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Comprehensive Academic Notes on AC 
Machines and Special Electrical 
Machines 
The domain of electrical machinery forms the critical infrastructure of modern industrial 
energy conversion, enabling everything from large-scale power generation to precision 
robotics. This exhaustive analysis provides a detailed theoretical, mathematical, and practical 
exposition of alternating current (AC) machines and special electromechanical energy 
conversion devices. Following a structured academic syllabus 1, the analysis covers the 
fundamental principles, operational characteristics, mathematical derivations, numerical 
applications, and maintenance protocols for three-phase induction motors, single-phase 
induction motors, synchronous generators (alternators), synchronous motors, and fractional 
horsepower (FHP) specialized motors. 

Unit I: Three-Phase Induction Motors 

Working Principle and the Rotating Magnetic Field 

 
 

The three-phase induction motor operates fundamentally on the principle of electromagnetic 
induction, functioning without direct electrical connections to the rotor assembly. The 
foundation of its operation is the rotating magnetic field (RMF). When a balanced three-phase 
winding, spatially displaced by 120 electrical degrees along the stator periphery, is supplied 
with balanced three-phase alternating currents that are temporally displaced by 120 degrees, 
an RMF is established in the air gap.1 The instantaneous fluxes produced by the individual 

phases can be expressed mathematically as , 



, and .4 By resolving these individual alternating fluxes into 

horizontal and vertical spatial components at any instant in time, the resultant flux  is proven 

to be constant in magnitude and equal to .4 

This resultant magnetic field rotates at a constant synchronous speed, denoted as , which 

is strictly governed by the relationship , where  represents the supply 

frequency in Hertz and  represents the number of magnetic poles for which the stator is 
wound.1 As this magnetic field sweeps past the stationary rotor conductors, it induces an 
electromotive force (EMF) in them according to Faraday’s law of electromagnetic induction. 
Because the rotor circuit is electrically closed, this induced EMF drives circulating currents 
within the rotor bars. According to Lenz's law, the direction of these induced currents creates 
a secondary magnetic field that interacts with the stator's RMF to produce an electromagnetic 
torque, compelling the rotor to rotate in the same direction as the stator field to minimize the 

relative motion.7 The rotor can never achieve synchronous speed; if it were to rotate at , the 
relative motion between the RMF and the rotor conductors would be zero, resulting in zero 
induced EMF, zero rotor current, and consequently, zero torque.8 This necessary difference 

between the synchronous speed ( ) and the actual mechanical rotor speed ( ) is termed 

the slip speed. The fractional slip is defined as .1 

Constructional Details and Rotor Quantities 
Three-phase induction motors are classified primarily by their rotor construction: the squirrel 
cage rotor and the slip ring (or wound) rotor.1 The squirrel cage rotor consists of a laminated 
cylindrical core with uninsulated aluminum or copper bars embedded in the peripheral slots. 
These bars are permanently short-circuited by heavy end rings at both ends, creating a 
structure resembling a cage. This design is incredibly robust, inexpensive, and requires minimal 
maintenance, making it the most ubiquitous industrial motor.11 Conversely, the slip ring 
induction motor features a three-phase distributed winding on the rotor, identical in pole 
count to the stator. The terminals of this winding are brought out and connected to three slip 
rings mounted on the motor shaft. Carbon brushes ride on these slip rings, allowing external 
variable resistance to be inserted into the rotor circuit. This capability is utilized to limit starting 
current, drastically increase starting torque, or control the running speed.1 

Under running conditions, the electrical quantities within the rotor are fundamentally slip-
dependent. The frequency of the induced rotor current is directly proportional to the slip, 

expressed as , where  is the stator supply frequency.13 This phenomenon dictates 



that the induced rotor EMF and the rotor leakage reactance also become proportional to slip. 

If  and  represent the standstill (locked-rotor) induced EMF and reactance per phase 

respectively, their values under running conditions become  and .14 
Consequently, the rotor power factor under running conditions is given by the ratio of rotor 

resistance to rotor impedance: . This mathematical 

relationship demonstrates that at standstill ( ), the high rotor reactance results in a poor 
power factor and low starting torque per ampere. As the motor accelerates and slip 
decreases, the rotor reactance drops proportionally, leading to an improved rotor power 
factor in the normal operating range.14 

Generalized Transformer Concept and Phasor 
Diagram 
The three-phase induction motor is frequently analyzed in academic and industrial literature as 
a generalized, or rotating, transformer. In a static transformer, alternating electrical energy is 
transferred from the primary winding to the secondary winding via mutual induction without 
any physical motion. In an induction motor, the stator acts as the primary winding and the 
short-circuited rotor acts as the rotating secondary winding.14 The fundamental difference is 
that the induction motor converts the transferred electrical energy into mechanical energy. 
Furthermore, the induction motor features an air gap between the stator and rotor, which 
introduces a high magnetic reluctance. As a result, an induction motor requires a significantly 
larger magnetizing current—typically 25% to 40% of the full-load current—to establish the 
required air-gap flux, compared to the 2% to 5% required by a standard power transformer 
with a continuous steel core.18 

To develop the equivalent circuit of an induction motor, the mechanical load on the shaft is 

modeled as a variable electrical resistance. By dividing the rotor impedance by the slip ( ), the 

total effective rotor resistance becomes . This term can be mathematically partitioned 

into two components: the actual ohmic rotor copper resistance , and a fictitious, slip-

dependent load resistance .15 This fictitious resistance precisely 
represents the mechanical power developed by the motor. The phasor diagram of the 
induction motor under load closely mirrors that of a loaded transformer.18 The applied stator 

voltage  opposes the induced stator EMF  and overcomes the stator resistance and 

leakage reactance voltage drops. The exciting current  comprises the core loss component 
and the magnetizing component required to drive flux across the air gap. The total primary 



stator current  is the complex phasor sum of the no-load current  and the reflected rotor 

current , which balances the rotor magnetomotive force.14 

Torque-Slip Characteristics and Numerical Analysis 

 
The electromagnetic torque developed by a three-phase induction motor is a complex 
function of the slip, applied stator voltage, and internal motor impedances. The generalized 
expression for torque is derived from the power transferred across the air gap to the rotor, 

given by the equation .16 Analyzing this fundamental equation reveals three 

critical operational points on the torque-speed curve: the starting torque (where ), the 
full-load operating torque (where slip is typically 1% to 5%), and the maximum torque, also 
known as the breakdown or pull-out torque. Through differentiation, the condition for 

maximum torque occurs when the slip .9 At this specific breakdown slip, the 
maximum torque is mathematically independent of the rotor resistance, although the speed at 

which this peak torque occurs is directly governed by .22 



To illustrate these relationships numerically, consider a standard induction motor problem: A 

50 Hz, 6-pole three-phase induction motor has a full-load slip of 3% ( ). The rotor 

resistance  is  per phase, and the standstill rotor reactance  is  per phase.16 
The slip corresponding to maximum torque is calculated as 

 (or 10% slip).16 The ratio of maximum torque ( ) to full-

load torque ( ) can be derived using the approximation relation 

. Substituting the calculated values yields 

.16 

Furthermore, the ratio of maximum torque to starting torque ( ) is found via the relation 

. This evaluates to 

.16 These numerical calculations demonstrate 
the robust overload capacity of the motor, capable of handling 82% more torque than full load 
before stalling. However, it also highlights a relatively modest starting torque profile (only 
about 36% of maximum torque, or roughly 65% of full-load torque), which is highly typical of 
standard low-resistance squirrel cage rotor designs. 

 

 

 

 

 

 

 

 

 

 

 

 



Four-Quadrant Operation and Drive Control 

 
In sophisticated industrial applications, such as heavy-duty hoists, cranes, and electric traction 
drives, induction motors must operate seamlessly across all four quadrants of the speed-
torque plane. In Quadrant I (Forward Motoring), both the rotational speed and the developed 
torque are positive. The machine converts electrical power from the grid into mechanical 
power to accelerate or drive a load upward.23 In Quadrant II (Forward Braking or 
Regeneration), the speed remains positive, but the electromagnetic torque becomes negative, 
opposing the motion. Here, the motor acts as an induction generator, absorbing kinetic energy 
from the mechanical load and returning it to the electrical supply as active power.24 This 
regenerative braking occurs naturally when the rotor is driven above synchronous speed by an 
overhauling load (like a descending elevator counterweight) or artificially through flux-
weakening and frequency reduction in modern inverter drives.26 In Quadrant III (Reverse 
Motoring), both torque and speed are negative, utilizing grid power to drive the load in the 
opposite direction.23 In Quadrant IV (Reverse Braking or Plugging), the speed is negative but 

the torque is positive, actively decelerating a reverse-moving load.24 Plugging is a particularly 
severe form of braking achieved by reversing the phase sequence of the stator supply 
(swapping two input lines). This abruptly reverses the direction of the rotating magnetic field 

while the rotor is still spinning in the original direction, inducing a massive slip ( ) and 
generating violent braking torque accompanied by extremely high rotor copper losses that 



dissipate as heat.29 

Modern variable speed drives execute this four-quadrant control precisely. Variable Voltage 
Variable Frequency (VVVF) drives manipulate the input frequency to dictate the synchronous 
speed while simultaneously adjusting the applied voltage to maintain a constant Volts-per-

Hertz ( ) ratio. This constant ratio ensures that the internal air-gap flux remains constant 
at its optimal designed value, thereby preventing magnetic core saturation and allowing the 
induction motor to deliver rated torque smoothly across a broad speed range from zero to 
base speed.8 

 

Starting Method Mechanism Application & 
Characteristics 

Direct-On-Line (DOL) Connects motor directly to 
full line voltage. 

Very high starting current 
(5-8x full load); suitable only 
for small motors due to 
severe grid voltage dips. 

Star-Delta Starter Starts motor in Star 
(reduces phase voltage by 

), then switches to 
Delta. 

Reduces starting current 
and torque to 1/3 of DOL 
values; highly common for 
medium-sized industrial 
motors. 

Auto-Transformer Uses tapped transformers 
to apply a fraction of line 
voltage during start. 

Adjustable starting voltage 
and torque; expensive but 
provides excellent torque-
to-current starting ratios. 

Rotor Resistance Inserts external resistors via 
slip rings into the rotor 
circuit. 

Applicable only to slip-ring 
motors; provides maximum 
starting torque with 
minimum starting current. 

Soft Starter Uses thyristors to smoothly Eliminates mechanical 



ramp up the RMS voltage 
applied to the stator. 

shock and current spikes; 
seamlessly integrates into 
modern automated control 
systems. 

Table 1: Comparison of 
Starting Methods for 
Three-Phase Induction 
Motors.1 

  

Maintenance Protocols for Induction Motors 
The operational longevity of three-phase induction motors relies on rigorous predictive and 
preventative maintenance protocols. Routine visual and mechanical inspections must 
continuously assess the structural frame, cooling fins, and fan cowls for dust or debris 
accumulation that severely impedes thermal dissipation.32 Electrical testing includes winding 
continuity checks and high-voltage insulation resistance testing using a megohmmeter 
(Megger) to detect degrading insulation and potential ground faults.33 Bearing failure remains 
the dominant cause of induction motor breakdown. Lubrication schedules must be strictly 
adhered to; however, over-lubrication is a frequent and destructive error that elevates bearing 
temperatures and physically forces grease past seals into the stator windings, chemically 
degrading the insulation.33 Furthermore, predictive maintenance increasingly deploys thermal 
imaging cameras during operation to identify localized hot spots in terminal boxes, bearings, 
and stator enclosures, enabling the early detection of high-resistance electrical connections or 
mechanical binding before catastrophic failure occurs.35 

Unit II: Single-Phase Induction Motors 

Double-Field Revolving Theory and Starting 
Mechanisms 
Unlike polyphase motors, a single-phase induction motor subjected to a single-phase 
alternating current produces a pulsating magnetic field rather than a rotating one. 
Consequently, it possesses zero inherent starting torque and is not self-starting.36 This 
phenomenon is mathematically and physically explained by Ferrari's Double-Field Revolving 
Theory, which postulates that any alternating uniaxial physical quantity can be mathematically 
resolved into two oppositely rotating vectors, each of half the original magnitude.37 Thus, an 

alternating sinusoidal stator flux  is composed of a forward rotating magnetic 

field and a backward rotating magnetic field. Both fields possess a magnitude of  and 



rotate at the synchronous speed , but in opposite directions.36 At standstill, these two 
counter-rotating fields induce equal and opposite electromagnetic torques in the rotor cage, 
resulting in a net torque of absolute zero.37 However, if the rotor is mechanically accelerated in 

either direction by an external force, the relative slip with respect to the forward field ( ) 

decreases, while the slip relative to the backward field ( ) increases. This imbalance 
produces a strong net forward torque that sustains continuous rotation.36 

To render the machine self-starting from rest, an artificial phase shift must be introduced to 
simulate a true two-phase rotating field. This is almost universally achieved by incorporating an 
auxiliary (starter) winding positioned physically 90 electrical degrees apart from the main 
stator winding.40 

Motor Variations and Torque-Speed Characteristics 
Single-phase induction motors are categorized based on their specific starting methodology, 
auxiliary circuit components, and constructional nuances 1: 

Resistance Start (Split-Phase) Motors: By designing the auxiliary winding with a high 
resistance-to-reactance ratio compared to the main winding, a temporal phase difference is 
created between the two winding currents. This generates a weak but sufficient rotating 
magnetic field to initiate rotation. A centrifugal switch disconnects the auxiliary circuit once the 
motor reaches approximately 75% of synchronous speed to prevent the fine wire of the 



uxiliary winding from overheating.38 

Capacitor Start Motors: By placing a highly capacitive electrolytic capacitor in series with the 
auxiliary winding, the phase angle between the main and auxiliary currents approaches an ideal 
90 degrees. This yields an exceptionally high starting torque, making these motors ideal for 
heavy-duty applications like compressors and large pumps.38 Similar to split-phase motors, a 
centrifugal switch removes the capacitor and auxiliary winding from the circuit as the motor 

nears operating speed.41  



Capacitor Start, Capacitor Run Motors: This premium variant utilizes two capacitors. A high-
value starting capacitor provides the initial breakaway torque and is subsequently switched 
out, while a lower-value, continuous-duty run capacitor remains permanently in series with the 
auxiliary winding. This design not only provides excellent starting torque but also drastically 
improves the running power factor, efficiency, and smoothness of the motor under load.40 

 

Shaded Pole Motors: This is a highly simplified, rugged, and inexpensive motor that features 
salient stator poles, where a small portion of each pole face is encircled by a short-circuited 
copper band known as a shading coil.1 The alternating main flux induces a massive current in 
the shading coil, which in turn produces a counter-flux that opposes changes in the main flux. 
This physical interaction causes the magnetic flux in the shaded portion of the pole to lag 
significantly behind the flux in the unshaded portion, creating a sweeping magnetic field across 

the pole face that drags the rotor along.42 Because the  power loss in the shading coil is 
continuous, these motors possess very low starting torque and abysmal efficiency (often 
below 20%), restricting their use strictly to sub-fractional horsepower applications such as 
small exhaust fans, record players, and timing devices.38 

 



 

Repulsion Type Motors: These motors feature a stator similar to a single-phase induction 
motor but possess a wound rotor connected to a commutator, similar to a DC armature. The 
brushes riding on the commutator are short-circuited together rather than connected to a 
supply. By physically shifting the brush axis away from the stator magnetic axis, heavy currents 
are induced in the rotor by transformer action, producing massive starting torque (up to 3 
times full-load torque) with relatively low starting current.44 Their use has declined due to the 
high maintenance requirements of the commutator and brushes. 



 

Series and Universal Motors: A series motor features the field and armature windings 
connected in series. When designed with fully laminated magnetic cores to minimize severe 
AC eddy current losses, it can operate on both AC and DC power supplies, earning the name 
"Universal Motor".11 These motors are unique in that they do not operate at synchronous 
speed; instead, they operate at extremely high speeds (often exceeding 10,000 RPM) that are 
highly sensitive to the applied load. This high power-to-weight ratio makes them the standard 
choice for portable power tools, vacuum cleaners, and kitchen blenders. 



 

 

Hysteresis Motors: The hysteresis motor utilizes a perfectly smooth, solid steel cylindrical 
rotor with exceptionally high magnetic retentivity, lacking any localized windings, slots, or 
squirrel cage.45 When subjected to the stator's rotating magnetic field, eddy currents and 
magnetic hysteresis effects induce torque. The defining operational characteristic of this 
specialized motor is that the torque generated by magnetic hysteresis remains strictly 
constant from standstill all the way up to synchronous speed.45 Because it accelerates to 
synchronism seamlessly and lacks rotor slots that cause magnetic pulsation and aerodynamic 
noise, it operates with absolute acoustic quietness, making it indispensable for precision timing 
devices, clocks, and high-fidelity audio turntables.46 The hysteresis torque equation is 

proportional to the hysteresis loss, denoted as , demonstrating the motor's 
heavy reliance on the intrinsic metallurgical properties of the rotor material.45 

Maintenance of single-phase motors generally mirrors that of three-phase machines, with the 
critical addition of servicing the specific starting mechanisms. Centrifugal switches must be 
periodically cleaned of dust and inspected for pitted contacts, as a failed switch will either 
prevent starting or leave the start winding engaged, leading to rapid thermal destruction.41 
Capacitors must be visually inspected for bulging or leaking electrolyte and tested with a 



capacitance meter.51  

Unit III: Three-Phase Alternators 

Constructional Topology and Armature Windings 
Three-phase alternators, or synchronous generators, operate on the fundamental principles of 
Faraday's laws of electromagnetic induction but physically invert the arrangement typically 
seen in DC machines. Alternators feature a stationary armature winding (the stator) and a 
rotating magnetic field (the rotor).52 This stationary armature design is absolutely critical for 
modern high-voltage machines. It eliminates the need to extract thousands of amperes at 
extreme voltages through moving slip rings and brushes, allowing for vastly superior dielectric 
insulation and the robust mechanical bracing required to withstand immense electromagnetic 
forces during short circuits.52 Rotors are divided into two distinct categories: salient-pole 
designs (featuring projecting poles, large diameters, and short axial lengths, used for low-
speed hydroelectric generation) and cylindrical or non-salient designs (smooth rotors with 
long axial lengths, used for high-speed steam turbine applications).1 

Armature windings are systematically placed in the stator slots and can be configured as either 
single-layer or double-layer arrangements.



 

 

Feature Single-Layer Winding Double-Layer Winding 

Coil Placement One coil side per slot Two coil sides per slot (top 
and bottom) 

Inter-layer Insulation Not required Strictly required to 
separate phases 

Coil Pitching Restricted entirely to full-
pitch configurations 

Allows fractional-pitch 
(short-pitch) coils 

Efficiency & Waveform Lower efficiency, higher Higher efficiency, improved 



harmonic distortion sinusoidal waveform 

Aesthetics/Neatness Messier end-winding 
overhangs 

Neat, uniform, and 
compact end-winding 
geometry 

Table 2: Technical 
Comparison of Single-
Layer and Double-Layer 
Alternator Windings.55 

  

Double-layer windings are universally preferred in modern commercial alternators as they 
uniquely facilitate short-pitching (also known as chording).56 Short-pitching deliberately spans 
the coil less than a full 180 electrical degrees. This geometrical arrangement acts as a spatial 
filter to eliminate specific spatial harmonics (such as the 5th and 7th harmonics) from the air-
gap flux, resulting in a purer sinusoidal output voltage. Furthermore, it saves significant 
expensive copper material in the inactive end-turns of the machine.59 

EMF Equation and Numerical Application 
The magnitude of the generated EMF per phase in an alternator is dependent on the rotational 
frequency, the magnetic flux per pole, and the specific winding geometry. The fundamental 

RMS voltage equation is formulated as .60 Here,  represents 
the pitch factor, defined as the ratio of the phasor sum of induced EMFs in a short-pitched coil 

to the arithmetic sum of EMFs in a full-pitched coil. It is calculated as , where 

 is the chording angle in electrical degrees. The distribution factor, , accounts for the fact 
that the coils comprising a single phase are distributed across multiple slots rather than 
concentrated in one massive slot. This distribution causes the individual coil EMFs to be slightly 

out of phase with one another. It is expressed as , where  is the number of 

slots per pole per phase and  is the angular displacement between adjacent slots.59 

Consider a comprehensive numerical problem detailing a 16-pole, 3-phase star-connected 
alternator running at 375 rpm, featuring 144 slots with 6 conductors per slot. The main flux per 
pole is 0.03 Wb, and the coil span is explicitly short-pitched to 160 electrical degrees.60 First, 

the electrical frequency is calculated:  Hz.60 

Next, determine the pitch factor ( ). Since a full pitch is defined as  and the actual coil 



span is , the short-pitch chording angle . Thus, 

.60 To find the distribution factor ( ), calculate 

the slots per pole per phase: . The slot angle 

 electrical. Therefore, 

.60 The total 

turns per phase  must be deduced. Total conductors in the machine 

. Conductors per phase . 

Since two conductors make one turn, turns per phase .60 Finally, the 
induced EMF per phase is computed as 

 Volts.60 

Armature Reaction and Voltage Regulation 
When an alternator is connected to a load, the resulting armature current produces its own 
distinct magnetic field, which fundamentally interacts with and distorts the main rotor field. 
This complex electromagnetic phenomenon, known as armature reaction, profoundly impacts 
the generated terminal voltage depending entirely on the load's power factor. At unity power 
factor (purely resistive load), the armature flux is primarily cross-magnetizing, distorting the 
main field without heavily reducing its average magnitude. At a zero power factor lagging load 
(purely inductive), the armature flux directly opposes the main rotor flux, causing severe 
demagnetization and a sharp, detrimental drop in terminal voltage. Conversely, at a zero 
power factor leading load (purely capacitive), the armature flux actively aids the main flux, 
creating a magnetizing effect that artificially raises the terminal voltage beyond the no-load 
value.54 

Voltage regulation is a critical performance metric defined as the percentage increase in 
terminal voltage when the full load is completely removed, while keeping the prime mover 
speed and DC field excitation strictly constant. It is expressed as: 

.59 Because testing massive utility-scale alternators under 
physical full load is economically and practically impossible, regulation is predetermined via 
several indirect analytical methods.59 

 

Regulation Method Technical Description Accuracy Profile 



Direct Loading Physically loading the 
machine to rated capacity. 

100% accurate, but strictly 
limited to fractional 
horsepower laboratory 
machines. 

EMF Method 
(Synchronous 
Impedance) 

Combines armature 
reaction and leakage 
reactance into a single 
fictitious "synchronous 
impedance". 

Highly pessimistic; yields 
regulation values 
significantly higher than 
reality due to assuming an 
unsaturated magnetic core. 

MMF Method (Ampere-
Turn) 

Replaces leakage 
reactance voltage drops 
with fictitious armature 
reaction MMFs. 

Optimistic; yields regulation 
values slightly lower than 
actual physical 
performance. 

ZPF Method (Potier 
Triangle) 

Separates leakage 
reactance and true 
armature reaction using 
open-circuit and zero-
power-factor test data. 

Highly accurate; accounts 
for magnetic saturation and 
isolates distinct internal 
voltage drops. 

Table 3: Comparison of 
Voltage Regulation 
Predetermination 
Methods.54 

  

The Potier Triangle (ZPF) Method: This advanced technique accurately separates the distinct 
effects of armature leakage reactance and armature reaction MMF, providing a highly precise 
regulation value. It relies on the assumption that the open-circuit characteristic (OCC) relates 
MMF and voltage accurately under loaded conditions and that leakage reactance remains 
independent of field excitation.54 The procedure involves plotting the OCC and the zero-
power-factor (ZPF) characteristic curve. By geometrically translating a Potier triangle between 
these curves, the vertical leg of the triangle yields the exact leakage reactance voltage drop (

), and the horizontal leg isolates the armature reaction MMF ( ). With these 

parameters independently isolated, the true generated internal EMF ( ) and subsequently 
the required no-load field excitation can be deduced, providing a highly accurate 



predetermination of the alternator's voltage drop.54 

Two-Reaction Theory for Salient Poles: Blondel’s Two-Reaction Theory was developed to 
address the magnetic non-uniformity inherent in salient-pole rotors, where the air gap varies 
circumferentially, making standard synchronous impedance calculations wildly inaccurate.59 
The theory resolves the total armature MMF into two mutually perpendicular axes: the direct 
axis (d-axis) aligned directly with the salient pole center, representing the path of minimum 
magnetic reluctance, and the quadrature axis (q-axis) aligned with the interpolar gap, 

representing the path of maximum magnetic reluctance.54 The stator current  is divided into 

 and . Because the reluctances differ, the machine exhibits two distinct reactances, 

denoted as  and , where . The total excitation voltage equation becomes a 

complex phasor summation: , providing a precise 
mathematical model of salient machine behavior under heavy load.54 

Unit IV: Synchronous Motors 

Working Principle and Power Angle 



 
The synchronous motor is structurally identical to the three-phase alternator. It operates 
through the continuous magnetic interlocking of the rotating stator field and the constant DC 
magnetic field of the rotor.68 When the stator is supplied with three-phase AC power, it 
generates a synchronously revolving magnetic field. The rotor, excited by a separate DC 
source via slip rings, creates distinct, unchanging North and South poles. As the rotor 
accelerates near synchronous speed via auxiliary starting methods, the opposing magnetic 
poles of the stator and rotor fields attract and magnetically interlock. From this moment 
onward, the motor strictly operates at exactly synchronous speed, irrespective of the applied 
load.59 

If mechanical load is applied to the output shaft, the rotor does not slow down; instead, the 

physical rotor poles fall slightly behind the imaginary rotating stator poles by a physical angle , 
known as the load angle, power angle, or torque angle.54 This angular displacement is the 
fundamental mechanism that allows the motor to draw more active power from the supply to 
meet the mechanical demand. The real power developed per phase for a salient pole 
synchronous motor is derived from the complex power input and is expressed exactly as: 

.54 The first term in this equation represents the 
excitation power, which relies entirely on the applied DC field. The second term represents the 



reluctance power, which stems entirely from the uneven air gap (saliency) of the rotor and 
exists even if the DC field excitation fails.54 

Effect of Excitation at Constant Load and V-Curves 
A unique and highly valuable characteristic of the synchronous motor is its ability to operate at 
varying power factors solely by altering its internal DC field excitation. When operating under a 
constant mechanical shaft load, a change in field excitation directly alters the magnitude of the 

induced back EMF ( ) and forces a phase shift in the alternating current drawn from the 
grid.59 

Consider a practical numerical application demonstrating this phenomenon: A synchronous 

motor operates from a  V per phase grid, drawing  A at 0.8 lagging power 

factor to drive a constant load. The machine has a synchronous reactance  and 

negligible armature resistance. The internal reactive voltage drop is  
V. The back EMF required for an under-excited (lagging) condition is calculated via the 

geometric cosine rule: , where  is the impedance 

angle and  is the power factor angle. This yields a required internal voltage of  
V.59 Conversely, if the plant operator increases the DC field current to make the motor over-
excited, targeting a leading power factor of 0.8 to correct the plant's overall power factor, the 

mathematical reality shifts to , demanding an 

internal voltage of  V.59 This mathematical reality proves that low internal EMF 
corresponds to drawing lagging reactive current, whereas a high internal EMF causes the 
motor to actively supply reactive power (leading current) back to the grid. 

Plotting the scalar magnitude of the armature current against the DC field current for a 
constant active load yields the characteristic V-curve.71 The lowest geometric point of the V-
curve corresponds precisely to unity power factor, where the armature current is at its 
absolute minimum required to sustain the mechanical load.70 Decreasing the field current 
moves the operation up the left side of the curve (lagging PF, under-excited), while increasing 
it moves up the right side (leading PF, over-excited). Inversely, plotting the power factor 
against the field current yields the Inverted V-curve, mapping out a peak at unity power 
factor.31 Because of this unique capability, large, unloaded, heavily over-excited synchronous 
motors are frequently installed at industrial substations specifically to act as "synchronous 
condensers," dynamically correcting the poor, lagging power factors created by massive 
banks of induction motors.68 



Hunting and Oscillatory Stability 
Synchronous motors are inherently susceptible to a dynamic instability known as "hunting" or 
phase swinging.1 When the mechanical load on the shaft changes abruptly, the rotor must 

physically shift to a new load angle  to balance the newly demanded electromagnetic torque. 
However, due to the massive rotational mechanical inertia of the rotor assembly, it overshoots 
the required equilibrium position. This triggers a restoring synchronizing torque that pulls it 
back, causing the load angle to oscillate rhythmically around its final steady-state value in a 
spring-mass-like mechanical resonance.73 This oscillation induces dangerous cyclic mechanical 
stress on the shaft, causes violent power swings in the supply grid, and, if the oscillation 
frequency matches the natural mechanical resonant frequency of the system, can cause the 
motor to lose magnetic synchronism entirely and violently stall.74 

To actively suppress hunting, synchronous machines are universally fitted with damper 
(amortisseur) windings. These consist of heavy copper or brass bars embedded deeply into 
the pole faces of the rotor and short-circuited by end rings, essentially forming a partial 
squirrel cage.73 During normal, steady-state synchronous operation, these bars rotate at the 
exact same speed as the stator RMF; they cut no magnetic flux, and no current is induced in 
them. However, during an episode of hunting, the relative motion between the oscillating rotor 
and the synchronously rotating stator field induces massive, localized short-circuit currents in 
the damper bars. According to Lenz's law, the resulting induction torque acts strictly to 
oppose the relative oscillatory motion, rapidly damping the phase swing by extracting the 
kinetic energy of the oscillation and dissipating it as heat, thereby stabilizing the rotor.73 
Furthermore, this induction action provides the critical starting torque required to accelerate 
the motor near synchronous speed before the DC field is switched on, elegantly resolving the 
motor's inherent inability to self-start from rest.59 

Efficiency and Losses 
The overall efficiency of synchronous motors is governed by the rigorous thermodynamic 

management of operational losses. Electrical (copper) losses, quantified as , manifest as 
heat in both the AC stator windings and the DC rotor field windings.77 Magnetic (core) losses 
occur primarily in the stator iron due to the alternating flux and include hysteresis losses 
(dependent on the metallurgical retentivity of the steel) and eddy current losses (minimized by 
using ultra-thin silicon steel laminations).78 Mechanical losses encompass bearing friction and 
aerodynamic windage resistance, which is particularly severe in salient-pole rotors due to the 
fan-like churning of air by the projecting poles.78 Modern Permanent Magnet Synchronous 
Motor (PMSM) variants entirely eliminate rotor copper losses because the permanent magnets 
provide the requisite field flux without drawing excitation current, yielding system efficiencies 



frequently exceeding 95%.77 

Unit V: Fractional Horse Power (FHP) and Special 
Motors 

Reluctance Motors: Synchronous vs. Switched 
Reluctance motors operate on the fundamental physical principle that magnetic flux will 
always seek the path of least magnetic reluctance. The rotor experiences a reluctance torque 
that forces it to align its salient poles with the energized stator poles to minimize the 
reluctance of the air gap.82 

Synchronous Reluctance Motors (SynRM): This modern machine pairs a standard, 
distributed-winding AC induction motor stator with a highly specialized rotor entirely devoid of 
permanent magnets or copper windings. The rotor utilizes complex axial or radial steel 
laminations embedded with strategic air barriers (flux slits) to create distinct paths of high and 
low magnetic reluctance (defining the d-axis and q-axis).82 Because there is no rotor cage or 

field winding, rotor  copper losses are virtually zero, allowing SynRMs to achieve 
operational efficiencies far superior to premium induction motors while running much cooler.84 
They run purely at synchronous speed and require highly sophisticated variable frequency 
drives utilizing vector control algorithms to constantly monitor the torque angle and manage 
inherent torque ripple.84

 



Switched Reluctance Motors (SRM): Unlike the SynRM, the SRM features a doubly salient 
construction, meaning both the stator and the rotor have highly distinct, projecting iron 
poles.82 The stator poles hold simple, concentrated windings, while the rotor is merely a 
shaped block of laminated iron with no active components. Electromagnetic torque is 
produced by sequentially pulsing discrete blocks of direct current through diametrically 
opposite stator coils, forcefully pulling the nearest rotor poles into alignment one by one.82 
Because the electrical phases must be switched at highly specific rotor angles to maintain 
continuous forward rotation, SRMs cannot operate directly from a grid; they depend 
completely on closed-loop drive electronics utilizing high-resolution optical encoders or Hall-
effect position sensors.82 While structurally indestructible and capable of speeds exceeding 
30,000 RPM, SRMs suffer from severe acoustic noise and vibration due to the violent radial 
magnetic forces generated during the pulsed phase switching.82 

 

Feature Synchronous Reluctance 
Motor (SynRM) 

Switched Reluctance 
Motor (SRM) 

Stator Construction Conventional distributed 
multiphase AC winding 

Concentrated winding coils 
on salient poles 

Rotor Construction Round rotor with internal air 
flux barriers 

Salient pole structure 
(doubly salient geometry) 

Current Profile Continuous, smooth 
sinusoidal AC currents 

Discontinuous, pulsed DC 
current blocks 

Acoustic Noise Quiet operation, 
acoustically similar to 
induction motors 

Extremely noisy due to 
impulsive radial magnetic 
forces 

Control Method Field Oriented Control 
(Continuous Vector Drive) 

Position-dependent 
discrete sequential phase 
switching 

Table 4: Operational and 
Constructional Distinctions 

  



between SynRM and SRM.82 

Permanent Magnet Motors (PMSM and BLDC) 
Both Permanent Magnet Synchronous Motors (PMSM) and Brushless DC (BLDC) motors 
substitute traditional, loss-inducing electromagnetic field coils on the rotor with high-
coercivity rare-earth permanent magnets (typically Neodymium-Iron-Boron).80 This 
substitution absolutely abolishes rotor excitation losses, vastly improving the power-to-weight 
ratio, volumetric torque density, and dynamic thermal response of the machine.80 

While physically similar from an external perspective, they differ profoundly in their internal 
stator winding distribution and required control architecture. The PMSM features sinusoidally 
distributed stator windings carefully designed to generate a smooth, purely sinusoidal back 
EMF.90 Control relies on complex Field Oriented Control (FOC) mathematical algorithms that 
constantly map the rotor position via high-resolution optical encoders. The drive uses this data 
to maintain the stator MMF vector at precisely 90 electrical degrees relative to the permanent 
magnet flux axis under all load conditions, ensuring maximum torque output and minimizing 
mechanical ripple.84 

In stark contrast, the BLDC motor features concentrated stator windings that produce a 
trapezoidal back EMF profile.80 Its operation effectively mirrors an inverted standard DC 
motor, where the mechanical brush-and-commutator assembly is replaced entirely by a digital 
electronic commutator (a three-phase inverter).80 Using simple, low-cost Hall-effect sensors 
to detect the rotor's magnetic poles, the drive energizes the stator coils in a discrete 6-step 
sequence, reacting instantaneously to position feedback. The complete elimination of physical 
carbon brushes eradicates sparking, mechanical friction, and the need for frequent 
maintenance, rendering the BLDC motor intrinsically safe for hazardous explosive 
environments and highly suitable for high-speed aerospace, medical, and robotic 
applications.80



 

Stepper Motors and Servomotors 
Stepper Motors: Unlike continuous rotation machines, stepper motors translate discrete 
digital electrical pulse inputs into precise, definite angular mechanical movements (steps).82 
They are constructed in three primary topologies: Variable Reluctance (using a soft iron 
multiphase toothed rotor that seeks minimum reluctance paths), Permanent Magnet (utilizing a 
radially magnetized cylindrical rotor), or Hybrid types (combining PM stators with highly 
toothed rotors to achieve exceptional holding torque and micro-stepping angular resolution).82 
Because a specific sequence of electronic pulses dictates an exact angular displacement, 
stepper motors can execute highly precise positional control in an entirely open-loop 
architecture—requiring no feedback encoder to verify position, provided the motor does not 
mechanically stall.82 This deterministic behavior makes them ubiquitous in computer 

peripherals, 3D printers, CNC machinery, and textile manufacturing robotics.82 

Servomotors: Servomotors are not a specific class of electromagnetic machine, but rather 
motors purposefully engineered and integrated into high-performance closed-loop motion 
control systems requiring exceptional dynamic response, rapid acceleration, and precise 
holding torque.82 DC Servomotors typically utilize separate field excitation or permanent 
magnets, creating a highly linear torque-speed curve with a steep negative slope. This inherent 
negative slope acts as viscous mechanical damping, naturally preventing positional overshoot 
during rapid point-to-point movements.82 AC Servomotors are typically modified two-phase 
induction motors or PMSMs driven by advanced PWM controllers. They often utilize a 



specialized "drag-cup" rotor construction characterized by extremely thin, low-mass 
conductive aluminum or copper cylinders.97 This exceptionally low mechanical rotational inertia 
allows the motor shaft to accelerate, decelerate, and reverse direction virtually 
instantaneously, perfectly matching the high-frequency command signals processed from an 

integral position encoder or resolver.96  

 

Specification AC Servomotor DC Servomotor 

Feedback Mechanism High-resolution optical 
encoders or resolvers 

Optical encoders or analog 
potentiometers 

Torque Profile Constant torque available 
across variable speeds 

High starting torque, but 
severely declines at high 
speed 

Inertia & Response Very low inertia (drag-cup 
design), ultra-rapid 
response 

Higher inertia due to heavy 
iron armature core 

Maintenance Minimal (no 
commutators/brushes to 
wear out) 

High (carbon brush and 
copper commutator wear) 

Table 5: Technical 
Comparison of AC and DC 

  



Servomotors for Closed-
Loop Control Systems.82 

Through mastering the fundamental mathematical electromagnetics—such as the double-field 
revolving theory, the intricacies of synchronous impedance regulation, and the contemporary 
realities of digital PWM drive integration—modern engineering continues to push the 
boundaries of efficiency and precision in electromechanical energy conversion. 

 


