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CHAPTER-1
FUNDAMENTALS

CHARGE:-

e The most basic quantity in an electric circuit is the electric charge.

eCharge is an electrical property of the atomic particles of which matter consists,
measured in coulombs (C). Charge, positive or negative, is denoted by the letter q
or Q.

o All matter is made of fundamental building blocks known as atoms and that each atom
consists of electrons, protons, and neutrons. We also know that the charge ‘e’ on an
electron is negative and equal in magnitude to 1.602x10™"° C, while a proton carries
a positive charge of the same magnitude as the electron and the neutron has no
charge. The presence of equal numbers of protons and electrons leaves an atom
neutrally charged.

CURRENT:-

eCurrent can be defined as the motion of charge through a conducting material,
measured in Ampere (A). Electric current, is denoted by the letter i or I.

e The unit of current is the ampere abbreviated as (A) and corresponds to the quantity
of total charge that passes through an arbitrary cross section of a conducting
material per unit second.

Mathematically,

Q

Fs
t or O=0It . (1.1)

Where Q is the symbol of charge measured in Coulombs (C), | is the current in
amperes (A) and t is the time in second (s).

e The current can also be defined as the rate of charge passing through a point in
an electric circuit. Mathematically,

i da
a (1.2)
e The charge transferred between time t; and t, is obtained as

12
q= j idt
e (1.3)

e A constant current (also known as a direct current or DC) is denoted by symbol |
whereas a time-varying current (also known as alternating current or AC) is
represented by the symbol i ori (t).

eCurrent is always measured through a circuit element in ammeter as shown in Fig.1.1
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(Fig. 1.1. Current through Resistor (R))
e Two types of currents:
1) A direct current (DC) is a current that remains constant with time.

2) An alternating current (AC) is a current that varies with time.
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(Fig.1.2. Two common types of current: (a) Direct Current (b) Alternating Current)
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VOLTAGE (OR) POTENTIAL DIFFERENCE:-

e To move the electron in a conductor in a particular direction requires some work or
energy transfer. This work is performed by an external electromotive force (emf),
typically represented by the battery in Fig 1.3(a). This emf is also known as voltage or
potential difference. The voltage V,, between two points a and b in an electric circuit is
the energy (or work) needed to move a unit charge from a to b.
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(Fig. 1.3.(a) Electric Current in a conductor, (b) Polarity of voltage V)

e \oltage (or potential difference) is the energy required to move charge from one point to
the other, measured in volts (V). Voltage is denoted by the letter v or V.

Mathematically,

_dw
a (1.4)
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where w is energy in joules (J) and q is charge in coulombs (C). The voltage Vab or
simply V is measured in volts (V).
1 volt = 1 joule/coulomb = 1 newton-meter/coulomb

Fig1.3(b). shows the voltage across an element (represented by a rectangular block)
connected to points a and b. The plus (+) and minus (-) signs are used to define
reference direction or voltage polarity.

e The V,, can be interpreted in two ways: (1) point a is at a potential of V,, volts higher
than point b, or (2) the potential at point a with respect to point b is V. It follows logically
that in general

Vab = _Vba ......... (1 5)

e \oltage is always measured across a circuit element in Voltmeter as shown in Fig.1.4

Voltmeter

Circuit
Element

(Fig.1.4. Measurement of voltage through voltmeter across circuit element)

POWER:-

e Power is the time rate of expending or absorbing energy, measured in watts (W). Power,
is denoted by the letter p or P.
Mathematically,

p=dv
a (1.6)

Where P is power in watts (W), w is energy in joules (J), and t is time in seconds (s).
From voltage and current equations, it follows that;

Thus, if the magnitude of current | and voltage are given, then power can be
evaluated as the product of the two quantities and is measured in watts (W).

e Sign of power:

Plus sign: Power is absorbed by the element. (Resistor, Inductor)
Minus sign: Power is supplied by the element. (Battery, Generator)




e Passive sign convention:
If the current enters through the positive polarity of the voltage, P = +VI
If the current enters through the negative polarity of the voltage, P = — VI

ﬂ—d_ﬁ —h—___
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p=-tus pP=—u
(=) (b)

(Fig.1.5. Polarities for Power using passive sign convention
(a) Absorbing Power (b) Supplying Power)

ENERGY:-

e Energy is the capacity to do work, and is measured in joules (J).
e The energy absorbed or supplied by an element from time 0 to t is given by,

W= j Pdt = jVIdt
0 0

e The electric power utility companies measure energy in watt-hours (WH) or Kilo watt-
hours (KWH).

1WH=3600J (1.9)

ENERGY SOURCES:-
e The energy sources which are having the capacity of generating the energy. The most
important energy sources are voltage or current sources that generally deliver
power/energy to the circuit connected to them.

There are two kinds of sources
a) Independent sources
b) Dependent sources

a) Independent Sources:

An ideal independent source is an active element that provides a specified voltage or
current that is completely independent of other circuit elements.




Ideal Independent Voltage Source:

An ideal independent voltage source is an active element that gives a constant voltage
across its terminals irrespective of the current drawn through its terminals.

Ideal Independent Current Source:

An ideal independent Current source is an active element that gives a constant current
through its terminals irrespective of the voltage appearing across its terminals.

b) Dependent (Controlled) Sources:

e An ideal dependent (or controlled) source is an active element in which the source
quantity is controlled by another voltage or current.

e Dependent sources are usually designated by diamond-shaped symbols, as shown in
Fig.1.6 Since the control of the dependent source is achieved by a voltage or current
of some other element in the circuit, and the source can be voltage or current, it
follows that there are four possible types of dependent sources, namely:

A voltage-controlled voltage source (VCVS)
A current-controlled voltage source (CCVS)
A voltage-controlled current source (VCCS)
A current-controlled current source (CCCS)
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(2) VCVS (B)CCVS (c) VCCS (d)CCCS

(Fig.1.6. (a) voltage-controlled voltage source (b) current-controlled voltage source (c)
voltage-controlled current source (d) current-controlled current source)

ELECTRICAL LOAD:-

e The electrical load is a device that consumes electrical energy in the form of the current
and transforms it into other forms like heat, light, work etc.
The electrical load are (a) Resistive (b) Inductive (c) Capacitive
Resistive Load — The resistive load obstructs the flow of electrical energy in the circuit
and converts it into thermal energy.
Ex- Lamp, Heater

¢ Inductive Load- The inductive load has a coil which stores magnetic energy when the
current pass through it.
Ex- Generator, motor, transformer

e Capacitive Load- The capacitive load include energy stored in materials and device.
Ex- capacitor bank and synchronous condenser
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OHM’S LAW:-

e Georg Simon Ohm (1787—-1854), a German physicist, is credited with finding the
relationship between current and voltage for a resistor. This relationship is known as
Ohm’s law.

e Ohm’s law states that at constant temperature, the voltage (V) across a conducting
material is directly proportional to the current (l) flowing through the material.
Mathematically,

Vol

V=RI ... (1.10)
Where the constant of proportionality R is called the resistance of the material. The V-1
relation for resistor according to Ohm'’s law is depicted in Fig.1.7

o

P i

(Fig.1.7. V-l Characteristics for resistor)

Limitations of Ohm’s Law:
1. Ohm’s law is not applicable to non-linear elements like diode, transistor etc.
2. Ohm’s law is not applicable for non-metallic conductors like silicon carbide.

Example-1.1. An electrical iron carrying 2A at 120V. Find resistance of the device?

Solution:

V_I20_ 6o
I 2

Example-1.2.The essential component of a toaster is an electrical element (a resistor) that
converts electrical energy to heat energy. How much current is drawn by a toaster with
resistance 12Q at 110V?

Solution:

I = 4 = 110 =9.167Amp
R 12




RESISTOR:-

Materials in general have a characteristic behavior of resisting the flow of electric charge. This
physical property, or ability to resist the flow of current, is known as resistance and is
represented by the symbol R. The Resistance is measured in ohms (Q).

RELATION OF V.l &R IN SERIES CIRCUIT: -

Two or more resistors are said to be in series if the same current flows through all of them. The
process of combining the resistors is facilitated by combining two of them at a time. With this in

A
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b
mind, consider the single-loop circuit of Fig.1.8

(a) (b)
(Fig.1.8. (a) A single loop circuit with two resistors in series, (b) Equivalent Circuit of series
resistors)

The two resistors are in series, since the same current i flow in both of them. Applying Ohm’s
law to each of the resistors, we obtain

Vi=iR,V, =ik, . (1.11)
If we apply KVL in the loop (moving in the clockwise direction), we have
v-vi,-v,=0 (1.12)
Combining equation (1.11) &(1.12), we get
V=V +V, =iR +iR, =i(R+R,) . (1.13)
Equation (1.13) can be written as V=i, . (1.14)
Where Req =Ri + R, j o the summation of two resistors.
From Eq.(1.13) we get,
i Vv
R, + R, ceeen(1.15)

In general, the equivalent resistance of any number of resistors connected in series is
the sum of the individual resistances.




For N resistors in series then,

Il
~

R, =R,+R, +...+ R,

Voltage Division:

To determine the voltage across each resistor in Fig.1.8, we substitute Eq. (1.15) into Eq.
(1.11) and obtain

V= i RV, = v R,
R +R, R +R,

Note that the source voltage is divided among the resistors in direct proportion to their

resistances; the larger the resistance, the larger the voltage drop. This is called the principle
of voltage division.

Example.1.3. Find the current | passing through and the voltage across each of the resistors in
the circuit.

Rs
Solution: Ry = R1+R+R3=3KQ + 10KQ + 5KQ = 18KQ

v 9

| = Rmml =18X103 =0.5mA

9
VRi = _ VRl _18x10° x3x10°= 1.5V
R, +R, +R,
1% 9

Vee= R, +R, + R, K= 18x10" x10x10%= 5V

VR3= LR:&: =2.5V
R, +R, +R,




RELATION OF V.l &R IN PARALLEL CIRCUIT:-

Two or more resistors are said to be in parallel if the same voltage appears across each
element. Consider the circuit in Fig.1.9(a) , where two resistors are connected in parallel and

therefore have the same voltage across them.

¥ - "
e ‘ Node a B a
hy Ly
@ - &, ® oG v 2 Reg
Node b b

(a) (b)

(Fig: 1.9. (a) Two resistors in parallel (b) Equivalent circuit)

v=i,R, =i,R, e (1.18)

Applying KCL at node a gives the total current i is

=g+, L (1.20)

Substituting Equation 1.19 into 1.20, we get

eq

Y % (1 1] %
i=—+— =" +— |=—
R, R, p R, R (1.21)

Where R, is the equivalent resistance of the resistors in parallel.

Thus, The equivalent Resistance of parallel-connected resistors is the reciprocal of the sum of
the reciprocals of the individual resistances.

If a circuit with N resistors in parallel then the equivalent resistance is




DIVISION OF CURRENT IN PARALLEL CIRCUIT:-
We know that the equivalent resistor has the same voltage, or

v=iR,, = M
R +R, (1.24)
Substituting eq (1.24) into (1.19)
. _ iR,
'R +R,
LR,
T R+R, (1.25)

This shows that the total current is shared by the resistors in inverse proportion to their
resistances. This is known as the principle of current division, and the circuit is known as a
current divider.

Example.1.4. Find the current | passing through and the current passing through each of the
resistors in the circuit below.

ol
p NO
w

4

v —. Ry Ro %Ra
T 10kQ P 2ka 1kQ

|+

8 7 6 5
Solution:
NN VORI SPE I SURNE YT
R,, R R, R, 10x10 2x10 1x10
Rmml = 6ZSQ
I = ¥ e =0.0144Amp =14.4mA
Rmml 25
IRlzlz 2 3=O.9mA
R, 10x10
8D s
R 24710
1R3 = 1 = L:; =9mA
R, 1x10

POWER IN SERIES & PARALLEL CIRCUIT:-

(a) Series Combinations:- If the electrical appliances of power P;& P, are connected in
series with main voltage V having resistance R1& Ry, then
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Chapter-2

DC circuits



Electrical circuit : The close path flows by the electric circuit is known as
electrical circuit.

DC circuits : The close path which DC current is flow is known as DC
circuits.

Ohm's law : The current flowing between the end of the conductor is directly
proportional to the potential difference across the end of the conductor with
the physical condition, temp. pressure etc. don't change.

Mathematically,

| oc V

or V /I =constant

This constant is called the resistance of the conductor.
V/I=R

The ohm’s law is verified , if the graph between V&l at different
values is a straight line as shown in fig,. :
|

Voltage



[ imitations of Ohm’s Law :

|. It does not apply on the unilateral networks.

ll. It does not apply on the non-linear networks , the parameter of the
network is vary with the voltage and current. Their parameters like
resistance, inductance, capacitance and frequency etc. do not remain
constant with time. So, ohm’s law is not applicable to the non-linear
networks.

e Applications of Ohm’s Law:
It can be applied to D.C as well as A. C circuit.

2. To find out the value resistance of the circuit and also for knowing the
voltage and current of the circuit.




Resistance in series:

The circuit in which resistance are connected end to end so that they connected from one path for the flow
of current than resistance are called connected in series and such circuit is called series circuit .

As shown in fig below resistance between point A and D is equal to the sum of three individual resistances.
The current enters in to the point A of the combination, will also leave from point D as there is no other parallel

path provided in the circuit. Now say this current is I. So this current | will pass through the resistance R, R, and

R,

voltage drop across R1, V1 = IR1 A "
R2,V2= IR2 < v, > v, pid v; >

R3, V3= IR3 JP D P . i S = &

i A B C D i

Since, sum of voltage drops across the individual resistance is nothing but the equal to applied voltage across
the combination

Total voltage V = V1+V2+V3
V = IR1+IR2+IR3

V/ 1 =R1+R2+R3 then according to Ohm’s law, V = IR
R = R1+R2+R3



So, the above proof shows that equivalent resistance of a combination of resistances in series is equal
to the sum of individual resistance. If there were n number of resistances instead of three resistances,
the equivalent resistance will be

R:R1+R2+R3+ ........ Rn

Resistances in Parallel:

The circuit in which one end of each resistor is collected to common point and the other end of each
resistor is connected to another common point so that they are many path for current flow then
resistor are said to be connected in parallel and such circuit is called parallel circuit

As this current will get three parallel paths through these three electrical resistances, the current will
be divided into three parts. Say currents |, |, and |, pass through resistor R , R, and R, respectively.
Acc to ohm’s law

Current in resistance R1,11=V/R1
R2,12=V/R2
R3,13=V /R3 " K
Total current | =11+ 12 + 13 iz W
I=V/R1+V/R2+V / R3 ik B N

I=V[1/R1+1/R2+1/R3

|
1/R=1/R1+1/R2+1/R3 - '



The above expression represents equivalent resistance of resistor in parallel. If there were n

number of resistances connected in parallel, instead of three resistances, the expression of
equivalent resistance would be written as

1 1 1 1 o
I~ o Ve I~

7T

Hence, the number of resistor are connected in parallel reciprocal of total resistance is equal to the reciprocal
sum of individual resistors.

i Voltage across each resistances of the parallel combinations is same.

ii. Current in each branch is given by the ohm law and total current is equal to the sum of branch current.
iii.  Different resistance have individual current.

iv. Reciprocal of the total resistance is equal to the same of the reciprocal sum of the individual resistors.

Application of paraIIeI circuit : in the domestic installation all the electrical appliances are

connected in parallel across the supply so that voltage across each appliance is same . The reason for
connecting the appliances in parallel are due to

i Electrical appliances are rated for same voltage and operate efficiently when supplied with this rated
voltage.

ii. When appliances are connected in parallel each operate independently of the others.
therefore failure of an appliances will not effect the working of the others.



Kirchhoff's current law(KCL) : The algebraic sum of all the current meeting at any
junction in an electric circuit is zero. This is called the Kirchhoff's current law . If we take
the sign of current following towards point O is taken as +ve and when current following

away from the point O is taken as the —ve sign.
+M+12+(-13)+14+(-15)=0
11T+12+14=13+15
Incoming current = Outgoing current

N

E ; — L=L=-L,+1,+1.=0
Zn—O T e R T

n=1

Where N is the total number of
branches connected to a node.

: ‘, lleave

node node

Nn
)
N
N
)
N



Kirchhoff's voltage law (KVL) " In any closed circuit the algebraic sum of

the product of current and resistance(voltage drop) plus the alaphmm sum of all fhp e.m.f
in that circuit is equal to the zero is called Kirchhoff's voltage |

i.  Sign of e.m.f : Arise in a potential is considered as w W
+ve while fall in potential is considered as negative. e o i l
ii.  Sign of voltage drop : There is voltage drop in B 2 e SRR
resistance due to the flow of current through it . If
we go with the current then voltage drop should be

taken as —ve where as ,if we go against the current
flow, then voltage drop should be taken as positive.

Consider closed circuit ABCFA Now consider loop CDEFC
Voltage drop in R1=-(l1+I2)R1 Voltage drop in R2 =+I2R2
By applying KVL to this loop By applying KVL to this loop
-(l1+12)R1+E1=0 [2R2+(11+I2)R1-E2=0

Or E1=(l1+12)R1 Or E2= [2R2+(I1+I2)R1



Thevenin’s Theorem:

o Thevenin’s theorem simplifies the process of solving for the unknown
values of voltage and current in a network by reducing the network to an
equivalent series circuit connected to any pair of network terminals.

o Any network with two open terminals can be replaced by a single voltage
source (V) and a series resistance (R.,) connected to the open
terminals. A component can be removed to produce the open terminals.

Vth = open circuit voltage between two terminals ( known's as the Thevenin’s
equivalent voltage source. This is obtained by removing load resistance

(Rr)and find out the potential difference across the open terminal of RL. V_, is
determined by calculating the voltage between open terminals A and B.

Rth =It is the Thevenin’s equivalent resistance which can be obtained by
shorting the voltage source and calculating the circuit’s total resistance
as seen from open terminals A and B



Thevenin’s Theorem:

R =30 R =20
W\ A
= = R, = R= —
3BV = 60 200
i
(a) (e)

Fig. 1 Application of Thevenin’s theorem. (a) Actual circuit with terminals A and B across R, .
(b) Disconnect R, to find that V, ; is 24V. (c¢) Short-circuit V to find that R, ; is 2Q.



Thevenin’s Theorem

(a) (b)

Vo S W Vo Y W s
R2 30 + 60 R2 AB~ 'R2

Fig. 2 Application of Thevenin’s theorem. (a) Actual circuit with terminals A and B across R, .
(b) Disconnect R, to find that V, ; is 24V. (c) Short-circuit V to find that R, ; is 2Q.



Thevenin’s Theorem

R, =30 R, =30 R, =30

 y Short R, =
'V across 60

o B

(a) (b) (c)

Fig. 3: Application of Thevenin’s theorem. (a) Actual circuit with terminals A and B across R, .
(b) Disconnect R, to find that V, ; is 24V. (c¢) Short-circuit V to find that R, ; is 2Q.



Thevenin’s Theorem

R, 20N R, =21
A\
=l = Vi = i =g .
= 24 = 24V | 2 ()
t
0 B O
(d) (e)

Fig.4 (d) Thevenin equivalent circuit. (¢) Reconnect R, at terminals A and B to find that V| is 12V.



Thevenin’s Theorem

(a) (b) (c)

Note that R, does not change the value of
produced by the source V, but R, does
increase the value of

3Q-6Q2

Bl ARTPNE
TH™ 30+ 60

+40 Rpyg =60

Fig. :5 Thevenizing the circuit of Fig. 3 but with a 4-Q R, in series with the A terminal. (a) V, is
still 24V. (b) Now the R,z is 2 + 4 = 6 Q. (c) Thevenin equivalent circuit.



Norton’s Theorem:

o Norton’s theorem is used to simplify a network in terms of currents instead of
voltages.

o It reduces a network to a simple parallel circuit with a current source (comparable to a
voltage source).

o Norton’s theorem states that any network with two terminals can be replaced by a
single current source and parallel resistance connected across the terminals.

Thevenin-Norton Conversions:

*Thevenin’s theorem says that any network can be represented by a voltage source and series
resistance.

*Norton’s theorem says that the same network can be represented by a current source and shunt
resistance.

*Therefore, it is possible to convert directly from a Thevenin form to a a Norton form and vice
versa.

*Thevenin-Norton conversions are often useful.



Maximum Power Transfer

® For any power source, the maximum power transferred
from the power source to the load is when the
resistance of the load R is equal to the equivalent or
input resistance of the power source (R_= R, orR).

O The process used to make R =R, is called impedance matching.



Find the value of R __, that maximizes power

+ R 3 2R R
Th L) Ioad(

+ R
Th L




The maximum power delivered to the load

V2
2 Th
Pmax _IRL - R 2R
( L)
2
V.
_Th
Pmax =
4R



Power Transfer Calculation

2
IDL - VL / RL
2
|: RL :|
Th =
p - R, + Ry, =
£ = g
]
RL B
i
w
Ry, 500 %
VWV 8
= +
_1 V
: 1 n Vioad § RUioad z
0o 1[0 2|0 3'0 4'0 5'0 SIO 710 slo 9|o 100
Load Resistance (Q)




Application

® \When developing new circuits for a known application,
optimize the power transfer by designing the circuit to
have an input resistance close to the load resistance.

® \When selecting a source to power a circuit, one of the
selection criteria is to match the input impedance to the
load resistance.



A —-Y Conversion

R * The resistance
a between the
. terminal pairs must
b
be the same for
v both circuits
R.(R,+R )
R = b =R +R
ab R_+R +R_ 1 2
a b c
_Ry(R *R) R R
bc R_+R +R 2 3
a bp c
R (R_+R_)
=_b ¢ & -R 4R
ca R +R +R 1 3
a b C



Y — A Conversion

® After some algebraic manipulation

RR_ +R_R_+RR
R = 12 23 31

a R1
RR,+R R, +R.R
R =12 23 31
b R
2
RR,+R R, +R.R
R =12 23 31
c R
3




CHAPTER



Fundamentals of Electrostatics

m Flectrostatics is the branch of
electromagnetics dealing with the effects
of electric charges at rest.

m The fundamental law of electrostatics is
Coulomb’s law.




Electric Charge

m Flectrical phenomena caused by friction are part
of our everyday lives, and can be understood in
terms of electrical charge.

Electrical charge 1s that entity due to presence of
which a stationary particle can response in an
electrostatic field.

The effects of electrical charge can be

observed in the attraction/repulsion of various

objects when “charged.”

Charge comes in two varieties called “positive”
and “negative.” 2




Electric Charge

m Objects carrying a net positive charge attract
those carrying a net negative charge and repel
those carrying a net positive charge.

m Objects carrying a net negative charge attract
those carrying a net positive charge and repel
those carrying a net negative charge.

® On an atomic scale, electrons are negatively

charged and nuclei are positively charged.




Electric Charge

m Electric charge is inherently quantized such that
the charge on any object is an integer multiple of
the smallest unit ot charge which is the
magnitude of the electron charge

e=1.602 x10-°C.

® On the macroscopic level, we can assume that

charge 1s “continuous.”




Coulomb’s Law

m Coulomb’s law is the “law of action’ between
charged bodjies.

m Coulomb’s law gives the electric force between
two point charges in an otherwise empty
universe.

m A point charge is a charge that occupies a
region of space which is negligibly small
compared to the distance between the point
charge and any other object.
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Coulomb’s Law

0,

r
.\lz‘Q g Unit vector in

.\ direction of R,

Fn

/0,0,

Force due to QI/FIZ — aR12

. 2
acting on 0, 4r 80 "1




Coulomb’s Law

m The force on Q; due to O, is equal in
magnitude but opposite in direction to the
force on ), due to Q.

FZI — —F12




Electric Field

m Consider a point charge
O placed at the origin of a )
coordinate system in an 0,
otherwise empty universe.

m A test charge O, brought

near () experiences a 0

force:
Q0,

IS

FQt:a

"Armer’




Electric Field

m The existence of the force on O, can be
attributed to an electric field produced by Q.

m The electric field produced by Q at a point in
space can be defined as the force per unit charge
acting on a test charge O, placed at that point.

Fo,

E = lim

00 Q)




Electric Field

®m The basic units of electric field are newtons
per coulomb.

m [n practice, we usually use volts per meter.




Continuous Distributions of
Charge

m Charge can occur as
m point charges (C)
m volume charges (C/m>) < most general

m surface charges (C/m?)

m [ine charges (C/m)




Electrostatic Potential

® An electric field is a force field.

m [f a body being acted on by a force is
moved trom one point to another, then
work is done.

m The concept of scalar electric potential
provides a measure of the work done in
moving charged bodies in an
electrostatic field.




Electrostatic Potential

® The work done in moving a test charge from
one point to another in a region of electric

field:

F




Electrostatic Potential

m The electrostatic field is conservative:

® The value of the line integral depends only
on the end points and is independent of
the path taken.

m The value of the line integral around any

closed path is zero.

E-dl=0
> $Ed

C




Electrostatic Potential

m The work done per unit charge in moving a
test charge from point « to point 4 is the
electrostatic potential difference between

the two points
b
a—)b j
a

Vab g
electrostatic potential difference
Units are volts.
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Electrostatic Potential

m Since the electrostatic field is

conservative we can write
PO




Electrostatic Potential

m Thus the electrostatic potential 1" is a
scalar field that is defined at every point in
space.

m [n particular the value of the electrostatic
potential at any point P is given by

V(K):—TE'CZ!

P ‘
O " reference point

17




Electrostatic Potential

m The reference point (P,) is where the potential
is zero (analogous to ground in a circuit).

m Often the reference is taken to be at infinity so
that the potential of a point in space is defined
as

V(r)=—-|Eedl

8 Gy N
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Electrostatic Potential and
Electric Field

® The work done in moving a point charge

from point a to point b can be written as

W, =0V, = Q{V(b)—V(a)}

=—Qi§~dl




Electrostatic Potential and
Electric Field

m Along a short path of length Al we have

AW = QAV =-QE-Al
or
AV =—E-Al




Electrostatic Potential and
Electric Field

m Along an incremental path of length dl we

dV =—E-dl

m Recall from the definition of directional
derivative:

dV =VV -dl

have




Electrostatic Potential and
Electric Field

m Thus:

E=-VV

2

/

the “del” or “nabla” operator




Visualization of Electric Fields

m An electric field (like any vector field) can be
visualized using flux lines (also called streamlines
ot lines of force).

m A flux line is drawn such that it is everywhere
tangent to the electric field.

m A quiver plot is a plot of the field lines constructed
by making a grid of points. An arrow whose tail 1s
connected to the point indicates the direction and
magnitude of the field at that point.




Visualization of Electric

Potentials

m The scalar electric potential can be visualized using
equipotential surfaces.

m An equipotential surface is a surface over which [
1S a constant.

m Because the electric field is the negative of the
gradient of the electric scalar potential, the electric
field lines are everywhere normal to the

equipotential surfaces and point in the direction of
decreasing potential.




Faraday’s Experiment

charged sphere
(+0)

msulator
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Faraday’s Experiment (Cont’d)

® Two concentric conducting spheres are
separated by an insulating material.

m The inner sphere is charged to +(Q. The
outer sphere 1s initially uncharged.

m The outer sphere is grounded momentarily.

® The charge on the outer sphere is found to

be -O.




Faraday’s Experiment (Cont’d)

m Faraday concluded there was a
“displacement” from the charge on the inner
sphere through the inner sphere through the

insulator to the outer sphere.

m The electric displacement (or electric flux)
is equal in magnitude to the charge that
produces it, independent of the insulating
material and the size of the spheres.




CHAPTEREI




- If the magnetic flux through a circuit changes, an emf and a current are

induced.
- A time-varying magnetic field can act as source of electric field.
Maxwell
- A time-varying electric field can act as source of magnetic field.

1. Induction Experiments (Faraday / Henry)

- An induced current (and emf) is generated when: (a) we move a magnet
around a coil, (b) move a second coil toward/away another coil, (c) change
the current in the second coil by opening/closing a switch.

Meter shows

induced current.

shows zero
current.

*They cause the magnetic field through the coil to change.



- Magnetically induced emfs are always the result of the action of ngn-
electrostatic forces. The electric fields caused by those forces are E, (non-
Coulomb, non conservative).

2. Faraday’s Law

Magnetic flux:

D, =j§-dA:chosgo-dA

If B is uniform over a flat area A: D, =B-A=B-A-cos@

Surface is face-on to magnetic field: : Surface is tilted from a face-on orientation Surface is edge-on to magnetic field:
* B and A are parallel (the angle between B by an angle ¢: . N * B and A are perpendicular (the angle
and A is ¢ = 0). . * The angle between B and A is ¢. between B and A is ¢ = 90°).
* The magnetic flux @z = B+A = BA. * The magnetic flux ®; = B+A = BA cos ¢. * The magnetic flux
o, =B-A BA cos 90° 0.
AA
$=0 f i B
— _— -~ - (o]
; = 3 - e
e B \ B -
A
—
A
A - -




Faraday’s Law of Induction:

- The induced emf in a closed loop equals the negative of the time rate of

change of the magnetic flux through the loop.

dt @)

(increasing)

- Direction: curl fingers of
right hand around A, if € > 0
is in same direction of fingers
(counter-clockwise), if € <0« Fluxis positive (@, = 0) .

+ ... and becoming more positive (d®y/dt > 0).

Contrary dlreCtlon * Induced emf is negative (€ < 0).
(clockwise).

- Only a change in the flux
through a circuit (not flux
itself) can induce emf. If flux ,
is constant = no induced (increasing)
emf. * Flux is negative (Pz < 0) ...

+ ... and becoming more negative (d®g[dt < 0

* Induced emf is positive (€ > 0).

= Ao, | . Increasing flux > € <0; Decreasing flux > €>0

(b)

B A
(decreasing)\ b \

* Flux is positive (®yz > 0) ...

» ... and becoming less positive (dPy/dt < 0).
¢ Induced emf is positive (€ > 0).

(d)

\(decrcusing)
* Flux is negative (Pp <0) ...
» ... and becoming less negative (d®p/dt > 0).
* Induced emf is negative (£ < 0).



dd,
dt

Coil: e=_N

N = number of turns

- If the loop is a conductor, an induced current results from emf. This current
produces an additional magnetic field through loop. From right hand rule,
that field is opposite in direction to the increasing field produced by
electromagnet.

Ex: 29.4 - Generator |: a simple alternator

(@) (b)

dw Loop (seen — X T P e
J end-on) = X + £ — T —

Flux decreasing Flux ingréusing

most rapidly, most rapidly,

largest pn.\ili\c emf. largest negative emf.

Flux at its most Flux at its most
Brush E=—dDpyldt : : ; PR
DN BI%® negative value, : positive value,

Slip £ bp emf is zero. : emf is zero.

rings Y

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.



Exs: 29.6, 29.7 - Generator lll: the slide wire generator

v dt
A S
W X ¥ X X ¥ ¥ ¥ M B M X
(- Uy N
X xéxfx X X X W W X
B
XEX X X X X aX X K X
_)
XA || > L
XX X X X X X X KX X
1
XXXXBXX X X K X
< — VY
X X X X X X X X X X X X

‘Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wes!

/
X xﬁxfx X X X X T M
B b

XX X X X X XFX = K

h »
XX X X X X X X X

I ST

x\x x 2xfx x x X X

X X X X X X X X X X



3. Lenz’s Law

- Alternative method for determining the direction of induced current or emf.

The direction of any magnetic induction effect is such as to oppose the
cause of the effect.

-The “cause” can be changing the flux through a stationary circuit due to
varying B, changing flux due to motion of conductors, or both.

(a) Motion of magnet causes (b) Motion of magnet causes  (€) Motion of magnet causes (d) Motion of magnet causes
increasing downward flux decreasing upward flux decreasing downward flux increasing upward flux

through through through through

loop. _, loop. | loop. | S loop. |
U v
IA\

<
<

=)

A z 7 "
“ LA
I Bisuced B Binduced :
The induced magnetic field is upward to oppose the flux The induced magnetic field is downward to oppose the
change. To produce this induced field, the induced current flux change. To produce this induced field, the induced

must be counterclockwise as seen from above the loop. current must be clockwise as seen from above the loop.



- If the flux in an stationary circuit changes, the induced current sets up a
magnetic field opposite to the original field if original B increases, but in the
same direction as original B if B decreases.

- The induced current opposes the change in the flux through a circuit (not
the flux itself).

- If the change in flux is due to the motion of a conductor, the direction of the
induced current in the moving conductor is such that the direction of the
magnetic force on the conductor is opposite in direction to its motion (e.g.
slide-wire generator). The induced current tries to preserve the “status quo”
by opposing motion or a change of flux.

}Change in B
N ¥
A . .
' _ (increasing)
B induced downw_ard opposing the change %/4 \Nx
in flux (d®/dt). This leads to induced current
clockwise. & C = ) 1
*Binduced




Lenz’s Law and the Response to Flux Changes

- Lenz’s Law gives only the direction of an induced current. The magnitude
depends on the circuit’s resistance. Large R - small induced | - easier to
change flux through circuit.

- If loop is a good conductor = | induced present as long as magnet moves
with respect to loop. When relative motion stops - | = 0 quickly (due to
circuit’s resistance).

- If R = 0 (superconductor) - | induced (persistent current) flows even after
induced emf has disappeared (after magnet stopped moving relative to loop).
The flux through loop is the same as before the magnet started to move -
flux through loop of R =0 does not change.




Magnetic levitation:
-The principle of levitation is Lenz' rule.

1) The magnetic field created by the induced current in a metallic sample
due to time-fluctuation of the external magnetic field of the coil wants to
avoid its cause (i.e., the coil's fluctuating magnetic field).

2) Thus, the induced magnetic field in the sample and the external fluctuating
magnetic field of the coil repel each other.

3) The induced magnetic field (and the sample) move away from its cause,
i.e. away from the coil's magnetic field. Then, for a conical coil (smaller
radius at the bottom than at the top) the metallic sample will move upward

due to this levitation force, until the force of gravity balances the force of
levitation. (The levitation force is larger at the bottom of the conical coil than
at the top of the coil).



Induced Current / Eddy current levitation:

- The rail and the train exert magnetic fields
and the train is levitated by repulsive forces
between these magnetic fields.

- B inthe train is created by electromagnets
or permanent magnets, while the repulsive
force in the track is created by a induced magnetic field in conductors
within the tracks.

- Problems:

(1) at slow speeds the current induced in the coils of the track’s
conductors and resultant magnetic flux is not large enough to support
the weight of the train. Due to this, the train needs wheels (or any
landing gear) to support itself until it reaches a speed that can sustain
levitation.

(2) this repulsive system creates a field in the track (in front and behind
the lift magnets) which act against the magnets and creates a “drag
force”. This is normally only a problem at low speed.



4. Motional Electromotive Force (a) Isolated moving rod

X X aX X
. . . A [+
- A charged particle in rod experiences a B - Charges in the
magnetic force F' =gV Xx B thatcauses | © |}l -, movinzrodare
free ch in rod to move, creatin A IRy
rﬁe C argeS I . do e c g EXCEesSS ) . ¢ a magnetic force
charges at opposite ends. | | "
L |
- The excess charges generate an electric . |
field (from a to b) and electric force (F=qE) | || [rmaf o et
opposite to magnetic force. Y| . createsacanceling
=, = [; " electric force F.
) X

- Charge continues accumulating until F¢

compensates Fg and charges are in (b) Rod connected to stationary conductor

equilibrium > qE=qvB e ak G %k u3 B a
28 J
B P —
V,=E-L=v-B-L Ix x I > X >
EN| bt
- If rod slides along stationary U-shaped : T  n
conductor = no Fgacts oncharges in U- | « « 1 _. <>
shaped conductor, but excess charge at - ; D
ends of straight rod redistributes along U- - 2 |
conductor, creating an electric field. The motional emf £ in the moving rod creates

an electric field in the stationary conductor.



-The electric field in stationary U-shaped conductor creates a current 2>
moving rod became a source of emf (motional electromotive force). Within
straight rod charges move from lower to higher potential, and in the rest of
circuit from higher to lower potential.

E=vBL Length of rod and velocity perpendicular to B.

Induced current: 4 _€_ vBL
R R

- The emf associated with the moving rod is equivalent to that of a
battery with positive terminal at a and negative at b.

Motional emf: general form (alternative expression of Faraday’s law)

de = (VXE) : di E = §(\7x E) . di Closed conducting loop

-This expression can only be used for problems involving moving conductors.
When we have stationary conductors in changing magnetic fields, we need to
use: &= -d®g/dt.




5. Induced Electric Fields @) Ll

Galvanometer

dt W

- An induced emf occurs when there is a Wire loop
changing magnetic flux through a stationary  sgienoid 1\{
conductor.

11
- A current () in solenoid sets up B along its TI%

axis, the magnetic flux is:

®,=B-A=ynlA A
\Blue cylinder showi region
dP dl with magnetic field B
E=— B — —ﬂOnA_
dt dt (b)

Induced currentin loop (I'): I'=¢/R G\
p
- The force that makes the charges move
around the loop is not a magnetic force. There
is an induced electric field in the conductor 5
caused by a changing magnetic flux.
=



-The total work done on g by the induced E when it goes once around the
loop: W =q € - E is not conservative.

Conservative E > §E .dl =0
d®,
dt

(stationary integration path)

Non-conservative E > i}[«f dl =e=—

- Cylindrical symmetry - gmagnitude constant, direction is tangent to loop.

dd
dt

§E-di:2ﬂ-r-E — =

b
27

- Faraday's law: 1) an emf is induced by magnetic forces on charges when
a conductor moves through B.

2) atime-varying B induces E in stationary conductor
and emf. E is induced even when there is no conductor.
Induced E is non-conservative, “non-electrostatic”. No
potential energy associated, but Fg = q E.



(a) Metal disk rotating through a magnetic field

6. Eddy Currents

- Induced currents that circulate throughout the
volume of a material.

Ex.: B confined to a small region of rotating
disk > Ob moves across B and emf is induced
—> induced circulation of eddy currents.

Sectors Oa and Oc are not in B, but provide return
conducting paths for charges displaced along Ob to b
return from b to O.

Magnetic
field

(b) Resulting eddy currents and braking force

Induced | experiences E; that opposes disk rotation:

F=ILxB (right) > current and L downward.

(the return currents lie outside B - do not
experience Fpg).

-The interaction between eddy currents and B causes
braking of disk.



BATTERY



Batteries

= Definition

= A battery is a storage device used for the storage of chemical energy and for
the transformation of chemical energy into electrical energy

= Batteries consist of groups of two or more electric cells connected either serial
for voltage or in parallel for current.

» Two major types:
» Primary batteries
= Secondary batteries



Components of a typical battery

Charge (energy storage) ——fi— e-

g Charger oo

MM 4

1. Cathode e- —af—— Discharge (power to the device)

2. Anode i

3. Electrolyte

Cu current collector

Al current collector

From: M. Osiak, et al,” J. Mater. Chem. A, 2014, 2, 9433-9460



Primary Batteries

= Definition
= |[n primary cells, the chemical reaction occurs only once
= Source of direct current power
= \Voltage ranging from 1.25-1.50 V, used in torches, radios, watches etc.

@ electrode
= Low-cost, but short life

N graphite cathode'(+)
= Zn-MnO, cell (dry cell) ' zincanode ()
= Oxidation at anode: Zn(s) = Zn*2(aq)+2e"

* Reduction at cathode: 2MnO,(s)+H,0+2e" = Mn,0;(s)+20H"

= Voltage: 1.5V

|— paper separator

- — 1—moist paste of
ZnCly+ NH,4CI

—+— MnO, + graphite

@electrode 1



Secondary Batteries

= Definition
= |[n secondary cells, the chemical reactions are reversible
= These cells can be recharged by electric current

= Secondary cells are widely used in electric and hybrid vehicles,
smart phones, digital cameras, laptops, etc.




Lead acid battery

= At anode: Pb (s) + SO,* (aqg.) = PbSO, (s) + 2e
= At cathode: PbO, (s) + SO,% (aqg.) + 4H* (aqg.) + 2e” > PbSO, (s) + 2H,0

= \oltage: 2 V, used for railways, power stations (stand-by supplies)

= Advatages:
= Reliable - constant potential
" |nexpensive
= Rechargeable, portable

= Drawbacks:
= Low life cycle
= Low energy density (30 ~ 40 Wh/Kg)
= Use of H,SO, is dangerous

https://byjus.com/chemistry/lead-acid-battery/

Protective
casing

Positive
terminal

Negative
terminal

Cell divider

Positive electrode
(lead dioxide)

Negative electrode
(lead)

13
Dilute H,SO,



Nickel-cadmium cell

= At Anode: Cd (s) + 20H" (ag) = Cd(OH)2 (s) + 2e- (@ electrode
= At Cathode: NiO(OH) (s) + 2H,0 + 2e- 2 Ni(OH), + OH(aq)
= \/oltage: 1.4V

® |n small electronic calculators, electronic flash units, etc.
= Advantages: Cath&g‘igﬂ;
= Rechargeable
= High energy density PEpalEHOF '
anode (—):——
= Drawbacks: cadmium
= Self discharge (20-30 % per month) separator
= Memory effect 5
= Toxicity of cadmium @electrode

14
https://chem.libretexts.org/Bookshelves/General_Chemistry/Map%3A_Chemistry_(Zumdahl_and_Decoste)/11%3A_Electrochemistry/11.5%3A_Batteries



Li lon Battery

= At anode: xLi* + xe-+ 6C > Li C Charge ¢

= At cathode: LiCoO, <> Li, ,CoO, + xLi* + xe- T

= Compared to Ni-Cd batteries:
= No memory effect

= Higher voltages (~3 x)
= Self discharge <5 % per month

D. Deng, £Energy Science & Engineering, 2015, 3, 5, 385-418






