Chapter 21

Ac Circuits
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Transformer
Transforms AC voltage UP or DOWN

Historical basis for AC Grid your use
George Westinghouse (AC) vs Edison (DC)

Losses due to resistance in wire and eddy currents in transformer “core”
Typ eff ~ 95-99%
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Magnetic Flux concentrated
in the Iron core produces
Eddy Currents which oppose it



Transformers

The induced emf per turn is the same in both
coils, so we adjust the ratio of terminal voltages
by adjusting the ratio of turns:
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CHAPTER 21: 21-1

Angular speed of the rotating coil = Time = Angle of the coil at =0

Emf produced by
an ac generator

e =wNAB sin (wt + ¢)

Number of turns = Area of = Magnitude of the magnetic field
in the coil the coil = to which the colil is exposed
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CHAPTER 21: 21-2

Time-varying voltage Angular frequency
provided by an ac source of the voltage

V(t) =V, sin wt Time

Voltage amplitude = maximum positive value of V(z)
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CHAPTER 21: FIGURE 21-2

The value V of this ac voltage The period T of this ac voltage equals
oscillates between V, the reciprocal of the frequency f:
(the voltage amplitude) T 1_27
and —Vo. - 7 T w
VA
|< T >
vl |
>
_VO_ ______
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CHAPTER 21: 21-3

Power into a resistor Current through the resistor
2 ;
9 Vv Voltage across the resistor
P=1"R=—
R

Resistance of the resistor
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CHAPTER 21: 21-4_2

The root mean square ... 1s the square root of
(rms) value of V()... the average value of V(t).
VO

Vrms = '\j(VZ(t))average = V_z

If V(¢) is a sinusoidal function, its
rms value equals the maximum value

of V(t) (the amplitude) divided by +/2.
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CHAPTER 21: 21-4

The root mean square ... 18 the square root of
(rms) value of V(z)... the average value of V?(t).
VO

Vrms = '\j(vz(t))average = V_z

If V(¢) is a sinusoidal function, its
rms value equals the maximum value

of V(t) (the amplitude) divided by +/2.

COLLEGE PHYSICS | FREEDMAN | RUSKELL | KESTEN | TAUCK | ©2014 B& W. H. FREEMAN AND COMPANY



A full-wave rectifier circuit

Meaning of the rms value of a sinusoidal
quantity (here, ac current with / = 3 A):

@ Graph current i versus time.

@ Square the instantaneous current i.

@ Take the average (mean) value of i.

@ Take the square root of that average.

12 = 9 A2
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(a) A full-wave rectifier circuit

Source of Alternating
alternating current current

\
S

o

N
f
©
!
Diode 74

(arrowhead
and bar indicate the directions in
which current can and cannot pass)

e
—

v
N\

(b) Graph of the full-wave rectified current
and its average value, the rectified average
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Area under curve = total charge that
flows through galvanometer in time .




RC Circuit — Exponential Decay

An RC circuit is a common circuit used in electronic filters

The basic idea is it take time to charge a capacitor thru a resistor
Recall that a capacitor C with Voltage V across it has charge Q=CV
Current |=dQ/dt = C dV/dt

In a circuit with a capacitor and resistor in parallel the voltage across the
resistor must equal opposite that across the capacitor

Hence V.=-V; or Q/C=-IR orQ/C+IR =0 (note the current | thru the
resistor must be responsible for the dQ/dt — Kirchoff or charge conservation

Now take a time derivative dQ/dt/C + Rdl/dt =1/C + R dI/dt =0
OR dl/dt +I/RC simply first order differential equation
Solution is I(t) =1, e"R¢ = |, e¥* where t = RC is the “time constant”

Voltage across resistor Vy(t) = IR =1, R e/RC =V, e/RC =-V_(t) voltage
across capacitor

Note the exponential decay
We can also write the eq as R dQ/dt + Q/C =0



Discharging a capacitor

* Imagine starting with a capacitor C charged to
voltage V,
* Now discharge it starting at t=0 through resistor R

o V(t) — VO e't/RC 100%

Vr

56.8%

13.5%




Charging a Capacitor

Start with a capacitor C that is discharged (0 volts)
Now hook up a battery with a resistor R

Start the charge at t=0

V(t) =V, (1- e’/R¢)

958.2%

5T

86.5%



RC Circuits — Another way

Lets analyze this another way

In a closed loop the total EMF is zero (must be careful here
once we get to induced electric fields from changing magnetic
fields)

In quasi static case |[Eedl =0 (voltage sum) over a closed loop
Charge across the capacitor Q = CV | =dQ/dt =CdV/dt

But the same | = -V/R (minus as V across cap is minus across R if
we go in a loop)

CdVv/dt=-V/R or CdV/dt+V/R=0or dV/dt+V/RC=0
Solution is V(t) = V, e¥/RC
Same solution as before

The time required to fall from the initial voltage V, to V, /e is
time t = RC



Complex impedances

Consider the following series circuit

If we put an input Voltage V,, across the system

We get a differential eq as before but with V.,

V. +IR+Q/C=0 JEedl=0 around the closed loop

V. +RdQ/dt+Q/C = V. +IR+]l dt/C—we can write the solution as

a complex solution | = |, et VR

V. +IR+]l dt/C °—‘|:| I .
We can make this more [ R [
General letting V., =V, et _ .

This allows a drivgn osoc term —freq o Vi ce=
V, el®t+R 1, et +1, el /(ioC) 0 ¢ o

V, +R I, +1,/(ioC) - thus we can interpret this as a series of
impedances (resistance) Z (general impedance ) where Z; =R is the
normal impedance of a resistor and Z_ = 1/(ioC) = -i/(®C) is the
impedance of a capacitor

Note the impedance of a capacitor is complex and proportional to
1/®wC - the minus i will indicate a 90 degree phase shift



Q26.9

A battery, a capacitor, and a resistor are connected in series. Which of the
following affect(s) the maximum charge stored on the capacitor?

A. the emf ¢ of the battery

B. the capacitance C of the capacitor
C. the resistance R of the resistor

D. both ¢and C

E. all three of ¢ C, and R



A26.9

A battery, a capacitor, and a resistor are connected in series. Which of the
following affect(s) the maximum charge stored on the capacitor?

A. the emf ¢ of the battery
B. the capacitance C of the capacitor

C. the resistance R of the resistor

JD. both ¢and C
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Q26.10

A battery, a capacitor, and a resistor are connected in series. Which of the
following affect(s) the rate at which the capacitor charges?

A. the emf ¢ of the battery

B. the capacitance C of the capacitor
C. the resistance R of the resistor

D. both Cand R

E. all three of ¢ C, and R



A26.10

A battery, a capacitor, and a resistor are connected in series. Which of the
following affect(s) the rate at which the capacitor charges?

A. the emf ¢ of the battery

B. the capacitance C of the capacitor

. the resistance R of the resistor
D. both Cand R

E. all three of ¢ C, and R



Current in the device I’m using right now

e A desktop PC draws current from a plug to the wall, but what are the
details?




CHAPTER 21: 21-5

Power produced by or transferred into a circuit element
P=zV

Current through the Voltage (absolute value)
circuit element across the circuit element

Source of emf: Power flows out of the source and into the moving charges.
Resistor: Power flows out of the charges and into the resistor.
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CHAPTER 21: FIGURE 21-4

@The alternating current in
the primary coil creates an
alternating magnetic field

An input ac voltage with of the same angular
amplitude V,, and angular frequency . The field lines
frequency @ causes an are “trapped” by the iron
alternating current in the core and all pass through
primary coil. the secondary coil.

Primary coil, g .,

N, windings

Input
voltage

Vo

Iron core

1 VAAAAAAAN/

The alternating magnetic
flux through the windings
of the secondary coil
induces an alternating emf,
or output voltage, of the
same angular frequency @
but of amplitude V..

Secondary coil,

N, windings
- ——

A

Output
voltage

The amplitude V; of the output voltage equals (N/N,) times the amplitude V, of the
input voltage.

o If Ny > N, then V(> V.. This is a step-up transformer.

* If N < Ny, then V < V.. This is a step-down transformer.
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CHAPTER 21: 21-6

Amplitudes of the input (p) VS VS, rms N S N‘}lrl(lbfr chl Windircllgs in thle(p;imary
and output (s) voltages = = coll (p) and secondary coil (s
P 2 Vp Vp,rms N p

Rms values of the input (p)
and output (s) voltages
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CHAPTER 21: 21-8

Inductance of a coil ~ Number of windings in the coil

Magnetic flux through each
L= N(.DB winding of the coil due to the
/ field produced by the coil itself

Current in the coil
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CHAPTER 21: 21-11_2

Voltage across an inductor Inductance of the inductor
A1 Rate of change of the
Ve=r At current 7 in the inductor

The negative sign means that the voltage
opposes any change in the current.
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CHAPTER 21: FIGURE 21-8_2

e The capacitor is charged
and there is an electric field
between its plates.

* No current is yet present,
so there is no magnetic
field in the inductor.

* The capacitor is completely
discharged and there is no
g=0 electric field.

=i ® There is a counterclockwise

current around the circuit,
and a magnetic field in the
inductor.

4

i=0 i=0
Bi= 390 B=1 -Qo
L% EWyC L% E BcC
-Qo +Q, L

>~12

e The capacitor is again

completely discharged and
there is no electric field.

e There is a clockwise current
around the circuit. The
magnetic field is the reverse
of Step 2.

ke

les]’
< |

charged, but the charges and
electric field are the reverse
of Step 1.

* No current is present and
there is no magnetic field in
the inductor.

@' The capacitor is again
0

o

COLLEGE PHYSICS | FREEDMAN | RUSKELL | KESTEN | TAUCK | ©2014 B& W. H. FREEMAN AND COMPANY



CHAPTER 21: 21-15

Energy in an Magnetic energy Ug Electric energy Uy
L.C circuit in the inductor in the capacitor
1 q-
E=—=Li*+ Charge on the capacitor
2 2C ° P
Inductance of = Current in Capacitance of
the inductor the inductor the capacitor
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CHAPTER 21: TABLE 21-1

Table 21-1 Comparing a block on an ideal spring to an LC circuit

Quantity for a block on an ideal spring

Corresponding quantity for an LC circuit

spring displacement, x

capacitor charge, g

block velocity, v, = Ax/At

current, i = Aqg/At

spring constant of the spring, k

reciprocal of the capacitance, 1/C

mass of the block, m

inductance, L

oscillation amplitude, A

maximum capacitor charge, O

kx?

qZ

electric energy in the capacitor, Ug = 70

1

potential energy of the spring, Ugyying = >
. 1
kinetic energy of the block, K = 2 MVx

magnetic energy in the inductor, U = ELi 2
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Resistors in an AC circuit

 Ohm’s Law applied in oscillatory fashion.

(a) Circuit with ac source and resistor

L@

(b) Graphs of current and voltage versus time

i = [cos wt

r = IR cos wt = Vp cos wt

Amplitudes are in the

Current is in phase
with voltage: crests and
troughs occur together.

same relationship as for
a dc circuit: Vp = IR.

(c) Phasor diagram

Voltage
phasor

g
o
Current \

phasor \ ‘

Current and voltage
phasors are in phase:
they rotate together.

£ \

\

\

i
Instantaneous

current

Instantaneous
voltage



Inductors in an AC circuit

 Replace the resistor in the previous slide with an inductor.

(a) Circuit with ac source and inductor (b) Graphs of current and voltage versus time (c) Phasor diagram
i,V Voltage phasor leads current phasor
O / i = 1cos wt by ¢ = /2 rad = 90°.
PEES S v, = IwL cos (ot + 90°) ;
000 v d
a L ) " ’ Voltage | Phase
hasor
kv, —| o\ \/ P
l \
L. )
[ | ‘
t [
< | X | Y 1
T =0 2| -
s 5 rad = 0

Voltage curve leads current curve by a quarter-
cycle (corresponding to ¢ = /2 rad = 90°).



Capacitance in an AC circuit

» Because this Is a series circuit, the
current is the same through the
capacitor as through the resistor
just considered.

-

R=2000

® —NWA

l
I\

| Ve =(1.20'Y) cos (2500 rad/s) 1

(a) Circuit with ac source and capacitor

(b) Graphs of current and voltage versus time
i v

i = I cos wt

I

I N ,
e = — cos (wr — 90°
U¢ cos (w )

A DN 7

0 \>&/ \r

—T. %T rad = 90°

Voltage curve lags current curve by a quarter-

cycle (corresponding to ¢ = /2 rad = 90°).

(c) Phasor diagram

Current ,
phasor /71
Phase
angle ¢ /

4 £ o
e ;
a -+ Voltage phasor lags current
e N
Voltage phasor by ¢ = —7/2 rad

phasor Ve —90°.



Comparing AC circuit elements

« Summary of circuit elements.
« Frequency dependence of reactance

)

Table 31.1 Circuit Elements with Alternating Current

Circuit Element Amplitude Relationship Circuit Quantity Phase of v
Resistor Ve = IR R In phase with i
Inductor V, = IX, X; = oL Leads i by 90°

Capacitor Ve = IXe X = 1|wC Lags i by 90°



The loudspeaker, a useful application

° The WOOfer (lOW toneS) A crossover network in a loudspeaker system
and the tweeter (high .
- rom
tones) connect in parallel  anpiifier
through a “crossover.”

Tweeter

Graphs of rms current as functions of
frequency for a given amplifier voltage

The inductor and capacitor feed low
rms frequencies mainly to the woofer and

high frequencies mainly to the tweeter.
¥ “ Tweeter
>— Woofer
Crossover \
oint
P Woofer
f
O



The L-R-C circuit

(a) Series R-L-C circuit (b) Phasor diagram for the case X; > X (c) Phasor diagram for the case X; < X,
Source voltage phasor is the vector If X; < X¢. the source voltage phasor lags the
sum of the Vi, V/, and V- phasors. current phasor, X < 0, and ¢ is a negative angle

p— between 0 and —90°.
Inductor voltage All circuit
phasor leads ‘ elements have = 3
current y,  _ o o) V = |7 the same
phasor current phasor.
by 90° Z Vi = IXp

.
teen

Capacitor voltage Resistor voltage
phasor lags & phasor is in
current phasor Ve = [Xc i phase with

by 90°. It is thus always current phasor.
antiparallel to the V, phatsor.




An L-R-C circuit Il




Power In an inductor

 Consider current, voltage, and power as functions of time.

(a) Pure resistor (b) Pure inductor (c) Pure capacitor (d) Arbitrary ac circuit

For a resistor, p = vi is always positive For an inductor or capacitor, p = vi is alternately For an arbitrary combination of
because v and / are either both positive positive and negative, and the average power is zero. resistors, inductors, and capacitors,
or both negative at any instant.

the average power is positive.

5 i' p ::...' fm\_ ‘._".. _"_

v L p 1
p p
Pil\’ =
v .
t 1
0 9 v
i

KEY: Instantaneous CUITENt, [ e Instantaneous voltage across device, U s Instantaneous power input to device, )



Circuit behavior at resonance

 Look at the maximum | when the impedance is a minimum.

Reactance, resistance, and impedance as Impedance, current, and phase angle as
functions of angular frequency functions of angular frequency
Impedance Z is least at the angular Current peaks at the angular frequency
frequency at which X, = Xj. at which impedance is least. This is the
i resonance angular frequency w,.
R X Z Z= R+ X, — X)* L7
<
| z
Xc :
|
|
i R N—
. \
|
X
log w
o “o Y log w 2 ©
] i __on° Logarithmic
X; — X Logarithmic 07— 8
¢ scale
scale




Tuning a radio — LRC circuit — tuned to station - AM/ FM radio
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