
1. Ampere’s Law: a current-carrying conductor produces a 
magnetic field surrounding it

𝐶Hׯ ⋅ 𝑑l = 𝑵𝑖

2. Faraday’s Law: the induced voltage in a circuit is 
proportional to the rate of change over time of the 
magnetic flux through that circuit

𝑒𝑖𝑛𝑑 =
𝑑𝜆

𝑑𝑡
= 𝑁

𝑑𝜙

𝑑𝑡

1. A current-carrying conductor in a magnetic field has a 
force induced on it (due to Lorentz Force)

▪ Basis for motor action
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Principles of Magnetic Fields



DC Machines
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Equivalent Circuit
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ea = Ka fd wm = Kv wm

𝑇𝑒 = 𝐾𝑎𝜙𝑑𝑖𝑎 = 𝐾𝑎𝜙𝑑 (𝑣𝑎− 𝐾𝑎𝜙𝑑𝜔𝑚 Τ) 𝑅𝑎

𝜔𝑚 =
(𝑣𝑎 − 𝑖𝑎𝑅𝑎)

𝐾𝑎𝜙𝑑
=
(𝑣𝑎 −

𝑇𝑒
𝐾𝑎𝜙𝑑

𝑅𝑎)

𝐾𝑎𝜙𝑑

ea ia = Te wm
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Control

Speed control:

▪ Flux control or voltage control

Torque Control:

▪ Armature current (Ia)
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Ea = V – Ia Ra = Kafdw

w = (V – Ia Ra)/Kafd

Pmech = Ea Ia = Kafd w Ia

=> Torque = Pmech/w = Kafd Ia

Ia

Ea
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Torque/Power vs speed capability of motors



BLDC Motor
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Solar car motor
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Reluctance Machines
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Magnetic Circuit

Assuming linear isotropic material (𝐵 = 𝜇𝐻) 

and ignoring ‘leakage flux’

Applying Ampere’s law around the mean 

path: 𝐻𝑙𝑐 = 𝑁𝑖 = ℱ (mmf of coil)

Assuming uniform flux density in the core: 

𝜙 = 𝐵𝐴

𝜙 = 𝜇𝐻𝐴 =
𝜇𝐴

𝑙𝑐
ℱ = ℱ/ℛ

Equivalently:

ℱ = ℛ𝜙

where ℛ =
𝑙𝑐

𝜇𝐴
is the core’s reluctance

(analogous to electrical resistance).

𝑙𝑐

Cross-sectional area A

𝑁

𝑖

𝜙
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Inductance

For a winding with 𝑁 turns, its flux linkage: 𝜆 = σ𝑖=1
𝑁 𝜙𝑖, where 𝜙𝑖

is the flux linking the 𝑖𝑡ℎ turn

For a concentrated winding: 𝜆 = 𝑁𝜙

The inductance L relates the flux linkage 𝜆 to winding current 𝑖:

𝜙 =
𝜆

𝑁
=
ℱ

ℛ
=
𝑁𝑖

ℛ
→ 𝐿 =

𝜆

𝑖
=
𝑁2

ℛ

In multi-winding magnetic circuits, mutual inductances relate the 
flux in one winding to the current in another



Energy Approach to Electromechanical Energy 
Conversion

Electromagnetic field
Electrical Energy

v, i
Mechanical work,

f, x

Losses
(neglect)

Energy = 

 𝑓 𝑑𝑥  

Stored Energy, 
Wm

Losses Losses



Energy Approach

State variables, 𝜆, 𝑥  

Neglecting Losses,

=              -



Stored energy in magnetic field

For linear systems,
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If each phase is excited with a constant 
current at positions where dL/dq > 0 
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Power supply rating:

Where T is the length of one step (s)



Electrical Machine Design
▪ Electrical machine design is a mix of art & science, in contrast to modeling and analysis

▪ Many design parameters and trade-offs across different domains (electromagnetics, 
mechanical, thermal, controls, materials, economics, etc.)

▪ No unique solution, and difficult to set up as an ‘inverse problem’ without major 
simplifications and narrowing down of the design space

▪ Optimal design depends heavily on the emphasis on the overall objectives

▪ Typically, an iterative process: design -> analysis -> design refinement -> analysis,…

▪ Start with design goals – many: cost, efficiency, size, etc.

▪ Initial sizing to generate a “concept” and down-select a configuration based on 
approximate performance prediction.

▪ Useful to start with a low fidelity assessment and an approach for a quick sizing, to get 
things going. This may be where your expertise in machine design is most impactful.

▪ The remaining steps can be done somewhat mechanically if equipped with adequate 
analysis tools and sufficient time. An optimization tool may also help.

o Electromagnetics design to size windings, laminations, magnets

o Thermal design to keep temperature/loss within limits and specifications

o Mechanical design to ensure proper rotor construction  (specifically high-speed machines)



Design Constraints

The materials used for the machine and other features like cooling impose design 
limitations.

• Flux density: Saturation of iron poses a limitation on account of increased core 
loss and excessive excitation required to establish a desired value of flux. It also 
introduces harmonics.

• Current density: Higher current density reduces the volume of copper but 
increases losses 

• Temperature: limitation on account of possible damage to insulation and other 
materials temperature sensitive materials (PM, composites etc)

• Voltage stresses: limitation on account of breakdown by excessive voltage 
gradient, mechanical forces or heat.

• Mechanical stresses: poses a limitation particularly in case of large and high 
speed machines.

Also need to consider additional requirements from customer, manufacturer or 
standards – efficiency, dynamic performance, fault tolerance, etc
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▪ Lamination steels:
▪ Cold-rolled steel: cheap, for mass production, high loss
▪ Electrical (silicon) steel: Mxx grades, balance performance (loss) with cost
▪ Cobalt-iron steel: Permendur, Hiperco, Vacoflux, Vacodur, …

high cost (10 – 100x electrical steel), low loss, highest flux density, used in many high 
performance applications

▪ All lamination steels need to be heat-treated to achieved desired properties
-> trade-off between magnetic (core loss) and mechanical performance (strength)

▪ Conductors / magnet wire:
▪ Copper unless temperatures are beyond what copper can handle (i.e., 300°C +)
▪ More important choice is magnet wire insulation (material, thickness).  Choice depends 

on expected temperature and voltage levels

▪ Insulation:
▪ Nomex papers (10 – 20 mil) to provide phase-phase and phase-ground (lamination stack) 

insulation
▪ Electrical-grade resin sprayed onto the lamination stacks (3 – 5 mil thick)
▪ High-temperature ceramic insulators in extreme temperatures

▪ Permanent magnets:
▪ Neodymium magnets provide highest energy/flux density, but top out around 150°C
▪ Samarium Cobalt magnets have are much more temperature stable, from cryogenic to 

350°C, but have lower energy density
23

Materials 



Magnetic materials

Soft magnetic materials have relatively narrow 
hysteresis loop and a steep magnetization curve. 
Properties of good soft magnetic material for 
machine design:

▪ High magnetic permeability

▪ High saturation induction 

▪ Narrow hysteresis loop or low coercivity to 
minimize hysteresis loss

▪ High electrical resistivity to minimize eddy current 
loss

▪ A high curie point

Hard or permanent magnetic materials have wide 
hysteresis loop. Properties of good hard magnetic 
material for machine design:

High energy density, low temperature sensitivity, 
‘resistant’ to demagnetization, high electrical 
resistivity, 

Soft Magnetic Material

Hard Magnetic Materials



Conducting materials

Desirable properties a good conductor should possess are listed below.
• Low value of resistivity or high conductivity
• Low value of temperature coefficient of resistance
• Highly malleable and ductile, High tensile strength
• High resistance to corrosion
• Allow brazing, soldering or welding so that the joints are reliable
• Low cost

Copper Aluminum

Resistivity at 200oC 0.0172 ohm / m/ mm2 0.0269 ohm/m/mm2

Conductivity at 200oC 58.14 x 106S/m 37.2 x 106S/m

Density at 200oC 8933 kg/m3 2689.9 kg/m3

Temperature coefficient (0-100oC) 0.393 % per oC 0.4 % per oC

Coefficient of linear expansion (0-100oC) 16.8x10-6 per oC 23.5x10-6 per oC

Tensile strength 25 to 40 kg / mm2 10 to 18 kg / mm2

Mechanical property highly malleable and ductile not as good

Thermal conductivity (0-100oC) 599 W/m oC 238 W/m oC

Joining easily soldered 



Insulating Materials
An ideal insulation material should possess the following properties:
• high dielectric strength
• withstand high temperature
• relatively high thermal conductivity
• low dissipation due to conduction or dielectric losses
• flexible and mechanically compliant 
• withstand mechanical stresses over many cycles
• withstand vibration, abrasion, bending
• be inert to environment (moisture, oxidation, etc)



Thermal Management
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Heat in = power applied X 
efficiency losses
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