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3 Chapter Roadmap

1 Rotational 
motion

2 Torque, work, 
power

3 Newton’s law of 
rotation

4 Magnetic field 5 Magnetic circuits 6 Air-gap flux

This part builds the mechanical and magnetic foundation for electrical machines.
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4 Angular Position, Velocity and Acceleration

Rotational Kinematics

θ  = angular position      (rad or deg)

ω  = dθ/dt                 (rad/s)

α  = dω/dt                 (rad/s²)

ω = 2πn/60     for n in rpm

Example: 1800 rpm → ω = 188.5 rad/s

Eng. Nael S. Dokhan



5 Torque, Work and Power

Mechanical Power Relations

τ = F × r_⊥

τ = F r sinθ (N·m)

W = ∫ τ dθ

If τ is constant:   W = τ θ

P = dW/dt = τ dθ/dt

P = τ ω                  (watt)
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6 Newton’s Law of Rotation

Linear motion Rotational motion

F = ma τ = Jα

F: force (N)
m: mass (kg)
a: acceleration (m/s²)

τ: torque (N·m)
J: moment of inertia (kg·m²)
α: angular acceleration (rad/s²)

J describes how difficult it is to accelerate a rotating body.
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7 The Magnetic Field
Production of a Magnetic Field

Ampere’s Law

∮ H · dl = Iₙₑₜ

Magnetizing Field

H 𝐿𝑐 = N i

H = 
𝑁 𝑖

𝐿𝑐

B = μ H

μ = μᵣ μ₀
Current in the coil creates magnetic field intensity H and 

flux Φ in the core.
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8 Magnetic Quantities

H
Field intensity

A/m

B
Flux density

T

Φ
Magnetic flux

Wb

μ
Permeability

H/m

Flux Relations

Φ = ∫ B dA

For uniform B:   Φ = B A

Φ =
μ 𝑁 𝑖 𝐴

𝐿𝑐
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9 Magnetic Circuits

Electric Circuit Magnetic Circuit

V = IR      F = Φℜ
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10 Magnetic Circuit Equations

Main Equations

F = N i                  (A·turns)

ℜ = 
𝐿𝑐

μ A

Φ = 
𝐹

ℜ
 

B = 
Φ
𝐴

Series Path

Series reluctances:

ℜeq = ℜ₁ + ℜ₂ + ℜ₃ + …

Parallel Path

Parallel reluctances:

1/ℜeq = 1/ℜ₁ + 1/ℜ₂ + 1/ℜ₃ + …
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11 Air-Gap Magnetic Field

Air Gap Notes

Flux crosses the air gap from N to S.
Air has high reluctance.
Most mmf drop often occurs in the air gap.

Useful Approximations

ℜ
𝑔
= g / (μ₀ Ag)

B𝑔 ≈ Φ / Ag

F𝑔 = Φ ℜ
𝑔
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12 Worked Example: Simple Magnetic Core

Given

N = 400 turns
i = 1.5 A
lc = 0.30 m
A = 20 cm²
μᵣ = 1000

Solution

F = Ni = 400(1.5) = 600 A·turns

H = Ni/lc = 600/0.30 = 2000 A/m

μ = μᵣ μ₀ = 1000(4π×10⁻⁷)

B = μ H = 2.51 T

A = 20 cm² = 2×10⁻³ m²

Φ = BA = 2.51(2×10⁻³) = 5.02 mWbThis example links current, field 
intensity, flux density, and flux.
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13 Summary

• Rotational motion uses θ, ω, and α.
• Torque produces rotational acceleration:  τ = Jα.
• Mechanical output power:  P = τω.
• Current produces magnetic field:  ∮H·dl = Iₙₑₜ.
• Magnetic circuits use mmf, flux, and reluctance.
• Air gaps strongly affect machine magnetic behavior.
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15 Example 1

Given:
N = 200 turns, i = 1 A, μ𝑟 = 2500
Core depth = 10 cm
Find the magnetic flux φ produced in the core.

A ferromagnetic core is shown. Three sides of 
this core are of uniform width, while the fourth 
side is somewhat thinner. The depth of the core 
(into the page) is 10 cm, and the other 
dimensions are shown in the figure. There is a 
200-turn coil wrapped around the left side of 
the core. Assuming a relative permeability 𝜇𝑟of 
2500, how much flux will be produced by a 1 A 
input current?
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16 Example 1 — Solution

Final Result

φ = 4.77 mWb

Calculations Equivalent Magnetic Circuit
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17 Example 2

Given:
𝐿𝑐 = 40 𝑐𝑚

Air gap = 0.05 cm
𝐴𝑐 = 12 cm²
N = 400 turns
μ𝑟 = 4000
Fringing increases 𝐴𝑔 by 5%

Find total reluctance and the 
current for B = 0.5 T.

Figure shows a ferromagnetic core whose mean path length is 40cm. There is a small gap of 0.05cm in the 
structure of the otherwise whole core. The csa of the core is 12cm², the relative permeability of the core is 
4000, and the coil of wire on the core has 400 turns. Assume that fringing in the air gap increases the 
effective csa of the gap by 5%. Given this information, find (a) the total reluctance of the flux path (iron 
plus air gap) (b) the current required to produce a flux density of 0.5T in the air gap.
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18 Example 2 — Solution

Equivalent Magnetic Circuit

Final Result

i = 602 mA
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19 Example 3

Given:
ls = 50 cm,  As = 12 cm²
lr = 5 cm,  Ar = 12 cm²
Two air gaps, each 0.05 cm
Ag = 14 cm² (with fringing)
μr = 2000
N = 200 turns,  i = 1 A
Find the air-gap flux density B.

Figure shows a simplified rotor and stator for a dc motor. The mean path length of the stator is 50cm, and 
its csa is 12cm². The mean path length of the rotor is 5cm, and its csa also may be assumed to be 12cm². 
Each air gap between the rotor and the stator is 0.05cm wide, and the csa of each air gap (including 
fringing) is 14cm². The iron of the core has a relative permeability of 2000, and there are 200 turns of wire 
on the core. If the current in the wire is adjusted to be 1A, what will the resulting flux density in the air 
gaps be?
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20 Example 3 — Solution

Equivalent Magnetic Circuit

Final Result

B = 0.1903 T
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21 Summary

Key Ideas

Angular motion uses θ, ω, and α.
Mechanical power in rotation: P = τ ω.
Magnetic-field intensity: H = Ni / l.
Flux density: B = μ H.
Magnetic flux: φ = BA.
Reluctance: ℜ = l / (μ A).
Magnetic-circuit law: F = φ ℜ, where F = Ni.

Worked Examples

Example 1.1: φ = 4.77 mWb
Example 1.2: i = 602 mA
Example 1.3: B = 0.1903 T
These examples support the 
magnetic-circuit foundations used 
in electrical machines.

θ, ω, α   •   τ = F r sinθ •   P = τω •   H = Ni/l   •   B = μH •   φ = BA   •   ℜ = l/(μA)
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23 Example 4
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24 Example 4 — Solution
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25 Ferromagnetic Materials Behavior
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26 Example 5

Find the relative permeability of the typical ferromagnetic material whose magnetization 
curve is shown at (a) 𝐻 = 50, (b) 𝐻 = 100, (c) 𝐻 = 500, and (d) 𝐻 = 1000A-turn/m.
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27 Example 5 — Solution
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28 Example 6

A square magnetic core has a mean path length of 55cm and a csa of 150cm². A 200-turn coil 
of wire is wrapped around one leg of the core. The core is made of a material having the 
magnetization curve shown below. Find: (a) How much current is required to produce 0.012 
Wb of flux in the core?, (b) What is the core’s relative permeability at that current level?, and 
(c) What is its reluctance?
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29 Example 6 — Solution
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31 Faraday’s Law of Induction
Time-varying magnetic field

If a flux passes through a turn of a coil of wire, voltage will be induced in 
the turn of the wire that is directly proportional to the rate of change in the 
flux with respect of time (Faraday’s Law).
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32 Faraday’s Law of Induction
Time-varying magnetic field

The direction of the build-up voltage in the coil is as such that if the coils 
were short circuited, it would produce current that would cause a flux 
opposing the original flux change (Lenz’s Law).
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33 Example 7

The coil of wire wrapped around the iron core in the figure shown has 100 
turns. If the flux in the core is given by Φ = 0.05 sin 377 𝑡 Wb Determine the 
voltage induced at the terminals of the coil and its polarity when flux is 
increasing in the reference direction shown.

Solution
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34 PRODUCTION OF INDUCED FORCE ON A WIRE

A magnetic field produces a force on a current-carrying wire placed inside it.
The force direction is determined by the right-hand rule.
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35 PRODUCTION OF INDUCED FORCE ON A WIRE
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36 Example 8

The figure shows a wire carrying a current in the presence of a magnetic field. The magnetic 
flux density is 0.25 T, directed into the page. If the wire is 1 m long and carries 0.5 A of 
current in the direction from the top of the page to the bottom, what are the magnitude 
and direction of the force induced on the wire?

Solution
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37 INDUCED VOLTAGE ON A CONDUCTOR MOVING IN A MAGNETIC FIELD

Eng. Nael S. Dokhan



38 Example 9

The figure shows a conductor moving with a velocity of 5 m/s to the right in the presence of 
a magnetic field. The flux density is 0.5 T into the page, and the wire is 1 m length, oriented 
as shown. What are the magnitude and polarity of the resulting induced voltage?

Solution
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39 Example 10

Figure shows a conductor moving with a velocity of 10 m/s to the right in a magnetic field. 
The flux density is 0.5 T, out of the page, and the wire is 1 m in length. What are the 
magnitude and polarity of the resulting induced voltage?

Solution
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40 Thank you

Thank you
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