Chapter 30 — Inductors and self
Inductance

Inductance is to Capacitance what current is
to a stationary charge. They are both defined
relative to the voltage produced.



Goals for Chapter 30

« Mutual inductance
 Self-inductance

« Magnetic-field energy
* R-L circuits

| -C circuits

| -R-C circuits



Introduction

— A charged coll can create a
field that will induce a
current in a neighboring
coll.

— Inductance can allow a
sensor to trigger the traffic
light to change when the car
arrives at an intersection..




Mutual inductance

— Acoll in one device
generates a field that
creates a current in a
neighboring coil. This
IS the basis for a
transformer.

Mutual inductance: If the
current in coil 1 1s changing,
the changing flux through coil 2
induces an emf in coil 2.

Coil 1
N] turns Coil 2

AN

N, turns




Mutual inductance—examples

— Two solenoid coil one with N1

turns and the other with N2 turns

— How do they interact?

-sectional area A

Cross

Black coil: N; turns



Self and Mutual Inductance

We define inductance L as magnetic flux/current

Here N is the number of coil turns
N®

L= — NP = Ia
In multiple coil systems there is magnetic coupling

between the coils — hence Mutual inductance M
N1®y = L1y + Lysts,

iﬂl'lrrg":I:'g — Lgl?ll T ngi’:g.
Herel,, =L,; =M

.
Energy stored in multiple coils W =1 %" L, .imin

m.n=1




EMF and Flux change

* The time derivative of the magnetic flux = EMF

b  di  dL
Na = tata?

* In general dL/dt = 0 (the inductance does not
change) — This is NOT always true — rail gun example

e |f L =constant then:

dd d1 dP
N— =] — N—=-E=v
dt dt dt
d1 o

| | 1 .
— =< i(t) = Ej} v(7)dr + 1(0)



Energy in inductors

We can related the power (1*V) to inductance and
current change

i _ v L% E%Lf — iy
I-fg'nce{‘ive can qugte %L =energy =% L |2
Note the similarity to energy in a capacitor
W, =% CV?

Where does the energy reside?

In the magnetic and electric fields



Mutual Inductance and Self Inductance

M = ky/L, L,
* kisthe coupling coefficient and 0 < k<1,

* L, is the inductance of the first coil
* L, is the inductance of the second coil.


http://upload.wikimedia.org/wikipedia/en/9/95/Mutually_inducting_inductors.PNG

Induced voltage with self and mutual inductance

. dL L
L= Lo = Mo

V, is the voltage across the inductor of interest
L, is the inductance of the inductor of interest
d/, / dtis through the inductor of interest

d/, / dtis through the inductor that is coupled to
the first inductor

M is the mutual inductance.



Transformers — Voltage Ratios

Basically a mutual inductance device between two
inductors — primary and secondary

V. is the voltage across the secondary inductor

V, is the voltage across the primary inductor (the
one connected to a power source)

N, is the number of turns in the secondary inductor
N, is the number of turns in the primary inductor.



Transformers — Current Ratios

I, is the current through the secondary inductor

I, is the current through the primary inductor (the
one connected to a power source)

N, is the number of turns in the secondary inductor
N, is the number of turns in the primary inductor

Note — Power |, V, = | V¢ is conserved in an IDEAL
transformer

In real transformers there is loss - heat



Self-inductance

Self-inductance: If the current i in the coil 1s
changing, the changing flux through the coil

induces an emf .
in the coil. X\~ B

TN

Variable
source
of emf




Applications and calculations

» There are many cases where self

and mutual inductance are

Important.

Number of turns = N
(only a few are shown) i

\ ~<

(a) Resisitor with current i flowing from a to b:
potential drops from a to b.

[
a > b )
—:—/\/\/\/‘—0— Vop =R >0
R
(b) Inductor with constant current i flowing

from a to b: no potential difference.

i constant: difdt = 0

a - b 7 E di 0
_._rww_._ — —_—
ab dt
E=0

(¢) Inductor with increasing current i flowing
from a to b: potential drops from a to b.
i increasing: difdt > 0
— .
a b di
. I —e— V,, =L >
+ <— = dt
&
(d) Inductor with decreasing current i flowing
from a to b: potential increases from a to b.
i decreasing: dildt < 0

a > b di
—e—— 000 ——e— V,;, = L5 <0
- e ¥ +
£



Magnetic field energy

* Your car uses the collapse of the magnetic field in a
transformer to create the spark in your sparkplug.




The R-L circuit

« The LR circuit is like the RC
circuit from capacitance. In a

Switch S, 1s closed at 7 = 0.

capacitor energy was stored in +|5 '*Sl
the electric field. In an inductor I| o——p

energy is stored in the magnetic
field.

Closing switch S, connects the R-L combination l
in series with a source of emf &.

I /. g

" —

:? Sz

Closing switch S, while opening switch S, I =7T=
disconnnects the combination from the source.




R-L circuit 11

LR and RC circuits both havea  —AAAAM——_ 0000 —

time constant. For RC t1=RC R —> L
for LRt =L/R ]
Recall reactance for a capacitor
and inductor are: G=—0
Z.=1UiaC 2
= [ E
4 =lol ) Switch S, is closed at 7 = 0.
0
L
N
e
o] _ L
R
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The L-C circuit

 Electric and magnetic field energy transfer

(— Capacitor polarity reverses.

Capacitor fully charged;

Zero current

—Qm

E=Uz+ Ug
Circuit’s energy all
stored in electric field

@rt=0andt =T

Capacitor
discharging;
[ increasing

|

\

Capacitor fully
discharged;
current maximal

B m

E=U;+ U

Circuit’s energy all
stored in magnetic field

l Current direction reverses.

Capacitor fully charged;
zero current

_Vm
_Qm ‘—./—.‘\.'P +Qn]

. | + .
Capacitor . i Capacitor
charging; —— £ —f— discharging;
I decreasing ‘ + [ increasing

—> || =>

Il]] T

E=Ugz+ Ug
Circuit’s energy all
stored in electric field

Capacitor fully
discharged;
current maximal

B m l [m

I

0197

E=Uz+ Ug

Circuit’s energy all
stored in magnetic field

(b),=%r ©1= %T (d)/=%T
(close switch at r = 0)
A1 A
<\| <\l
Capacitor charging; / decreasing




Applications and comparisons

Travel

Table 30.1 Oscillation of a Mass-
Spring System Compared
with Electrical Oscillation
in an L-C Circuit

Mass-Spring System

Kinetic energy = smv 2
Potential energy = 1 kx>
Imv? + tkx? = 1kA?
v, = 2 VkImVA® — x*
v, = dx/dt

k

W =4[
m

x = Acos(wt + ¢)

Inductor-Capacitor Circuit

Magnetic energy = 5Li’
Electric energy = ¢>[2C
iLi* + ¢*[2C = Q*[2C
i=+\V1[LCVQ? — &
i = dgldt
1

W=

Lc
g = Qcos(wt + ¢)




The L-R-C circuit - Dissipation

 Inan ideal L-R-C circuit the T —
only dissipation is through the M
resistor. The L and C have no
dissipation and are lossless. /\
The resistor converts the N s,
electrical energy into heat. ’ \/ \[
Thus decay of voltage and
current.

(b) Critically damped circuit (larger resistance R)

When switch S is in this position,

the emf charges the capacitor. q
g 4 Q
+|y
| i
t
c (0]
+q || -g
I N
X
() Overdamped circuit (very large resistance R)
q
P
When switch S is moved to this
position, the capacitor discharges "
through the resistor and inductor. 0




