Physics 4B Lecture Notes

Chapter 28 - Circuits

Problem Set #7 - due:
Ch28-1,09, 14, 17, 23, 38, 47, 53, 57, 66, 70, 75

Lecture Outline

1. Kirchoff's Rules

2. Resistorsin Series

3. Resistorsin Parallel

4. More Complex Circuits
5. Electrical Meters

6. RC Circuits

| charges can be thought of as buckets that carry energy around a circuit. The
' battery fills the buckets. The buckets are emptied at various places around the
circuit, but the buckets themselves never disappear. They return to the battery to
be refilled. These basic ideas are summarized in Kirchoff's Rules and are
applicable to even the most complicated circuits.

‘ 4 In acircuit, charges move from one place to another carrying energy. These

1. Kirchoff's Rules

The Junction Theorem:

"The current into any junction is exactly equal to the current out of the junction.”

This theorem is explained by the Law of Conservation of Charge.

TheL oop Theorem:

"The sum of all the voltage drops around any loop in acircuit must be zero."

This theorem is explained by The Law of Conservation of Energy and the fact that the electric forceis
conservative.

2. Resistorsin Series

< V >

Theloop theoremrequires. V - Vi - Vyo----Vy=0P V =V +V,y+--+Vy
Ohm'sLawsays: V =IR,V;=11R;, Vo =1,R,, -V =IyRy P IR=11R; +I5Ry+--+IyRy
Thejunction theoremmeansthat: | =1, =1, =--=1y P IR=IR; +IRs+--+IRy

b R=R; +Ry+-+Ry

R,=a R, Resistorsin Series
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3. Resistorsin Parallel

—>
[ -
T R1 R2 Rn
\l/ |1l |2l 'Nl
[ -
Thejunction theorem meansthat: | =1, + l,+---+1
Ohm'sLaw says. | :X, |1:ﬁ’ I, :ﬁ, Iy :ﬂ b M :ﬁ+ﬁ+...+ﬂ
R R, R, Rv R R Ry, Ry
Theloop theoremrequires. V - V; =0, V- V, =0, ---V-Vy=0bP V=V, =V, ==V
vV _V 'V \% 1 1 1 1
SO, —=—+—+-t— b == —+ —+.+—
R R R, Rv R R R, Ry
1 o 1 . .
— = a — Ressorsin Pardle
R, R,

4. More Complex Circuits

1) Circuit elements in series have the same current, but divide up a common voltage.
2) Circuit elementsin parallel have the same voltage, but divide up acommon current.

Many resistor circuits are just combinations of series and parallel. They can be studied using the series
and parallel rules. Thisiscalled "circuit reduction.” Other circuits are not combinations of series and
paralel. These circuits have to be examined with Kirchoff's Rules.

Example 1. For the circuit shown find (a)the equivalent

resistance, (b)the current provided by the battery and (c)the i

current through and voltage across each resistor VT Rs
(V=90.0V, R;=3.00kW, R,=4.00kW, R3=1.00kW,

R4=2.00kWand Rs=6.00kW).
(a)Usetheideaof circuit reduction.

R3 and R4 are in series.
They can be replaced with an equivalent resistor, i
Rs = R3+ R, =3.00kW. \ T Rs

Rs and Rs arein paralldl. ‘R‘I';‘l"'"*

They can be replaced with an equivalent resistor, i

1-1.1 R, = 2.00kW. VT Re Re
R, Rs Rs
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Rp and R, arein series.
They can be replaced with an equivalent resistor,

Rs =R, +R; = 6.00kW, \ T Rs
Rs and Ry are in parallel. The equivaent resistor is,
1-1.2p r=200kw.
R Ry R
VvV _ 90.0v

(hUseOhm'sRule V = IRP | == = = 45.0mA

R 2.00kW
(c)Follow the current and voltage drops around the circuit using Kirchoff's Rules and Ohm's Rule.

In summary,

V(V) I(mA) R(KW)
90.0 30.0 3.00
60.0 15.0 4.00
10.0 10.0 1.00
20.0 10.0 2.00
30.0 5.00 6.00

Example2: A 6.00V battery (V1) with a 2.00Winternal resistance and a - _Il
3.00V battery with a 3.00Winternal resistance is connected to a 6.00W Ti 1 \A
A

resistor as shown. Find the terminal voltage for each battery and the

[ A MM
current through the 6.00Wresistor. ﬁ R
Thiscircuit is not acombination of series and parallel resistor, so we must Ti 2 |,V% r,
go back to the more basic ideas of Kirchoff's Rules to solve the problem. I vy

Applying the junction theorem at point A b i, =i +i;. Theloop theorem
around the lower loop P V, - iR- i,r, =0 and around the upper loop P V,+iR- iyr; =0.
This gives three equations for the three unknown currents. Solving the loop theorem equations for

il and i2,
N i
i, = Vzr R and iy = Vlr IR. Substituting into the junction theorem equation,
2 1
V, - iR :i+V1+IR.
ra '
2
Voo Vi®
Solving fori, i = —i =-0.333A the minus sign means that we chose the direction of
R+r, +R-2
r

this current wrong. Substituting back for iy and i, i; = 2.00A and i, =1.67A.

The terminal voltage isthe actual potential difference across the terminals of the battery,
th = Vl - ilrl =2.00v and V'[2 = V2 - i2r2 =-2.00v
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5. Electrical Meters

P
The basic constituent part of a voltmeter, ammeter, or ohmmeter is a ‘*-9-"' Galvanometer
galvanometer. Mechanica galvanometers are made from a coil of wire (VY Voltmeter
and amagnet. Modern galvanometersare IC chips. They al functionin H
the same basic way. They respond linearly to small currents. The @ Ammeter
different types of meters are constructed from a galvanometer and ) Oh
properly placed resistors, WM meter

The schematic symbols for different types of meters are shown at the right.

Example 3. A galvanometer of internal resistance 0.120Wreads full scale when 15.0pA passes
through it. Design an ammeter to read up to 1.00A with this galvanometer.

If the entire 1.00A goes through the galvanometer it will — —L}M—O—
blow up. We must provide an aternate path for the current. Ye

We can control the fraction of the current that goes through R, L

the galvanometer with aresistor called a"shunt.”

Using the junction theorem, | =ig +ig. Theloop theorem requires igr - irR = 0. Solving for

ir and substituting into the junction theorem equation ,
. r. . r r
ip=gigP I =ig(1+ )P R= = 1.80MW.

elo,
éigﬂ

Example4: Use anidentical galvanometer to build a voltmeter to measure up to
10.0V.
If the entire 10.0V is across the galvanometer the current will be huge and it will
cook. We must cut down the current that goes through the galvanometer with a
resistor in series. Using the loop theorem, V =ir+igR.
§ s
e

Solvingfor R, R = X - 1 = 6.67x10°W.

e

Example5: The ammeter from example 3 and the voltmeter from example 4 are
used to measure the resistance in the circuit shown. Find the difference between the ratio of the
meter readings and the true resistance.

10.0V

Using the loop theorem, V = iz(R + R,) whereV isthe voltmeter - _'v)
reading and Ry isthe resistance of the ammeter which can be found e iRJ R

from the paralle rule, ér C\D
L., 1y Ra - R, Reunt =1.80mMW.  Using

|:\)A r Rshunt r+ Rshunt

Vv : . : .
R¢° = as the ratio of the meter readings the equation from the loop theorem can be written,
R
irR¢= iR(R + RA) P R¢t=R+Rj, = R+ Ryt The difference between the meter ratio and the
actua resistanceis, R¢- R = Rgy e = 1.80mW.
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6. RC Circuits

Kirchoff's Rules are very widely applicable. Thisisnot surprising *—
considering they come from the Laws of Conservation of Energy and a c
Conservation of Charge. They can be used to analyze circuits with both R b
resistors and capacitors. § ¢

A typical RC circuit is shown at the right. When the switch connects Rd
aand b current flows and the battery begins to charge the capacitor. When C
the capacitor is charged current can no longer flow. The question is, how ——
long does this take? T V T

At some intermediate time the current in the circuit isi and the charge
on the capacitor isg. Applying the loop theorem, V - IR, - Cﬂ: = 0. From the definition of current, the
current must equal the rate at which the capacitor charges, i = % . The equation from the loop theorem
becomes, V - % R; - _(q: = 0. Thisequation can be solved for q(t) by solving for % and integrating,
%:CV-qID dq dt g_dg _ @ dt p_\cv-q%: t plnaeCV-q@__ t

= [} - =
& RC o/-q RC Qov-q @rc” @& W Rc "€cv e RC
Solving for q,

q= CV?[- e }/ch Charging RC Circuit

The graph of the charge on the capacitor as a function of time T4
is shown. g=CV

Note:
1)The chargeisinitialy zero.
2)The charge grows exponentially.
3)The maximum charge occurs when the capacitor
voltage matches the battery voltage. 5t

When the switch connects b and c the capacitor discharges. The loop theorem requires, - iRy +Eq2 =0.

The current must equal the rate at which the capacitor discharges, i = - % .
The equation from the loop theorem becomes, dq =- i.
at R4C
B )
Integrating,% :-ib ﬁ % :-é dt P In¢ d 9:-—t P g=CV.e )/Rdc
q R4C Vo ( R4C eCvVy,g RyC

q= CVoe_ Jre Discharging RC Circuit
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The graph of the charge on the capacitor as a function of time T4

is shown. =CVo
Note:
1)The charge is initidly the capacitance times the
initial voltage on the capacitor.
2)The charge dies exponentialy.

>t

Example6: A 5.00uF capacitor is charged to 10.0V. A 10.0cm piece of 2.00mm diameter copper
wireisused to short it out. Find thetimeit takes for the capacitor's voltage to drop to 10.0mV.
For the discharge of a capacitor, g = CV e RC b % =V.e RCp v = Ve Re.

2V &
L b t=-raNELS
C eV

09

] By &
Solving for the time, Ve Rep In&LOC.
Vo eV,o

The resistance can be found from its definition,

R=rL = (1.7x10'8)&02 = 5.41x10 “W.
A p(0.00100)

Putting the numbersin,

2©.0100
€ 10.0

- -
t = - RCING—-2 = (5.41x10"4)(5.00x10 ®)In
eVv,g

(o]

0=1.9x10"%s = 19ns.

Chapter 28 - Summary

Kirchoff's Rules:

The Junction Theorem: "The current into any junction is exactly equal to the current out of the
junction.”
The Loop Theorem: "The sum of al the voltage drops around any loop in acircuit must be zero."
Resistorsin SeriesRg = a R;
1

Resistorsin Paralld — = § —
p Ri

Charging RC Circuit q = CV?[- e‘}/ch

Discharging RC Circuit q = CV e Yre
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