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Electromotive Force

> HEvery electronic device depends on circuits

> Hlectrical energy is transferred from a power source, such as a battery, to a device, say a light bulb

Conducting

wires \ [: ) Haht bulb A diagram of this circuit would look like the following
o/ |
ii— Light
Battery *
symbol

> Inside a battery, a chemical reaction separates positive and negative charges,
creating a potential difference

> This potential difference is equivalent to the battery’s voltage, or emf (&) electromotive force

( this is not really a “force” but a potential)

Because of the emf of the battery, an electric field is produced within and parallel to the wires

> This creates a force on the charges in the wire and moves them around the circuit

This flow of charge in a conductor is called electrical current (1)



> A measure of the current is how much charge passes a certain point in a given time

. Aq
Electrical Current [ = ™
Units? Cl.large — ¢ = [Ampere]z [A]
 time | | s

> If the current only moves in one direction, like with batteries, it’s called Direct Current (DC)

> If the current moves in both directions, like in your house, it’s called Alternating Current (AC)

Light bulb

|

> Hlectric current is due to the flow of moving electrons,

but we will use the positive conventional current in the circuit diagrams

> So I shows the direction of positive charge flow from high potential to low potential



Drift Velocity

> Consider a current ¢ flowing through a cross-sectional area A
L

>F

4>V,

— v, At —

q

. . In time At m total charges passing through segment

AQ — qA(vdAt)n

g m charge of current carrier

n m density of charge carrier per unit volume
AQ
At

Current density J = nqUq

. . Current = = nqAuvy



Note
> For metals m charge carriers are free electrons inside
J = —nevy for metals

.". Inside metals fa,nd U4 are in opposite direction

> We define a general property of materials m conductivity (o)

] = ok
Note
> In Seneral o is NOT a constant number but rather a function of position and applied E -field
1
> Resistivity ( ) is more commonly used property defined as p = —
o

> Unit of £: Ohm-meter ( 2m) where Ohm ( €2) = Volt/Ampere

> OHM’S LAW Ohmic materials have resistivity that are independent of applied electric field

e.g. metals (in not too high E -field)



Consider a resistor (ohmic material) of length

.. Electric field inside conductor

L. and cross-sectional area A

L
Current density j = % » AV
E A
P = —
J
AV 1
=T i/ A
AV L
=y

R w resistance of conductor

Note
AV = 1R is NOT a statement of Oh:

m’s Law but it’s just a definition for resistance



Energy In Current

1ing a charge A (Q enters with potential V; and leaves with potential V-,

> Assun

)
]’ AO AQ

.". Potential energy lost in wire

AU = AQVe — AQWV; — A} —M

AU = AQ(Vy — 1) V 2
.". Rate of energy lost per unit time

AU  AQ

—— = (Vo — V1)

At At

Joule’s heatingme P = 7 - AV = Power dissipated in conductor

AV?
R

For a resistorR™ R, P = ‘R =



DC Circuits

> A battery is a device that supplies electrical energy to maintain a current in a circuit

> In moving from point 1 to & electric potential energy increase by

AU = AQ(Vo — V1) =Work doneby &

> Define £ — Work done/charge = 1, —



a, . C
iT & _i R i
b* d

Va — Vc
assuming perfect conducting wires
Vi, = Vg
By Definition ,
. V. — Vy = iR
Va — % = &
E
E=1R = 1= —
R

Also = we have assumed zero resistance inside battery



Series Circuits

> Let’s add more than one component to the circuit!

> There are several ways to hook these components together

R R
> The first way is to wire them together in series W */\3\/&
V1 Vo
€ same current runs
two components connected in series A
V, and V, are called voltage drops ;
N

+I I—
V
X We speak of currents running through resistors, and voltages drops across resistors

> Thus, the current through resistor R, is I, and the voltage drop across R, is V;.




> How would we find the net resistance (equivalent resistance, R,,) for resistors connected in series?

> For resistors connected in series, sum of voltage drops across all resistors must equal battery voltage

> Thus, V=Vi+V,

> But from Ohm’s Law /Req :/I'R1 —|—/R2 — Req =R, + R,

> Thus, for resistors wired up in series, equivalent resistance is m

i.e. you just add them!!!



12

For resistors connected in parallel, the voltage drop across each resistor is the same

> Thus,

Parallel Circuits

> The current through each might be different

> It splitsm I =1, + I,

> Thus, V, =V, =V

4 4 1
, V) _ _
> From Ohm’s Law w Req—%—]ﬁ]z A

R, R, R, Ry

for resistors in parallel



Series and Parallel Circuits

> Now let’s hook resistors up both in series and in parallel in the same circuit!

LN A What is the current I in the following circuit?
+ | 2av 220 € We need to find the equivalent resistance!
t <200 R, =2400
[
V 24
’ [=— =""2[0.1A




Analysis of Complex Circuits

KIRCHOFF’S LAWS

(D First Law (Junction Rule)
Total current entering a junction equal to total current leaving junction

° 12
. b
Conservation of charge > =1, =1, +1,

@ Second Law (Loop Rule) \’3\

The sum of potential differences around a complete circuit loop is zero

Around any closed circuit loop, sum of potential (voltage) drops has to equal sum of potential rises

o Va> Vb = Potential difference = -iR
© —\WW\ . :
“ i.e. Potential drops across rsistors
(id) . [ I . Vb > Va = Potential difference = +¢
a 8 b

i.e. Potential rises across negative plate of battery



We have a closed circuit loop with

12 O 6.0V
A ——AM +} -

+|g—
|
24V

800

multiple batteries

What is the current in the circuit?

1- Choose the direction of the current(s) in each loop

AWW— <- Label the resistors from + to - in the direction of the current flow

nd make a list of the potential drops and rises

Start at point A and go around the loop clockwise a

as we go all the way around

Drops Rises
6

81

Now apply the loop rule m > Drops = 2> Rises

I+6+81=24=201=18
= [1=09A



26 Find i,,i,,i,
X TR
——AWWW——
R <4 @ @
C
By junction rule
11 = 12 + 13
By loop rule
LOOpA — 250 — 11 R — 1R + 5() — 11R =0

LoopB =

LoopC =

=243

—13R — & — 3R — & + 1R =0

ng—ilR—igR—go—igR—ilR:O

N =

B =X



General rule

> Need only 3 equations for & current
11 = 12 + 13

360 — 211R — 19 R = 0

—2&0 + 19 R — 213R = 0

> Substitute B} into

|
-

360 — 2(iy + i3)R — isR

|
-

= 3&y — 319 R — 213 R

> Subtract from ﬂ ,1.e. ﬂ -

38() — (—25()) — 3Z2R — ZQR = 0
5 &



> Substitute o into

98, (Z - %)R _ 2i.R = 0
3 &

> Substitute 72,73 into gl

Note

A negative current means that it is flowing in opposite direction from one assumed



Intuition

> Hach of the 12 edges of a cube contain a 1 {2 resistor

All resistors are 1 Q

A AAYAY;

Calculate the equivalent resistance between two opposing corners



> There are two sets of three resistors in parallel in series with one set of six resistors in parallel

—\VV\N— h —\NV\—
allblle=13Q $T7VVVe k=130
i
AVAVAYS
dile|[f]lgllh]li=1/6Q
1/3 ; 1/6 B 1/3
NN\~ AVAYAY. N\NN—— B

R=13+16+1/3=5/6Q

So = you have 1/3 Q in series with 1/6 Q in series with 1/3 QO » which equals 5/6 Q



Alternating Current

3 An alternating current reverses direction many times per second and is commonly sinusoidal

10"
r = /
£ , ¢
6 Time
t —IO T

Time

Current

Voltage produced by an ac electric generator is sinusoid m V' = Vjsin(27 ft) = Vj sin(wt)

Potential V oscillates between + V, and - V, and V, is referred to as the peak voltage

Frequency fis the number of complete oscillations made per second

V =1R worksalso for AC

v
If a voltage V exists across a resistance R m current I through the resistance is w1 = °

=3 sin(wt) = I sin(wt)

3| <

Io =Vy/R w peak current

Current is considered positive when electrons flow in one direction and negative when they flow in opposite
direction



> Power transformed in a resistance R at any instant ism P = [?R = I35 R sin*(wt)

—1
I?R =11

\%

R

Time

> A graph of cos”(wt)versus time is identical to that for sin” (wt) except that the points are shifted

(by 1/4 cycle) on the time axis

> Value of cos®(wt) and sin®(wt) averaged over one or more full cycles. will be the same

> From the trigonometric identit sin”a + cos’ o = 1 and sin®(wt) + cos2(wt) = 2 sin”(wt) = 1

1 = 1
we can write .. sin®(wt) = 5 = P = §I§R
1 2 2 .2 D 1 VO2
S1NCE 1= P=V*/R=(Vy/R)sin"(wt) = P = = —

2 R



> The root-mean square (rms) of effective values are defined as

— IR
Lps =V I2=—=0.7071
\/5 0
—
Vims = VV2 = =L = 0.707V},
V2
> The average power can be rewritten as
? — Irms‘/}ms
D 1 2 2
P — 5[0R — [I'mSR
F _ 1 V02 _ V;%ns
2 R R

> In US And Canada m V;ms =120 V

> In Argentina, Europe, Australia m Vrms =240 V



Hair Dryer

(a) Calculate the resistance and the peak current in a 1500-W hair dryer connected to a 120-V AC line.

P 1500 W
[ . = = = 12.5A.
rms Vo 120V

Then

Motor

I, = V21I.. = 17.7A.

Fan

The resistance 1s

Vims 120V
R = = = 9.6 ().
Lims 125 A ’

The resistance could equally well be calculated using peak values:

Vo 170 V
R = — = = 9.6 (). Cord
I 17.7 A

(b) What happens if it is connected to a 240-V AC line in Britain?

This is four ti:

= Vims
R
(240 V)2
(9.6 Q)

= 6000 W.

mes dryer’s power rating and would undoubtedly melt heating element or wi

Heating

Switch

re coils of motor




Electron Speed in Wire

L]
D.IY!

COPPER

> A copper wire 4.2 mm in diameter carries a 5.0-A current
> Determine the drift velocity of the free electrons

> To find the drift velocity we first determine the number n of free electrons per unit volume .

> Since we assume there is one free electron per atom m number density of free electrons n is the same

as the number of Cy atoms per unit volume
> The atomic mass of Cy is 63.5u m s0.mcy = 63.5 gof Cy contains Avogadro’s number of free electrons m

N = 6.02 x 10%°

> To find the volume V' = ,OCu/ mMcu of this amount of copper we use the mass density of copper m
pcu = 8.9 x 10° kg/m?

N N (6.()2 x 10?3 electrons

S Ve ~\7 635 %103 ke

k
) 8.9 % 10% =5 — 8.4 x 1028 m~>
V mCu/IOCu

mo



> Cross-sectional area of wireismw A = 7m7r° = 7(1.6 x 1072 m)* =8 x 107° m?

)

AQ EZ\;)dAlL
> Recall ACQ) = neAvg At - I = N neAuvg
>  Finally = drift velocity has magnitude
1 5.0 A

YT heA T (8.4 x 1028 m—3)(1.6 x 10-19 C)(8 x 106 m?2)

= 4.6 x 107° m/s ~ 0.05 mm/s



Drift Speed of Electrons and Electric Current
But why is time for light to come on so short when electrons move so slowly?

Because electrons do not travel from the switch to the light to make it glow

In fact there are already plenty of electrons in light for light to turn on = something just has to make

those electrons move

E cause charges to move m current starts as quickly as field spreads through wire

(close to speed of light in the material)

The greater AV the stronger E and the faster charges end up moving

This is why higher voltage creates more current (Ohm’s law!)

Spreading of field is still slow enough for those delays to matter in telecommunications m but not so much for

light switches!
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