
 

Module 7: Electrical Installations, Safety, and Energy 
Management  

Module Description: 

This module offers an exceptionally comprehensive and structured exploration into 
the practical realities of electrical systems, emphasizing the critical role of safety, 
efficiency, and reliability in their design and operation. We kick off by dissecting the 
fundamental components of Low Tension (LT) switchgear, providing an in-depth 
understanding of their construction, precise operational mechanisms, and specific 
roles in safeguarding electrical circuits and personnel. This includes a granular look 
at the distinct tripping characteristics of MCBs (B, C, D curves) and the crucial safety 
function of RCDs/ELCBs in preventing electric shock. Our journey then moves to the 
conduits of power: wires and cables. We'll meticulously differentiate between various 
types based on core structure, insulation materials (PVC, XLPE), armoring, and 
conductor materials (Copper, Aluminum), alongside a practical discussion on wire 
gauges (AWG/SWG) and the critical factors influencing current carrying capacity. 

The module then pivots to earthing (grounding), a cornerstone of electrical safety. We 
will thoroughly explain its paramount importance, detailing the principles behind 
effective grounding and illustrating common methods like plate and pipe earthing, 
emphasizing the significance of achieving low earthing resistance. Subsequently, we 
dive into batteries, providing a clear classification into primary and secondary types. 
We'll then thoroughly characterize the leading secondary battery 
chemistries—Lead-Acid, Nickel-Cadmium (Ni-Cad), and Lithium-Ion (Li-Ion)—outlining 
their internal structure, operational nuances, typical applications, and delving into 
critical parameters such as nominal voltage, capacity (Ah), C-rate, Depth of Discharge 
(DoD), and Cycle Life. The techniques for series and parallel battery connections to 
achieve desired voltage and capacity will be rigorously detailed. 

Developing practical skills is a key focus, achieved through elementary calculations 
for electrical energy consumption, illustrating how to accurately compute energy 
costs from daily usage. A dedicated segment thoroughly explores power factor 
improvement, explaining its necessity from both technical and economic standpoints, 
and meticulously describing the fundamental methods, with a strong focus on using 
capacitor banks. We'll provide detailed calculation steps and numerical examples for 
determining required capacitance. Learners will also gain proficiency in calculating 
battery backup durations for various loads, considering efficiency and discharge 
limits. The module culminates with an unwavering focus on electrical safety, 
identifying and elaborating on common hazards (electric shock, fire, arc flash), 
prescribing essential safety rules and precautions for working with and around 
electrical installations, and providing vital, step-by-step guidance on basic first aid for 
electric shock, ensuring that safety is ingrained as a core principle. 

Learning Objectives: 



 

Upon successful completion of this module, you will be able to: 

● Rigorously analyze and explain the construction, precise operational principles 
(including thermal and magnetic tripping mechanisms for MCBs/MCCBs and 
current imbalance detection for RCDs), and specific protection functions of key 
Low Tension (LT) switchgear components: Switch Fuse Units (SFU), Miniature 
Circuit Breakers (MCB – explicitly differentiating the application contexts of B, 
C, and D curves), Earth Leakage Circuit Breakers (ELCB) / Residual Current 
Devices (RCD), Moulded Case Circuit Breakers (MCCB), and various types of 
fuses (rewirable, cartridge, HRC), articulating their respective advantages and 
limitations. 

● Discriminate with technical precision between various types of wires and 
cables, detailing their internal construction (solid vs. stranded single-core, 
multi-core), primary insulation materials (Polyvinyl Chloride - PVC, 
Cross-Linked Polyethylene - XLPE), the function and necessity of armoring, 
and the comparative properties of conductor materials (Copper vs. Aluminum), 
thereby justifying their appropriate selection for diverse applications. 

● Articulate the absolute fundamental importance of earthing (grounding) for 
personnel and equipment safety, thoroughly explaining its underlying 
principles of operation, describing the practical implementations of common 
earthing methods (Plate Earthing, Pipe Earthing), and quantitatively discussing 
the factors influencing and methods for achieving optimal earthing resistance. 

● Categorize batteries into primary (non-rechargeable) and secondary 
(rechargeable) types, and provide a detailed comparative analysis of the 
electrochemical processes, characteristic properties, performance metrics, 
and typical applications of prevalent secondary battery chemistries: Lead-Acid, 
Nickel-Cadmium (Ni-Cad), and Lithium-Ion (Li-Ion). 

● Define, precisely interpret, and apply key battery performance characteristics, 
including nominal voltage, Ampere-hour (Ah) capacity, C-rate 
(charge/discharge rate), Depth of Discharge (DoD), and Cycle Life. 
Furthermore, demonstrate a clear understanding of the electrical implications 
and proper execution of series and parallel connections of batteries to achieve 
desired voltage and capacity configurations for various load requirements. 

● Perform accurate and comprehensive calculations for electrical energy 
consumption in kilowatt-hours (kWh) for both individual appliances and 
aggregate loads over specified durations, and competently compute 
associated electricity costs based on tariff rates. 

● Thoroughly explain the concept of power factor in AC circuits, detailing its 
impact on system efficiency and cost, articulating the imperative need for 
power factor improvement, and describing in detail the basic methods for 
achieving it, with a specific focus on the principles and practical sizing of 
capacitor banks to compensate for inductive loads. 

● Routinely calculate the expected backup duration of a battery system for a 
given power load, incorporating system efficiencies and permissible depths of 
discharge to derive practical operational times. 

● Identify and elaborate upon the most critical electrical hazards (electric shock, 
electrical fires, arc flash) and diligently apply a comprehensive set of 
fundamental electrical safety rules and precautions for working with and 



 

around electrical installations, including accurate initial response and basic 
first aid procedures for electric shock incidents. 

 

Topics: 

1. Low Tension (LT) Switchgear Components: Guardians of Electrical Circuits 

Low Tension (LT) switchgear represents a critical assembly of devices designed for 
the control, protection, and isolation of electrical circuits, typically operating at 
voltage levels below 1000 Volts AC or 1500 Volts DC. These components are 
indispensable for ensuring the safety of personnel and the longevity of electrical 
equipment within residential, commercial, and industrial settings. 

● 1.1 Switch Fuse Unit (SFU): 
○ Detailed Function: An SFU serves as a foundational component that 

integrates the functionality of a manual isolation switch with 
overcurrent protection provided by fuses. It allows an operator to 
physically make or break the electrical circuit, thereby isolating a 
section for maintenance or operation, while simultaneously offering 
passive protection against excessive currents. 

○ Operating Principle: 
■ Switching: The "switch" part consists of robust contacts that can 

be manually opened or closed, physically disconnecting or 
connecting the circuit. This provides a clear visible break for 
safety. 

■ Protection: The "fuse unit" incorporates one or more fuses in 
series with the main circuit. These fuses contain a calibrated 
metallic element designed to melt and open the circuit if the 
current flowing through it exceeds a safe limit (due to an 
overload or a short circuit) for a specified duration. The fuse acts 
as a sacrificial device, protecting the downstream circuit from 
damage. 

○ Applications: Commonly found in older industrial power distribution 
boards, as main incomers for small buildings, or for individual motor 
starters where frequent switching is not required and fuse replacement 
is acceptable. They are robust and reliable for their intended purpose. 

○ Limitations: The primary drawback is that once a fuse blows, it must be 
manually replaced, leading to downtime. They lack the automatic 
re-setting convenience of circuit breakers and do not offer advanced 
protection features like earth leakage detection. 

● 1.2 Miniature Circuit Breaker (MCB): 
○ Detailed Function: An MCB is a highly sophisticated, automatically 

operated electromagnetic device that serves as a reusable switch 
designed to protect an electrical circuit from damage caused by 
overcurrent. This overcurrent can manifest as either an overload (a 
sustained current slightly above the circuit's normal rating) or a short 



 

circuit (a sudden, massive surge of current due to an abnormal, 
low-resistance path). 

○ Operating Principle: MCBs are ingeniously designed with two distinct 
tripping mechanisms: 

■ Thermal Tripping (for Overload Protection): This mechanism 
employs a bimetallic strip (two different metals bonded together, 
each with a different thermal expansion coefficient). When a 
sustained overload current flows through the MCB, the bimetallic 
strip heats up. Because the two metals expand at different rates, 
the strip bends. This bending motion, if sufficient, mechanically 
triggers a latch, causing the MCB to trip and open the circuit. 
This action is time-delayed, meaning it allows minor, temporary 
current surges (like motor starting currents) without tripping, but 
will trip for persistent overloads. The higher the overload, the 
faster the trip. 

■ Magnetic Tripping (for Short Circuit Protection): This mechanism 
utilizes an electromagnet (solenoid coil). In the event of a high 
fault current (short circuit), the sudden, large current flowing 
through the coil generates a strong magnetic field almost 
instantaneously. This magnetic field is powerful enough to 
directly pull a plunger, which strikes the tripping mechanism, 
causing the MCB to trip and disconnect the circuit within 
milliseconds. This rapid response is crucial for minimizing 
damage from severe short circuits. 

○ Advantages over Fuses: Resettable (simply switch it back ON after 
clearing the fault), quicker response to severe short circuits, often 
provides clear visual indication of ON/OFF/Tripped status, and available 
in single-, double-, triple-, and four-pole configurations. 

○ Types (based on Tripping Characteristics / Curves): These "curves" or 
"types" specify the instantaneous tripping current range relative to the 
MCB's rated current (In ). This allows selection of an MCB suitable for 
the inrush current characteristics of different loads without nuisance 
tripping. 

■ Type B Curve: 
■ Instantaneous Trip Range: 3 to 5 times its rated current 

(3In  to 5In ). 
■ Application: Ideal for purely resistive loads or loads with 

very small, negligible inrush currents. Examples include 
lighting circuits, purely resistive heaters, and 
general-purpose socket outlets supplying low-inrush 
devices. It offers the quickest trip for minor overcurrents 
just above its thermal threshold. 

■ Type C Curve: 
■ Instantaneous Trip Range: 5 to 10 times its rated current 

(5In  to 10In ). 
■ Application: The most common type for general-purpose 

use in residential and commercial installations. It tolerates 
moderate inrush currents typical of appliances with small 



 

motors or inductive components. Examples include 
refrigerators, washing machines, fluorescent lighting, and 
most plug-and-play electronic devices. 

■ Type D Curve: 
■ Instantaneous Trip Range: 10 to 20 times its rated current 

(10In  to 20In ). 
■ Application: Designed for highly inductive loads that 

produce very large and brief inrush currents upon 
starting. Examples include X-ray machines, welding 
equipment, large industrial motors, transformers, and 
discharge lighting. It has the highest instantaneous trip 
threshold, preventing nuisance tripping for these specific 
loads. 

○ Numerical Example 1.1 (MCB Tripping): An MCB has a rated current of 
16 A. a) If it's a Type B MCB, what is the instantaneous tripping current 
range? b) If it's a Type C MCB, what is the instantaneous tripping 
current range? a) Type B (3 to 5 times rated current): Minimum trip 
current = 3×16 A=48 A Maximum trip current = 5×16 A=80 A So, a Type B 
16A MCB will trip instantaneously between 48 A and 80 A. b) Type C (5 
to 10 times rated current): Minimum trip current = 5×16 A=80 A 
Maximum trip current = 10×16 A=160 A So, a Type C 16A MCB will trip 
instantaneously between 80 A and 160 A. 

● 1.3 Earth Leakage Circuit Breaker (ELCB) / Residual Current Device (RCD): 
○ Detailed Function: These are crucial safety devices designed 

specifically to protect against electric shock and fire hazards caused by 
earth faults. They achieve this by rapidly disconnecting the power 
supply when a small leakage current flows to earth, often before the 
leakage is large enough to operate an MCB or fuse. 

○ Operating Principle (RCD/RCCB - Residual Current Circuit Breaker): The 
modern RCD operates on the current balance principle. It contains a 
toroidal (ring-shaped) transformer core through which the live (phase) 
and neutral conductors of the circuit pass. In a healthy circuit, the 
current flowing out through the live wire is exactly equal to the current 
flowing back through the neutral wire. The magnetic fields produced by 
these equal and opposite currents perfectly cancel each other out in the 
RCD's sensing coil. However, if an earth fault occurs (e.g., a person 
touches a faulty appliance and current leaks to ground, or a damaged 
wire touches an earthed metallic enclosure), some current bypasses the 
neutral wire and flows directly to earth. This creates an imbalance 
between the live and neutral currents. The RCD detects this tiny 
"residual" current (typically 30 mA for personnel protection) through its 
sensing coil, which then activates a trip mechanism, immediately 
opening the circuit. This rapid action (often within 20-30 milliseconds) is 
fast enough to prevent lethal electric shock. 

○ Distinction between ELCB and RCD/RCCB: 
■ Voltage-Operated ELCB (Older Type): This older technology 

directly measured the voltage on the earthing conductor. It 
required a separate earth electrode and could be unreliable if the 



 

earth connection itself was poor or if other earth faults existed 
nearby. 

■ Current-Operated RCD/RCCB (Modern Standard): This is the 
prevalent and superior technology. It works purely on the 
principle of current balance between live and neutral. It doesn't 
rely on the quality of the local earth electrode, making it much 
more effective and universally applicable for detecting earth 
faults and preventing shock. Most electrical codes now mandate 
the use of RCDs. 

○ Application: Mandated in many countries for all new residential and 
commercial installations, particularly for socket outlets, wet areas 
(bathrooms, kitchens), and outdoor circuits. They provide essential 
protection against indirect contact (touching a live casing) and direct 
contact (touching a live conductor). 

● 1.4 Moulded Case Circuit Breaker (MCCB): 
○ Detailed Function: An MCCB is a robust electrical protection device 

designed for higher current ratings and fault levels than MCBs. It offers 
comprehensive protection against overload, short circuit, and also 
provides manual switching and isolation capabilities in low-voltage 
electrical distribution systems. 

○ Operating Principle: Like MCBs, MCCBs incorporate both thermal (for 
overload) and magnetic (for short circuit) tripping mechanisms. 
However, MCCBs distinguish themselves by often featuring adjustable 
trip settings. This allows engineers to fine-tune the overload current 
threshold and the short-circuit trip characteristics (e.g., instantaneous 
or short-time delay) to coordinate with other protective devices in a 
complex electrical system. This adjustability is crucial for achieving 
selective coordination, where only the nearest protective device to a 
fault trips, minimizing power outages. 

○ Construction: The entire current-carrying and interrupting mechanism is 
encased within a single, sturdy, insulated molded case, providing 
rigidity, insulation, and protection from external elements. 

○ Application: Essential components in main distribution boards, 
sub-distribution panels, feeder circuits for large loads, motor control 
centers, and in various industrial and commercial environments where 
high current ratings (typically ranging from 63 Amperes to over 2500 
Amperes) and customizable protection settings are required. They also 
possess higher interrupting capacities (the maximum fault current they 
can safely interrupt) compared to MCBs. 

● 1.5 Fuses (Types and Ratings): 
○ Detailed Function: Fuses are fundamental, single-use, overcurrent 

protective devices. They are intentionally designed to be the weakest 
link in a circuit, acting as a sacrificial component that melts and opens 
the circuit when the current exceeds a predetermined safe limit, thereby 
protecting more expensive equipment and preventing fire. 

○ Operating Principle: A fuse consists of a thin metallic wire or strip (the 
fuse element) encased in a non-combustible material. This element is 
carefully designed with specific dimensions and material properties to 



 

have a lower melting point than the circuit conductors it protects. When 
an overcurrent (due to overload or short circuit) flows through the fuse, 
the I2R heating effect (Joule heating) rapidly raises the temperature of 
the fuse element. If the overcurrent persists, the element melts (or 
"blows"), creating an open circuit and interrupting the current flow. For 
high fault currents, the arc formed during melting is rapidly 
extinguished by the surrounding filling material (like quartz sand) to 
prevent damage. 

○ Advantages: 
■ Simplicity and Low Cost: Very simple in design and economical. 
■ Fast Operation: Extremely fast response to severe short circuits, 

often "current limiting" (it opens the circuit so quickly that the 
fault current does not even reach its potential peak value). 

■ High Breaking Capacity: Many modern fuses (especially HRC 
types) can safely interrupt extremely high fault currents. 

■ No Maintenance: Requires no maintenance once installed. 
○ Disadvantages: 

■ Single-Use: Requires replacement after operation, leading to 
downtime. 

■ Lack of Adjustable Settings: No means to adjust tripping 
characteristics. 

■ Cannot Protect Against Earth Leakage: Unlike RCDs, fuses do 
not detect small earth leakage currents that are dangerous to 
humans. 

○ Types of Fuses: 
■ Rewirable Fuses (Kit-Kat Fuses): An older design where the fuse 

wire can be replaced by the user after it blows. They are less 
reliable, relatively slow-acting, and offer poor discrimination 
(they might blow unnecessarily for faults in other parts of the 
system). Largely phased out in modern installations due to safety 
concerns and performance limitations. 

■ Cartridge Fuses: Consist of a fuse element sealed inside a 
ceramic or glass tube. The tube is often filled with a granular 
material (like quartz sand) to absorb the arc energy and enhance 
fault current interruption. 

■ HRC (High Rupturing Capacity) Fuses: A sophisticated 
type of cartridge fuse capable of safely interrupting very 
high fault currents without rupturing the fuse body. They 
are highly reliable, fast-acting, and offer excellent 
current-limiting capabilities. Widely used in industrial 
applications, main distribution systems, and for protecting 
sensitive equipment. 

■ Miniature Fuses: Small, often glass-bodied cartridge fuses 
designed for protection in electronic circuits and small 
appliances. 

○ Key Ratings of Fuses: 
■ Current Rating (Rated Current - In Amperes): The maximum 

continuous current that the fuse can carry indefinitely without 



 

deteriorating or blowing. This rating should match or exceed the 
normal operating current of the circuit. 

■ Voltage Rating (Rated Voltage - In Volts): The maximum voltage 
that the fuse can safely interrupt without arcing continuously 
across the open contacts after the element has blown. It must be 
equal to or greater than the circuit voltage. 

■ Breaking Capacity (Rupturing Capacity - In Kiloamperes or 
Amperes): The maximum prospective fault current (short-circuit 
current) that the fuse can safely and effectively interrupt without 
being destroyed or causing damage to its surroundings. This is a 
crucial rating for short-circuit protection. 

2. Wires and Cables: The Veins of Electrical Power 

Wires and cables are the fundamental pathways through which electrical energy is 
transmitted and distributed. Their proper selection and installation are paramount for 
system efficiency, safety, and long-term reliability. 

● 2.1 Types of Wires: 
○ Wire: Generally refers to a single metallic conductor. It can be solid or 

stranded. When insulated, the insulation is typically thin. 
○ Single Core Wire (Solid Conductor): 

■ Construction: Composed of a single, solid strand of conducting 
material (e.g., copper). It is usually covered with an insulating 
layer. 

■ Characteristics: Relatively stiff and rigid, which makes it suitable 
for fixed wiring installations where the wire is not frequently bent 
or moved. It offers excellent mechanical strength. 

■ Application: Primarily used for internal wiring in conduits within 
walls, earthing conductors (due to its rigidity), and in 
applications where low resistance and good mechanical stability 
are needed for fixed connections. 

○ Multi Core Wire (Stranded Conductor): 
■ Construction: Made up of multiple thinner strands of conducting 

material twisted together to form a single larger conductor. This 
composite conductor is then insulated. 

■ Characteristics: Significantly more flexible than single-core wire 
of the same overall cross-sectional area. It is less prone to 
breaking when subjected to repeated bending or vibration. 

■ Application: Ideal for flexible cables, appliance cords, internal 
wiring of electronic equipment, and any application where 
bending or movement is anticipated (e.g., wiring in motor control 
panels, portable equipment). 

● 2.2 Types of Cables: 
○ Cable: A complete assembly consisting of one or more insulated 

conductors, often twisted together, and encased within an overall 
protective outer sheath. Cables can also include fillers, binders, and 
shielding layers. 



 

○ PVC (Polyvinyl Chloride) Cables: 
■ Insulation Material: Polyvinyl chloride, a thermoplastic polymer 

widely used due to its versatility. 
■ Characteristics: 

■ Good Electrical Insulator: Effectively prevents current 
leakage. 

■ Flame Retardant: Self-extinguishing properties, making it 
safer in case of fire. 

■ Chemical and Abrasion Resistance: Resists many 
chemicals and offers decent protection against 
mechanical wear. 

■ Flexibility: Generally flexible and easy to handle and 
install. 

■ Cost-Effective: Economical to produce, making it a 
popular choice. 

■ Temperature Limitations: Can become brittle at very low 
temperatures and soften at higher temperatures (typically 
rated up to 70°C continuous operation), which limits its 
current carrying capacity in warmer environments. 

■ Applications: Dominant for general-purpose wiring in residential 
buildings (lighting, socket circuits), commercial installations, and 
low-voltage control circuits. 

○ XLPE (Cross-Linked Polyethylene) Cables: 
■ Insulation Material: Polyethylene that has undergone a chemical 

cross-linking process. This converts the linear polyethylene 
chains into a three-dimensional network, creating a 
thermosetting material. 

■ Characteristics: 
■ Superior Thermal Properties: Higher continuous operating 

temperature (typically up to 90°C) and much higher 
short-circuit temperature (up to 250°C) compared to PVC. 
This allows for higher current carrying capacities for a 
given conductor size. 

■ Excellent Electrical Properties: Low dielectric loss, 
suitable for higher voltage applications. 

■ Better Mechanical Strength: More resistant to deformation 
under heat and pressure. 

■ Good Chemical and Moisture Resistance: Superior to PVC 
in many harsh environments. 

■ Lower Weight: Generally lighter than PVC cables for 
comparable ratings. 

■ Applications: Preferred for power distribution in industrial plants, 
underground and overhead power lines, high-voltage 
applications, and situations demanding higher current ratings, 
better thermal performance, and improved reliability. 

○ Armored Cables: 
■ Construction: Features an additional layer of mechanical 

protection, typically a spiral winding of galvanized steel wires 



 

(SWA - Steel Wire Armored) or steel tapes (STA - Steel Tape 
Armored), placed beneath the outer sheath. 

■ Function: The armor provides robust protection against external 
mechanical stresses such as crushing, impact, and even rodent 
damage. This significantly enhances the cable's durability in 
harsh environments. The armor can also serve as an additional 
protective earth conductor in some systems. 

■ Applications: Primarily used for direct burial in the ground (e.g., 
garden lighting, outdoor power feeds), industrial installations 
where cables are exposed to potential mechanical damage, and 
in areas requiring enhanced physical protection. 

● 2.3 Conductor Materials: 
○ Copper: 

■ Properties: Possesses exceptional electrical conductivity, 
second only to silver. It exhibits high tensile strength, excellent 
ductility (can be easily drawn into fine wires), and malleability 
(can be shaped without breaking). It forms a relatively 
non-conductive and stable oxide layer, which does not 
significantly impede electrical connections. 

■ Advantages: Superior conductivity leads to lower resistive 
losses and smaller conductor sizes for a given current. High 
mechanical strength and excellent resistance to corrosion make 
connections reliable and durable. 

■ Limitations: More expensive and denser (heavier) than aluminum. 
■ Applications: The preferred material for most electrical wiring in 

buildings, appliance cords, motor windings, transformers, and 
electronic circuits due to its reliability and efficiency. 

○ Aluminum: 
■ Properties: Offers significantly lower density (lighter) and is more 

abundant (cheaper) than copper. However, its electrical 
conductivity is only about 60% of copper's for the same 
cross-sectional area. Aluminum is prone to forming a resistive 
oxide layer on its surface when exposed to air, which can lead to 
poor connections if not properly handled. It also exhibits "creep" 
or cold flow under sustained pressure, meaning it can slowly 
deform away from screw terminals, leading to loose connections 
and potential overheating. 

■ Advantages: Cost-effective for larger cross-sectional areas, 
significantly lighter weight (advantageous for overhead 
transmission lines). 

■ Limitations: Lower conductivity necessitates larger conductor 
sizes for the same current rating, susceptible to oxidation at 
connection points, lower mechanical strength, and issues with 
creep at terminals. Special connectors and installation 
techniques are required for aluminum wiring to mitigate these 
issues. 

■ Applications: Widely used for overhead power transmission and 
distribution lines (where weight is a critical factor), larger feeder 



 

cables in industrial and commercial buildings, and sometimes for 
service entry cables to residential properties. Less common and 
generally discouraged for interior branch circuit wiring in homes 
due to connection issues. 

● 2.4 Wire Gauges (AWG/SWG) and Current Carrying Capacity (Ampacity): 
○ Wire Gauge Systems: Standardized methods to classify the 

cross-sectional area (and thus diameter) of electrical conductors. 
■ AWG (American Wire Gauge): Predominantly used in North 

America. Counter-intuitively, a smaller AWG number indicates a 
larger wire diameter and thus a greater current carrying capacity. 
For example, 10 AWG is thicker than 14 AWG. 

■ SWG (Standard Wire Gauge): Primarily used in the United 
Kingdom and some Commonwealth countries. In contrast to 
AWG, a larger SWG number indicates a larger wire diameter. For 
example, 10 SWG is thicker than 14 SWG. 

○ Current Carrying Capacity (Ampacity): This is the most crucial rating for 
a conductor. It defines the maximum continuous electrical current (in 
Amperes) that an insulated conductor or cable can safely carry under 
specified conditions without exceeding its maximum permissible 
operating temperature. Exceeding this limit causes overheating, which 
can degrade insulation, lead to short circuits, and pose a fire hazard. 

○ Factors Affecting Ampacity: 
■ Conductor Material: Copper generally has a higher ampacity than 

aluminum for the same cross-sectional area due to its superior 
conductivity. 

■ Cross-sectional Area: Larger conductor cross-sectional area 
means lower electrical resistance, allowing higher current to flow 
without excessive heating. Ampacity increases with conductor 
size. 

■ Insulation Type/Temperature Rating: Different insulation 
materials have different maximum operating temperatures (e.g., 
PVC 70°C, XLPE 90°C). A cable with higher temperature-rated 
insulation can carry more current for the same conductor size 
before its insulation integrity is compromised. 

■ Ambient Temperature: Higher surrounding air temperatures 
reduce the cable's ability to dissipate heat, thereby reducing its 
ampacity. 

■ Installation Method/Grouping: 
■ Conduit/Ducts: Cables run in enclosed conduits or ducts 

dissipate heat less efficiently than those in free air. 
■ Direct Burial: Buried cables are affected by soil thermal 

resistivity. 
■ Bundling/Grouping: When multiple current-carrying cables 

are run together in a bundle or conduit, their individual 
ampacities must be de-rated (reduced) because each 
cable contributes to the heating of the others, hindering 
heat dissipation. 



 

■ Voltage Drop: While not directly affecting ampacity, for long runs, 
the voltage drop along the conductor must also be considered to 
ensure the load receives adequate voltage. 

○ Importance: Strict adherence to established electrical codes and 
standards (which provide detailed ampacity tables based on these 
factors) is absolutely essential when selecting wire and cable sizes to 
ensure the safety and longevity of an electrical installation. 

3. Earthing (Grounding): The Foundation of Electrical Safety 

Earthing, also known as grounding, is arguably the most fundamental and 
indispensable safety measure in any electrical installation. It involves creating a 
low-resistance electrical connection between the non-current-carrying metallic parts 
of an electrical system or equipment and the general mass of the earth. 

● 3.1 Importance of Earthing for Safety: 
○ Primary Protection Against Electric Shock: This is the paramount 

reason for earthing. In the event of an insulation fault (e.g., a live 
conductor accidentally touches the metallic casing of an appliance, or 
insulation breaks down), the metallic enclosure becomes "live" (at a 
high electrical potential relative to earth). If a person touches this live 
enclosure, current would flow through their body to the earth, causing a 
severe electric shock, potentially fatal. The earthing system provides an 
alternative, much lower resistance path for this fault current to flow 
directly to the earth. Because the resistance of the earthing path is very 
low, a large fault current flows. This large current immediately causes 
the protective device (fuse or circuit breaker, especially an RCD) to 
operate very quickly, disconnecting the power supply and making the 
faulty equipment safe before a person can be shocked or for a duration 
too short to cause significant harm. 

○ Prevention of Electrical Fires: High fault currents that are not quickly 
cleared by an effective earthing system can cause arcing, sparking, and 
excessive localized heating, potentially igniting combustible materials 
and leading to devastating electrical fires. Earthing ensures rapid fault 
clearance, mitigating this risk. 

○ Stabilizes System Voltage: Earthing helps to maintain the voltage of the 
system at a known reference potential (zero potential of the earth). This 
prevents undesirable voltage fluctuations or transient overvoltages 
(e.g., from lightning strikes or switching surges) from building up on 
equipment frames, protecting both equipment and personnel. 

○ Provides a Return Path for Fault Currents: In various three-phase and 
single-phase distribution systems, the earth can serve as an integral 
part of the fault current return path, ensuring that protective devices 
effectively detect and clear faults. 

○ Protects Equipment from Overcurrents/Overvoltages: By facilitating 
rapid fault current discharge, earthing prevents sustained overcurrents 
and overvoltages on equipment, thus safeguarding sensitive electronics 
and extending the lifespan of electrical apparatus. 



 

● 3.2 Types of Earthing: Different methods are employed to establish the 
connection to the earth, depending on soil conditions, required resistance, and 
installation practices. 

○ 1. Plate Earthing: 
■ Method: A copper or galvanized iron (GI) plate (typically 60cm x 

60cm, with thickness of 3.18mm for copper or 6.35mm for GI) is 
buried vertically at a significant depth (at least 3 meters or below 
the permanent moisture level) in the ground. 

■ Details: The main earthing lead from the electrical installation is 
securely bolted to the plate. To reduce the earth resistance and 
keep the soil moist, alternating layers of charcoal (which acts as 
a moisture absorber and conductive agent) and salt (to increase 
soil conductivity) are typically placed around the plate in the 
excavation pit. A watering pipe is often installed to periodically 
moisten the earth pit, especially in dry seasons. 

■ Advantages: Provides a large surface area for current 
dissipation, relatively long lifespan if properly maintained. 

■ Disadvantages: Requires a large excavation, maintenance 
(watering) might be needed, inspection can be difficult. 

○ 2. Pipe Earthing: 
■ Method: A galvanized iron (GI) pipe (commonly 38mm to 75mm 

diameter, 2.5 to 4 meters long) with numerous holes drilled along 
its length is buried vertically into the ground. 

■ Details: The earthing lead is clamped securely to the top of the 
pipe. A funneled arrangement is usually provided at the top for 
pouring water to maintain soil moisture. The holes in the pipe 
allow the water to seep into the surrounding soil, further 
reducing resistance. Sometimes, a mixture of salt and charcoal is 
also used around the pipe. 

■ Advantages: Generally more effective and easier to install and 
maintain than plate earthing. The pipe acts as a conduit for 
periodic watering, ensuring stable resistance. It provides a large 
contact surface area. 

■ Disadvantages: Can be challenging in rocky terrain. 
○ Note: Other earthing methods include Rod Earthing (using long 

conductive rods driven deep into the ground, effective in soft soil) and 
Mat/Grid Earthing (networks of interconnected conductors buried over a 
large area, typically used in substations or large industrial complexes 
for very low resistance and to mitigate step and touch potentials). 

● 3.3 Earthing Resistance: 
○ Definition: The combined resistance offered by the earth electrode 

system, the connection leads, and the surrounding soil to the flow of 
fault current into the general mass of the earth. 

○ Crucial Importance: For an earthing system to be effective, its total 
resistance must be as low as possible. Regulatory standards specify 
maximum permissible earthing resistance values (e.g., 1 Ohm for major 
power stations, 2-5 Ohms for general installations, 8 Ohms for small 
installations), but lower is always better. A low resistance ensures that 



 

in case of an earth fault, a large fault current flows, triggering protective 
devices quickly to clear the fault and limit the touch potential (voltage 
on the faulty equipment's casing) to a safe level. 

○ Factors Affecting Earthing Resistance: 
■ Soil Resistivity: The most dominant factor. It varies enormously 

depending on: 
■ Soil Type: Clayey soil, black cotton soil, and loamy soil 

generally have low resistivity due to their moisture 
retention. Sandy soil, rocky soil, and gravel have high 
resistivity. 

■ Moisture Content: Higher moisture content significantly 
lowers soil resistivity. Dry soil is a poor conductor. 

■ Temperature: Soil resistivity generally decreases with 
increasing temperature up to a certain point, but freezing 
temperatures drastically increase it. 

■ Chemical Composition: Presence of salts and minerals in 
the soil lowers resistivity. 

■ Size and Shape of Earth Electrode: A larger surface area of 
contact with the soil (e.g., larger plate, longer pipe/rod) generally 
results in lower earthing resistance. 

■ Depth of Burial: Burying the electrode deeper usually leads to 
lower resistance as deeper soil layers tend to have more 
consistent moisture content and lower resistivity. 

■ Number of Electrodes (Parallel Connection): Connecting multiple 
earth electrodes in parallel, sufficiently spaced apart, 
significantly reduces the overall earthing resistance of the 
system. 

■ Quality of Connections: All connections from the equipment to 
the earthing electrode must be robust, mechanically strong, and 
corrosion-free to maintain low resistance. 

○ Maintenance: Regular testing and maintenance (e.g., re-moistening 
earth pits in dry weather, checking connections) are essential to ensure 
that the earthing resistance remains within safe limits over time. 

● 3.4 Earth Electrode: 
○ Definition: The conductive component (such as a metal pipe, plate, or 

rod) that is physically embedded into the earth to establish a direct and 
low-resistance electrical connection between the electrical installation's 
earthing system and the general mass of the earth. It serves as the 
physical point where fault currents are safely dissipated into the 
ground. The material used for the earth electrode (typically copper or 
galvanized iron) must have good conductivity and corrosion resistance. 

4. Batteries: Portable Energy Storage Solutions 

Batteries are electrochemical devices that provide a portable and reliable source of 
electrical energy by converting stored chemical energy directly into electrical energy 
through an oxidation-reduction (redox) reaction. They are categorized based on their 
ability to be recharged. 



 

● 4.1 Introduction to Batteries: Primary vs. Secondary Batteries: 
○ Primary Batteries (Non-Rechargeable / Disposable): 

■ Definition: These batteries are designed for single use. The 
electrochemical reactions that produce electricity are 
irreversible, or practically irreversible. Once the active chemical 
materials are consumed or depleted, the battery cannot be 
effectively recharged and must be disposed of. 

■ Examples: Alkaline batteries (e.g., AA, AAA for remote controls, 
flashlights), Zinc-Carbon batteries, Lithium-Metal batteries (used 
in some cameras, medical implants). 

■ Characteristics: Convenient for low-drain, intermittent use; 
typically have a good shelf life. 

○ Secondary Batteries (Rechargeable): 
■ Definition: These batteries are designed to be recharged multiple 

times. The chemical reactions that occur during discharge can be 
reversed by applying an external electrical current (charging), 
restoring the battery's active materials and enabling it to store 
and release energy repeatedly. 

■ Examples: Lead-Acid, Nickel-Cadmium (Ni-Cad), Nickel-Metal 
Hydride (NiMH), Lithium-Ion (Li-Ion), Lithium-Polymer (Li-Po). 

■ Characteristics: Essential for applications requiring repeated 
energy storage and discharge cycles, offering long-term cost 
savings compared to primary batteries. This module focuses 
primarily on secondary batteries. 

● 4.2 Types of Batteries (Brief Characteristics): 
○ 1. Lead-Acid Batteries: 

■ Chemistry: Composed of lead plates (the positive plate typically 
lead dioxide, the negative plate spongy lead) immersed in an 
electrolyte of dilute sulfuric acid. 

■ Operational Principle: During discharge, lead and lead dioxide 
react with sulfuric acid to form lead sulfate on both plates, 
consuming acid. During charging, this process is reversed, 
regenerating lead, lead dioxide, and sulfuric acid. 

■ Key Characteristics: 
■ Nominal Cell Voltage: Approximately 2 Volts per cell (e.g., 

a 12V battery has 6 cells in series). 
■ Cost-Effectiveness: Relatively inexpensive per unit of 

energy storage. 
■ Robustness: Mechanically robust and tolerant to 

overcharging (though excessive overcharging causes 
gassing). 

■ High Current Delivery: Excellent for high current 
applications (e.g., engine starting). 

■ Energy Density: Relatively low energy density (heavy and 
bulky for their energy capacity). 

■ Depth of Discharge (DoD): Sensitive to deep discharges; 
frequent deep discharges significantly reduce cycle life. 



 

■ Temperature Sensitivity: Performance degrades at low 
temperatures. 

■ Maintenance: Traditional "flooded" types require periodic 
watering. "Sealed" (VRLA - Valve Regulated Lead-Acid) 
types like AGM (Absorbed Glass Mat) and Gel are 
maintenance-free. 

■ Applications: Automotive starter batteries (SLI - Starting, 
Lighting, Ignition), Uninterruptible Power Supplies (UPS), 
emergency lighting, alarm systems, electric wheelchairs, 
forklifts, solar power backup systems. 

○ 2. Ni-Cad (Nickel-Cadmium) Batteries: 
■ Chemistry: Uses nickel hydroxide for the positive electrode and 

cadmium for the negative electrode, with an alkaline electrolyte 
(potassium hydroxide). 

■ Operational Principle: Electrochemical reactions involve the 
transfer of electrons between nickel and cadmium compounds in 
the presence of the alkaline electrolyte during charge and 
discharge. 

■ Key Characteristics: 
■ Nominal Cell Voltage: 1.2 Volts per cell. 
■ Robustness: Extremely robust, tolerant to overcharge and 

overdischarge. 
■ Long Cycle Life: Very long cycle life (often 1000+ cycles) if 

properly managed. 
■ High Discharge Rates: Can deliver very high currents 

without significant voltage drop. 
■ Good Low-Temperature Performance: Performs well in 

cold environments. 
■ "Memory Effect": A notable drawback where repeated 

partial discharge/recharge cycles can cause the battery to 
"remember" the lower capacity, making it appear to lose 
full capacity. This can be mitigated by periodic full 
discharge/recharge cycles. 

■ Toxicity: Cadmium is a toxic heavy metal, requiring 
special disposal procedures. 

■ Applications: Power tools, portable radios, older laptops, medical 
equipment, remote control toys, some aircraft batteries. Largely 
superseded by NiMH (Nickel-Metal Hydride) and Li-Ion due to 
environmental concerns and memory effect. 

○ 3. Li-Ion (Lithium-Ion) Batteries: 
■ Chemistry: A broad family of battery types, but generally 

characterized by a positive electrode (cathode) made of a lithium 
metal oxide (e.g., Lithium Cobalt Oxide - LCO, Lithium 
Manganese Oxide - LMO, Lithium Iron Phosphate - LFP, Nickel 
Manganese Cobalt - NMC), a negative electrode (anode) made of 
graphite, and a non-aqueous electrolyte. Lithium ions move 
between the electrodes during charge and discharge. 



 

■ Operational Principle: During discharge, lithium ions 
de-intercalate from the anode and move through the electrolyte 
to intercalate into the cathode, releasing electrons to the external 
circuit. During charging, this process reverses. 

■ Key Characteristics: 
■ Nominal Cell Voltage: Higher voltage per cell (typically 

3.2V to 3.7V, depending on chemistry). 
■ High Energy Density: The most significant advantage; 

offers high energy storage per unit of mass (lightweight) 
and volume, making them ideal for portable applications. 

■ Low Self-Discharge Rate: Retains charge well when not in 
use. 

■ No Memory Effect: Can be charged/discharged at any 
point without losing capacity. 

■ Good Cycle Life: Typically 500-2000+ cycles, depending 
on chemistry and usage (DoD). 

■ Safety Concerns: Can be susceptible to thermal runaway 
(overheating, fire, explosion) if overcharged, 
over-discharged, short-circuited, or physically damaged. 
Requires a sophisticated Battery Management System 
(BMS) to monitor voltage, current, temperature, and cell 
balancing for safe operation. 

■ Cost: Generally more expensive than Lead-Acid. 
■ Applications: Dominant in consumer electronics (smartphones, 

laptops, tablets, smartwatches), electric vehicles (EVs), 
grid-scale energy storage, power banks, cordless power tools, 
drones. 

● 4.3 Important Characteristics of Batteries: 
○ Nominal Voltage (V): The average or typical voltage supplied by a 

battery cell or pack during its discharge cycle. It's the stated voltage for 
a battery (e.g., 12V, 3.7V). The actual voltage will vary slightly with 
charge level and load. 

○ Capacity (Ah - Ampere-hour): The total amount of electrical charge 
(current over time) that a battery can deliver under specific conditions 
(e.g., temperature, discharge rate) before its voltage drops to a 
predefined cutoff point. A 100 Ah battery theoretically delivers 100 
Amperes for 1 hour, or 10 Amperes for 10 hours. 

■ Calculation: Capacity (Ah) = Current (A) × Time (h). 
○ C-rate: A standard way to express the rate at which a battery is 

discharged or charged relative to its maximum capacity. 
■ Definition: A 1C rate means that the current will discharge the 

entire battery in 1 hour. A 0.5C rate means the current will 
discharge it in 2 hours. A 2C rate means it takes 0.5 hours. 

■ Formula: Discharge Current (A) = C-rate × Capacity (Ah). 
■ Example: For a 50 Ah battery: 

■ 1C discharge rate = 1 × 50 Ah = 50 A. 
■ 0.2C discharge rate (often called "5-hour rate") = 0.2 × 50 

Ah = 10 A. 



 

■ 2C discharge rate = 2 × 50 Ah = 100 A. 
○ Depth of Discharge (DoD): The percentage or fraction of the battery's 

total capacity that has been discharged. 
■ Example: If a 100 Ah battery discharges 80 Ah, its DoD is 80%. 
■ Importance: For most secondary batteries (especially Lead-Acid 

and Li-Ion), a shallower DoD (i.e., not discharging the battery too 
deeply) significantly extends its overall cycle life. For instance, 
discharging a battery to 50% DoD might yield thousands of 
cycles, while discharging to 80% DoD might only yield a few 
hundred. 

○ Cycle Life: The total number of complete charge-discharge cycles a 
battery can undergo before its usable capacity drops to a specified 
percentage of its original capacity (e.g., 80%). It is a critical indicator of 
a battery's longevity. Cycle life is heavily influenced by DoD, 
temperature, and charge/discharge rates. 

● 4.4 Series and Parallel Connection of Batteries: 
○ Purpose: To achieve a desired system voltage and/or total capacity that 

cannot be met by a single battery unit. 
○ 1. Series Connection: 

■ Method: The positive terminal of one battery is connected to the 
negative terminal of the next battery in a chain. 

■ Effect: 
■ Voltage: The total voltage of the battery bank is the sum of 

the nominal voltages of all individual batteries connected 
in series. 

■ Capacity: The total Ampere-hour (Ah) capacity of the 
battery bank remains the same as the capacity of a single 
battery in the series (assuming all batteries are identical). 

■ Purpose: To increase the overall operating voltage of the battery 
bank to match the load requirements. 

■ Example: Three 12V, 100Ah batteries connected in series will 
result in a 36V, 100Ah battery bank. 

○ 2. Parallel Connection: 
■ Method: All positive terminals of the batteries are connected 

together, and all negative terminals are connected together. 
■ Effect: 

■ Voltage: The total voltage of the battery bank remains the 
same as the nominal voltage of a single battery (assuming 
all batteries are identical). 

■ Capacity: The total Ampere-hour (Ah) capacity of the 
battery bank is the sum of the capacities of all individual 
batteries connected in parallel. 

■ Purpose: To increase the total current delivery capability and 
thus extend the backup time for a given load, or to provide higher 
peak currents. 

■ Example: Three 12V, 100Ah batteries connected in parallel will 
result in a 12V, 300Ah battery bank. 



 

○ 3. Series-Parallel Connection: A combination of both methods, used to 
achieve both a desired voltage level and a desired capacity. For 
example, two parallel strings, each string consisting of batteries 
connected in series. 

○ Crucial Consideration: When connecting batteries in series or parallel, it 
is absolutely essential that all batteries used are of the same type, 
voltage, capacity, age, and preferably from the same manufacturer and 
production batch. Mixing different types or capacities can lead to 
unbalanced charging and discharging, overstressing certain batteries, 
reducing the overall bank's capacity, and significantly shortening the 
lifespan of the entire battery system. A Battery Management System 
(BMS) is highly recommended for larger battery banks, especially Li-Ion, 
to ensure balanced operation. 

5. Elementary Calculations 

Proficiency in basic electrical calculations is essential for understanding energy 
consumption, system efficiency, and proper equipment sizing in real-world electrical 
installations. 

● 5.1 Energy Consumption (kWh): 
○ Definition: Electrical energy represents the total work done by electricity 

over a period. It is distinct from power, which is the rate at which energy 
is used. For billing purposes, electrical energy consumption is almost 
universally measured and charged in kilowatt-hours (kWh). 

○ Fundamental Formula: Energy = Power × Time 
■ If Power is in Watts (W) and Time is in hours (h), then Energy is in 

Watt-hours (Wh). 
■ If Power is in kilowatts (kW) and Time is in hours (h), then Energy 

is in kilowatt-hours (kWh). 
○ Kilowatt-hour (kWh): The commercial unit of electrical energy. One 

kilowatt-hour is the amount of energy consumed by an appliance or 
load with a power rating of one kilowatt (1 kW) operating continuously 
for one hour (1 h). 

■ Conversion to Joules: 1 kWh = 1000 Wh = 1000 W×(3600 
seconds/hour)=3,600,000 Joules(3.6 MJ). 

○ Steps for Calculation: 
■ Identify Power: Determine the power rating of each appliance 

(usually in Watts, W). 
■ Identify Time of Use: Determine how long each appliance 

operates per day/month (in hours, h). 
■ Convert Power to kW: Divide the power in Watts by 1000 (e.g., 

500 W = 0.5 kW). 
■ Calculate Energy for Each Appliance: Multiply Power (kW) by 

Time (h) to get Energy (kWh). 
■ Sum Total Energy: Add up the energy consumption of all 

appliances for the period (daily, monthly). 



 

■ Calculate Cost: Multiply total energy (kWh) by the cost per kWh 
(tariff rate). 

○ Numerical Example 5.4 (Detailed Energy Cost Calculation): An 
apartment has the following major loads: 

■ Refrigerator: 250 W, runs for 16 hours/day (compressor cycle). 
■ Television: 150 W, used for 5 hours/day. 
■ Four LED Bulbs: 10 W each, on for 6 hours/day. 
■ Washing Machine: 2000 W, used for 1 hour, 3 times a week. The 

electricity tariff is $0.15 per kWh. Calculate the total monthly (30 
days) electricity cost. 

■ 1. Daily Energy Consumption for Each Appliance: 
■ Refrigerator: (250 W / 1000) * 16 h = 0.25 kW * 16 h = 4 

kWh/day 
■ Television: (150 W / 1000) * 5 h = 0.15 kW * 5 h = 0.75 

kWh/day 
■ LED Bulbs: (4 bulbs * 10 W/bulb) / 1000 * 6 h = 0.04 kW * 6 

h = 0.24 kWh/day 
■ Washing Machine (per day, average): (2000 W / 1000) * 1 h 

* (3 days/week / 7 days/week) = 2 kW * 1 h * (3/7) ≈ 0.857 
kWh/day 

■ 2. Total Daily Energy Consumption: Total Daily kWh = 4 + 0.75 + 
0.24 + 0.857 = 5.847 kWh/day 

■ 3. Total Monthly Energy Consumption: Total Monthly kWh = 5.847 
kWh/day * 30 days/month = 175.41 kWh/month 

■ 4. Total Monthly Electricity Cost: Monthly Cost = Total Monthly 
kWh * Cost per kWh = 175.41 kWh * $0.15/kWh = $26.31 

● 5.2 Power Factor Improvement: Enhancing System Efficiency 
○ Concept of Power Factor (PF): In an AC circuit, Power Factor is a 

dimensionless quantity that represents the ratio of real power (or active 
power, measured in kilowatts, kW) to apparent power (measured in 
kilovolt-amperes, kVA). 

■ Real Power (P): The actual power consumed by the load to 
perform useful work (e.g., generate heat, light, mechanical 
motion). 

■ Reactive Power (Q): The power that oscillates between the 
source and the inductive or capacitive components of the load. It 
does no useful work but is necessary to establish magnetic fields 
(for inductive loads like motors) or electric fields (for capacitive 
loads). Measured in kilovolt-amperes reactive (kVAR). 

■ Apparent Power (S): The total power delivered by the source, 
which is the vector sum of real and reactive power. It is the 
product of RMS voltage and RMS current. 

■ Relationship (Power Triangle): S2=P2+Q2. The power factor (PF) 
is also the cosine of the phase angle (ϕ) between the voltage and 
current waveforms: PF = cos(ϕ) = P / S. 

■ Lagging Power Factor: Occurs in inductive loads (e.g., motors, 
transformers, fluorescent lamp ballasts) where the current 



 

waveform lags behind the voltage waveform. This is the most 
common type of low power factor in industrial settings. 

■ Leading Power Factor: Occurs in capacitive loads (e.g., capacitor 
banks) where the current waveform leads the voltage waveform. 

■ Unity Power Factor: When the current and voltage are perfectly in 
phase (ϕ=0∘, so cos(0∘)=1). This occurs in purely resistive loads. 

○ Need for Power Factor Improvement: A low lagging power factor is 
undesirable for several reasons: 

■ Increased Current and System Losses: For a given amount of 
real power (kW) consumed by the load, a low power factor means 
the source must supply a higher apparent power (kVA), which 
translates to a higher current drawn from the utility. This higher 
current results in increased I2R (resistive) losses in the cables, 
transformers, generators, and other transmission/distribution 
equipment, leading to wasted energy and reduced overall system 
efficiency. 

■ Increased Equipment Sizing and Cost: Utility companies must 
size their equipment (transformers, switchgear, conductors) to 
handle the apparent power (kVA), not just the real power (kW). A 
low power factor necessitates larger, more expensive equipment 
to deliver the same amount of useful power. 

■ Poor Voltage Regulation: Higher current due to low power factor 
causes greater voltage drops across the system's impedance, 
leading to lower and potentially unstable voltage at the 
consumer's end. 

■ Penalties from Utilities: Many electricity supply companies 
impose financial penalties on industrial and commercial 
consumers whose power factor falls below a certain threshold 
(e.g., 0.9 or 0.95 lagging) to encourage efficient energy usage and 
reduce strain on the grid. 

○ Basic Methods for Power Factor Improvement: The goal is to reduce the 
reactive power component (Q) drawn from the source, thereby reducing 
the phase angle (ϕ) and bringing the power factor closer to unity. 

■ 1. Capacitor Banks: This is the most common, cost-effective, and 
practical method for improving lagging power factor in industrial 
and commercial installations. 

■ Principle: Inductive loads (like motors) consume lagging 
reactive power to establish their magnetic fields. 
Capacitors, when connected to an AC supply, draw 
leading reactive power. By connecting a bank of 
capacitors in parallel with the inductive load, the leading 
reactive power supplied by the capacitors directly cancels 
out a portion of the lagging reactive power demanded by 
the load. This reduces the net reactive power drawn from 
the utility, bringing the overall power factor closer to unity 
without affecting the real power consumed by the load. 

■ Calculation Steps (for a single load or total plant load): 



 

1. Calculate Initial Reactive Power (Q1 ): From initial 
real power (P) and power factor (cosϕ1 ), find 
ϕ1 =cos−1(PF1 ). Then, Q1 =P×tan(ϕ1 ). 

2. Calculate Target Reactive Power (Q2 ): For the 
target power factor (cosϕ2 ), find ϕ2 =cos−1(PF2 ). 
Then, Q2 =P×tan(ϕ2 ). 

3. Required Capacitive Reactive Power (Qc ): The 
capacitor bank must supply the difference: 
Qc =Q1 −Q2 =P(tanϕ1 −tanϕ2 ). This Qc  is in VAR or 
kVAR. 

4. Calculate Capacitance (C): The reactive power of a 
capacitor is Qc =V2/XC =V2×(2πfC), where V is the 
voltage across the capacitor, f is the frequency, and 
XC  is capacitive reactance. So, C=Qc /(2πfV2) (in 
Farads).For a three-phase system, if Qc  is total 
reactive power and V is the line-to-line voltage, then 
for a delta-connected capacitor bank, each phase 
capacitor Cphase =Qc /(3×2πfVline2 ). For a 
star-connected bank, each phase capacitor 
Cphase =Qc /(3×2πfVphase2 ). 

■ 2. Synchronous Condensers: These are over-excited 
synchronous motors running without any mechanical load. When 
over-excited, they draw leading reactive power from the grid, 
behaving like a large capacitor. They can also absorb lagging 
reactive power if under-excited. 

■ Advantages: Provide dynamic VAR compensation (can 
adjust reactive power output continuously), can also help 
with voltage regulation. 

■ Disadvantages: Very expensive, require significant 
maintenance, and are typically used only in very large, 
centralized power systems or industrial plants. 

■ 3. Static VAR Compensators (SVCs) / STATCOMs: Advanced 
power electronic devices that use thyristors or IGBTs to rapidly 
and dynamically control the amount of reactive power injected 
into or absorbed from the grid. 

■ Advantages: Very fast response time, precise control, can 
handle rapidly changing loads, improve voltage stability 
and power quality. 

■ Disadvantages: Complex and expensive. Primarily used in 
large industrial facilities with highly fluctuating loads (e.g., 
arc furnaces) or in utility transmission systems. 

○ Numerical Example 5.5 (Detailed Power Factor Correction Calculation): 
A factory has a total connected load of 500 kW at a power factor of 0.7 
lagging. The supply voltage is 415 V (line-to-line), 50 Hz. Calculate the 
kVAR rating of the capacitor bank required to improve the power factor 
to 0.95 lagging. Then, calculate the capacitance of each capacitor if 
connected in a delta configuration. 



 

■ 1. Initial Reactive Power (Q1 ): Initial PF (cosϕ1 ) = 0.7 
⟹ϕ1 =cos−1(0.7)≈45.57∘.tanϕ1 =tan(45.57∘)≈1.020.Q1 =P×tanϕ1 =50
0 kW×1.020=510 kVAR. 

■ 2. Target Reactive Power (Q2 ): Target PF (cosϕ2 ) = 0.95 
⟹ϕ2 =cos−1(0.95)≈18.19∘.tanϕ2 =tan(18.19∘)≈0.3287.Q2 =P×tanϕ2 =
500 kW×0.3287=164.35 kVAR. 

■ 3. Required Capacitive Reactive Power (Qc ):Qc =Q1 −Q2 =510 
kVAR−164.35 kVAR=345.65 kVAR. The required capacitor bank 
rating is approximately 345.65 kVAR. 

■ 4. Capacitance (C) for Delta Connection: For a three-phase 
delta-connected capacitor bank, the total reactive power is given 
by Qc =3×(Vline2 ×2πfCphase ). Here, Vline =415 V, f=50 
Hz.Cphase =Qc /(3×2πfVline2 )Cphase =(345.65×103 
VAR)/(3×2×π×50 Hz×(415 
V)2)Cphase =345650/(3×314.159×172225)Cphase =345650/1622323
78≈0.00213 Farads≈2130μF. So, a bank of three 2130 μF 
capacitors connected in delta would be required. 

● 5.3 Battery Backup Time Calculation: 
○ Purpose: To determine the approximate duration for which a battery 

system can continuously supply power to a specific load, considering 
its capacity, voltage, and system efficiencies. 

○ Key Parameters for Calculation: 
■ Battery Bank Capacity (Ah): The total Ampere-hour rating of the 

entire battery system (considering series/parallel connections). 
■ Battery Bank Voltage (V): The nominal voltage of the entire 

battery system. 
■ Load Power (W): The total power consumption of the devices 

being powered (if AC, this is the real power). 
■ System Efficiency (η): The overall efficiency of the power 

conversion process from battery DC to load. This is especially 
critical if an inverter is used to convert battery DC to AC for AC 
loads. It also includes battery discharge efficiency, which can 
vary with temperature and discharge rate. (Typically 0.8 to 0.95). 

■ Maximum Permissible Depth of Discharge (DoD): To prolong 
battery life, batteries are rarely discharged to 0%. The DoD limits 
the usable capacity. If DoD is 80% (0.8), then only 80% of the 
rated capacity is considered available. 

○ Formula (for AC Load via Inverter): Backup Time (hours) = [ (Battery 
Capacity (Ah) × Battery Voltage (V) × System Efficiency (η) × Max. DoD 
Factor) / Load Power (W) ] 

■ Note: If the load is DC and no inverter is used, η might only 
account for battery discharge efficiency and wiring losses, 
typically higher. 

○ Formula (for DC Load): Backup Time (hours) = [ (Battery Capacity (Ah) × 
Max. DoD Factor) / Load Current (A) ] × Battery Discharge Efficiency 
(ηbatt ) 

■ Where Load Current (A) = Load Power (W) / Battery Voltage (V). 



 

○ Numerical Example 5.6 (Battery Backup Calculation with DoD and 
Efficiency): A critical communication system consumes 200 W of AC 
power. It is powered by a 48 V DC battery bank (composed of four 12V, 
200Ah batteries in series) through an inverter. The inverter has an 
efficiency of 90%, and the batteries should not be discharged beyond 
60% DoD to maximize their lifespan. Calculate the maximum practical 
backup time. 

■ 1. Total Battery Bank Voltage: 4 batteries×12 V/battery=48 V. 
■ 2. Total Battery Bank Capacity: As connected in series, the 

capacity remains the same: 200 Ah. 
■ 3. Usable Battery Capacity (considering DoD): 200 Ah × 0.60 (for 

60% DoD) = 120 Ah. 
■ 4. Total Usable Energy from Battery (after DoD consideration): 

Usable Energy (Wh) = Usable Capacity (Ah) × Battery Voltage (V) 
Usable Energy = 120 Ah × 48 V = 5760 Wh. 

■ 5. Energy Available to Load (after Inverter Efficiency): Energy to 
Load (Wh) = Usable Energy (Wh) × Inverter Efficiency (ηinv ) 
Energy to Load = 5760 Wh × 0.90 = 5184 Wh. 

■ 6. Backup Time: Backup Time (hours) = Energy to Load (Wh) / 
Load Power (W) Backup Time = 5184 Wh / 200 W = 25.92 hours. 
The battery bank can provide a practical backup for 
approximately 25.92 hours. 

6. Electrical Safety: Paramount Principles and Practices 

Electrical safety is an absolute imperative in every electrical installation and 
interaction. Disregard for safety principles can lead to severe injury, fatality, and 
widespread property damage. 

● 6.1 Hazards of Electricity: Understanding the dangers is the first step towards 
prevention. 

○ 1. Electric Shock: 
■ Mechanism: Occurs when a person becomes part of an active 

electrical circuit, allowing current to flow through their body. This 
happens when two points of different electrical potential are 
simultaneously touched (e.g., live wire and ground, or live and 
neutral). 

■ Severity Factors: The harmfulness of an electric shock depends 
critically on: 

■ Magnitude of Current: Even small currents (e.g., 1 mA for 
perception, 10-20 mA for muscle contractions preventing 
release, 50 mA for ventricular fibrillation – a fatal heart 
rhythm disturbance, 100-200 mA for ventricular fibrillation 
leading to death) can be lethal. 

■ Path of Current: Current passing through vital organs 
(e.g., heart, lungs, brain) is far more dangerous. 
Hand-to-foot current path is particularly hazardous. 



 

■ Duration of Contact: Longer exposure increases the risk 
of severe injury or fatality. 

■ Frequency: AC current (especially 50-60 Hz) is generally 
more dangerous than DC current at the same magnitude 
due to its tendency to cause muscle contraction (cannot 
let go) and ventricular fibrillation. 

■ Body Resistance: Skin resistance varies with moisture. 
Wet skin offers lower resistance, making shocks more 
dangerous. 

■ Effects: Ranges from tingling sensations, muscle spasms, and 
localized burns to respiratory arrest, cardiac arrest, internal 
organ damage, and death. 

○ 2. Electrical Fire: 
■ Mechanism: Occurs when electrical energy is converted into 

excessive heat, igniting combustible materials. 
■ Common Causes: 

■ Overloaded Circuits: Drawing more current than the wire's 
or protective device's rating. Wires overheat, insulation 
melts, and sparks can ignite nearby materials. 

■ Short Circuits: An unintended low-resistance path 
between live conductors or live-to-earth, resulting in 
extremely high fault currents and rapid, intense heat 
generation. 

■ Faulty Wiring/Degraded Insulation: Old, cracked, or 
damaged insulation can lead to arcing, intermittent 
sparking, and localized heating at defect points. 

■ Loose Connections: High resistance at loose terminals 
causes localized heating (due to I2R losses), which can 
escalate to fire. 

■ Improper Equipment Use: Using damaged appliances, 
incorrect extension cords, covering vents on equipment, 
or using equipment in wet environments not rated for it. 

■ Arc Flash: A sudden, catastrophic electrical discharge 
through the air, releasing immense energy in the form of 
intense heat, light, and pressure waves. Can cause severe 
third-degree burns, ignite clothing, and propel molten 
metal. 

○ 3. Falls: An indirect hazard. A person receiving an electric shock, 
especially when working at height (e.g., on a ladder), may lose control 
and fall, sustaining severe injuries or fatalities from the fall itself. 

● 6.2 Basic Safety Rules and Precautions: Adherence to these fundamental rules 
is non-negotiable for anyone working with or around electricity. 

○ 1. ALWAYS Assume Circuits Are Live: Never assume a circuit is 
de-energized. Always verify zero voltage using a properly rated and 
tested voltage tester before touching any conductors. 

○ 2. Disconnect Power and Implement Lockout/Tagout: Before 
commencing any work on an electrical circuit or equipment, completely 
de-energize the circuit at its source (e.g., switchboard). Then, apply 



 

Lockout/Tagout (LOTO) procedures: physically lock the disconnecting 
means in the OFF position and place a tag indicating that work is in 
progress and the circuit must not be re-energized. This prevents 
accidental re-energization. 

○ 3. Use Appropriate Personal Protective Equipment (PPE): Depending on 
the task and voltage level, wear insulated gloves, safety glasses or face 
shields, flame-resistant (FR) clothing, hard hats, and insulated footwear. 
Use only insulated tools that are specifically rated for the voltage of the 
circuit being worked on. 

○ 4. Never Work Alone on Live Circuits: A buddy system ensures that in 
case of an emergency (e.g., electric shock), there is someone present to 
provide immediate assistance or call for help. 

○ 5. Use the Right Tools and Equipment: Ensure all tools are in good 
working condition, properly insulated, and suitable for the task at hand. 
Avoid makeshift tools. 

○ 6. Do Not Bypass Safety Devices: Fuses, circuit breakers, and RCDs are 
life-saving devices. Never replace a blown fuse with one of a higher 
rating or with a makeshift conductor (e.g., coin, wire). Never hold or jam 
circuit breakers in the ON position. 

○ 7. Regularly Inspect Cords and Equipment: Before each use, visually 
inspect power cords, plugs, and equipment for damage (frayed wires, 
exposed conductors, cracked insulation). Immediately repair or replace 
any damaged items. 

○ 8. Keep Work Areas Dry and Clear: Avoid working with electricity in wet 
or damp conditions. Water is conductive and increases shock risk. 
Ensure the work area is clean, well-lit, and free of clutter to prevent trips 
and falls. 

○ 9. Ensure Proper Earthing (Grounding): Verify that all metallic 
enclosures of electrical equipment, panels, and appliances are correctly 
and effectively earthed. The earth connection must be low resistance 
and continuous. 

○ 10. Avoid Overloading Circuits: Do not plug too many appliances into a 
single outlet or extension cord. This can draw excessive current, 
overheat wiring, and lead to fire. 

○ 11. Proper Wiring Practices: All electrical wiring and installations must 
be carried out by qualified and licensed electricians, strictly adhering to 
national and local electrical codes and standards. 

○ 12. Maintain Safe Clearances: Be aware of and maintain minimum safe 
distances from exposed live electrical conductors, overhead power 
lines, and electrical equipment, especially when operating machinery or 
handling long objects. 

● 6.3 First Aid for Electric Shock (Brief and Immediate Steps): 
○ The absolute first priority is to ensure the safety of the rescuer. Do NOT 

touch the victim if they are still in contact with the electrical source, as 
you risk becoming a victim yourself. 

○ 1. Disconnect the Power Source Immediately: If possible and safe to do 
so, turn off the main circuit breaker, pull the plug, or switch off the 



 

appliance's power. This is the fastest and safest way to separate the 
victim from the electricity. 

○ 2. Separate the Victim from the Source (Only if Power Cannot Be Turned 
Off Safely): If you cannot immediately turn off the power, use a 
non-conductive object (such as a dry wooden stick, a plastic pipe, a 
thick folded newspaper, a rubber mat, or a thick rope) to push or pull the 
victim away from the electrical source or to push the live wire away from 
the victim. Never use anything wet or metallic. 

○ 3. Call for Emergency Medical Help: Immediately call your local 
emergency services (e.g., 911 or 108 in India). Even if the person seems 
fine, electric shock can cause internal damage or delayed cardiac 
issues. 

○ 4. Check for Breathing and Pulse: Once the victim is safely separated 
from the electrical source, assess their condition. 

■ If the person is not breathing and/or has no pulse, begin 
Cardiopulmonary Resuscitation (CPR) immediately if you are 
trained. Continue CPR until emergency medical personnel arrive. 

■ If the person is breathing and has a pulse, keep them still and 
comfortable. 

○ 5. Treat for Burns: If there are visible burns, cover them loosely with a 
clean, dry, non-fluffy dressing or sterile gauze. Do not apply ointments 
or break blisters. 

○ 6. Keep the Person Warm and Calm: Lay the person down and cover 
them with a blanket to prevent shock. Reassure them and keep them as 
calm as possible until medical help arrives. 

○ 7. Do NOT: 
■ Touch the victim if they are still connected to the power source. 
■ Use water to try and extinguish an electrical fire (use a CO2 or 

dry chemical extinguisher, or sand). 
■ Attempt to move the victim unless absolutely necessary (e.g., to 

perform CPR) or if there's immediate danger. 
■ Give the victim anything to eat or drink. 

 

Activities/Assessments: 

To solidify the practical skills, analytical abilities, and safety consciousness 
developed in this module, the following activities and assessments are rigorously 
designed: 

● 1. Identification and Application Scenario for LT Switchgear Components: 
○ Activity 1.1 (Component Identification): You will be presented with a 

series of high-resolution images of various common Low Tension (LT) 
switchgear components (e.g., different types of MCBs, RCD/ELCB, 
MCCB, SFU, HRC fuse, glass fuse). For each image, you must 
accurately identify the component by its specific name. 



 

○ Activity 1.2 (Application Scenario Analysis): For the components 
identified in Activity 1.1, describe a specific, realistic electrical 
application scenario where each component would be the most 
appropriate choice for protection. Justify your choice by explaining how 
that component's unique operating principle and characteristics are 
best suited to the hazards present in that scenario. For MCBs, ensure 
your justification explains the relevance of its tripping curve (B, C, or D). 

● 2. Problem-Solving for Comprehensive Energy Bill Calculation: 
○ Exercise 2.1 (Monthly Household Energy Consumption and Cost): A 

typical Indian household in Vellore, Tamil Nadu, has the following 
electrical appliances and their daily usage patterns: 

■ 5 Ceiling Fans (75 W each): Operated for 10 hours/day. 
■ 10 LED Bulbs (9 W each): Operated for 7 hours/day. 
■ 1 Refrigerator (200 W): Runs for 18 hours/day (due to compressor 

cycling). 
■ 1 Television (100 W): Used for 6 hours/day. 
■ 1 Washing Machine (2200 W): Used for 1.5 hours, 4 times a week. 
■ 1 Electric Water Heater (2000 W): Used for 1 hour, every alternate 

day. 
■ 1 Microwave Oven (1200 W): Used for 0.5 hours, 5 times a week. 

Assuming a consistent month of 30 days and an electricity tariff 
of INR 7 per kWh (a representative value for higher consumption 
slabs in Tamil Nadu), perform the following calculations: a) 
Calculate the total daily energy consumption in kilowatt-hours 
(kWh) for all appliances. b) Based on the daily consumption, 
calculate the total monthly energy consumption in kWh. c) 
Determine the total monthly electricity cost for this household. d) 
If the household decides to replace the existing LED bulbs with 
more efficient ones (6 W each) and reduce fan usage to 8 
hours/day, calculate the new monthly energy consumption and 
the resultant monthly savings in Rupees. 

● 3. Calculation of Required Capacitor for Power Factor Improvement (Advanced 
Case): 

○ Exercise 3.1 (Three-Phase Industrial Power Factor Correction): A small 
industrial workshop in Vellore draws a total real power of 150 kW from a 
three-phase, 415 V (line-to-line), 50 Hz supply. The overall power factor 
is measured to be 0.75 lagging, primarily due to induction motors. The 
management wants to improve the power factor to 0.98 lagging to avoid 
penalty charges from the electricity board. a) Calculate the initial total 
apparent power (kVA) and total reactive power (kVAR) drawn by the 
workshop. b) Determine the total reactive power (kVAR) that needs to be 
supplied by a capacitor bank to achieve the target power factor of 0.98 
lagging. c) If the capacitor bank is connected in a delta configuration, 
calculate the required capacitance (in microfarads, μF) of each of the 
three capacitors in the bank. Show all steps and intermediate values. 

● 4. Battery Backup Time Calculations with Practical Constraints: 
○ Exercise 4.1 (UPS System Sizing): An Uninterruptible Power Supply 

(UPS) system is being designed to provide backup power for a critical 



 

server rack. The server rack has a continuous AC power requirement of 
750 W. The UPS operates from a 96 V DC battery bank (composed of 8 
series-connected 12V batteries), and its inverter efficiency is 88%. To 
ensure a long battery lifespan, the batteries are specified to be 
discharged to a maximum of 50% Depth of Discharge (DoD). a) If each 
12V battery has a capacity of 100 Ah, calculate the total Ah capacity of 
the 96 V battery bank. b) Determine the usable energy (in Wh) available 
from the battery bank considering the DoD limit. c) Calculate the total 
practical backup time (in hours) that the UPS can provide for the server 
rack. 

○ Exercise 4.2 (Solar Home System): A small off-grid solar home system 
uses a 12 V, 250 Ah battery. The daily average DC load is 150 W, 
consumed over 8 hours. Assume the battery discharge efficiency is 90% 
and the maximum DoD allowed is 70%. a) Calculate the total daily 
energy consumption of the load in Wh. b) Determine the net usable 
energy (in Wh) from the battery considering DoD and efficiency. c) Can 
this battery alone sustain the load for one day? Justify your answer with 
calculations. 

● 5. Short Quiz on Electrical Safety Principles: 
○ A mandatory, graded quiz comprising 15 multiple-choice and true/false 

questions, designed to assess comprehensive understanding of: 
■ Identification of specific electrical hazards (e.g., what causes arc 

flash, primary effect of high current on human body). 
■ Interpretation of safety signage and color codes. 
■ Correct application of basic safety rules (e.g., LOTO, PPE 

selection). 
■ Understanding the role of specific safety devices (e.g., RCD trip 

sensitivity). 
■ Prioritization of actions during an electric shock emergency. 
■ Reasons behind earthing and proper wire/cable selection for 

safety. 
● 6. Final Project: Comprehensive Electrical Design and Safety Analysis for a 

Small Utility Room: 
○ Project Description: You are tasked with preparing a preliminary 

electrical design for a small utility room (e.g., 3m x 4m) in a commercial 
building. This room will house a small water pump, a light fixture, and a 
few general-purpose outlets. 

○ Task A: Detailed Single-Line Wiring Diagram: 
■ Draw a neat, labeled single-line wiring diagram for the utility 

room. This diagram should include: 
■ Incoming supply (specify voltage, e.g., 230V AC, 50 Hz). 
■ A main distribution board (DB) with a suitable main 

protective device (e.g., an MCCB for the whole DB, if 
applicable). 

■ Separate final circuits for: 
■ Lighting (e.g., one ceiling mounted LED fixture, 20 

W). 



 

■ General-purpose socket outlets (e.g., two 16A 
outlets). 

■ A water pump (e.g., 1 HP / 746 W, inductive load 
with power factor 0.8 lagging). 

■ Clearly indicate the type and rating of the protective 
device (MCB type and current rating) for each final circuit. 
Justify your MCB type selection (B, C, or D) for each 
circuit based on the load characteristics. 

■ Show the connection of an RCD (specify sensitivity, e.g., 
30mA) for the socket outlet circuit. Explain why an RCD is 
essential here. 

■ Explicitly show the proper earthing connections for all 
metallic enclosures of equipment (pump body, light fixture 
casing, socket outlet metallic parts) and how they connect 
back to the main earthing terminal. 

■ Label all wires with their respective phases (e.g., Live, 
Neutral, Earth). 

○ Task B: Detailed Energy Consumption and Cost Analysis: 
■ Assume the following daily usage for the room: 

■ LED light: 8 hours/day. 
■ Water pump: Operates for 2 hours/day. 
■ One socket outlet used for a 100 W cleaning appliance for 

1 hour/day. 
■ Given an electricity tariff of INR 10 per kWh, calculate: 

■ The total daily energy consumption in kWh for all loads. 
■ The total monthly electricity cost for the utility room 

(assume 30 days). 
○ Task C: Power Factor Improvement Consideration (Bonus/Advanced): 

■ Given the water pump (1 HP, 0.8 lagging PF), estimate the 
reactive power it consumes. If the utility imposes a penalty for 
power factors below 0.9 lagging, briefly discuss (qualitatively) 
how you would consider improving the power factor for the pump 
circuit and what type of device would be used. (No detailed 
calculation required for this part, just concept). 

○ Task D: Safety Justification and Protocol: 
■ Beyond the protective devices shown, describe at least three 

general electrical safety practices that would be crucial for 
anyone working in or maintaining this utility room, explaining 
why each practice is important in this specific context. 

■ Outline the immediate steps to take if someone in the room 
receives an electric shock from the water pump (assuming the 
RCD failed to trip initially). 
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