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OVERVIEW

Modern Engineering is Inherently Multidisciplinary

Collaborative Projects: Large-scale industrial designs
(e.g., smart factories, metros) are no longer isolated; civil
structures and mechanical machines require electronic
nervous systems.

Energy & Automation: No physical, chemical, or mining
operation can run efficiently without precise monitoring,
electrical actuation, and computer optimization loops.

Core Universal Language: Every branch uses electrical
metrics (current, voltage, power) to interact with the
environment, control physical systems, and log operational
telemetry.




OVERVIEW

Roadmap: Electrical Bridges Across 6 Fields

CIVIL ENGINEERING

Smart Infrastructure, Building Management
Systems (BMS), Structural Health Monitoring,
and Grounding.

METALLURGICAL ENG.

Electric Arc Furnaces, Induction Heating,
Electromagnetic Separation, and Non-
Destructive Testing.

MECHANICAL
ENGINEERING

Mechatronics, Robotics, EV Drivetrains,
Regenerative Braking, and Variable
Frequency Drives.

MINING ENGINEERING

Heavy Machinery Power Cables, Ventilation
VFDs, Flameproof Enclosures, and Intrinsic
Safety.

CHEMICAL ENGINEERING

Process Control Instrumentation,
SCADA/PLCs, Electrolysis, and Cathodic
Protection.

COMPUTER ENGINEERING

Embedded Systems, loT Networks, Smart
Grid Cyber-Physical Infrastructure, and VLSI
Transistors.



HISTORY OF ELECTRICITY SR
A 2,600-Year Journey

From Ancient Sparks to the Smart Grid

Six eras carry electricity from a curiosity of rubbed amber to the power grids that run modern civilization.

Scientific Age of Digital &
Ancient Sparks Awakening Discovery Unification Electrification Green Era

600 BCE-1600 1600-1750 1750-1830 1830-1880 1880-1950 1950—Present

Introduction to Electrical Engineering 02/20
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_ Engmeermg Bottleneck: Electricity is an 1solated ﬂeetm :
phenomenon. It cannot be directed or sustamed 4

nefic fald

Observation: Rubbing fossilized tree
resin attracts feathers.

Terminology: The Greek word for |
amber is elektron. '

destone

Earth's Cricler Earth
magnelic ﬁc/ds

Breakthrough: Publishes De Magnete,
separating magnetic lodestones from
static electrical effects.

Terminology: Coins the Neo-Latin

term electricus (like amber).
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Breakthrough: Discovers that electncnty
can move.

Categorizes materials into conductors
(metals) that allow flow, and insulators
(glass, silk) that restrict it.




Taming the Spark:
The First Capacitor (1745)
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Electricity discharges DL v
instantly. How do we store ==+

charge for later use? o W

i- The Leyden Jar:

{

Stores large quantities of static
electric charge by separating
positive and negative charges
across the glass insulator.
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Franklin’s

: ! Contribution (175%)

Benjamin Franklin proves
lightning is electrical using
a kite.

He strings multiple Leyden
jars together to multiply their
capacity, coining the military

term battery to describe the array.l :
‘ —
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The Contlnuous Flow: Chemlstry Becomes Current (1800) S
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Luigi Galvani observes frog legs twitching when
touched by dissimilar metals in the 1780s. Theorizes
animal electricity inherent in biological tissue.
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Zinc Disk

Copper Disk
(Cu)

Brine-soaked
Spacers
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“ The Mechanism: |

" The Result:

| electrons to move, creating |}

| battery and a continuous,

Alternating disks of
zinc and copper.

© The Electrolyte: |
Cardboard spacers

Chemical reactions force

the world's first true
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The Observation

Hans Christian @rsted (1820)
hooks up a voltaic pile and
notices a nearby compass
needle deflects perpendicularly
- to the wire. He proves that an
electric current produces a
circular magnetic field.
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Georg Ohm (1826) formulates

Ohm’s Law (V = IR), mathematically
| defining electrical resistanceand
|, allowing for precise circuit design.

The Mathematics

André-Marie Ampeére creates
electrodynamics. Formulates
the right-hand screw rule
mapping magnetic field direc-
cion and theorizes molecular
currents inside materials.
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S Dlrechon ‘of \ /
Engineering Bottleneck - wrofation™
#@| Chemical batteries are too weak and expensive =
L for large-scale industrial municipal power. ///
e Faraday theorizes that if electmcnty creates
magnetism, magnetism must create electricity. N
» He demonstrates that a changing magnetic = =g
field induces an electromotive force (EMF) / S l}f\\
and current in a closed conductor. | | | W M{g;;%g
» Introduces the concept of invisible lines of ; . W\ ¥ /)
force, replacing action-at-a-distance. | - D |reCTlon Of.ﬂUX D
— =i Direction of induced current =

/
.._._",.‘\ \i‘

“\\ \‘H‘\‘i h { i f’ ::7

The Implication: Mechanical energy (rotation) can be converted directly

into electrical energy. The generator and the electric motor are born.
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N MAGNETISM [Se~sm
4| (Lodestones/CompaSSf){i =

— ‘Maxwell (1873): Proves electromagnetic
. waves travel at the speed of light.
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/*‘ R _,.-,\_‘ T e RTERDC J_. -\.,,,.; e . . = . —
| The Final Proof: Heinrich Hertz (1888) builds a spark-gap oscillator, physicall F
#F1 detecting invisible electromagnetic waves, confirming Maxwell's math and giving birth to the radio age. ***1
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| "‘3 Engmeermg Bottleneck Translatmg induction from a laboratory curiosity into scalable contlnuous mumcnpal power ]F ]1
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Siemens (1867) invents the practical dynamo, using the generatdr's ; ; ]
own output to power its electromagnets, making large-scale

1ol
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Thomas Edison invents the practical incandescent bulb (1879).

| In 1882, Edison launches the Pearl Street Station in NYC—the
electrical generation viable. S first commercial electrical grid.
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The Fatal Flaw: Edison's grid uses low-voltage Direct Current (DC). DC suffers massive power
losses over long distances, restricting generation plants to a 1.5-mile radius from consumers. e |
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!l ’ifCOMPARISON : The War of theCurrent
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Direct Current
(Edison)

: Difficult and expensive
Voltage Scaling to change voltages

Transmission

* Max 1.5 miles due to .
Range | heavy line l0ss
Infrastructure Requires a power plant in

Cost

every nerghborhood

|

" Rle .. et Tl S

Easrly stepped up/down
using Transformers

Hundreds of miles at high

voltage/low current

Allows massive, centralized

remote power plants

Alternatmg Current
_ (Tesla/Westinghouse)

Current Flow Srngle continuous direction Reverses 60 times/sec —/47— J
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The Takeaway: Alternating Current (AC) solves the fundamental
engineering bottleneck of transmission |0ss.
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S | to electrify the exposition.

; 1

3 1896 ¥ |

1896 The Nlagara Falls b | 20
Power Project i

;.. Utilizes Nikola Tesla’s il
| polyphase AC generators. |

-
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George Westinghouse =~
underbids General Electric ,\ A#ss
($399k AC vs. $554k DC) F&

Transmits power 26 miles %
away to Buffalo, NY.

Proves the safety, reliability, and
economic superiority of AC to
millions of attendees.

Tesla's AC induction motor
becomes the industrial
e standard

The Result: AC achleves a global monopoly on power generation and transmission.
General Electric abandons DC to adopt the AC standard.
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Coal/Hydro Plant [ ' Step-Down Consumer

Transformer
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| ' ARG Power flows strictly 1 L' Lacks real-time dlg.ltel Power generation must |’
centralized one-way from the communication; utilities perfectly match
coal, hydro, and generator to = only know about b consumption
| nuclear plants. || passive consumers. Ill | Ppower outages when il second-by-second to
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Engineering Bottleneck

Early electrical control and logic rely
on bulky, fragile, heat-generating
vacuum tubes and mechanical relays.
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John Bardeen, Walter Brattain, and
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The Breakthrough

T

.

William Sheckley invent the point-
: ‘ contact transistor at Bell Labs (194J

=
\w\_@ 1

=

Enables integrated circuits,
microprocessors, and
digital sensors.

3

Birth of Power Electronics:
Combining high-voltage
engineering with
microscopic digital control.
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| The Modern Era: The Smart Grid
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Coal/Hydro
Plant

X
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& U]
Consumer
House

Solar

Electric
Vehicle

Generation: Decentralized
[Rooftop solar, microgrids, wind)

User Role: Prosumer

| Power Flow: Bi-directional |

(Generates, stores, and sells power back to the grid)

0 =

Management: Al-Driven & Self-Healing
[(Smart meters instantly route around faults and manage EV loads)
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| From a philosophical curiosity trapped in amber (600 BCE) J B R
1| tothe invisible, data-driven backbone of modern civilization. § (((——

engineering (wireless
. . AN N S power, high-temperature
Every engineering NN IR superconductors,
breakthrough—from the et g 8 2 Al grid management)
Leyden Jar to the Transist—|| =2z <5 SN\ o8 relies on the same
solved a specific physical [|ZZC “JI|=4& ¢ 53 0= || fundamental principles
limitation of its era. N R S\ ||| established by Faraday,
S e (! e Maxwell, and Tesla.
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DC SOURCE

THE BLUEPRINT TO THE GRID

AN INTRODUCTION TO ELECTRICAL ENGINEERING: tsi

FROM DC FUNDAMENTALS TO THREE-PHASE POWER.

-

3-PHASE AC

DYNAMIC EVOLUTION

PHASE A PHASE B / PHASE C
0° 120° 248°

. -
g —
“

\

N\

;Z. / P \ VOLTAGE (V)
W

Q
% a——— ;
—HC 5 8 — L} | | k.
- T§R_1GQ SS= & | 4 TIME (>)
: N\ 3 / Nl \ '
- £ OwW N < i PN e>. A / POWER
STATIC FLOW ) — GENERATION
1=V/R
- DYNAMIC EVOLUTION i l'
i

ENGINEERING FUNDAMENTALS SERIES | VOL. 1 /f/_/ il Nt




The Actors and the Journey
The Trinity The Journey

- -

Act I: The Steady State (DC)
- Everything is constant.

Voltage (V): Water pressure/pump. The
push that moves electrons.

Current (I): The flow of water molecules. Act II: The Introduction of Time (1-Phase AC)
The movement of charge. - Introducing oscillation.

Resistance (R): A narrowing of the pipe.

The opposition to flow. Act III: The Scale of Industry (3-Phase AC)
- Combining waves for massive power.

M Gemini Notebook
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Act I: Direct Current
and the Steady State -—

>

-’
In a DC circuit, energy flows in a single direction. N
The parameters do not change with time. This .
makes it the perfect environment to learn the
fundamental laws of conservation and flow. §
y L > k S t
J k J L »J - 7

= — :
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Ohm’s Law & The Rate of Energy Transfer

(

&

"
Ohm’s Law (Linear Relationship)

V=IXR

I=V/R R=V/I
J

-

P=V'XI

(Rate of energy transfer in Watts)

AL

Electrical Power (Heat Dissipation)

v

1 P=I°R "P=V?%R

r

By combining Ohm’s law with the definition of power, we can calculate
exactly how much heat a resistor will dissipate in a steady-state system.

1

M Gemini Notebook




Network Topology: Sharing Flow vs. Sharing Pressure

Series Topology Parallel Topology
[
vYh vYL; vY[z =
Rq R; Rs /
~ )
Rule: Current (I) is the same everywhere. W .| Rule: Voltage (V) is the same everywhere.
Voltage (V) divides across elements. ) | Current (I) divides among branches. J

Req = Ry + R, + R3 1/Req = 1/Ry + 1/Ry + 1/R;

M Gemini Notebook




The Conservation Laws: Kirchhoff’'s Principles

Kirchhoff’s Current Law (KCL) )

r —
s Kirchhoff’s Voltage Law (KVL)

GainTi_— oo lDrop Z Viises = Z Vdrops

Elevation (+V) Direction (-IR)
Loss = —
(Energy -) (Or Z V w— O)

\ Concept: Conservation of Energy. J

M Gemini Notebook




Mesh Analysis: A Step-by-Step Algorithm

1. Identify Meshes

Locate all

independent closed
loops within the
planar circuit.

2. Assign Currents

S
Draw circulating
currents (I, I, etc.)
for each loop,
typically in a
clockwise direction.

3. Apply KVL

Write the voltage
drop equation for
each mesh using
Ohm’s Law (V = IR).
,,» Shared components
feel the effect of both
loop currents.

Use simultaneous
algebra to solve for
the unknown mesh

currents.



Executing Mesh Analysis:

10 Q 20 Q
84 \/ —— , 10 ©
= | 1y 00 |,
F N
w
|
: - s ﬁ

Finding the Voltage Drop

" Mesh 1 Equation: . E
101 + 30(11 — 12) = 84 ¢
= 401, — 301 =84
e /
4 _ A
Mesh 2 Equation:
20+ 102 + 30(I1— 1) =0
= —30L: + 601 =0
- /
& From the Equations: 2
401, — 301, = 84
Solvinq: —30I: + 60I.=0 =
3\ I,=336A I:=1.68A Y
@ Current through 30.Q resistor: =
LQ=1-1.=336—1.68=1.68A
Voltage through 30  resistor:
N V30Q2 = [30Q2*30=50.4 V y




Act II: Single-Phase A’C’”andzihe Introduction offTim”e—\

We leave the static world behind. In Alternating Current, voltage and current constantly change S
magnitude and direction. Th|s introduces a new, complex dlmen3|on to our math: Time.




Measuring the Wave: Freezing Oscillation

The AC Waveform\“‘j

- v(t) =V, sin(wt
LL_“\() @

RMS (Root Mean Square)

The DC Equivalent for heating power.

I
=" =0.7071,,

I
rmms \/2—

..Vv

27

.
kl—“\\\

Average Value

Full cycle average is 0. Half-cycle average is 0.637 L,,,.

Form Factor: RMS/Average = 1.11

L
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The AC Cast: R, L, C and the Phasor Translation

) N
= \
, \
/ \
, \
: |
N 3 I '
N \ I
e ' :
N N .
~ g -~

. . o
~AAN\— Resistor (R)

Current and Voltage VA
are IN PHASE. (Z = R). I
No time shift.

i“

—TRANN

0000 Inductor (L)

Current LAGS voltage
| |4
I

by 90°. Opposes
changes in current.
. Reactance: X} = 2nfL.

\ 7‘\\\\

( \\\-——-?

. Reactance: X, =

/

k‘—‘-\\\\ J

—-I I— Capacitor (C) Y

ES

V

Current LEADS voltage
by 90°. Stores charge.

2nfC’
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Complex Impedance (Z): Combining Oppositions

Impedance Triangle

Resistance (R)

=
When we put R, L, and C togetherin

~ series, we combine their oppositions

>|< using complex numbers. The total

3 ~opposition is Impedance (£).

= - 3

G

3 Z =R+ j( X, —Xc)

ad

s
|Z| \/R2 (X — X¢)?

Real

M Gemini Notebook
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The Power Triangle: Real Work vs. Bouncing Energy

v
—~ B
i S S8 2 .
Power Triangle 5 &\gc S5 Reactive
\\\\‘& S0
7 P @\‘?f\ ,b\%* =S
=0 ow 5
V‘Q\\?} CL o =
2 <P .
g Active
1) 8= S
] ¢ S

Active Power (P = VI cos¢). Unit: Watts (W).
The actual work done (heating, turning).

[ Power Factor (PF) = cos¢ = P/S. ']

Apparent

M Gemini Notebook




Executing AC Analysis: Series R-L-C Circuit

Given Parameters: oy

Given: R = 20Q, L = 0.2H, C = 150pF. Supply: V = 230V, f = 50Hz.

Step 1: Convert to Reactance
1

. 0 =2n(0(02) = 62830 Xc = 5o = 21220
38 * A >
Step 2: Total Impedance (Z) & Current (1) 4
%4 230
= Z =+/20% + (62.83 — 21.22)%2 = 46.16Q I = e = DGk
A =
Step 3: Power Analysis -
RE20 g . Apparent Power (S) = 230 x 4.98 = 1145.4 VA
Pf =7 = 2616 0433 (Lagaing)  ,Chive Power (P) = 1145.4 x 0.433 = 495.95 W

i Reactive Power (Q) = 1145.4 x sin(arccos(0.433)) = 1032 VAR

M Gemini Notebook
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\ . = Single-phase AC is sufficient for lighting and laptops. But to run massive

industrial motors or transmit power across a continent efficiently,
. We require something smoother, denser, and more powerful.
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The 120-Degree Advantage

Ev = Em sinwt-120°)} Eg = Em sinwt-240°)

O- 120- 240-°

33

In a Three Phase AC Generator, Coils are Placed at 120° apart.
The Three Phases are
® (a) ‘R’ Phase,
(b) ‘Y’ Phase lagging ‘R’ Phase by 120°
(c) ‘B’ Phase lagging ‘R’ Phase by 240°, that is lagging ‘Y’ Phase by 120°

.




— Wiring the Grid: Star (Y) vs. Delta (A) Configurations

Star (YY) Connection Delta (A) Connection

Used Domestic distribution.

Industrial Motors
Line Current = V3 x Phase Current (I, =v3 |;)

Line Current = Phase Current (I, = I;)

Line Voltage = V3 x Phase Voltage (V| =V3 V;)

Line Voltage = Phase Voltage (V| = V;) //



Star Connection:- Line Voltage=V, = Vry =V3 V,,

Vin = Vpp £ 0°

o

"
'VYN

-Vp

Vi = Ve, £ -240°

Vy
=
N
o

Viy = Ven + (Vi)

Viry = Ven— Vi

V| = Vgy =3 Vp, £ 30°




Star Connection:- Line Current=1, =3 I,

Br = Iry

IR =lry- |gr

I, = V3 I, 2 -30° o




Executing 3-Phase Analysis (Part 1): Voltage and Current

X, = 21(50)(0.042) = 13.19Q
Z,, = /(102 + 13.192) = 16.550

f Given: -
L_S“'\[ar-connected load. R=10Q, L =42mH. f=50Hz, V, =415V.
N
Step 1: Phase Voltage (V) o
it V7 e i, = S
= Because of the Star connection: V, = TH e 240V
¥ —
Step 2: Phase Impedance (Zp) |

¥ . '
Step 3: Phase & Line Current (1, ;) |
Ay ol
= Z, = 1655 14.50A
| Because of the Star connection: /;, = I, = 14.50A
= <4 %2 ENGINEERING = ‘Gemww{bw




Executing 3-Phase Analysis (Part 2): Total Power

\\\\

Step 4: Power Factor (cos¢)

" pf =R/Z,=10/16.55 = 0.604 (Lagging)

-—]!7

. -
- ’

Step 5: Total Active Power (P)

The math proves out regardless of whether we calculate
using the Line parameters or the Phase parameters:

Method 1 (Line): ||  Method 2 (Phase):
P =3V, cosp = i PIEERISRE
= /3 (415)(14.50)(0.604) =3 (14.50)%(10)

| =63KkW Il =63kw

l L \\\\\
\\\\x

N

-

)
A -——-—]1

/) AR

{25 ENCINEERING
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The Electrical Ecosystem: From Steady State to Industrial Might

Layer 3: 3-Phase AC (The Scale of Industry)

Multiple Oscillations. Introduces V'3, Star/Delta
Y q A routing, and massive, continuous power delivery.
z (Built entirely on 1-Phase math).

== Layer 2: 1-Phase AC =
—=3\\ (The Dimension of Time) ¢ %;é;__
— QOscillating V & /. Introduces Reactance, N/ _—
- Impedance, and the Power Triangle. (The DC
_—laws still govern every frozen millisecond). =

Layer 1: DC Circuits vil! . gt Ny
(The Foundation) \\ il
Constant V & /. Establishes Ohm's Law “\ e =
! and KCL/KVL (Conservation). = >

IELGEEY : —
Electrical engineering is not a disjointed set of formulas; it is a single, beautiful
- ecosystem built entirely on the principles of energy conservation.
\ m—— /) 1,’/?/' ENCINEERINE AR ‘Gemhmoéw

= o




The Evolution of Motion

Introduction to Electrical Engineering:
Electrical Machines and Modern Motors

First-Year Engineering Foundations |
From Fundamentals to the Future
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Generating Voltage
(The Generator Principle)

CZ—NE

An electromotive force (EMF) is induced when

a conductor experiences a changing magnetic flux.

Generating Motion
(The Motor Principle)

F=I(Ex1§)

A current-carrying conductor placed in a
magnetic field experiences a mechanical force.

Direction of
Force (F)

Magnetic Field (B)

| ﬁ Current (1)

M Gemini Notebook




ACT |I: THE DC ERA

Mastering Direct Current through Mechanical Ingenuity




Yoke (Outer Frame)

Cast steel/iron. Protects
the machine and carries
magnetic field flux.

Commutator

The mechanical rectifier.
Hard-drawn copper segments
insulated by mica. Converts
internal AC to external DC.

Armature Core

Cylindrical laminated steel (to
reduce eddy currents). Houses
the glowing copper windings.

Carbon Brushes

Rectangular blocks resting
on the commutator to collect
or deliver current.
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THE DC GENERATOR & THE COMMUTATOR TRICK

E.M.F

0° 90°

—>

180° 270° 0 (degrees)

P = Number of poles

® = Flux per pole (Webers)

N = Rotational speed (RPM)

|

P®NZ

B =
60 A

I

|

Z = Total armature
conductors

A = Parallel paths

(A=P for lap, A=2 for wave)

60 = Converts RPM to RPS

M Gemini Notebook




THE DC MOTOR: BACK EMF & THE TUG-OF-WAR

When the armature rotates, it acts like a
generator. It creates an internal voltage
(E) that opposes the supply voltage.

Eb — V_IaRa

‘3 INSIGHT

Back EMF is nature’s speed regulator.

If the load increases, speed drops = E,
drops - Armature current (/,) spikes
-> Motor pulls more power to compensate.
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THE ELECTROMAGNETIC TORQUE EQUATION

Mechanical Power = Electrical Power

v

- w="0 1
. _ P®NZ _ 27N
Substitute Ep = G0 and w = S

PZ®],
T
H 2m A

" KEY TAKEAWAY: Torque depends entirely on two 1
variables you can control: Magnetic Flux (®) and
Armature Current (I,).

—all
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PROBLEM STATEMENT: A 220V DC MOTOR HAS AN ARMATURE RESISTANCE (R,)
OF 0.5 Q. IT DRAWS 20A FROM THE SUPPLY. (P=4, Z=400, A=2, =0.02 WB).

FIND BACK EMF AND TORQUE.

STEP 1. CALCULATE BACK EMF (£3)

by =V — IR,
i —220 — (20 X 0.5)
Ey, =210V

T R

STEP 2: CALCULATE TORQUE (1)

P/Z®],
T
2mA
o _4><400><0.02><20
4 AT X2

T, = 50.92 Nm
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ACT IIl: THE AC REVOLUTION

Transformers and the Magic of Mutual Induction
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TRANSFORMERS: THE VOLTAGE ALCHEMISTS

Core material
A
e — )
Il (( \\ Ir
O O
+ +
— t
in . — Vsec
o o
\_ = o
\\ ))
Core Type

PRINCIPLE: MUTUAL INDUCTION.

A changing AC current in the primary coil
creates a fluctuating magnetic field, inducing a
voltage in the secondary coil. There is no
electrical connection—only magnetic.

Core material

AED

||

SEC)

sec

O |

Shell Type

= frequency
N turns
®,. = max flux

H:E\ 444<1> f:ﬁ

(-

-
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3-Phase Induction Motors: The Industry Workhorse

Stator

Stationary outer frame.

Houses the 3-phase distributed
windings separated by 120°.

Rotor

The rotating core. Completely passive—no external power
supply is connected to it. It receives its power entirely
through induction (like a rotating secondary transformer).
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Rotor Topologies: Squirrel-Cage vs. Slip-Ring

Squirrel-Cage

Construction Solid bars shorted by end-rings

Slip-Ring (Wound)

3-phase windings connected to slip rings

Starting Torque Low to Moderate

High (adjustable via external resistance)

Maintenance Near zero (no brushes)

Higher (due to brushes/rings)

Applications 90%o0f industry (pumps, fans)

Heavy loads (cranes, hoists, elevators)
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The Rotating Magnetic Field (RMF)

Phase A
A =

—

Flux (®)

. £ >
Time/Angle (wt)

The Mathematical Proof

* The sum of the three fluxes spatially displaced by 120° and temporally displaced by 120° yields a
constant net flux magnitude.

* Result:®,,., =150,
* Insight: We created a spinning magnet without any moving parts.
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The Mechanics of Slip: Chasing the Field

s

Synchronous Speed (V,)
120
N, = 1204

2
(Speed of the RMF)

\

Slip (s)
- N; — N,
=iy

(The fractional lag)
- 7

S

e —
Rotor Frequency (f,)
Visualizing Relative Motion fr=s-f

Key Insight: If the rotor ever caught up to the magnetic field (N, = N;), the relative speed would
be zero. No flux cut = no induced EMF = zero torque. Therefore, N,. is always less than N..
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Problem Statement: A 3-phase, 6-pole, 50 Hz induction motor
runs at 960 RPM. Find N, Slip (s), and Rotor Frequency (f..).

N

Synchronous Speed & Slip Rotor Frequency
12
N, = 0550:1000RPM =0}
S = — N
1000 1000 ¢ Notice how low the
frequency is inside the
= 0.04 (or 4%) spinning rotor!
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ACT lll: THE MODERN AGE

Brushless, Precise, and Smart
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Brushless DC (BLDC) Motors

N . ]
The Inversion
 The magnets are on the rotor, and the coils
L are on the stator. B J
r ——

Electronic Commutation

» Brushes are entirely eliminated. Instead,
software and transistors fire the stator coils
L in sequence to pull the magnet along. .U

P4 .

_ r . ]
Back-EMF Waveform | Trapezoidal Profile

» Stator windings are distributed to produce
a trapezoidal Back-EMF, driven by direct

: current pulses.
Time (1) L .

M Gemini Notebook

Voltage (E)




r

p—

o

r

Permanent Magnet Synchronous Motors (PMSM)

r y

Sinusoidal Perfection

 Windings are distributed sinusoidally, producing a
sinusoidal Back-EMF.

e
Field-Oriented Control (FOC)

« Requires advanced vector control algorithms to
dynamically align stator and rotor fluxes in real-time. T

=
Vi

7

The Result

« Exceptionally smooth, ripple-free torque. [

—__/ /

=

. .

Application

 The premium standard for high-performance
Electric Vehicles and precision robotics.

Voltage (E)

Back-EMF Waveform
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Stepper Motors: Precision in Degrees

Stator Teeth

Discrete Steps

* Does not spin freely; rotates in precise, locked
angles based on digital pulses. J

Types #
« Variable Reluctance (iron rotor) and
Permanent Magnet.

[ The Step Equation: 8 = n::(.i(}v. :[J

N\ Rotor Teeth
> \R (Iron)

.....

»
[ (Where m = number of stator phases,
Copper ' N,. = number of rotor teeth)
Windings
. Application: 3D printers, CNC machines,
Aligned Flux Path hard drives.
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Switched Reluctance Motors (SRM)

s o\
The Principle

Variable Reluctance. Magnetic flux always seeks
the path of least resistance. The steel rotor snaps

I2to alignment with the energized stator pole.

V4
"
! \:\\Lo\
Zero Magnets, Zero Rotor Windings
Completely free of rare-earth metals and
complex rotor structures.
L
=\
. WA o\
Rugged & Heat Resistant
Unmatched fault tolerance and
high-temperature suitability. .
\\\\.Lo\
The EV Powerhouse
The architecture powering advanced modern
drivetrains like the Tesla Model 3. )

. Copper Windings
Laminated Steel Rotor (Energized Stator Poles)

(Iron, No Windings)

Air Gap

Salient :
Magnetic
Rotor Poles Flux Path
(Cyan)
Stator Core
Copper Windings Salient Stator Poles

(Energized Stator Poles)
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The Taxonomy of Electrical Machines

Generators

—4

Direct Current

E————

(The Commutator Era)

Motors

Transformers
(Static)

— ——

Alternating Current

-

Electrical
Machines
;’ 4

(The RMF Era) L(Squirrel Cage / Slip Ring)

e (r — )
Modern Brushless From a simple wire in a magnetic

field to the magnet-free engines of
the EV revolution—the blueprint of
energy remains the same.

(The Software/Electronics Era)

— S . —— -/
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Following the Electron

= | ’

ot

1. The Genesis of Power

Converting raw natural energy
into electrical current (Thermal,
Hydro, Nuclear, Renewables).

2. The Great Highways

Stepping up voltages for
long-distance bulk transfer to
defeat thermal losses.

3. The Last Mile & The Math

Circuit modeling, distribution
topologies, and the safety
mechanisms protecting the consumer.
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Energy Conversion & Faraday’s Law

Raw Energy
< (Chemical/Nuclear/Potential)
| : ,@7
The Prime Mover —_— 'V
7 7.
Almost all commercial power o
generation relies on spinning a » T 2S %
mechanical turbine. \ * Ké
@t 777722
. P QT Shaft
Faraday’s Law =
Moving a conductor through a 1 vr—mm
magnetic field (or vice versa) indu- s&Zz | S
ces an electromotive force (EMF). = =
=t =7

N

w]l}l

B

ad

N

The Alternator

The beating heart of the power
plant. It converts rotational
mechanical energy into 3-phase
Alternating Current (AC).

Voltage Generation

Alternators typically generate
power between 11 kV and 25 kV AC,
constrained by the physical limits

of stator winding insulation.

\7 AC Power £
v

- —
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Heavyweight Baseloads: Thermal and Nuclear

Thermal Nuclear |
Exhaust —> Steam

,[ ( Turbine Control Rods ., N
Fuel = = Altor

Boiler ~
Air=> T | * =

R
=] || Pump Condenser  Cooling Tower
]
Nuclear Fission

® (oal-Based Thermal
& The Engine: Rankine Cycle hea

. 58 : vy water loop.
® Dominance: Fulfills 40-42% of India’s total grid demand Advantage: Unmatched energy density with zero operational
&[¢ Scale: Vindhyachal Super Thermal Power Station (Madhya greenhouse gas emissions.

Pradesh) is India’s largest at >4,760 MW. Scale: Kudankulam Nuclear Plant (Tamil Nadu) operating
at 2,000 MW, expanding to a massive 6,000 MW.
|

The Engine: Controlled uranium fission heating a secondary

® | -

=

M Gemini Notebook



!

\

Harnessing Nature: Hydro, Solar, and Wind

.Fl.;' i i _|

Hydroelectric: Converts water's potential energy to kinetic
energy via penstocks and water turbines.

Grid Superpower: Essential for rapid-response grid balancing.
Scale: Tehri Hydropower Complex (Uttarakhand) at 2,400 MW,

if-—-——0

>

N

mechanisms

f
|
\.\%’_. f :

Bladewith pitch —— *

Solar PV: Harvests photons via the Photovoltaic Effect in
silicon panels. Requires Grid-Tie Inverters to convert DC to

50 Hz AC.
Scale: Bhadla Solar Park (Rajasthan) is the world’s largest

at >2,245 MW across 14,000 acres.
> 11

1]
3

Tower

Aerodynamic blades { Shaft Gearbox High-speed shaft

— : : Electrical
T H _ generator

l‘! Brakes Y2 System

i—>

Wind Power: Aerodynamic blades catch kinetic energy,
utilizing gearboxes to step up low rotational speeds for
generators.

<«— [T
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The Indian Grid Voltage Hierarchy

— = B
:;:u
12l K
Generation: ? S
% 2N
11kVto25KVAC | ‘g'
4 S
Z
¢// A S A A ///N :
Primary Transmission: | Secondary |
Extra High Voltage (EHV) | Distribution: i
levels: 220 kV, 400 kV, 765 k\/é ~ Low Tension (LT)
AC. (Long distancesiuse e lines stepping down to

+/-800 kV HVDC). Secondary Transmission:
Regional hubs at 132 kV,
66 KV, or 33 kV.

SUNNNNNRRNNRANNR AN,
o

. | 415V (3-phase) and ‘
Al H T Ale [ 230V (Single-phase).
1 K Rarstee i |
i | S Ap |
7 &

Primary Distribution: | | A 8
High Tension (HT) lines at 331 & M
KVr 11 kV feeding heavy 7 L _.
industries. W/M;mwww
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Modeling the Transmission Line

g | The Short Line Model Simplification: .

e Conditions: Line length is < 80 km and
operates at < 20-33 kV.

e The Rule: Shunt capacitance (C) and
leakage conductance (G) effectsare |
mathematically negligible. l

o The Result: The line is modeled strictly
as a series combination of Resistance .

C e~

(R) and Inductive Reactance (X,). l




T ’ ‘
The Equations of Power Transfer -

'Eanding-End Phase Voltage (V): Accounts for the voltage drops across the wire itself.

 Vg=Vg+1*R*cos(Pg) +1* X, *sin(dp)

|?ercentage Voltage Regulation (% VR): The metric of how much voltage is lost from source to |OE| i

P % VR = [(Vs - Vi) / V] * 100%

| Transmission Efficiency (mta): The ratio of power delivered to power generated. ] 5]

. eta = [Output Power / Input Power] * 100

' M Gemini Notebook
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Numerical Example 1: Transmission Current & Voltage

| i

, The Setup

System: 3-phase, 50 Hz, 20 km line.

‘| Resistance (R) = 0.15 Ohm/km/ph

Reactance

(X,) = 0.4 Ohm/km/ph

Delivery = 15 MW at 33 kV

0.8 lagging p.f.

Step 1: Total Parameters & Line Gurrent 1
R=0.15*20=3 Ohms
X, =0.4+20=28 Ohms
=P/ [V3*Vg*cos(¢)]

= 15,000,000/ ['3+33,000+0.8] = 328.04 A

Step 2: Sending-End Voltage i
Va(ohase) = 33,000/ V3 = 19,052.56 V ‘
Vi phase) = 19,052.56+(328.04*3+0.8) +(328.04'8*0.6)

Vsiohase) = 21,414.46 V i

Vs(ine) = V3 * 21,414.46 = 37.09 kV
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Numerical Example 1: Regulation & Efficiency

'Step 3: Voltage Regulation (% VR) 1

| How much did the voltage drop across the 20km?
% VR = [(37.09 - 33) /33] * 100

&VR =12.39% B

I§ep 4: Transmission Efficiency .
| Line Losses (Pye) =3 * 12 * R
Do = 3 * (328.04)2 * 3 = 968,485 W = 0.968 MW
nput Power (P,) = 15 MW + 0.968 MW = 15.968 MW
| Efficiency = (15/15.968) * 100 = 93.93% e

ALY 93.93% e\
Efficiency 4\

—~
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‘| Structuring the Last Mile: Distribution Topologies |

: 1EFT! _l |
& 2R (e / s I eEDERT & 2 ) A
\ © ) — .
O/‘ O /OO" =0 VO
/ UBSTATION ~ 12 v X
® FEEDER 2 Y e
Radlal System | I Ring Main System N
Design: Feeders radiate from a smgle substation. Design: The distributor is arranged in a closed Ioop, i
Power flows in one direction. fed at one or more points. |
 Pros: Extremely simple design, low initial capital cost. | Pros: High reliability via dual feed paths (faults allow
Cons: Fragie relabilty (sngle faul kil downstream | 70utng): Much beter,Gonsisent vollage profe =
power); severe voltage drops at the far end. G Lss |
&ns: Higher capital cost and complex relay protectlﬂr
S e

|
' r | M Gemini Notebook
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Numerical iExampIe 2. Radial Distributor Setup 3

B3 Tor e
A (200m) C (200m) B T
Sutz)g’g\'[/ion |AC—‘-150A lSOA 'CB: 1OOA l-IOOA
The Setup: Single-phase radial distributor AB, I Step 1: Section Resistances: T
400m long. Loop resistance = 0.2 Ohms/km. R, (200m) =200 * 0.2/ 1000) = 0.04 Ohms iy
Step 1: Section Resistances: a (200m) =200 (0.2/1000)=0.04 Ohms |
| Ry (200m) = 200 * (0.2/1000) = 0.04 Ohms Step 2: Section Currents (Applying KCL): -
;s (200m) = 200 * (0.2/1000) = 0.04 Ohms Current in final segment CB (| =100 A l
.@rrent in initial segment AC (I,,) = 10(1 +50= 150__|@ ES-
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Vo

Numerical Example 2:

—

Vo

G224V

(200m)

B220V

Node Voltages
A 230V (200m)
Substation o =150 A

230V v Drop=-6V v

S_tep J: Section Voltage Drops (Ohm's Law V=IR): |

tage Drop in AC=150 A * 0.04 Ohms =6V
tage Dropin CB=100 A * 0.04 Ohms =4V

5

log =100 A
v Drop=-4V v

l100A

| Step 4: Node Voltages (Applying KVL):
Voltage at node C=230-6=224V
Voltage at node B=224-4 =220V

Engineering Insight: The consumer at the far end
of the radial line (Node B) receives a degraded

liZOV supply compared to the 230V source!

50T

i
|
1

'—_l"l —

|
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Distribution Transformer

4 ‘ \

3\ i
T TR =3
/ A { 3 < .‘ = || 9

Pole- Mounted Transformer g

B
e Pole-Mounted Transformers: High Tension (HT) lines are stepped

down using Delta-Star distribution transformers.

e The Star Connection Advantage: Providing a neutral wire allows two
different voltage levels to be drawn from one unified system.

e 415 V: 3-phase, 4-wire supply used for commercial machinery.
e 230 V: Single-phase supply used for standard domestic household sockets.
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- Protecting the Grid: Switchgear & Fuses

Filling powder

Fuse element

Outer element

e

A

i

< e

Brass ——»

EAAMARAARAANRAAN
A\

4

TR

end plate

Cartridge

Figure (12.9): Cross-section of HRC cartridge fuse

High Rupturing Capacity (HRC) Fuses: Contain a silver
High Rupturing Capacity (HRC) Fuses: Contain a silver

element packed in arc-quenching quartz powder. Fault
currents vaporize the element into a high-resistance
substance that extinguishes the arc instantly.

|_I|seconds Can be easily reset unlike sacrificial fuses es. |

Bi-metalic Strip\ = U ] ~\—Solenoid Coil A

+— Trip Mechanism

Moving Contact
Arc Chute

=\ ~ :
== : Incomlng/Outgomg
1 -=—" |, A Terminals
= =
WA = e E“

Miniature Circuit Breakers (MCB): Automatically trips \
when current passes limits via a deforming bi-metallic

/

strip or solenoid. :*‘

Advantage: Rupturing capacity up to 10kA. Trips within 2. 5,

>

L
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~ Grounding the Grid: Earthing Systems

Charcoal
Salt

earth to discharge leakage currents safely.

Pipe Earthing: Uses a Galvanized Iron (GI) pipe
driven 2 meters deep into wet ground. Charcoal
and salt maintain resistance below 5 Ohms.
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Plate Earthing: Uses a copper plate buried deep - —
in the soil. Offers massive surface area to d|33|pate |
fault currents from large substations (0.5 - 1 Ohml

|£S|stance)

—

Copper Plate

=
i

|

—_J )L

!
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ﬁThe Fmal Metrlc Energy Consumptlon 3
| =y, k| DIGITAL METER | |
= , READOUT =
l Energg Power ., Time
(kWh] (kW) [hours]
| DIGTALMETER __fEC = Jf.
READOUT || s\ el i
— . —
e Power vs. Energy: Power (Watts) is the rate at | ¢ The Commercial Unit: Because the Joule is
which electricity is used. Energy (Joules or impractically small, grid energy is billed in )
— kWh) is the total amount consumed over Kilowatt-hours (kWh). A
time. e This is the mathematical culmination of the |

e The Joule: 1 Joule of energy = 1 Watt of power
consumed for 1 second.

gri

d: metering the exact amour

t of work the
Ished. | _J |

—

| electron’s journey has accomp

| |




Installed Capacity of Generation (as on 31-07-2026) : 552 GW

§. All Incia Installed Capaci

AVY) Region-wise as on J14

A2

Foszl fuel based Non-Foesi fuel based
RES (includimg
Thermal Nicle

Wiear | Hydro[Large) jaree kvl Grand Tatal
Region Coal | Lismfe | G Digsel Total
Northern | 6226104 | 1380 | 571186 [ Ge5h3 220 | 2285007 alEnall | 1624320063
Western | 7241273 | 1400 | 0300.30 [ 8421212 | 30 | G040 | 40208337 | 180A05.3806
southern | A4387038| 840 | 3MA11 | 43300 | BITRA08 | 3320 | 136704 87157 f1 152260 42
Exstern | 33007670 0O | 0.00 o7 ere | .00 436242 2177 84 41135.52
North-East | 1113018 0 168408 | 3600 2013878 | 000 247201 3680.56 148452
[:land: 0 0 [ 118.54 1184 0.00 0.00 4.4 160,883
Total JM1575 | 662000 | 2012242 | 58920 | 25146312 | B7B0.00 | 5206466 | 272561 | SHI934T6

WofFosalsourcesinIC 455§ WofNowFosllwarcesm IC| 5444




Sector-wise Installed Capacity (as on 31-07-2026)

3. Al Incia insalled Caacty (W) Sector-wise as on 3112015

NeCtor THERMAL

Coal | Lt | G | Diesel | Tot
S | 1 | I

ﬁ
Piate | THELE | 180 |
(ol | M0 | W) | T2
Mida | 24015 | 660 | A

Nuckar | HyoolLamel | RES' | Grand Tofal




Power Supply Position of India (as on 31-07-2026)

Installed Capacity : 552 GW, Peak Demand : 270 GW, Energy Consumption : 170 Billion Units

8. Power Supply Position (Energy & Peak) in Jul-2026

Energy {(MU)
Region Surplus(+) 'Deficiet (-) in %
Reqguirement Availability
Jul-202 5 Jul-2026 Jul-2025 Jul-2026 Jul-202 5 Jul-2026

Northern
Western
Southerm
Eastern

North Eastern 2,260 2,252 2,260 2,252 Q ]
All India 1,553,925 1,70,339 1,53,887 1,70,161 Q -0.1

Power (MW)
Region Surplus(+) /Not Met {-) In %
Peak Demand Peak Met
Jul-202 5 Jul-2026 Jul-2025 Jul-2026 Jul-202 5 Jul-2026

MNMorthern EEth_KMq_r?H_,E-EE 95,048 81,583 95,048 ]
Western 65,375 74,692 64,856 74,692 (]
Southerm 24,158 72,594 o4,153 72,471
Eastern 33,527 32,391 33,452 32,391

Morth Eastern
All Imdia

= Jul-2026 Figures are Provisional




POWER MAP OF INDIA

POWERGRID LINES

NA o -
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| | i |
Synthesis: The Blueprint of Power
. — — — — ;e _l |
V 4 [ 'E@, - @ @'11
= [ Thbgd ety
—_ ? T
The Engine: Alternators The Highway: Voltage The Network: Complex The Guardian: Switchgear
generate AC power. stepped up to conquer R-L parameters govern and earthing ensure |
1"2R losses. the final delivery. electrons reach the load
16 safely. AR
The Indian Electrical Grid is the ultimate engineering achievement: balancing |,
- immense raw power with precise mathematical control. 1
l — - - > 50T —— &
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