
 

Module 3: Introduction to Magnetism and Transformers 

Module Description: 

This module offers an exceptionally meticulous and systematic exploration of the 
foundational principles of magnetism and their critical application in power 
transformers. We will commence with an exhaustive examination of magnetic circuits, 
thoroughly defining fundamental quantities and delving into the complex behavior of 
magnetic materials. This robust and comprehensive foundation will then facilitate an 
in-depth analysis of transformer operation, meticulously contrasting idealized 
theoretical models with the intricate realities of practical devices. The module will 
systematically cover the derivation, construction, and detailed analysis of transformer 
equivalent circuits, supported by an exhaustive explanation of standardized 
experimental test procedures crucial for parameter determination. Furthermore, we 
will precisely quantify and thoroughly analyze various types of losses, meticulously 
calculate voltage regulation, and comprehensively evaluate efficiency under diverse 
operating conditions. The module culminates with an extensive examination of 
specialized transformer configurations, including auto-transformers, and a rigorous 
overview of the essential three-phase transformer connections vital for the stability 
and operation of modern electrical power systems. 

Learning Objectives: 

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

● Provide an exhaustive definition and quantitative understanding of 
fundamental magnetic circuit concepts: magnetic field, magnetic flux (Φ), 
magnetic flux density (B), magnetomotive force (MMF, F), and reluctance (R), 
including their precise units and interrelationships. 

● Conduct a thorough analysis and interpretation of the B-H magnetization 
curve, fully explaining the phenomena of magnetic saturation and hysteresis 
(hysteresis loop, retentivity, coercivity), and expertly differentiating between 
the characteristic properties and optimal applications of soft magnetic 
materials and hard magnetic materials. 

● Articulate, derive, and mathematically apply Faraday's Law of Electromagnetic 
Induction, including the implications of Lenz's Law, to comprehensively 
explain the principle of induced electromotive force in dynamic magnetic fields 
within conductive loops. 

● Develop a comprehensive and nuanced understanding of the operating 
principles of ideal transformers, including the rigorous derivation of voltage 
and current ratios, and the crucial concept of impedance transformation for 
matching applications. 

● Detail the intricate construction components of practical transformers 
(specifically core types, winding configurations, insulation systems, and 
cooling methods) and construct detailed equivalent circuits that accurately 
model all non-ideal behaviors (winding resistances, leakage reactances, core 



 

losses, magnetizing reactance), competently referring parameters to either the 
primary or secondary side. 

● Master the execution methodology and detailed interpretation of the 
Open-Circuit (No-Load) Test and Short-Circuit Test, accurately determining 
core losses, copper losses, and all equivalent circuit parameters from 
experimental data, including the derivations of their respective formulas. 

● Categorize, precisely calculate, and rigorously analyze the various types of 
losses in transformers (copper losses, hysteresis losses, eddy current losses), 
providing in-depth explanations of their physical origins, mathematical 
dependencies on load and frequency, and methods for their minimization. 

● Quantitatively calculate and comprehensively interpret the voltage regulation 
of a transformer under varying load power factors (lagging, leading, unity), 
thoroughly understanding its implications for maintaining voltage stability in 
electrical networks. 

● Precisely compute the efficiency (η) of a transformer under diverse load 
conditions, derive and identify the exact condition for maximum efficiency, and 
provide a clear explanation of the specialized concept of all-day efficiency for 
distribution transformers. 

● Deliver an in-depth explanation of auto-transformers, covering their unique 
single-winding construction, the distinct principle of power transfer (both 
inductive and conductive), their specific applications, and a detailed, balanced 
discussion of their inherent advantages and disadvantages. 

● Illustrate, explain the configurations, and detail the operational characteristics 
and practical applications of the most common three-phase transformer 
connections: Star-Star (Y-Y), Star-Delta (Y-Δ), Delta-Star (Δ-Y), and Delta-Delta 
(Δ-Δ), including considerations for neutral points, harmonics, and phase shifts. 

 

Topics: 

1. Magnetic Circuits: The Foundational Language of Electromagnetism 

Understanding how magnetic fields are generated, how they interact with materials, 
and the quantities used to describe them is the fundamental prerequisite for 
comprehending the operation of transformers and indeed all electromagnetic devices. 
This section establishes the precise definitions, units, and interrelationships of the 
core quantities governing magnetic circuits, drawing clear analogies with electric 
circuits. 

● 1.1. Magnetic Field, Magnetic Flux, and Magnetic Flux Density: Defining the 
Magnetic Environment 

○ 1.1.1. Magnetic Field (H): 
1. Conceptual Definition: A region of space surrounding a 

permanent magnet or a current-carrying conductor where 
magnetic forces can be detected. It's an invisible vector field, 
implying it possesses both magnitude and direction at every 
point within this region. 



 

2. Physical Origin: Fundamentally, magnetic fields arise from the 
movement of electric charges (i.e., electric currents) or from the 
intrinsic magnetic moments of elementary particles (such as 
electrons, giving rise to magnetism in materials). 

3. Representation: Magnetic fields are conventionally visualized 
using magnetic field lines (also known as lines of force or flux 
lines). These lines are: 

■ Continuous loops, never beginning or ending. 
■ Non-intersecting. 
■ Their direction is indicated by arrows (conventionally from 

North to South outside a magnet, and South to North 
inside). 

■ The density of the lines (how closely packed they are) at 
any point is directly proportional to the strength of the 
magnetic field at that point. 

4. Quantification (Magnetic Field Strength, H): While often intuitively 
thought of with "magnetic field lines," the quantifiable measure 
of the magnetizing force produced by a current is Magnetic Field 
Strength (H). 

■ Formula for long solenoid: H=lNI  
■ H: Magnetic Field Strength (Ampere-turns per 

meter, AT/m) 
■ N: Number of turns 
■ I: Current (A) 
■ l: Length of the magnetic path (m) 

■ Unit: Ampere-turns per meter (AT/m) or simply Amperes 
per meter (A/m). 

○ 1.1.2. Magnetic Flux (Φ): 
1. Definition: The total number of magnetic field lines passing 

perpendicularly through a given cross-sectional area. It 
quantifies the overall "amount" of magnetism or the extent of a 
magnetic field. Think of it as the total "flow" of magnetism. 

2. Analogy: Analogous to electric current (total flow of charge) in an 
electric circuit. 

3. Unit: The SI unit for magnetic flux is the Weber (Wb). 
■ Definition of Weber: One Weber is defined as the amount 

of magnetic flux which, linking a circuit of one turn, would 
produce in it an electromotive force of one volt if the flux 
were reduced to zero at a uniform rate in one second. 

4. Physical Significance: A greater value of magnetic flux signifies a 
more pervasive or larger-scale magnetic influence. 

○ 1.1.3. Magnetic Flux Density (B): 
1. Definition: Also known as magnetic induction, it is the measure 

of the concentration of magnetic flux. It's defined as the magnetic 
flux passing perpendicularly through a unit cross-sectional area. 
This quantity indicates the strength or intensity of the magnetic 
field at a specific point, independent of the total area. 

2. Formula: B=Aperpendicular Φ  



 

■ B: Magnetic Flux Density (Tesla, T) 
■ Φ: Magnetic Flux (Weber, Wb) 
■ Aperpendicular : Area through which the flux passes, 

measured perpendicular to the flux lines (square meters, 
m2) 

3. Unit: The SI unit for magnetic flux density is the Tesla (T). 
■ Definition of Tesla: One Tesla is equivalent to one Weber 

per square meter (Wb/m2). It can also be defined as one 
Newton per Ampere-meter (N/(A·m)). 

4. Relationship to Field Lines: Regions where magnetic field lines 
are closely packed indicate a high magnetic flux density, while 
sparsely packed lines indicate a lower density. 

5. Numerical Example: A square magnetic core has a 
cross-sectional area of 25 cm2. If the total magnetic flux 
established within this core is 5 milliWeber (mWb): 

■ Convert area to m2: A=25 cm2×(100 cm1 m )2=25×10−4 
m2=0.0025 m2. 

■ Convert flux to Webers: Φ=5 mWb=5×10−3 Wb. 
■ Calculate the magnetic flux density: B=0.0025 m25×10−3 

Wb =2 T. 
● 1.2. Magnetomotive Force (MMF) and Reluctance: The Driving Force and 

Opposition in Magnetic Circuits 
○ 1.2.1. Magnetomotive Force (MMF, F): 

1. Definition: The "magnetic pressure" or "driving force" that is 
responsible for establishing or setting up magnetic flux in a 
magnetic circuit. It is the magnetic analogue of electromotive 
force (EMF) or voltage in an electric circuit. 

2. Production: MMF is produced by electric current flowing through 
a coil of wire. The greater the current or the more turns in the 
coil, the stronger the MMF. 

3. Formula: F=N×I 
■ F: Magnetomotive Force (Ampere-turns, AT) 
■ N: Number of turns in the coil (dimensionless) 
■ I: Current flowing through the coil (Amperes, A) 

4. Unit: The unit of MMF is Ampere-turns (AT). While dimensionally 
equivalent to Amperes, "Ampere-turns" is often preferred to 
explicitly convey that the force depends on the number of turns 
in the coil. 

5. Numerical Example: A coil with 800 turns is wound around an 
iron core. If a current of 0.6 A flows through the coil: 

■ The MMF produced is: F=800 turns×0.6 A=480 AT. 
○ 1.2.2. Reluctance (R): 

1. Definition: The opposition offered by a magnetic material to the 
establishment of magnetic flux within it. It is the direct magnetic 
analogue of electrical resistance. Just as resistance opposes 
current flow, reluctance opposes flux establishment. Materials 
with high reluctance will require a greater MMF to produce a 
given amount of flux. 



 

2. Formula (for a uniform magnetic path): R=μAl  
■ R: Reluctance (Ampere-turns per Weber, AT/Wb) 
■ l: Mean length of the magnetic path (meters, m). This is the 

average length of the path the magnetic flux takes through 
the material. 

■ μ: Permeability of the material (Henry per meter, H/m). 
■ A: Cross-sectional area of the magnetic path (square 

meters, m2). 
3. Unit: The SI unit for reluctance is Ampere-turns per Weber 

(AT/Wb). 
4. Permeability (μ): A fundamental property of a magnetic material 

that quantifies its ability to support the formation of a magnetic 
field within itself. It is a measure of how easily a magnetic flux 
can be established in the material in response to an applied 
magnetic field. 

■ Formula: μ=μ0 μr  
■ μ0 : Permeability of free space (vacuum). This is a 

universal physical constant with a value of 
4π×10−7 Henry per meter (H/m). It represents the 
permeability of a perfect vacuum. 

■ μr : Relative permeability of the material. This is a 
dimensionless ratio that compares the permeability 
of a given material to the permeability of free space. 

■ For air and non-magnetic materials (like 
wood, plastic), μr ≈1. 

■ For ferromagnetic materials (such as iron, 
nickel, cobalt, and their alloys), μr  can be 
very large, ranging from hundreds to tens of 
thousands, indicating their strong ability to 
concentrate magnetic flux. 

○ 1.2.3. Ohm's Law for Magnetic Circuits (Hopkinson's Law): 
1. Analogy: This fundamental law for magnetic circuits is directly 

analogous to Ohm's Law (I=V/R) in electrical circuits. 
2. Statement: The magnetic flux (Φ) produced in a magnetic circuit 

is directly proportional to the magnetomotive force (F) applied 
and inversely proportional to the reluctance (R) of the circuit. 

3. Formula: Φ=RF  
■ Φ: Magnetic Flux (Wb) 
■ F: Magnetomotive Force (AT) 
■ R: Reluctance (AT/Wb) 

4. Interpretation: This law highlights that to achieve a certain 
magnetic flux, you need a sufficient "driving force" (MMF) to 
overcome the "opposition" (reluctance) of the magnetic path. 

5. Numerical Example: A magnetic core has a mean magnetic path 
length of 0.5 m and a uniform cross-sectional area of 0.001 m2. 
The core material has a relative permeability (μr ) of 4000. A coil 
with 600 turns is wound around this core, carrying a current of 
0.5 A. 



 

■ Calculate MMF: F=N×I=600 turns×0.5 A=300 AT. 
■ Calculate absolute permeability: μ=μ0 μr =(4π×10−7 

H/m)×4000=16π×10−4 H/m≈5.027×10−3 H/m. 
■ Calculate reluctance: R=μAl =(5.027×10−3 H/m)×0.001 

m20.5 m ≈99450 AT/Wb. 
■ Calculate total magnetic flux: Φ=RF =99450 AT/Wb300 

AT ≈0.003016 Wb. 
■ Calculate magnetic flux density: B=AΦ =0.001 m20.003016 

Wb ≈3.016 T. 
● 1.3. B-H Curve and Hysteresis: Understanding Material Magnetic Response 

○ 1.3.1. B-H Curve (Magnetization Curve): 
1. Definition: A graphical representation plotting the magnetic flux 

density (B) developed within a magnetic material against the 
applied magnetic field strength (H). It provides insight into how a 
material responds to a magnetizing force. 

2. Experimental Determination: The curve is generated by gradually 
increasing the magnetizing current (I) in a coil wound around a 
specimen of the material, measuring the corresponding magnetic 
field strength H=NI/l and the resulting flux density B=Φ/A. 

3. Key Characteristics for Ferromagnetic Materials: 
■ Non-Linearity: Unlike air or non-magnetic materials (where 

B and H are linearly related, B=μ0 H), the B-H curve for 
ferromagnetic materials is highly non-linear. 

■ Initial Permeability: The slope of the initial part of the 
curve represents the initial permeability of the material. 

■ Saturation: As the magnetic field strength (H) increases, 
the magnetic flux density (B) initially increases rapidly. 
However, at higher values of H, the curve flattens out, 
indicating that the material has reached magnetic 
saturation. At this point, almost all the magnetic domains 
within the material are aligned with the applied field, and 
further increases in H yield very little or no significant 
increase in B. This is a crucial design consideration for 
transformers, as operating in saturation can lead to high 
magnetizing currents and waveform distortion. 

4. Importance: The B-H curve is indispensable for engineers to 
select the appropriate magnetic material for a specific 
application, depending on whether high permeability, low losses, 
or strong permanent magnetism is desired. 

○ 1.3.2. Hysteresis: 
1. Definition: The phenomenon observed in ferromagnetic materials 

where the magnetization (magnetic flux density, B) lags behind 
the applied magnetic field strength (H) when the material is 
subjected to a cyclical (alternating) magnetizing field. This 
"memory effect" means that the magnetic state of the material 
depends not only on the current applied field but also on its past 
magnetic history. 



 

2. Hysteresis Loop: When the magnetizing field strength (H) is 
cycled (e.g., increased from zero to positive maximum, then 
decreased through zero to negative maximum, and finally 
increased back to positive maximum), the relationship between B 
and H does not retrace the same path but instead forms a closed 
loop, known as the hysteresis loop. 

■ Remanence (or Retentivity, Br ): When the applied 
magnetic field strength (H) is reduced to zero (after the 
material has been fully magnetized), a residual magnetic 
flux density (Br ) remains in the material. This residual 
magnetism is what makes permanent magnets possible. 

■ Coercivity (or Coercive Force, Hc ): To reduce the residual 
flux density (Br ) to zero and completely demagnetize the 
material, a reverse (oppositely directed) magnetic field 
strength must be applied. The magnitude of this reverse 
field is called the coercivity (Hc ). 

3. Hysteresis Loss: The area enclosed by the hysteresis loop 
represents the energy dissipated as heat within the magnetic 
material during one complete cycle of magnetization and 
demagnetization. This energy loss is a significant component of 
core losses in AC electromagnetic devices like transformers. 
Minimizing the area of the hysteresis loop is a key goal for 
transformer core materials. 

● 1.4. Magnetic Materials (Soft and Hard Magnets): Tailoring Magnetic Properties 
○ 1.4.1. Soft Magnetic Materials: 

1. Characteristics: 
■ Narrow and Small Hysteresis Loops: This implies low 

hysteresis loss per cycle. 
■ Low Retentivity (Br ) and Low Coercivity (Hc ): They are 

very easy to magnetize and demagnetize. The residual 
magnetism is minimal once the magnetizing force is 
removed. 

■ High Initial Permeability: They readily allow magnetic flux 
to be established. 

2. Applications: Ideal for applications involving rapidly changing 
magnetic fields (AC applications). This includes: 

■ Transformer cores: To minimize energy losses due to 
hysteresis when the flux rapidly alternates. 

■ Inductor cores: For efficient energy storage and rapid 
changes in inductance. 

■ Electromagnets: Where the magnetic field needs to be 
quickly turned on and off. 

■ Magnetic recording heads. 
3. Common Examples: Silicon steel (most widely used for 

transformer laminations due to its good balance of properties 
and cost), Permalloy (nickel-iron alloy, very high permeability, 
used in sensitive applications), Soft iron. 

○ 1.4.2. Hard Magnetic Materials: 



 

1. Characteristics: 
■ Wide and Large Hysteresis Loops: This implies high 

hysteresis loss if subjected to alternating fields, but it 
means they retain magnetism strongly. 

■ High Retentivity (Br ) and High Coercivity (Hc ): They are 
difficult to magnetize initially, but once magnetized, they 
retain their magnetic properties very strongly, making 
them resistant to demagnetization. 

2. Applications: Primarily used for making permanent magnets, 
where a constant magnetic field is required without the need for 
continuous external electrical power. 

3. Common Examples: Alnico alloys (Aluminum-Nickel-Cobalt), 
Ferrites (ceramic magnetic compounds), Neodymium magnets 
(NdFeB, very strong rare-earth magnets), Samarium-Cobalt 
magnets. 

● 1.5. Faraday's Law of Electromagnetic Induction: The Heart of Transformer 
Operation 

○ 1.5.1. Principle: This is arguably the most fundamental law explaining 
how transformers work. It states that an electromotive force (EMF), or 
voltage, is induced in a conductor whenever it is exposed to a changing 
magnetic field (i.e., when the magnetic flux linking the conductor 
changes). 

○ 1.5.2. Mathematical Formulation (for a coil): The magnitude of the 
induced EMF is directly proportional to the number of turns in the coil 
and the rate at which the magnetic flux linking the coil changes. 

1. Formula: E=−NdtdΦ  
■ E: Induced Electromotive Force (Volts, V) 
■ N: Number of turns in the coil. This represents the "flux 

linkages" (NΦ). 
■ dtdΦ : The instantaneous rate of change of magnetic flux 

with respect to time (Weber per second, Wb/s). 
2. For Sinusoidal Flux: If the magnetic flux is sinusoidal, given by 

Φ=Φmax sin(ωt), where Φmax  is the maximum flux and ω=2πf is 
the angular frequency. 

■ Then, dtdΦ =ωΦmax cos(ωt). 
■ The maximum induced EMF is 

Emax =NωΦmax =N(2πf)Φmax . 
■ The RMS value of the induced EMF (for a sinusoidal 

waveform) is ERMS =2  Emax  =2
 N(2πf)Φmax  =4.44fNΦmax . 

■ This RMS EMF equation (E=4.44fNΦmax ) is extremely 
important for transformer design and analysis. 

3. Lenz's Law: The negative sign in Faraday's Law signifies Lenz's 
Law. This law states that the direction of the induced EMF (and 
consequently, the induced current if the circuit is closed) is 



 

always such that it opposes the change in magnetic flux that 
caused it. This is a direct manifestation of the principle of 
conservation of energy. If the induced current aided the flux 
change, it would create a perpetual motion machine, which is 
impossible. 

○ 1.5.3. Role in Transformer Operation: In a transformer, when an 
alternating voltage is applied to the primary winding, it produces an 
alternating current, which in turn establishes an alternating magnetic 
flux in the core. This continually changing flux then links with both the 
primary (self-induction) and secondary (mutual induction) windings. 
According to Faraday's Law, this changing flux induces an alternating 
EMF in both windings, leading to voltage transformation. 

○ Numerical Example: A transformer secondary winding has 200 turns. 
The maximum magnetic flux in the core is 0.003 Wb and the supply 
frequency is 60 Hz. 

1. Calculate the RMS value of the induced EMF in the secondary 
winding: E2 =4.44×f×N2 ×Φmax  E2 =4.44×60 Hz×200 turns×0.003 
Wb E2 =159.84 V. 

2. Ideal Transformer: The Theoretical Benchmark for Understanding 

The ideal transformer is a purely theoretical concept, simplifying the analysis of 
voltage and current relationships by assuming perfect conditions and no energy 
losses. It serves as an excellent starting point for understanding the fundamental 
principles of voltage transformation. 

● 2.1. Principle of Operation 
○ Assumptions of an Ideal Transformer: To simplify the analysis, an ideal 

transformer is characterized by several key assumptions: 
1. Infinite Permeability of Core: This implies that the magnetic core 

offers zero reluctance to the magnetic flux. Consequently, an 
infinitesimally small magnetizing current is sufficient to establish 
the full operating flux. 

2. No Leakage Flux: All the magnetic flux produced by the primary 
winding perfectly links with the secondary winding, and 
conversely, all flux produced by the secondary perfectly links the 
primary. There is no "leakage" of flux into the surrounding air 
that does not contribute to mutual induction. 

3. No Winding Resistance: Both the primary and secondary 
windings are assumed to have zero electrical resistance 
(R1 =0,R2 =0). This means there are no I2R (copper) losses. 

4. No Core Losses: There are no energy losses within the magnetic 
core due to hysteresis or eddy currents (Pc =0). 

5. Perfect Insulation: No current leakage between turns or between 
windings. 

○ Operation Summary: When an alternating voltage (V1 ) is applied to the 
primary winding of an ideal transformer, it draws a current that 
establishes a perfectly sinusoidal alternating magnetic flux (Φ) in the 



 

core. Because of infinite permeability, this flux is established with no 
power loss. This entire flux perfectly links with the secondary winding. 
According to Faraday's Law, this changing flux induces an alternating 
voltage (V2 ) in the secondary winding. When a load is connected to the 
secondary, the induced voltage drives a current (I2 ) through it. This 
secondary current creates its own MMF, which, by Lenz's Law, opposes 
the primary MMF. To maintain the original flux level, the primary winding 
instantaneously draws an additional current (I1 ) from the source, 
precisely balancing the secondary's opposing MMF. This ensures that 
power input equals power output at all times. 

● 2.2. Voltage and Current Ratios: The Core Relationships 
○ These ratios are derived directly from the principle of perfect magnetic 

coupling and Faraday's Law, assuming the same alternating flux (Φ) 
links both windings. 

○ Derivation of Voltage Ratio: 
1. From Faraday's Law (RMS form): 

■ Induced EMF in primary: E1 =4.44fN1 Φmax  
■ Induced EMF in secondary: E2 =4.44fN2 Φmax  

2. For an ideal transformer, the applied primary voltage V1  is equal 
to the induced EMF E1  (since there are no voltage drops across 
winding resistance or leakage reactance). Similarly, the 
secondary terminal voltage V2  is equal to the induced EMF E2 . 

3. Therefore: V2 V1  =E2 E1  =4.44fN2 Φmax 4.44fN1 Φmax  =N2 N1   
4. Voltage Ratio Formula: V2 V1  =N2 N1  =a 

■ V1 : RMS voltage across the primary winding. 
■ V2 : RMS voltage across the secondary winding. 
■ N1 : Number of turns in the primary winding. 
■ N2 : Number of turns in the secondary winding. 
■ a: Turns ratio (also frequently referred to as the 

transformation ratio). 
5. Step-up Transformer: If N2 >N1  (implying a<1), then V2 >V1 . 
6. Step-down Transformer: If N1 >N2  (implying a>1), then V1 >V2 . 

○ Derivation of Current Ratio: 
1. For an ideal transformer, there are no losses, meaning that the 

input apparent power equals the output apparent power. 
2. Power Conservation: Sin =Sout  

■ V1 I1 =V2 I2  (assuming sinusoidal waveforms and ignoring 
power factor for apparent power calculation). 

3. Rearranging this equation to find the current ratio: I2 I1  =V1 V2   
4. Now, substitute the voltage ratio (V1 V2  =N1 N2  ): Current Ratio 

Formula: I2 I1  =N1 N2  =a1  
■ I1 : RMS current in the primary winding. 
■ I2 : RMS current in the secondary winding. 

5. Interpretation: This inverse relationship shows that if voltage is 
stepped up (e.g., N2 >N1 ), the current is proportionally stepped 
down (I2 <I1 ), and vice-versa. This ensures that the total power 
transferred remains constant, consistent with the conservation of 
energy principle. 



 

○ Numerical Example: An ideal step-down transformer has a primary 
winding with 2000 turns and a secondary winding with 200 turns. The 
primary is connected to a 480 V AC source, and a load draws 50 A from 
the secondary. 

1. Calculate turns ratio (a): a=N2 N1  =2002000 =10. 
2. Calculate secondary voltage: V2 =aV1  =10480 V =48 V. 
3. Calculate primary current: I1 =aI2  =1050 A =5 A. 
4. Verify apparent power conservation: 

■ S1 =V1 I1 =480 V×5 A=2400 VA. 
■ S2 =V2 I2 =48 V×50 A=2400 VA. (Apparent power is 

conserved). 
● 2.3. Impedance Transformation: Matching Source to Load 

○ Concept: One of the critical applications of transformers is impedance 
matching. This is the process of making the impedance of a load appear 
to be a different value to the source, typically to maximize power 
transfer or minimize reflections. An ideal transformer can effectively 
"transform" an impedance connected to its secondary side to a different 
equivalent impedance as seen from its primary side. 

○ Derivation of Impedance Transformation Formula: 
1. Let Zsecondary  be the impedance connected to the secondary 

side of the transformer. By Ohm's Law for the secondary: 
Zsecondary =I2 V2  . 

2. Now, let Zprimary′  be the equivalent impedance seen looking into 
the primary terminals of the transformer when the secondary is 
connected to Zsecondary . By Ohm's Law for the primary: 
Zprimary′ =I1 V1  . 

3. We know the ideal transformer relations: V1 =aV2  and I1 =I2 /a. 
4. Substitute these relations into the primary impedance equation: 

Zprimary′ =I2 /aaV2  =a×I2 V2  ×a=a2(I2 V2  ) 
5. Since I2 V2  =Zsecondary , we get: Impedance Transformation 

Formula: Zprimary′ =a2Zsecondary  
■ Zprimary′ : The equivalent impedance that the load 

Zsecondary  appears to be when viewed from the primary 
side (in Ohms, Ω). 

■ Zsecondary : The actual impedance connected to the 
secondary side (in Ohms, Ω). 

■ a: Turns ratio (N1 /N2 ). 
○ Interpretation: The impedance is transformed by the square of the turns 

ratio. This means a step-down transformer (a>1) will make a load 
impedance appear larger on the primary side, while a step-up 
transformer (a<1) will make a load impedance appear smaller on the 
primary side. 

○ Numerical Example: An audio amplifier has an output impedance of 
800Ω. To connect it to an 8Ω speaker for maximum power transfer, an 
impedance matching transformer is used. Assuming an ideal 
transformer, what should be its turns ratio (N1 :N2 )? 

1. We want the 8Ω speaker (Zsecondary =8Ω) to appear as 800Ω to 
the amplifier (Zprimary′ =800Ω). 



 

2. Using the formula: Zprimary′ =a2Zsecondary  800Ω=a2×8Ω 
3. Solve for a2: a2=8800 =100 

4. Solve for a: a=100  =10. 
5. Therefore, the turns ratio N1 :N2  should be 10:1. This is a 

step-down transformer for voltage, but it "steps up" impedance 
from secondary to primary. 

3. Practical Transformer: Modelling the Real World 

Real-world transformers inevitably deviate from ideal behavior due to the physical 
properties of their materials and construction. The practical transformer model 
accounts for these imperfections, allowing for accurate prediction of performance. 

● 3.1. Construction Details (Core, Windings, Insulation, Cooling): The Physical 
Components 

○ 3.1.1. Core: 
1. Function: To provide a highly permeable, low-reluctance path for 

the mutual magnetic flux, ensuring efficient coupling between 
windings. 

2. Material: Constructed from thin sheets (laminations) of 
high-grade silicon steel. Silicon is added to steel (typically 0.5% 
to 4.5%) because it significantly increases the electrical 
resistivity of the core material. This increased resistivity is 
crucial for reducing eddy current losses. 

3. Lamination: The core is not a single solid block of steel. Instead, 
it's built up from thin sheets (typically 0.35 mm to 0.5 mm thick 
for 50/60 Hz transformers) that are individually insulated from 
each other (e.g., by a thin layer of varnish, lacquer, or oxide). This 
lamination strategy effectively breaks up the paths for eddy 
currents. Without laminations, the core would act like a single 
large conductor, and the induced eddy currents would be 
enormous, leading to excessive heating and inefficiency. 

4. Grain Orientation (CRGO Steel): For high-performance 
transformers, Cold-Rolled Grain-Oriented (CRGO) steel is often 
used. This steel is processed to align its crystal grains in the 
direction of magnetic flux, leading to much higher permeability 
and lower core losses in that specific direction. 

5. Core Configurations: 
■ Core Type (or Column Type): Characterized by having the 

windings wound around the central limbs of the laminated 
core. For single-phase transformers, the limbs are vertical, 
and windings are placed on two limbs. For three-phase, 
there are three limbs. Both primary and secondary 
windings are often split and interleaved on each limb to 
minimize leakage flux. Offers good natural cooling due to 



 

exposed coil surfaces. Favored for high-voltage power 
transformers. 

■ Shell Type: The core completely surrounds the windings, 
forming a protective shell. The windings are positioned 
within a central window of the core. This construction 
provides superior mechanical protection for the windings 
and excellent containment of the magnetic flux, naturally 
reducing leakage flux. Typically used for distribution 
transformers and smaller units. 

○ 3.1.2. Windings: 
1. Function: These are the coiled conductors that carry the 

alternating current and interact with the magnetic flux. 
2. Material: Primarily high-conductivity copper due to its excellent 

electrical conductivity, ductility, and relatively low resistivity. For 
very large power transformers, sometimes aluminum is used for 
its lower cost and lighter weight, although it requires larger 
cross-sectional areas to achieve comparable resistance to 
copper. 

3. Primary Winding: The winding connected to the input AC power 
source (e.g., the utility grid). 

4. Secondary Winding: The winding from which the transformed 
voltage and current are drawn and supplied to the load. 

5. Arrangement: Windings can be arranged in various ways (e.g., 
concentric, interleaved, pancake coils) to optimize voltage stress 
distribution, minimize leakage reactance, and facilitate cooling. 

○ 3.1.3. Insulation System: 
1. Function: Absolutely critical for safety and reliable operation. It 

electrically isolates: 
■ Individual turns of a winding from each other. 
■ Layers of windings from each other. 
■ The primary winding from the secondary winding. 
■ All windings from the laminated steel core. 

2. Materials: A combination of materials is used: 
■ Solid Insulation: Pressboard, Kraft paper, wood, mica, 

ceramics, synthetic polymers. These are used as barriers, 
spacers, and wrapping materials for conductors. 

■ Liquid Insulation: Transformer oil (mineral oil) is the most 
common. It serves a dual purpose: it acts as a dielectric 
(excellent insulator) and also as a highly effective coolant 
by convection. Synthetic fluids (e.g., silicone oils) are 
used in fire-sensitive environments. 

■ Gaseous Insulation: Air is a basic insulator. For 
high-voltage dry-type transformers, gases like SF6  (sulfur 
hexafluoride) are sometimes used. 

○ 3.1.4. Cooling System: 
1. Function: To dissipate the heat generated within the transformer 

due to its losses (copper losses and core losses). Effective 
cooling is essential to maintain the operating temperature of the 



 

insulation below its thermal limits, preventing degradation and 
extending the transformer's lifespan. Overheating can lead to 
insulation breakdown and catastrophic failure. 

2. Common Cooling Methods (specified by standards like 
IEC/IEEE): 

■ Oil Natural Air Natural (ONAN): The most common method 
for medium-sized transformers. Heat from the windings 
and core is transferred to the insulating oil by natural 
convection. The heated oil rises, flows through cooling 
radiators (fins) where it dissipates heat to the ambient air 
by natural convection, then cools and sinks, creating a 
continuous circulation loop. 

■ Oil Natural Air Forced (ONAF): Similar to ONAN, but fans 
are used to force air over the cooling radiators, 
significantly increasing the rate of heat dissipation. This 
allows for higher loading or smaller radiator size for a 
given rating. 

■ Oil Forced Air Forced (OFAF): Both the oil and the air are 
circulated by pumps and fans, respectively. This highly 
effective method is used for very large power transformers 
where natural convection is insufficient. 

■ Oil Forced Water Forced (OFWF): Oil is circulated by a 
pump through an external heat exchanger, where it is 
cooled by forced circulation of water. This is typically 
used for extremely large transformers in power plants, 
where a readily available water source is present. 

● 3.2. Equivalent Circuit (Referenced to Primary/Secondary): Modelling 
Imperfections 

○ Concept: The equivalent circuit of a practical transformer is a simplified 
electrical circuit that models all the non-ideal characteristics and losses 
of the transformer using discrete circuit components (resistances, 
reactances). This allows engineers to analyze and predict the 
transformer's behavior under various operating conditions. 

○ Components and Their Representation: 
1. Primary Winding Resistance (R1 ): Represents the ohmic 

resistance of the copper (or aluminum) wire used in the primary 
winding. It accounts for the I2R copper losses in the primary. 

2. Primary Leakage Reactance (X1 ): Represents the inductive 
reactance due to the "leakage flux" that links only the primary 
winding but does not pass through the core to link with the 
secondary winding. This leakage flux does not contribute to 
mutual induction and causes a voltage drop in the primary 
circuit. 

3. Core Loss Resistance (Rc  or Rfe ): This resistance, placed in 
parallel with the magnetizing reactance, models the power 
dissipated as heat in the magnetic core due to hysteresis and 
eddy current losses. It carries the active component of the 
no-load current. 



 

4. Magnetizing Reactance (Xm ): This reactance, placed in parallel 
with the core loss resistance, models the reactive power (and 
thus the magnetizing current, Im ) required to establish and 
maintain the main alternating magnetic flux in the transformer 
core. It carries the reactive component of the no-load current. 

5. Ideal Transformer: The central element that performs the perfect 
voltage and current transformation based on the turns ratio. In 
practical equivalent circuits, this ideal transformer is often 
"removed" by referring all secondary parameters to the primary 
side (or vice versa). 

6. Secondary Winding Resistance (R2 ): Represents the ohmic 
resistance of the copper wire used in the secondary winding. It 
accounts for the I2R copper losses in the secondary. 

7. Secondary Leakage Reactance (X2 ): Represents the inductive 
reactance due to the "leakage flux" that links only the secondary 
winding but does not link with the primary. This causes a voltage 
drop in the secondary circuit. 

○ Referring Parameters for Simplified Analysis: To combine all series 
impedances and simplify circuit calculations, it is standard practice to 
refer (transfer) all impedances and quantities from one side of the 
transformer to the other, effectively eliminating the "ideal transformer" 
block from the circuit diagram. 

1. Referring Secondary to Primary Side: All secondary values are 
multiplied by the square of the turns ratio (a=N1 /N2 ). 

■ Referred Secondary Resistance: R2′ =a2R2  
■ Referred Secondary Leakage Reactance: X2′ =a2X2  
■ Referred Secondary Impedance (e.g., load): ZL′ =a2ZL  
■ Referred Secondary Voltage: V2′ =aV2  (This is the voltage 

that would appear on the primary side of the ideal 
transformer if V2  were applied to the secondary). 

■ Referred Secondary Current: I2′ =I2 /a (This is the current 
that would be drawn on the primary side of the ideal 
transformer if I2  were drawn from the secondary). 

2. Referring Primary to Secondary Side: All primary values are 
divided by the square of the turns ratio (a=N1 /N2 ). 

■ Referred Primary Resistance: R1′ =R1 /a2 
■ Referred Primary Leakage Reactance: X1′ =X1 /a2 

○ The Simplified Equivalent Circuit (referred to primary side): 
1. This is the most common and useful form for analysis. The 

excitation branch (Rc  and Xm ) is usually shown connected 
across the primary terminals or just after the primary winding 
impedance. 

2. Total Equivalent Series Resistance referred to Primary: 
Req1 =R1 +R2′ =R1 +a2R2  

3. Total Equivalent Series Reactance referred to Primary: 
Xeq1 =X1 +X2′ =X1 +a2X2  



 

4. Total Equivalent Series Impedance referred to Primary: 

Zeq1 =Req12 +Xeq12   
5. The circuit simplified is: Input Voltage Source (V1 ) → 

(Req1 +jXeq1 ) → (Parallel Excitation Branch: Rc ∣∣jXm ) → Load 
(ZL′ ). In many cases, the excitation branch is simplified and 
placed at the very input for approximate calculations, or entirely 
ignored for very approximate load calculations. 

○ Numerical Example: A single-phase transformer is rated 10 kVA, 600/120 
V, 60 Hz. The winding resistances are R1 =0.5Ω and R2 =0.02Ω. The 
leakage reactances are X1 =1.0Ω and X2 =0.04Ω. The shunt branch 
parameters are Rc =1500Ω and Xm =750Ω (both referred to the primary). 

1. Calculate the turns ratio (a): a=V2 V1  =120 V600 V =5. 
2. Calculate the equivalent secondary resistance referred to the 

primary: R2′ =a2R2 =(5)2×0.02=25×0.02=0.5Ω. 
3. Calculate the equivalent secondary leakage reactance referred to 

the primary: X2′ =a2X2 =(5)2×0.04=25×0.04=1.0Ω. 
4. Calculate the total equivalent series resistance referred to the 

primary: Req1 =R1 +R2′ =0.5Ω+0.5Ω=1.0Ω. 
5. Calculate the total equivalent series reactance referred to the 

primary: Xeq1 =X1 +X2′ =1.0Ω+1.0Ω=2.0Ω. 
6. So, the equivalent series impedance referred to the primary is 

Zeq1 =1.0+j2.0Ω. The excitation branch remains Rc =1500Ω and 
Xm =750Ω in parallel. 

● 3.3. Open-Circuit Test (No-Load Test): Unveiling Core Losses and Excitation 
Parameters 

○ Purpose: This test is designed to accurately determine the core losses 
(Pc  or Piron ) of the transformer and to derive the parameters of the 
excitation branch (Rc  and Xm ) of its equivalent circuit. Core losses are 
considered relatively constant regardless of the transformer's load. 

○ Principle: When a transformer is open-circuited on the secondary side, 
the primary current drawn is only the small no-load current (IOC ). This 
current is primarily used to establish the magnetic flux in the core and 
to supply the core losses. Because the no-load current is very small 
(typically 2% to 5% of rated current), the copper losses (I2R) occurring 
in the windings are negligible compared to the core losses. Therefore, 
the power measured during this test is almost entirely the core loss. 

○ Procedure: 
1. Connection: The transformer is connected such that one winding 

(typically the low-voltage (LV) side) is connected to a variable AC 
voltage supply (at rated frequency), and the other winding (the 
high-voltage (HV) side) is left open-circuited (no load connected, 
open terminals). 

■ Why LV Side?: Performing the test on the LV side is 
preferred because it requires a lower applied test voltage 
(the rated voltage of the LV winding) and results in a more 



 

easily measurable no-load current. This makes the test 
safer and more convenient in a laboratory setting. 

2. Measurements: As the voltage of the variable AC supply is 
gradually increased to the transformer's rated voltage for the LV 
side, simultaneous readings are taken from: 

■ A voltmeter (VOC ): Measures the applied no-load voltage 
(equal to the rated LV voltage). 

■ An ammeter (IOC ): Measures the no-load current drawn by 
the primary (LV) winding. 

■ A wattmeter (POC ): Measures the total real power 
consumed during the test. 

○ Interpretation and Calculations: 
1. The wattmeter reading (POC ) directly represents the total core 

losses (Pc  or Piron ). 
2. The no-load current (IOC ) has two phasor components: 

■ Core Loss Current (Ic ): This component is in phase with 
the applied voltage (VOC ) and accounts for the active 
power dissipated as core losses. 

■ Magnetizing Current (Im ): This component lags the applied 
voltage (VOC ) by approximately 90 degrees and is 
responsible for establishing the alternating magnetic flux 
in the core. It is a reactive current. 

3. Calculations: 
■ No-Load Power Factor: cosϕOC =VOC IOC POC   
■ Core Loss Current Component: Ic =IOC cosϕOC =VOC POC   

(This is the active component of IOC ) 
■ Magnetizing Current Component: 

Im =IOC sinϕOC =IOC2 −Ic2   (This is the reactive 
component of IOC ) 

■ Core Loss Resistance (referred to the side where the test 
was performed): Rc =Ic VOC   

■ Magnetizing Reactance (referred to the side where the test 
was performed): Xm =Im VOC   

○ Numerical Example: A 1 kVA, 230/115 V, 50 Hz transformer is subjected 
to an open-circuit test on its 115 V side. The instrument readings are: 
VOC =115 V, IOC =0.2 A, POC =15 W. 

1. Core losses (Pc ) = 15 W. 
2. Core loss current component: Ic =VOC POC  =115 V15 W ≈0.1304 A. 



 

3. Magnetizing current component: Im =IOC2 −Ic2  =(0.2 

A)2−(0.1304 A)2  =0.04−0.017004  =0.022996

 ≈0.1516 A. 
4. Core loss resistance (referred to LV side): Rc =0.1304 A115 

V ≈881.9Ω. 
5. Magnetizing reactance (referred to LV side): Xm =0.1516 A115 

V ≈758.6Ω. 
● 3.4. Short-Circuit Test: Quantifying Copper Losses and Equivalent Impedance 

○ Purpose: This test is performed to determine the full-load copper losses 
(Pcu ) and the combined equivalent series resistance (Req ) and 
equivalent series reactance (Xeq ) of the transformer windings, referred 
to the side where the test is conducted. Copper losses are variable 
losses, dependent on the square of the load current. 

○ Principle: When the secondary winding is short-circuited, a very small 
voltage applied to the primary side is sufficient to circulate full-load 
currents. At this very low applied voltage, the magnetic flux in the core 
is negligible. Consequently, the core losses (which are 
voltage-dependent) become extremely small and can be effectively 
ignored. Therefore, the power measured during this test is almost 
entirely due to the I2R losses (copper losses) in the primary and 
secondary windings. 

○ Procedure: 
1. Connection: The transformer's LV winding is short-circuited 

using a thick conductor (zero impedance connection). The HV 
winding is connected to a variable AC voltage supply (at rated 
frequency). 

■ Why HV Side?: Performing the test on the HV side is 
preferred because, for a given power rating, the rated 
current on the HV side is lower (I=S/V). This makes it safer 
and easier to control the current to its rated value using 
the variable voltage supply. 

2. Measurements: The voltage of the variable AC supply is 
gradually increased from zero until the ammeter connected in the 
HV circuit reads the rated full-load current of the HV side. 
Simultaneous readings are taken from: 

■ A voltmeter (VSC ): Measures the small applied 
short-circuit voltage. This voltage is typically a small 
percentage (e.g., 5-10%) of the transformer's rated voltage. 



 

■ An ammeter (ISC ): Measures the short-circuit current, 
which is intentionally adjusted to be the rated full-load 
current of the test-side winding. 

■ A wattmeter (PSC ): Measures the total real power 
consumed during the test. 

○ Interpretation and Calculations: 
1. The wattmeter reading (PSC ) directly represents the full-load 

copper losses (Pcu,FL ) of the transformer, occurring in both 
windings combined. 

2. From the measured voltage and current, the equivalent 
impedance, resistance, and reactance of the windings (referred 
to the side where the test was performed) can be calculated. 

3. Calculations: 
■ Equivalent Impedance (referred to the test side): 

Zeq =ISC VSC   
■ Equivalent Resistance (referred to the test side): 

Req =ISC2 PSC   (This represents R1 +a2R2  if tested on the 
primary side, or R2 +R1 /a2 if tested on the secondary side). 

■ Equivalent Reactance (referred to the test side): 

Xeq =Zeq2 −Req2   
4. Note on Excitation Branch: During the SC test, the voltage is so 

low that the magnetizing current and core losses are negligible. 
Therefore, the shunt excitation branch (Rc ∣∣Xm ) is effectively 
ignored in the equivalent circuit analysis for this test. 

○ Numerical Example: A 10 kVA, 230/115 V, 50 Hz transformer undergoes a 
short-circuit test on its 230 V side. 

1. Calculate rated current for the HV (230 V) side: I1,rated =Rated 
V1 Rated kVA =230 V10000 VA ≈43.48 A. 

2. The test is performed by setting the current to 43.48 A. The 
instrument readings are: VSC =12 V, ISC =43.48 A, PSC =180 W. 

3. Full-load copper losses (Pcu,FL ) = 180 W. 
4. Equivalent impedance (referred to HV side): Zeq1 =ISC VSC  =43.48 

A12 V ≈0.276Ω. 
5. Equivalent resistance (referred to HV side): 

Req1 =ISC2 PSC  =(43.48 A)2180 W ≈1890.5180 ≈0.0952Ω. 
6. Equivalent reactance (referred to HV side): Xeq1 =Zeq12 −Req12 

 =(0.276)2−(0.0952)2  =0.076176−0.009063

 =0.067113  ≈0.259Ω. 



 

4. Transformer Performance: Metrics for Operational Evaluation 

These metrics are crucial for evaluating how effectively and stably a transformer 
operates under real-world load conditions, guiding design and application choices. 

● 4.1. Losses in Transformers: The Inevitable Energy Dissipation 
○ Introduction: In practical transformers, not all input electrical power is 

converted into useful output power. Some energy is inevitably lost as 
heat due to various physical phenomena. These losses are broadly 
categorized into copper losses and core losses. 

○ 4.1.1. Copper Losses (Pcu ): 
■ Origin: These are the I2R (Joule heating) losses that occur in 

both the primary and secondary windings due to the inherent 
electrical resistance of the copper (or aluminum) conductor 
wires. 

■ Nature: Copper losses are variable losses. Their magnitude is 
directly dependent on the amount of current flowing through the 
windings, which in turn depends on the load connected to the 
transformer. 

■ Dependency: Pcu ∝(Load Current)2. This means if the load 
current doubles, the copper losses quadruple. 

■ Calculation: If Pcu,FL  represents the full-load copper losses 
(determined from the short-circuit test), then at any fraction of 
full load (x), the copper losses are calculated as: 
Pcu(x) =x2×Pcu,FL  

■ Where x=Full Load Current (corresponding side)Actual 
Load Current (either primary or secondary)  

■ Alternatively, x=Rated kVA of TransformerActual kVA of 
Load . 

■ Example: If a transformer has full-load copper losses of 200 W, 
and it's operating at half-load (x=0.5), then the copper losses will 
be (0.5)2×200 W=0.25×200 W=50 W. 

○ 4.1.2. Core Losses (Pc  or Piron  or Pcore ): 
■ Origin: These losses occur within the magnetic core of the 

transformer as it is subjected to a continuously alternating 
magnetic flux. They are primarily due to two phenomena: 

■ Hysteresis Loss (Ph ): Energy dissipated in the repeated 
magnetization and demagnetization of the ferromagnetic 
core material as the magnetic domains repeatedly align 
and re-align with the alternating field. This loss is 
proportional to the area of the hysteresis loop of the core 
material, the frequency of the alternating flux, and the 
volume of the core. 

■ Eddy Current Loss (Pe ): Losses caused by circulating 
currents (eddy currents) induced within the core 
laminations themselves. These currents are induced by 
the changing magnetic flux (according to Faraday's Law) 
and flow in closed paths within the core material. They 



 

generate heat due to the I2R effect within the core 
material's resistivity. Eddy current losses are minimized 
by using thin, insulated laminations (as discussed in 
construction). 

■ Nature: Core losses are largely constant losses for a given 
operating voltage and frequency. They are practically 
independent of the load current, as the magnetic flux in the core 
(which causes these losses) remains nearly constant from 
no-load to full-load (since the applied voltage and frequency are 
constant). 

■ Calculation: Core losses are determined directly from the 
open-circuit test (Pc =POC ). 

○ 4.1.3. Total Losses: The sum of core losses and copper losses gives the 
total power dissipated as heat within the transformer. 

■ Formula: Ptotal_losses =Pc +Pcu(x)  
■ Where Pc  is constant and Pcu(x)  varies with the load. 

● 4.2. Voltage Regulation (VR): Assessing Output Voltage Stability 
○ Definition: Voltage regulation is a critical performance parameter that 

quantifies the change in the secondary (output) terminal voltage of a 
transformer from a no-load condition to a full-load condition, expressed 
as a percentage of the full-load voltage. A lower percentage value for 
voltage regulation indicates that the transformer is better at maintaining 
a stable output voltage under varying load conditions, which is highly 
desirable in power systems. 

○ Formula: VR=V2,Full−Load V2,No−Load −V2,Full−Load  ×100% 
■ V2,No−Load : The secondary terminal voltage when the 

transformer is open-circuited (no load connected). For a practical 
transformer, this is the induced EMF in the secondary winding, 
adjusted for small voltage drops in the primary due to excitation 
current, and it's approximately equal to V1 /a. 

■ V2,Full−Load : The secondary terminal voltage when the 
transformer is supplying its full-rated load current. 

○ Physical Origin of Voltage Drop: The difference between no-load and 
full-load voltage is primarily due to the internal voltage drops across the 
equivalent series resistance (Req ) and equivalent series reactance (Xeq ) 
of the transformer windings when load current flows. These internal 
impedances cause a voltage drop that depends on the magnitude and 
power factor of the load current. 

○ Approximate Formula (using equivalent circuit parameters): This 
formula is widely used for practical calculations as it doesn't require 
direct measurement of no-load voltage under load conditions. It 
typically refers all parameters to the secondary side for convenience 
(Req2 ,Xeq2 ). 

■ For Lagging Power Factor loads (e.g., inductive loads like 
motors, most common in power systems): 
VR≈V2,Full−Load I2,Full−Load (Req2 cosϕ2 +Xeq2 sinϕ2 ) ×100% 

■ For Leading Power Factor loads (e.g., capacitive loads): 
VR≈V2,Full−Load I2,Full−Load (Req2 cosϕ2 −Xeq2 sinϕ2 ) ×100% 



 

■ For Unity Power Factor loads (resistive loads): 
VR≈V2,Full−Load I2,Full−Load (Req2 ) ×100% 

■ Where: 
■ I2,Full−Load : The full-load current flowing in the 

secondary winding. 
■ Req2 : The equivalent resistance of the transformer 

windings, referred to the secondary side. 
■ Xeq2 : The equivalent reactance of the transformer 

windings, referred to the secondary side. 
■ cosϕ2 : The power factor of the load. 
■ sinϕ2 : The reactive factor of the load (always positive for 

lagging, negative for leading when angle is defined 
appropriately). 

○ Numerical Example: A 50 kVA, 6600/400 V, 50 Hz single-phase 
transformer has Req1 =5.0Ω and Xeq1 =15.0Ω (equivalent impedance 
referred to the primary side). Calculate the voltage regulation at full load 
and a power factor of 0.8 lagging. 

■ Calculate turns ratio (a): a=V1 /V2 =6600/400=16.5. 
■ Refer equivalent resistance and reactance to the secondary side: 

■ Req2 =Req1 /a2=5.0Ω/(16.5)2=5.0/272.25≈0.01836Ω. 
■ Xeq2 =Xeq1 /a2=15.0Ω/(16.5)2=15.0/272.25≈0.05510Ω. 

■ Calculate full-load secondary current: I2,FL =Rated V2 Rated 
kVA =400 V50000 VA =125 A. 

■ Load power factor (cosϕ) = 0.8 lagging. 

■ sinϕ=1−(cosϕ)2  =1−(0.8)2  =1−0.64

 =0.36  =0.6. 
■ Calculate Voltage Regulation using the formula for lagging power 

factor: VR≈400 V125 A(0.01836Ω×0.8+0.05510Ω×0.6) ×100% 
VR≈400125(0.014688+0.03306) ×100% 
VR≈400125×0.047748 ×100%=4005.9685 ×100%≈1.49%. 

● 4.3. Efficiency (η): Measuring Energy Conversion Effectiveness 
○ Definition: The efficiency of a transformer is a measure of its 

effectiveness in converting input electrical power into useful output 
electrical power. It is defined as the ratio of the output power delivered 
to the load to the total input power drawn from the source, expressed as 
a percentage. High efficiency is paramount for economic operation in 
power systems. 

○ Formula: η=Input PowerOutput Power ×100% 
■ Since Input Power = Output Power + Total Losses, the efficiency 

can also be expressed as: η=Output Power+Total LossesOutput 
Power ×100% 



 

■ Output Power (Pout ): This is the real power delivered to the load. 
It depends on the apparent power and the load power factor. 
Pout =(kVA Rating×x)×cosϕ2  (where x is the fraction of full load, 
cosϕ2  is load power factor). 

■ Total Losses (Plosses ): The sum of the constant core losses and 
the variable copper losses. Plosses =Pc +Pcu(x)  

■ Pc : Core losses (constant, from OC test). 
■ Pcu(x) : Copper losses at fraction x of full load 

(x2×Pcu,FL ). 
■ Combined Formula: 

η=Srated ×x×cosϕ2 +Pc +x2Pcu,FL Srated ×x×cosϕ2  ×100% 
■ Srated : Rated apparent power (kVA) of the transformer. 
■ x: Fraction of full load (e.g., 0.5 for half load, 1.0 for full 

load). 
■ cosϕ2 : Load power factor. 
■ Pc : Core losses (in Watts). 
■ Pcu,FL : Full-load copper losses (in Watts). 

○ Condition for Maximum Efficiency: A highly significant characteristic for 
transformer operation. The efficiency of a transformer is maximum 
when its variable losses (copper losses) are equal to its constant losses 
(core losses). 

■ Condition: Pcu(x) =Pc  
■ Substituting the formula for copper losses at a fraction of full 

load: x2Pcu,FL =Pc  
■ Solving for the fraction of full load (x) at which maximum 

efficiency occurs: xmax eff =Pcu,FL Pc    
■ This value of x indicates the load level at which the transformer 

will operate with the highest efficiency for a given power factor. 
Transformer designers aim for maximum efficiency to occur near 
the typical operating load for the transformer's intended 
application (e.g., around 50-70% for distribution transformers). 

○ Numerical Example: A 25 kVA, 2300/230 V transformer has core losses 
of 200 W and full-load copper losses of 500 W. Calculate: (a) The load 
kVA at which maximum efficiency occurs. (b) The maximum efficiency at 
0.8 lagging power factor. 

■ (a) Load kVA for Maximum Efficiency: 
■ xmax eff =Pcu,FL Pc   =500 W200 W  =0.4 ≈0.6325. 
■ Load kVA at max efficiency = xmax eff ×Rated 

kVA=0.6325×25 kVA≈15.81 kVA. 
■ (b) Maximum Efficiency at 0.8 lagging PF: 

■ At maximum efficiency, Pcu(x) =Pc =200 W. 
■ Output Power at max eff (Pout,max eff ) = (Load kVA at max 

eff) ×cosϕ Pout,max eff =15.81 kVA×0.8=12.648 kW=12648 
W. 

■ Total Losses at max eff = Pc +Pcu(x) =200 W+200 W=400 W. 



 

■ Maximum Efficiency (ηmax ) = Pout,max eff +Total 
LossesPout,max eff  ×100% ηmax =12648 W+400 W12648 
W ×100%=1304812648 ×100%≈96.93%. 

● 4.4. All-Day Efficiency (brief explanation) 
○ Concept: Standard efficiency is calculated for a specific load condition. 

However, many transformers, especially distribution transformers, are 
continuously energized (meaning core losses are always present) but 
experience widely varying loads throughout a 24-hour period. For such 
transformers, all-day efficiency (also known as energy efficiency or 
operational efficiency) provides a more meaningful measure of 
performance. 

○ Definition: All-day efficiency is the ratio of the total energy output (in 
kilowatt-hours, kWh) from the transformer over a 24-hour period to the 
total energy input (in kWh) to the transformer over the same 24-hour 
period. 

○ Formula: All-Day Efficiency = Energy Input in 24 hours (kWh)Energy 
Output in 24 hours (kWh) ×100% 

○ Calculation: This requires knowing the transformer's load profile (how 
many hours it operates at different load percentages and power factors). 

■ Energy Output = Sum of ((Load kVA×Power Factor)×Hours) for all 
load periods. 

■ Energy Input = Energy Output + Energy Losses. 
■ Energy Losses = (Core Losses ×24 hours) + Sum of 

((x2×Pcu,FL )×Hours) for all load periods. 
○ Significance: All-day efficiency emphasizes the importance of 

minimizing core losses in distribution transformers, as these losses 
occur continuously even at no-load. In contrast, copper losses only 
occur when the transformer is loaded. 

5. Special Transformers: Expanding the Transformer Family 

Beyond the standard two-winding power transformer, several specialized types and 
configurations are crucial for specific applications in electrical systems. 

● 5.1. Auto-Transformer: The Single-Winding Transformer 
○ 5.1.1. Unique Construction: Unlike a conventional (or two-winding) 

transformer, an auto-transformer has a single continuous winding that 
serves as both the primary and the secondary. A tap point on this 
winding divides it into two sections: one common to both primary and 
secondary circuits, and one exclusive to either the primary or 
secondary. 

○ 5.1.2. Principle of Operation: Inductive and Conductive Power Transfer: 
■ When an AC voltage is applied across a portion of the winding 

(acting as the primary), it establishes an alternating magnetic flux 
in the core. 

■ This flux induces an EMF along the entire length of the single 
winding, according to Faraday's Law. 



 

■ The output voltage (secondary) is taken from a different tap point 
on this same winding. 

■ Crucially, power is transferred from the primary to the secondary 
by two distinct mechanisms: 

■ Inductive Transfer: Similar to a conventional transformer, 
power is transferred through the mutual magnetic flux 
linkage between the winding turns. This occurs in the 
section of the winding common to both circuits. 

■ Conductive Transfer: A significant portion of the total 
power is transferred directly from the primary circuit to the 
secondary circuit through the shared physical conductors 
of the common winding section. This direct electrical 
connection is a distinguishing feature and the primary 
reason for the auto-transformer's efficiency and size 
advantages. 

■ Apparent Power Relationship: The kVA rating of an 
auto-transformer is always greater than the kVA rating of the 
equivalent two-winding transformer. The difference is the 
conductively transferred power. 

○ 5.1.3. Voltage and Current Ratios: The voltage and current relationships 
are still governed by the turns ratio, but it's the ratio of the turns 
encompassing the primary connection (N1 ) to the turns encompassing 
the secondary connection (N2 ). 

■ Formula: V2 V1  =N2 N1  =a 
■ Where N1  is the total number of turns acting as primary 

(e.g., from terminal A to C), and N2  is the number of turns 
acting as secondary (e.g., from terminal B to C, for a 
step-down auto-transformer). 

○ 5.1.4. Applications: Auto-transformers are commonly employed in 
situations where a small voltage adjustment is required, or where 
electrical isolation is not a primary concern. 

■ Voltage Boosters/Regulators: To provide small voltage step-up or 
step-down in power distribution systems to maintain voltage 
levels within acceptable limits. 

■ Motor Starting: Used as reduced-voltage starters for large AC 
motors (e.g., induction motors). They reduce the applied voltage 
during starting, thereby limiting the high inrush currents, and 
then switch to full voltage once the motor speeds up. 

■ Variacs (Variable Auto-transformers): Adjustable tap points allow 
for a continuously variable output AC voltage from a fixed input 
voltage. Widely used in laboratories and for testing. 

■ Interconnecting High-Voltage Systems: Used to link two power 
systems that operate at slightly different but relatively close 
voltage levels (e.g., 400 kV to 220 kV substation 
interconnections). 

○ 5.1.5. Advantages: 
■ Smaller Size and Lower Cost: For a given kVA rating and a 

specific voltage ratio (especially when the ratio is close to unity, 



 

i.e., V1 ≈V2 ), auto-transformers require significantly less copper 
and core material compared to conventional two-winding 
transformers. This is due to the conductive transfer of power, 
meaning only a fraction of the total power needs to be 
transformed inductively. 

■ Higher Efficiency: Because they use less material and have fewer 
losses (less copper loss due to shorter winding length, and often 
lower core losses), auto-transformers are generally more efficient 
than two-winding transformers for similar applications and 
ratings. 

■ Better Voltage Regulation: Due to having lower leakage reactance 
and resistance (less winding material), they exhibit smaller 
internal voltage drops, leading to better voltage regulation. 

○ 5.1.6. Disadvantages: 
■ No Electrical Isolation: This is the most significant disadvantage. 

The primary and secondary circuits are not galvanically isolated; 
they share a common winding. A direct metallic connection 
exists between the high-voltage and low-voltage sides. This 
means: 

■ A fault (e.g., a short circuit or ground fault) on one side 
can directly propagate to the other side, potentially 
exposing the low-voltage side to dangerous high voltages. 

■ Safety is a major concern, limiting their use where 
isolation is paramount. 

■ Limited Voltage Ratio Suitability: While highly advantageous for 
small voltage ratios, their benefits (size, cost, efficiency) diminish 
as the voltage transformation ratio deviates significantly from 
unity. For very large step-up or step-down ratios, the amount of 
common winding becomes very small, reducing the conductive 
transfer benefit, and a two-winding transformer becomes more 
practical. 

■ Fault Propagation: In the event of an open circuit in the common 
winding, the full primary voltage could be applied across the 
load, which could be catastrophic for sensitive equipment or 
dangerous for personnel. 

● 5.2. Three-Phase Transformer Connections: The Backbone of Power Systems 
○ Context: Three-phase power systems are the standard for generation, 

transmission, and the supply of large industrial and commercial loads 
globally. To efficiently transform voltages in three-phase systems, 
three-phase transformers are utilized. These can be constructed as a 
single unit with three sets of windings on a common core, or as a bank 
of three individual single-phase transformers connected externally. 

○ Fundamental Voltage and Current Relationships in Star and Delta: 
■ Phase Voltage (Vph ): The voltage measured across a single 

winding of the transformer. 
■ Line Voltage (VL ): The voltage measured between any two of the 

three main line terminals of the three-phase system. 



 

■ Phase Current (Iph ): The current flowing through a single 
winding of the transformer. 

■ Line Current (IL ): The current flowing through the external supply 
lines connected to the transformer. 

■ Star (Wye, Y) Connection: 
■ Configuration: The 'start' (or 'finish') ends of the three 

windings are joined together at a common point called the 
neutral point. The other three ends of the windings are 
connected to the three-phase lines. 

■ Voltage Relationship: The line voltage is 3   times 

the phase voltage: VL =3  Vph . 
■ Current Relationship: The line current is equal to the 

phase current: IL =Iph . 
■ Key Feature: A neutral point is inherently available, which 

can be grounded for safety, provide a return path for 
unbalanced currents, or be used to supply single-phase 
loads (e.g., in a 400/230 V distribution system, 230 V is a 
phase voltage). 

■ Delta (Δ) Connection: 
■ Configuration: The three windings are connected 

end-to-end to form a closed triangular loop. The three 
lines of the three-phase system are connected to the three 
junctions (vertices) of this triangle. 

■ Voltage Relationship: The line voltage is equal to the 
phase voltage: VL =Vph . 

■ Current Relationship: The line current is 3   times 

the phase current: IL =3  Iph . 
■ Key Feature: There is no inherent neutral point available. 

Offers inherent redundancy; if one winding in a bank of 
three single-phase transformers fails, the other two can 
operate in an "open delta" configuration. 

○ Common Three-Phase Transformer Connection Configurations 
(Primary-Secondary): 

■ 5.2.1. Star-Star (Y-Y) Connection: 
■ Configuration: Both the primary and secondary windings 

are connected in a star configuration. 



 

■ Characteristics: 
■ Provides a neutral point on both the primary and 

secondary sides. These neutral points can be 
grounded for safety or to provide a return path for 
unbalanced currents. 

■ Suitable for small power transformers and 
high-voltage applications where a neutral point is 
desirable on both sides. 

■ Issues/Considerations: 
■ Third Harmonic Distortion: Can experience 

significant issues with third harmonic voltages and 
currents. If the neutral is not solidly grounded or if 
the load is unbalanced, the neutral point can shift, 
leading to unbalanced phase voltages on the 
secondary side. 

■ Solutions: Often, a third winding (tertiary winding) 
connected in delta is included to provide a 
low-impedance path for circulating third harmonic 
currents, mitigating voltage distortion. 

■ 5.2.2. Star-Delta (Y-Δ) Connection: 
■ Configuration: The primary windings are connected in 

star, and the secondary windings are connected in delta. 
■ Characteristics: 

■ Step-Down Application: This is one of the most 
common connections for stepping down voltage 
from high-voltage transmission lines to 
sub-transmission or distribution voltages (e.g., in 
substation main transformers stepping down 220 
kV to 33 kV). 

■ Primary Neutral: The star-connected primary 
provides a neutral point that can be solidly 
grounded, which is beneficial for protection and 
system stability on the high-voltage side. 

■ Harmonic Suppression: The delta-connected 
secondary effectively suppresses third harmonic 
voltages and currents. Any third harmonic currents 
generated in the primary (due to the non-linear 
magnetizing characteristic) will circulate within the 
delta winding, preventing them from appearing in 
the output lines. This leads to a cleaner sinusoidal 
output voltage. 

■ Unbalanced Load Handling: The delta secondary 
helps balance unbalanced loads better than a star 
connection. 

■ Phase Shift: Introduces a 30-degree phase shift 
between the line voltages on the primary and 
secondary sides. This must be considered when 



 

paralleling transformers or interconnecting 
different parts of a power system. 

■ 5.2.3. Delta-Star (Δ-Y) Connection: 
■ Configuration: The primary windings are connected in 

delta, and the secondary windings are connected in star. 
■ Characteristics: 

■ Step-Up Application: This is the most common 
connection for stepping up voltage at generating 
stations from generator voltage to high-voltage 
transmission levels (e.g., 11 kV to 400 kV). 

■ Secondary Neutral: The star-connected secondary 
provides a neutral point, which is crucial for 
grounding the high-voltage side of the 
transmission system and for providing 
single-phase as well as three-phase power in 
distribution systems (e.g., a 400/230 V distribution 
transformer has a star secondary with a neutral for 
single-phase 230 V loads and three-phase 400 V 
loads). 

■ Harmonic Handling: The delta primary helps to 
suppress any third harmonic components in the 
primary current, which might otherwise cause 
problems for the source. 

■ Phase Shift: Also introduces a 30-degree phase 
shift between the primary and secondary line 
voltages. 

■ 5.2.4. Delta-Delta (Δ-Δ) Connection: 
■ Configuration: Both the primary and secondary windings 

are connected in a delta configuration. 
■ Characteristics: 

■ Applications: Used for large power, low-voltage 
applications. Commonly found in industrial plants. 

■ No Neutral: Does not provide a neutral point for 
grounding or for single-phase loads. 

■ Reliability (Open-Delta): A significant advantage is 
its redundancy. If one phase winding of a bank of 
three single-phase transformers fails, the remaining 
two transformers can continue to supply 
three-phase power (at a reduced capacity, about 
57.7% of the original three-phase rating) in what is 
known as an "open-delta" or "V-V" connection. This 
allows for continuity of service until the faulty unit 
can be replaced. 

■ Harmonic Handling: Helps to mitigate third 
harmonic voltages by allowing circulating currents 
within the delta. 



 

■ Phase Shift: Typically, there is no phase shift 
between primary and secondary line voltages in a 
balanced Δ-Δ connection. 

 

Activities/Assessments: 

To ensure a comprehensive, rigorous, and practical mastery of the concepts covered 
in this module, the following detailed activities and assessments are integral: 

● Quizzes on Magnetic Circuit Fundamentals: 
○ Format: A diverse mix of multiple-choice questions, fill-in-the-blanks, 

true/false statements, and short-answer questions requiring precise 
definitions. 

○ Content Focus: 
■ Exact definitions and distinguishing features of magnetic field, 

magnetic flux, and magnetic flux density, including their SI units 
(Weber, Tesla, AT/m). 

■ Detailed understanding of MMF and Reluctance, their formulas, 
and their analogies to voltage and resistance in electric circuits 
(Hopkinson's Law). 

■ Questions requiring calculations of B, Φ, F, and R given 
appropriate parameters. 

■ Conceptual understanding and interpretation of the B-H curve: 
identifying saturation points, understanding the non-linear 
relationship. 

■ Detailed explanation of hysteresis: defining remanence and 
coercivity, and explaining the origin of hysteresis loss. 

■ Distinguishing characteristics and typical applications of soft vs. 
hard magnetic materials. 

■ A deeper dive into Faraday's Law of Electromagnetic Induction: 
explaining its statement, the significance of the negative sign 
(Lenz's Law), and applying the E=4.44fNΦmax  formula for RMS 
EMF calculation. 

● Problem-Solving Exercises: In-Depth Transformer Circuit Analysis and 
Performance Calculations: 

○ Format: A series of structured numerical problems designed to 
progressively challenge your analytical skills. Each problem will require 
detailed step-by-step solutions. 

○ Scope: 
■ Ideal Transformer Calculations: Advanced problems involving 

cascaded ideal transformers, or scenarios requiring calculation 
of primary/secondary quantities (voltage, current, power, 
impedance) with multiple loads or sources, emphasizing the 
strict adherence to turns ratios and power conservation. 



 

■ Equivalent Circuit Derivations and Parameter Referral: Complex 
scenarios where you are given a set of transformer parameters 
(R1, X1, Rc, Xm, R2, X2, turns ratio) and required to: 

■ Draw the full equivalent circuit referred to the primary 
side. 

■ Draw the full equivalent circuit referred to the secondary 
side. 

■ Calculate all equivalent series resistance, reactance, and 
impedance values (Req1 ,Xeq1 ,Zeq1  and Req2 ,Xeq2 ,Zeq2 ). 

■ Losses Calculations: Problems requiring the calculation of 
copper losses at specific load percentages (e.g., 25%, 50%, 75%, 
100%, 125% of full load), explicitly showing the dependency on 
x2. Combining these with given core losses to determine total 
losses. 

■ Voltage Regulation Calculation: Comprehensive problems 
requiring the calculation of voltage regulation for a given 
transformer at: 

■ Full load, unity power factor. 
■ Full load, lagging power factor (e.g., 0.8 lagging). 
■ Full load, leading power factor (e.g., 0.9 leading). 
■ Partial load (e.g., half load) at a specific power factor. 
■ You will be asked to compare and comment on the results, 

explaining why VR might be negative for leading power 
factors. 

■ Efficiency Calculation: In-depth problems calculating transformer 
efficiency at: 

■ Rated load and power factor. 
■ Various partial loads and power factors. 
■ Problems requiring you to first determine the load kVA at 

which maximum efficiency occurs, and then calculate that 
maximum efficiency for a given power factor. 

○ Support: For each problem set, detailed derivations and step-by-step 
worked solutions will be provided, allowing for meticulous 
self-correction and deepening of understanding. 

● Case Study and Data Analysis: Advanced Open-Circuit and Short-Circuit Test 
Interpretation: 

○ Format: A comprehensive, multi-part practical simulation exercise. You 
will be provided with realistic (hypothetical) raw measurement data from 
both Open-Circuit and Short-Circuit tests performed on a single-phase 
transformer. 

○ Task: 
■ Detailed Parameter Extraction: Systematically process the OC 

test data to precisely calculate Pc , Ic , Im , Rc , and Xm  (referred to 
the test side). Then, process the SC test data to calculate Pcu,FL , 
Zeq , Req , and Xeq  (referred to the test side). Clearly state which 
side each parameter is referred to. 

■ Equivalent Circuit Construction: Using the extracted parameters 
and the calculated turns ratio, draw the complete equivalent 



 

circuit of the transformer, clearly showing all parameters referred 
to both the primary side and the secondary side in two separate 
diagrams. 

■ Performance Prediction: Based on the derived equivalent circuit 
parameters, accurately predict the transformer's: 

■ Voltage Regulation at full load, 0.8 lagging power factor. 
■ Voltage Regulation at full load, 0.9 leading power factor. 
■ Efficiency at full load, 0.8 lagging power factor. 
■ Efficiency at 70% of full load, unity power factor. 
■ The load current (or kVA) at which the transformer 

achieves maximum efficiency. 
○ Objective: To provide a realistic, hands-on experience of applying 

theoretical knowledge and experimental data analysis to characterize 
and predict the performance of a real transformer. 

● Discussion Forum: Strategic Transformer Selection and System Integration: 
○ Format: A facilitated online discussion board with specific, 

thought-provoking scenarios. 
○ Prompts (Examples): 

■ "An electrical utility is planning a new sub-transmission line. 
Discuss the technical and economic factors that would lead to 
the selection of a Y-Δ vs. a Δ-Y three-phase transformer at 
different points in the power system (e.g., power plant step-up vs. 
distribution substation step-down). Include considerations for 
grounding, harmonic mitigation, and system stability." 

■ "You are designing a voltage boost application for a fluctuating 
industrial load where a minor voltage increase (say, 5%) is 
needed. Explain in detail why an auto-transformer would likely be 
preferred over a conventional two-winding transformer in this 
specific scenario, detailing its advantages and the key safety 
considerations you would still need to address." 

■ "Analyze the implications of a transformer operating 
continuously at very light loads (e.g., during off-peak hours) 
versus continuously at nearly full load. How would this affect the 
designer's priorities for minimizing core losses versus copper 
losses, and how does 'all-day efficiency' factor into this decision 
for distribution transformers?" 

○ Objective: To encourage collaborative learning, foster critical thinking 
about design trade-offs, and deepen understanding of transformer 
applications within broader electrical power systems. You will be 
expected to support your arguments with technical reasoning derived 
from the module content. 
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