)

voltage)

Diameter
of the hole \
(zirnilar to N
resistance)
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Capacitance

* If you take two oppositely charged parallel conducting plates separated a small distance apart by an insulator—such
as air or a dielectric such as ceramic—you have created what’s called a capacitor. _
Capacitor Water Analogy
Uncharged Parallel-Plate Charging Capacitor | Charged Capacitor 0 open
CabasE e i (source removed) s ey _Nickoned Water Capacior
O O . High Pressure Displacement
+Q=0 urrent
: le=0 |4 Q R |  ammm + \ -
f - — F ! ',. i \ Ic S 1 ? | ! ; \ — Abundance
Ve = 0V Electric Field VS — Ve l I Eleut?\. rI'eI{‘j 1l * \“ T\/5 Vs il E"le'ctnc‘FueIg 1 - VS o
' - . - v \ el ﬁ\h : ¥ = 3 \d alll ] B/ = i A | Water "Charged"
Q=D -Q -— electrons m -Q =y ke
~— — Deficiency of
C = capacitance (farads) ) A > Sy water L ,
Q=ch + plate (coulombs) ; _ '
D2 e oo ot oo nec®|  [iiiea) || 622 et 2 [o=an] oion Ty
Vc = voltage across capacitor (volts) di C ¢ Vs Loir-Preeains areng nenarae

The ratio of charge on one of the plates of a capacitor to the voltage that exists between the plates is called capacitance
(symbolized C): C= Q /V Capacitance has units of farads (abbreviated F). (After Micheal Faraday)
* One farad is equal to one coulomb pervolt: 1F=1C/1V

Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 —2.23, 2.23.6, 2.23.10, 2.23.11

Book: Make:Electronics — Experimetn 9 Design of Data Acquisition Systems — Electronics 15



Capacitors Symbols

TY 2l ‘*ﬂ‘ ' ] .
O b Capacitor
TT T ft

Fixed Polarized Variable Trimmer
Capacitor  Capacitor Capacitor Capacitor

) )

— -
PE——

» Devices that are specifically designed to hold charge (electrical energy in the form of an electric field) are called
capacitors. (In fact, a capacitor will also block DC current—generally speaking—because the plates inside it don’t touch
each other.)

: 1 dv

—Yv —_(; . _ Y
Jr_”_?_ v Cfldt l_Cdt

* Ceramic capacitors usually look like little discs or blobs, like the one on the right.
* Electrolytic capacitors are shaped like miniature tin cans, wrapped in thin plastic filmcolor

* Most commercial capacitors are limited to a range from 1 pF to 4700 pF

C o 1 Barallel Capacitors In Series As you can see, a ceramic
apacitors in raralle
P Incregses rmax voltoge roting, but decreases copacitance. Capa citor usua”y has a code
Increases the total capoctance, but limits rnax o _ . . )
voltage rating o that of srallest capasitar a - c 4+ _L cl pnnted on It. Here S hOW to
2 ' ' ' T o ST & read it:
Coe J_ J_ J_ Com . 1 cz First two numerals: The
0 Yo = ! F "
Do g 2 T~ ca 00V T i beginning of the value of the
S Doo, elal 0 o 1 .
5 el Bl I 6w T ca capacitor.
» - - —— = 143V F .
. i v c T pil Third numeral: The number
CauzCl+C2+C34...+C o v v ,

of subsequent zeroes,

Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 —2.23, 2.23.6, 2.23.10, 2.23.11
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Simple question

* What is the voltage V,att=0.5ms? Att =0
the capacitor is not charged (V, = OV)

d L
C=100-10°F,
2 mA 100 nF — | i=2-103 A,
dt =0.5-103s

1 5.10%
vC=Efidt=107f 2-1073dt
0

=107-2-10"3-5-10"* = 10 [V]
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https://www.youtube.com/watch?v=4Hg7SLhetXM
https://www.youtube.com/watch?v=4Hg7SLhetXM
https://www.youtube.com/watch?v=4Hg7SLhetXM

Capacitors — Series and Parallel

OO0OB®N 3§ +T0VOOODDPODOIFHD> "~ H LIy B A

100 uF 400 pF

3.1V 620 mV,
1358l
(= OA 0OA

1

;

1+C1 + 1=C2
1

1=100 + 1=400
= 80uF

- =




Inductance

Circular radiating magnetic fields can be generated about a wire any time current passes through it. When a current
flows through a wire this generates a magnetic field which creates a magnetic flux.

A B
i b' ‘“‘ 1
all - e .
) Current-Carrying | /.-
1 Conductor
[ —
- d Flux Lines i:i§

switch open

electron/ T/~ 11~ I A7
\ 4

flow ‘ ‘b}’fx““b‘b“’: o

RIS RS gy

|| —o—o——
= +  switch closed

e Single moving electron

A moving electron produces a tiny magnetic field around its path (this is a result of electromagnetism, from Maxwell’s equations).

e Current in a straight wire

In a wire, billions of electrons drift together. Their individual magnetic fields overlap and add up to form a circular magnetic field around
the wire.

e Wire bent into a loop/coil (inductor)

When you bend the wire into a loop, the magnetic fields inside the loop reinforce each other. Wrapping the wire into many turns (a coil)
multiplies the effect, creating a strong, organized magnetic field inside the coil.

Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 —2.24, 2.24.1 f2|§4'2’ 2.24.3 .
) . esign df Data’Acquisition Systems — Electronics
Book: Make:Electronics — Experimetn 24

20



Inductor Symbols

Air Core Adjustable
e _? s =
ey or L E
r 1

Magnetic or lron Core Ferrite Bead

é - -

3 =

[ ="

Inductor

-

AIR-CORE INDUCTORS IRON-CORE INDUCTORS FERRITE-CORE

FIXED INDUCTORS VARIABLE INDUCTORS RF INDUCTORS

An inductor is the element that is capable of storing or buffering magnetic flux. In the
simplest case, an inductor consists of a number of copper windings. They are capable of
generating large concentrations of magnetic flux, and they are likewise capable of
experiencing a large amount of self- induction during times of great change in current.

When a varying current flows through a self-inductance (di/dt), this results in a change in the flux.

A changing flux translates into an induced voltage.

An indUCtOr aCtS Iike d Basic |n(iucf0|- Op?rﬂﬁnn Water Aﬁ-ﬂlﬂg}'
time- varying current- o MomelcField — —
ey e . [ ——— Tan
sensitive resistance. It only @A AAAA i_\ /) Bollery) tm?w
) i p i } ,".%- - ] .l% -'I__ . ¥ : WLEr
resists” during changes in AN %ﬁﬁ'.—‘i}'i—ﬁt-. |
current; otherwise (under e [5 S5 ”"T'ng‘\; r\l
stead.y.— state. dc s ] ——— pk;_ L ;;,_
conditions), it passes - 1| wes - Jutie (el
e : o e
current as if it were a wire. s &+ el Inccto

L - the inductance - unit Henry (H)

21 Book: PRACTICAL ELECTRONICS FOR INVENTORS —CH2 —2.24,2.24.1,2.24.2,2.24.3

Book: Make:Electronics — Experimetn 24

Design of Data Acquisition Systems — Electronics

1" 7 v, _Lﬂ_
dt
i L
L i,
=ZJ.I’I(./’



Inductance

LQOOOOODOHIHD LS LI QR K B

Enn
500 mH

What is an Inductor? EASY! - Electronics Basics 21 - YouTube


https://www.youtube.com/watch?v=abO6gfo8_58&list=PLYS_1w0FFIANdG78JyJu3tsumsXVIcXUB&index=21
https://www.youtube.com/watch?v=abO6gfo8_58&list=PLYS_1w0FFIANdG78JyJu3tsumsXVIcXUB&index=21
https://www.youtube.com/watch?v=abO6gfo8_58&list=PLYS_1w0FFIANdG78JyJu3tsumsXVIcXUB&index=21
https://www.youtube.com/watch?v=abO6gfo8_58&list=PLYS_1w0FFIANdG78JyJu3tsumsXVIcXUB&index=21
https://www.youtube.com/watch?v=abO6gfo8_58&list=PLYS_1w0FFIANdG78JyJu3tsumsXVIcXUB&index=21
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resistor

capacitor

inductor

— fe——

Element equations

vV=1"-R
1
=_[idt
% Cfl
_Ldi
VT M
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Series connection

[} R =R +R,

1 1 1



What about the series Cs?

Ver Ve +VCS
e Il | —
| IE N I

C, C, — C,

il i
+ VCS - + VCS =
Ves = Ve + Ve
. [idt
= — ldt+ i dt Ves = =) 1
S oS -

_M__IW_I_CZIX — gs=;1+—
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Parallel connection

Rl

_ - B 11 1
‘ — 4+ —
R, Rp R1 Rz

i v.
L | ‘ Y'Y Y\ 1 B 1 N 1
a'aaau — o
L, Lp L1 Lz

C Cp
L - H C,=C +C,
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27 Series and Parallel Circuits (Interactive!): Electronics Basics 5



https://www.youtube.com/watch?v=MMD32gyHVQw&list=PLYS_1w0FFIANdG78JyJu3tsumsXVIcXUB&index=5

Kirchhoff’s Laws

ZA V=0
4V
Kirchhoff’s laws provide the most general method for analyzing circuits. These laws work oo Ri o i
N | . . . . AMA—] ] |
for either linear (resistor, capacitors, and inductors) or nonlinear elements (diodes, | "~ 'l -
transistors, etc.), no matter how complex the circuit gets. Ll 12 loop :
o [¢
. . N— .8 : R
Kirchhoff’s Voltage Law (or Loop Rule): The algebraic sum of the voltages around any loop 2 e § .
of a circuit is zero: . S— :
S AV Vit VetV =t I
closed path R3 3V
5V —IR,+4V—IR,-3V-IR, =0
Kirchhoff’s Current Law (or Junction Rule): The sum of the currents that enter a junction R:
equals the sum of the currents that leave the junction: Yy
zl{in :z-{om h
Kirchhoff’s current law is a statement about the conservation of charge flow through a 3
Vo J—

circuit: at no time are charges created or destroyed.

Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 —2.24, 2.24.1,2.24.2,2.24.3
Book: Make:Electronics — Experimetn 24 Design of Data Acquisition Systems — Electronics
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Kirchhoff’s laws

* 1st|law: Kirchhoff’s Current Law (KCL): X inpge=0

l1+lz+13+l4=0
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Kirchhoff’s laws

2" Jaw: Kirchhoff’s voltage law (KVL): ¥ v;50p =0

+ Vr3 []Eg”“ Vpr1 + VRr3 + Vg2 + Vel = 0
R1 +
R -
+ VRZ _ 1007
[
“!h_"‘@>aémm
+ VCl -




Kirchhoff’s Laws - example

4 & - - e
{ loop Yend
3 jstart

31 Book: PRACTICAL ELECTRONICS FOR INVENTORS —CH2 —2.24,2.24.1,2.24.2,2.24.3

Equations resulting after applying Kirchhoff's current law:

I,=1,+1, ( at junction a )
I,=1.+1, ( at junction b )
I, =1,+1, ( at junction c )

Equations resulting after applying Kirchhoff's voltage law:
V,—~IR—~LR,—I.R.,=0 (around loop 1)
~LR,+I,R,+1,R,=0 (around loop 2)
~I,R,+1.R.—1,R,=0  (around loop 3

Book: Make:Electronics — Experimetn 24 Design of Data Acquisition Systems — Electronics



Superposition Theorem

The superposition theorem is an important concept in electronics that is useful whenever a linear circuit contains
more than one source.

Superposition theorem: The current in a branch of a linear circuit is equal to the sum of the currents produced by
each source, with the other sources set equal to zero.

I"’l = L’A I"rz —_

R'l + Rg } Ri+R, ) R'l + Rg

Be aware: that the superposition should not be applied to nonlinear circuits.

Book: PRACTICAL ELECTRONICS FOR INVENTORS —CH2 —2.18 Design of Data Acquisition Systems — Electronics



Thevenin’s and Norton’s Theorems

READ subchapet 2.19

Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 —2.19



Active elements

W D

voltage source

If V =0:

short circuit

34

1S

current source

If 1 =0:

o
I

open circuit



Voltage and current sources

An ideal voltage source is a two- terminal device that maintains a fixed voltage across its terminals. If a variable
load is connected to an ideal voltage source, the source will maintain its terminal voltage regardless of changes in
the load resistance.

A real voltage source resembles an ideal voltage source with a small series internal resistance or source
resistance rs, which is a result of the imperfect conducting nature of the source

An ideal current source provides the same amount of source current IS at all times to a load, regardless of load
resistance changes. This means that the terminal voltage will change as much as needed as the load resistance
changes in order to keep the source current constant.

This internal resistance, in real current source, which is usually very large, tends to reduce the terminal current,
the magnitude of which depends on its value and the amount of current that is drawn from the source

DC Voltage Sources DC Current Sources
i ’ +
Vs |l ™ - | or k
Vs -I__ I 1\ <T> rs
Ideal Real Model Battery Ideal Real Model

35  Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 — 2.13
Book: Make:Electronics — Experimetn 24
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Voltage and

20 mA

QOO0 3§ +QO0ODDOD 3D~ & d i/

N

3V

- | ] ] .+ ] - *
< < < <
£ & ~\ - £
o o ~a o o
) N N ~N

OV

= [ [ ] =] - -

Constant Current Sources (Interactive!) - Simply Electronics Basics 9


https://www.youtube.com/watch?v=GhR-OGCT510&list=PLYS_1w0FFIANdG78JyJu3tsumsXVIcXUB&index=9
https://www.youtube.com/watch?v=GhR-OGCT510&list=PLYS_1w0FFIANdG78JyJu3tsumsXVIcXUB&index=9
https://www.youtube.com/watch?v=GhR-OGCT510&list=PLYS_1w0FFIANdG78JyJu3tsumsXVIcXUB&index=9

Voltage and current sources

The way how we connect sources dictates if we increase the supply voltage and/ or increase the supply
current capacity.

To increase the supply voltage, batteries To create a supply with added current
are placed end to end or in series; the capacity (increased operating time), batteries
terminal voltages of each battery add can be placed in parallel—positive terminals
together to give a final supply voltage equal are joined together, as are negative
to the sum from the batteries. terminals.
Increasing the Voltage Increasing Current Capacity
3oV - i‘ﬁ + 4.5V _ il R
o ‘ J 4] e i
Ve — Rioad 3Vs Ve — Vs — Vs — Ricad Vs
il T | TW . '
Ve=1.5V B 1 P = (3V8)2/Ricad Va=9.0V J{ b (Vs}i’/R;md

Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 —2.15



Open and Short Circuits

The most common problems (faults) in circuits are open circuits and shorts. A short circuit in all or part of a
circuit causes excessive current flow. This may blow a fuse or burn out a component, which may result in an
open- circuit condition.

PO




AC Yoltoge Source AC Current Source Clock Source

é @ @ AC Circuits

A circuit is a complete conductive path through which electrons flow from source to load and back to source.
If the source is dc, electrons will flow in only one direction, resulting in a direct current (dc).

Another type of source that is frequently used in electronics is an alternating source that causes current to
periodically change direction, resulting in an alternating current (ac).

© Voltage or Current Water ana |0gy
Ammeter T +
W 2
+ Load Voltmeter E Defined Drection Defined Direction
— )  —
_ I'I'EI"I" 8 O Low Pressure
—_— l a ‘
Water Resistor |
Decreasing / ;
time ——» Pressure
The (1) tells you that the current is dependent Alternating
on time. The arrow's direction sets the Vol c — Alternating Water
reference direction used in the graph. 3 + oltage or Current Water v Source
2. \ / Source Seseserel! Decreasing
= ¥ i L Pressure
£ L
Load < N | I |
f\/ Current ) V —é 0 L_|jj —LowPressure igh Pressure
I(t) a- Water Conductor Water Conductor
. o3 ®3
L 3
time oo time 85 time
<2 o« 2

Book: PRACTICAL ELECTRONICS FOR INVENTORS — CH2 — 2.16 Design Of Data Acquisition Systems — Electronics
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Solving electronic networks

* Electronic problem concerning voltage,
current, power, L, R, C
— Draw schematic.

— Write down appropriate KCL and KVL
equation(s)

— Fill in element equations

— Bingo!
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