Chapter 20
Electric Circuits

Chevy Volt --- Electric vehicle of the future

Goals for Chapter 19

* To understand the concept of current.
* To study resistance and Ohm’s Law.

* To observe examples of electromotive force and circuits
to learn Ohm’s Law’s application.

* To calculate the energy and power in electric circuits.

* To study the similarity and differences in the
combination of resistors in parallel and those connected
in series.

* To apply Kirchhoff’s Rules to combinations of resistors.

* To observe and understand devices which measure
electricity in circuits.

* To combine resistors and capacitors then calculate
examples of the results.

20.1 Electromotive force and current

20.1 Electromotive force and current
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In an electric circuit, energy is transferred from a source
(battery) to a device (MP3 player) by charges that move
through a conducting wires

Within a battery, a chemical reaction occurs that
transfers from positive terminal to the negative terminal.
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The maximum potential difference between two
terminals of a battery is called the electromotive force

(emf) of the battery. The symbol € is used.

20.1 Electromotive force and current

Movement of Charge Carriers

The flow of charges is known as an electric current,

Agq
At

The current is defined as the amount of
charges per unit time that cross an imaginary
surface as shown below.

¢ Surface

I: Between plates of a parallel plate capacitor (vacuum)

L
q a The charge accelerates with
m a=(g/m) E = (q/m) (V/L)
\'%

If the particle (with charge q) starts at rest,

and the potential difference between the plates is V,
then the kinetic energy upon reaching the second plate
will be:

K = qV (in electron volts) = % m v?




Movement of Charge Carriers

II: Inside a semi-conductor

Inside a semi-conductor positive ‘holes’
and negative electrons are the charge carriers

If an electric field is present, the ‘holes’ / electrons will
start moving (in a direction of / opposite to the field).

However, the motion of the charge carriers will be
disrupted by frequent collisions with the ions.

The net result is that the charge carriers (‘holes’ and
electrons) acquire a slow average speed.
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Direction of the Current

Direction of current is direction of flow of positive charge
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or, opposite direction of flow of negative charge
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Why does current flow ?

If an electric field is set up in a conductor, charge will move
(making a current in the direction of E

D= @ ;’-\
A
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Note that when the current is flowing, the conductor is
not an equipotential surface (and E, 4. is not equal 0)

Current Flow in a Conductor

* Conductors are made of materials (usually metals)
in which some of the electrons are free to move (not
bound to the ions).

These are called conduction electrons.

* In normal state (E=0) these free electrons have
random, Brownian motion in the material.

* Electrons move under the influence of an E field.

* The individual motion of electrons is still quasi-
random. However, a net average flow of charge is
set up when an E field is applied.

Influence of electric field on flow of electrons

E=0

Influence of electric field on flow of electrons

-

* An electric field modifies the trajectories of
electrons between collisions.

* When E is nonzero, the electrons move almost
randomly after each bounce, but gradually they
drift in the direction opposite to the electric field.
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Drift speed is velocity
forced by electric field
in the presence of collisions !

It is typically 4x10°m /s,

. or 0.04 mm /second
To go one meter at this speed takes about 10 hours !
How Can This Be ?
Changes in the electric field that drive the charge
carriers (free electrons in a conductor) travel with the
speed of light !
For instance, when flipping a light switch electron
already in the filament will experience the change in
electric force withing nanoseconds.

Current: Flow of Charge

Average Current I,,: Charge AQ AQ
flowing across area A in time At I _
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Units of current: Coulombs /second = Ampere

20.2 Ohm’s Law
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V = RI R =

R has units of Ohms (2) = Volts / Ampere

Resistor Values (Ohm)
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Ohm’s Law

The macroscopic form V=1 R is the most

commonly used form of Ohm’s Law.

R is the “Resistance”

It depends on the material type and shape:
R=pL/A  Units: ohms, (£2).
As p=R A /L, common units for the
resistivity p are Ohm-meters.

Similarly, common units for the conductivity
o =1/p are (Ohm m)?

First digit Color Numb ipli Tol ©
-f‘l Black 0 1
Brown 1 10!
| Red 2 107
Orange ) 104
Yellow 4 104
Green 5 1
. Blue 6 109
¢ Values of resistors = i 2
Violet 7 10
are commonly Gray 8 109
marked by colored ~ White g 10?
Gold 10! 5%
bands .
Silver 1072 10%
Colorless 20%
20.3 Resistance and Resistivity
Table 201 Resistivities” of Various Materials
Resistivity g Resistivity p
Marterial (f2-m) Material (f2-m)
Conductors Semiconductors
Aluminum 282 % 10t Carbon 35 %107
Copper 1.72 x 10°* Germanium 0.5
Gold 244 x 10°* Silicon 2023004
Iron 9.7 x 107 Insulators
Mercury 95.8 % 107 Mica 1ol k¢
Nichrome (alloy) 100 = 10°% Rubber (hard) 103 = 10t
Silver 1.59 % 107% Teflon e
Tungsten 5.6 % 107 Wood (maple) 3% 10
“The values pertain to temperatures near 20 °C.
* Depending on purity,
IL




Examples of Circuits

Batiery Resistor

= + }‘T“| 0
I::] = .
— \ 2/:/ Capacitor
" S ,@;ﬂ

ML[L N = Switch
Resistor L*&hmﬂy

20.3 Temperature dependence of resistance and resistivity

The resistivity of a material depends on its temperatures.

p=p,1+a(T-T,)]
where a is the temperature coefficient of resistivity.

And similarly we also have the following equation for
resis tance.

R=R[1+a(T-T)]

Symbols for Circuits Elements

Battery !

Resistor —Wv—

Capacitor |

Switch o s

Sign Conventions - Battery

Moving from the negative to positive terminal of
a battery increases your potential

£ AV=YV, -V,
. _'|+ .
a | b
AV =+E
€
+|l_
. I .
a |
AV =-€

Electrical description of a battery

symbol & w— = symbol for

for - = R resistance
battery )

* A battery does work on positive charges in moving
them to higher potential.

+ The EMF £ is the work per unit charge exerted to
move the charges “uphill” ...

* ...but you can just think of it as an “applied
voltage.”

20.4 Electrical Power

* The rate at which the energy is changed is the

power **—\
P=2Cy_py . =
At o =
]

e From Ohm’s Law, alternate forms of power are

2
P:V—:IZR
R




Units of Power

e The SI unit of power is Watt (W)
— I must be in Amperes, R in ohms and AV in Volts

P=1V
P=I’R =V2/R

* The unit of energy used by electric
companies is the kilowatt-hour
— This is defined in terms of the unit of power
and the amount of time it is supplied
—1kWh=3.60x 10°J

20.5 Alternating Current
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In an AC circuit, the charge flow reverses direction periodically.
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20.5 Alternating Current

V =V, sin(27 ft)

20.5 Alternating Current

In circuits that contain only resistance, the current reverses
direction each time the polarity of the generator reverses.

peak current

20.5 Alternating Current

1=1,sin(27 ft) V =V, sin(2z ft)
P
//

Ve

‘v

P=1V=1V,sin’(2x ft)

Average
power

t

20.5 Alternating Current

Average
power

:Irmsl/rms
L,=te, v, =t




20.5 Alternating Current

Vrms = IrmsR
F = Vrmslrms
P=I*R

20.6 Series wiring

" Battery

Series Parallel

Resistors in Series

R, - R, ‘When two or more resistors
a b are connected end-to-end,

they are said to be in series
V1 VZ

The current is the same in all resistors because any charge
that flows through one resistor flows through the other

The sum of the potential differences across the resistors
is equal to that across the combination

V=V, +V,=IR; +IR,
We want to write this as V=1 R,,
hence R,=R;+R,

Example: Resistors in Series - Equivalent Resistance

* Ry=R, +R,+Ry+ ...

200 400 500 7.00 18.0 0

| =

(a) 6.0V (b) 6.0V

* The equivalent resistance of a series combination of resistors
is always greater than any of the individual resistors

20.7 Parallel wiring

R, The potential difference
across each resistor is the
| b .
same because each is
connected directly across
the battery terminals

A%

The current, I, that enters a point must be equal to the total
current leaving that point
I=1,+1,
Consequence of Conservation of Charge
I=1+l,=V/R,+V/R,=V(1/ R, +1/ R))

We want to write this as: | =V /R,
Hence 1/Rq=1/R; +1/ R,

Example: Resistors in Parallel - Equivalent Resistance

I

R R " F ' F
AWy
nf W
U 1 Ry
4 14— AW .l
e Ty 7 ,T
A
. l\l AV
= - =

* Equivalent resistance replaces the two original resistances
» Household circuits are wired so the electrical devices are
connected in parallel
— Circuit breakers may be used in series with other circuit
elements for safety purposes




Example: Resistors in Parallel - Equivalent Resistance

« Equivalent Resistance 1 1 1 1
! — =t — ...
. . R, R 2 Ry ,
- —— L 2
.-.” w4 A
18V .'1,||1I| 600 von » T gReq
.
) h
1 1 1 1 18
b b _6+3+2 11 >R, =— [Q]
R, 3 69 18 18 ol

The equivalent is always less than the smallest resistor in the group

Household electric wiring is parallel wiring so one
device will not affect the others.

T
!

0] W
N 3

TV Stereo

Summary Resistors

Resistors in Series Resistors in Parallel

R
Ry R,

AW 3 b

Vi Vv, v

R, =R, +R, 1/R,=1/R, +1/R,

20.8 Series and parallel wiring

Often you can replace sets of resistors step by step.

60 |

2Q

1/6+1/6=1/(3)
_)WM;
£ ﬁ_ 3Q
_T
2Q
step 1

Replace any resistors in series or in

parallel using their equivalent
resistances
Sketch the new circuit after these
changes have been made
Continue to replace any series or
parallel combinations
Continue until one equivalent
resistance is found

30+20=>50

L

step 2

Combinations of Resistors

Combine the resistors in series and parallel
Redraw the circuit with the equivalents of each set

.0 £

* The 8.0-Q and 4.0-Q resistors are in 800 400 I'T
series and can be replaced with their &~ WA W40 b
equivalent, 12.0 Q s I,’ L)
/ —WWh
* The 6.0-Q2 and 3.0-Q resistors are [ 300
in parallel and can be replaced |'I |
with their equivalent, 2.0 Q . ““ ‘“
2.0 0

ih)
Determine the final equivalent resistance \ /

* These equivalent resistances are in 1400
series and can be replaced with their —AM—
equivalent resistance, 14.0 Q '

Example 12: A four-resistor circuit




20.9 Internal Resistance

* A real battery has some internal resistance
» Therefore, the terminal voltage is not equal to the emf

¢ The schematic shows the internal resistance, r

* The terminal voltageis AV=¢-Ir

* For the entire circuit, e=IR+Ir

+ ’—.ﬁf\:—‘ :
o

EEE TP

1
N
S, Megative
termminal ot
battery

20.9 Internal Resistance

* gis equal to the terminal voltage

when the current is zero
| 1 — Also called the open-circuit
.,l _______ * l ‘, voltage

* Ris called the load resistance

g aa - ¢ The current depends on both the
resistance external to the battery
and the internal resistance

* When R>>r, rcanbeignored
— Generally assumed in problems
* Power relationship
- Ie=PR+Dr
* When R >> r, most of the power delivered by the
battery is transferred to the load resistor

Example: A dim flashlight

As a flashlight battery ages, its emf stays approximately constant,
but its internal resistance increases. When the battery needs
replacement, its emf is still 1.5V, but its internal resistance has
increased to 1000 Q. If this old battery is supplying 1.0 mA to a
lightbulb, what is its terminal voltage ?

Terminal voltage

Vab = S'Ir

 Lightoulb
v

V, = 1.5V-1.0x10°Ax 1000Q = 0.5V

20.10 Kirchhoff’s Rules

Junetion
Loop 1
a
ri e <
s Loop 2 Loop3 B>
i + |

Not a Junction Not a
junetion Junetion

* There are ways in which resistors can be connected so that
the circuits cannot be reduced to a single equivalent
resistor, in this case, we need to use Kirchhoff’s rules.

Kirchhoff’s Loop Rule

* Loop Rule
— The sum of the potential differences across
all elements around any closed circuit loop
must be zero
* A statement of Conservation of Energy

—
A

* Mathematically,

/

= <
— r <
AV =0 = =,
closed -
loop £ . | =

Loop Rule

* To apply Kirchhoff’s Rules,
— Assign symbols and directions to the currents in all
branches of the circuit
« If the direction of a current is incorrect, the answer will be
negative, but have the correct magnitude
— Choose a direction to transverse the loops

« Record voltage rises and drops

 Traveling around the loop from a to b

!
« In (a), the resistor is traversed in T

the direction of the current, the (a) : AWy
potential across the resistor is — IR AV=V,-V,= -IR

b




Loop Rule

* In (b) (current reversed), the
resistor is traversed in the !
direction opposite of the (b) ® AAA o

curfent, 'the potential across the a Ay V,- V.= +IR b
resistor is + /R

* In(c), the source of emf is &
traversed in the direction of 0
the emf (from —to +), and the ~ (c) ® i | b
change in the electric potential Ry V,-V,= +& F
is +e -

* In (d) (battery reversed), the £

source of emf is traversed in
the direction opposite of the (d)
emf (from + to -), and the a e b
change in the electric =
potential is -¢

Example: Simple Circuit

You can simplify

5 R resistors in series
u My b (but don’t need to)
£
=l |2
+| -
R -
What is current & A
through the
bottom battery ?
£

Example: Simple Circuit

o Start at « in both loops
i =r Walk in direction of current
" =
o A v 2¢—~LR-(I,-1,)R=0
h
I:El —(12—[])R+£=0
=€,

Addthese: —2e-[R+&=0 — [, =?
Wewanted I, (I,—1,)R=¢& =1, =%+[I

L=0

Kirchhoff’s Junction Rule

7
s L=kt I /
* From Conservation = o

of Charge N
* Diagram (b) shows a (a)

mechanical analog

Iin = Zlout

Flow in /(

Steps of Solving Circuit Problems

1. Straighten out circuit (make squares)

2. Simplify resistors in series / parallel

3. Assign directions to the currents.

4. Apply the junction rule to any junction in the
circuit

5. Apply the loop rule to as many loops as are needed
to solve for the unknowns

6. Solve the equations simultaneously for the
unknown quantities

7. Check your answers

Example: Kirchhoff’s rules

Taking R = 1.00 kQ and € = 250 V
in the circuit shown, determine th
currents through the R and 2R
resistors

a) label the currents in the branches

b R c 2R

L =1.71R
[1 1

a

'

250 W 500
v Y+l v

e

b) reduce the circuit by combining
the two parallel resistors

I

t




b R c 2R d

250 50C

20.11 The measurement of current and voltage

A voltmeter (ammeter) is used
to measure voltage (current).

The essential feature of these
devices is a dc galvanometer.

A galvanometer consists of a
magnet, a coil of wire, a
spring, a pointer, and a
calibrated scale.

When a current is 0.10 mA,
the pointer deflects full scale.

0 mh

TR 0.1

Morth pole South pale
of magreat of magnat
£=0.10 mA

To measure the voltage between
two points in a circuit, a voltmeter
is connected between

An ammeter must be inserted
into a circuit so that the current
passes directly through it.

AV L11+IZ Lv R=1000Q
= 1
[ [ S1.7IR 2
. Kirchhoff’s loop rule
a’ e
-RI;-1.71R (I;+I,) +250 V=0
-1.71R (I,+1,) + 500 V-2R I, =0
simultaneous solution of these equations
I, =10 mA
R=1000Q
I, =130 mA
20.11 Ammeter with a full scale of 60 mA
If a galvanometer with a full-scale -
limit of 0.100 mA is to be used to A _ai N
measure the current of 60.0 mA, a / \
shunt resistance must be used so that
the excess current of 59.9 mA can «

detour around the galvanometer coil.

the points.
Ameneter
Valtmeter
=
A i
—
Voltage
between points

Aand B

20.12 Capacitors in series and in parallel

Capacitors in Parallel

q=q¢,+q,=CV+ClV =(C,+C,)V=C,V

C,=C+C,+Ci+....

+ar+az) (w2

20.12 Capacitors in series and in parallel

Capacitors in parallel




20.13 RC Circuits

. Switeh . P Switch
- open capacitor ., i closed
+
uncharged
charging
i=9 the
AN capacitor
@ R

* When a direct current circuit contains capacitors and
resistors, the current will vary with time

* When the switch is closed, the capacitor starts to charge

* The capacitor continues to charge until it reaches its
maximum charge (Q = CV) (V=¢)

* Once the capacitor is fully charged, the current in the circuit
is zero

20.13 RC Circuits

Capacitor charging Y

q:qa [l_eft/RC] ‘ ' ‘  Switch

la)
time constant
t=RC

I _—gp=CVy

(1]

Discharging Capacitor in a RC Circuits

* When a charged capacitor is place q
closed circuit, it can be dischargec
Switeh
closed
—s

*q q
0.3680Q

time constant, T = RC

— =k
‘

* The charge decreases exponentially

* Att=1=RC, the charge decreases to 0.368 Q...

— In other words, in one time constant, the capacitor loses 63.2% of its
initial charge

Electrical Safety and Effects of Various Currents

 Electric shock can result in fatal burns

* Electric shock can cause the muscles of vital organs
(such as the heart) to malfunction

* 5mA or less

— Can cause a sensation of shock

— Generally little or no damage
¢ 10 mA

— Hand muscles contract

— May be unable to let go of a live wire
¢ 100 mA

— If passes through the body for just a few seconds, can be fatal

The importance of proper grounding

Wire

touchas metal -
casing

g o
: J—rﬂ TR

- 1 Third prong
Ground Copper rod connected to
casing

\




