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89 Chapter Roadmap

0 Rotational 0 Torque, work, e Newton’s law of

motion power rotation

° Magnetic field ° Magnetic circuits ° Air-gap flux

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

Ditestion Rotational Kinematics

of rotation

0 = angular position (rad or deg)
_____ rein(180 2 0)=rsiné | y = dO/dt (rad/s)
o = dw/dt (rad/s®)
w = 2mn/60 forninrpm
Example: 1800 rpm = w = 188.5 rad/s
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59 Torque, Work and Power

Mechanical Power Relations

Direction
of rotation T = F X r_J_
r sin(180 — 8) =  sin 6 T=Frsin6 (Nm)
W=[1td6

[f Tis constant: W=T1860

P=dW/dt=1tdO/dt
P=1tw (watt)
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Newton’s Law of Rotation

Linear motion Rotational motion
F=ma T=]a

F: force (N) T: torque (N-m)

m: mass (kg) J: moment of inertia (kg-m?)

a: acceleration (m/s®) a: angular acceleration (rad/s?)

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

Production of a Magnetic Field

Ampere’s Law

¢ H * dl _ Inet ¢ e
I
—> ; CSA
) %/
Magnetizing Field ) 2//
I . ' N turns /
- — )
) O § LC — N 1 b
- NI
J L C mean path length, |,
B o u' H Currentin the coil creates magnetic field intensity H and

flux ® in the core.
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Magnetic Quantities

H B d n

Field intensity Flux density Magnetic flux Permeability
A/m T Wb H/m

® = [ BdA -
For uniform B: ® =B A =
UNIiA

L.

CSA
P

N turns V

P =

mean path length, I,
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89 Magnetic Circuits

Electric Circuit Magnetic Circuit
/ ¢
o —_—

V <+> R £y <+> Reluctance, R
- (mmf) -

V=IR & F=®0R
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10 Magnetic Circuit Equations

Series Path

Main Equations

Series reluctances:

F = N i (A-turns) Req =Ry + Ry + Ry +
R =
u
F
CI) ﬁ Parallel Path
B = % Parallel reluctances:
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11 Air-Gap Magnetic Field

Air Gap Notes

N 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/ (o Ag)
S B, =~ @/ Ag

Fg=d R,
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12 \Worked Example: Simple Magnetic Core

Given Solution

N = 400 turns F=Ni=400(1.5) = 600 A-turns

I=1.5A H = Ni/lc = 600/0.30 = 2000 A/m

lc=0.30 m .

A =20 cm? L= U bo =1000(41tx107")
B=pH=251T

tr = 1000

A=20cm?=2x10"°m?
This example links current, field O = BA = 2.51(2X1O_3) = 5.02 mWb

intensity, flux density, and flux.
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13 Summary

* Rotational motion uses 9, w, and a.

* Torque produces rotational acceleration: t=Ja.

* Mechanical output power: P =tw.

* Current produces magnetic field: $H-dl = I et

* Magnetic circuits use mmf, flux, and reluctance.

* Air gaps strongly affect machine magnetic behavior.
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A ferromagnetic core is shown. Three sides of 15 et 30cm —10em—
this core are of uniform width, while the fourth - 1 S
side is somewhat thinner. The depth of the core P e
(into the page) is 10 cm, and the other | | — N B
dimensions are shown in the figure. There is a —
200-turn coil wrapped around the left side of z‘*‘*‘*ﬂn
the core. Assuming a relative permeability u,.of e M s | 0
2500, how much flux will be produced by a 1 A -
input current? ““"'.'::::h. et N
Given: i i
N=200turns,i=1A,p,=2500 : A
Core depth=10cm 15 em —- 30 em =10 om—

Deoth = 10

Find the magnetic flux ¢ produced in the core.
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*Y Example 1 — Solution

Calculations Equivalent Magnetic Circuit

R £ 130x10™ .
pA,  2500x47x107 x15x10x10™
R =27586.86 AYWb ®Q,

R - & . 45x107 we
uAd,  2500x47x107 x10x10x10™ ¥ IJC—)

2

R, =14323 94 A/Wb % 2,

R, =R +R,=41910.8 AyWb
= Ni - 200x1 1 .

R AI3105 o= 477 mWb
@=4.77 mWb
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70 Example 2

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 12cm?, 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.

£
\;‘_‘*\
N =400
turns

Given:

L.=40cm

Air gap =0.05cm

A.=12cm?

N =400 turns

b, = 4000

Fringing increases A, by 5%

Find total reluctance and the
currentforB=0.5T.

/

[TTTTTTT
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189 Example 2 — Solution

ec 40 x 1()‘2 Equivalent Magnetic Circuit

T4 4000x47x107 x12x10™ y

R = 66314.56 AW —
¢, 005x107 Z @, (Reluctance of cor

“ pA, 4rx107x12.6x10™ -
R =315783.62 AW
g?m _ gzc + *(Ra —382098. 18 At/Wb %(ﬁu (Reluctance of air gap)
i B _Ni _ 400xi

R, 382098.18
. _BxAx%R, _ 0.5x12.6x10™ x382098.18 e
400 400 i =602 mA

i =0.602x10° =602 mA
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199 Example 3

Figure shows a simplified rotor and stator for a dc motor. The mean path length of the stator is 50cm, and
its csa is 12cm?. The mean path length of the rotor is 5cm, and its csa also may be assumed to be 12cm?.
Each air gap between the rotor and the stator is 0.05cm wide, and the csa of each air gap (including
fringing) is 14cm?. 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?

Given:

ls=50cm, As =12 cm?

lr=5cm, Ar=12cm’

Two air gaps, each 0.05cm

Ag =14 cm?” (with fringing)

hur=2000

N=200turns, i=1A

Find the air-gap flux density B.

Eng. Nael S. Dokhan



2009 Example 3 — Solution

Nl- 200 X 1 Equivalent Magnetic Circuit
3
¢ e s x 10

R, 7150775.55

tat

$ =0.2664 mWb
§  02664x10" wem ()

Rotor reluctance
B = — D,

A 14x107*

B =0.1903T
R, =R, =284205.26 AUWb
Final Result

Ry =R +RA+2R, B=0.1903 T
R, =750775.55 AUWD

Air gap 1 reluctance

Cpu]

§ Ry Air gap 2 reluctance
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219 Summary

Key Ideas

Angular motion uses 0, w, and a.

Worked Examples
Mechanical power in rotation: P =t w.

Example 1.1: ¢ =4.77 mWb

Magnetic-field intensity: H=Ni /. Example 1.2:i = 602 mA

Flux density: B = p H. Example 1.3: B=0.1903T
Magnetic flux: ¢ = BA. These examples support the
Reluctance: R=1/ (IJ A). magnetic-circuit foundations used

, : , . in electrical machines.
Magnetic-circuit law: F = ¢ ‘R, where F = Ni.

0,w,0 ¢ T=FrsinO ¢ P=tw ¢ H=Ni/l ¢« B=pH ¢ @=BA ¢ R=1/(uA)
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23 Example 4

An electromagnet of square cross-section has a tightly wound coil with
1500 turns. The inner and outer radii of the magnetic core are 10 cm and
12 cm, respectively. The length of the air-gap is 1 cm. If the current in the
coil is 4 A and the relative permeability of the magnetic material is 1200,
determine the flux density in the magnetic circuit.

Magnetic
material

Fringing
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245 Example 4 — Solution

[ =2nxx11-1=68.12cm
A,=A4,=2x2=4cm’
68.12x107*

R, = 7 4
1200x47x10" x4 x10

P 1x107

¢ 4 x107"x4%x107*

R=R,+R,=21.023x10° A.t/Wb

o= 209%% 65 400%10°° Wh

21.023x10°

-6
B =B, = 28,402 ’f}o —0.714 T
§ 4x10

=1.129x10% A.t/Wb

=19.894x10° A.t/Wb
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25 Ferromagnetic Materials Behavior

¢, Wb ¢ B.T ¢

F., A = tumns H, A = tums/m
(a) (b}

» =BxA=uxHXxA
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269 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.

2.8 T
26 |

2.4

2.2 -

2.0 —

1.8 - |
i

1.6
1.4 =]

1.2 - /

1.0 pd ! A

/ i

0.6 v L

Flux density B (T)
\

0.4 /| I
0.2 ;f/!-

o | |
10 20 30 40 50 100 200 300 500 1000 2000 5000

Magnetizing intensity [, A < turns/m
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27 Example 5 — Solution

a _ B b B
at H =50A-turn'm B =0.25T at H =100 A-turn'm B =0.72T
0.25 0.72
= M 0.005 — 3980 o, = Lo 0.0072 _ 5730
Ko 4rx1077 Ko  4mx107
C _ B d _B
=" =H
at H =500A-tun/m B =14T at H =1000A-turn'm B =1.51T
1.4 1.51
M= _SW = (0.0028 H/m H = W = 0.00151 H/m
i = Mo 0.0028_ — 930 . i Ko 0.0015}7 — 1200
H, 4rxx1077 M, 4 x10
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&Y Example 6

A square magnetic core has a mean path length of 55cm and a csa of 150cm?. 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?

2.8 ;
2.6
2.4

2.2 =1~

2.0 :

1.8 .
1.6 HEEE el

1.4 ]

L2 - // L

1.0 d - | LN
0.8 / } )

0.6 . L
-— i
- — -

0 | |
10 20 30 40 50 100 200 300 500 1000 2000 S000

hMagnetizing intensity &, A = turns/m

Flux density B (T)
\
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299 Example 6 — Solution

( 3
_ ¢ _0012
@ B“A_0015‘O°8T
H =115 A-turn/m (from curve)
F =Ni=H!{=115%0.55
F = 63.25 A-turn
. F  63.25
] = =0.316 A
| N ~ 200 )
(M B 08
b «-= = Ti5 = 0.00696 H/m
_u 0.00696
] = = i
o kg
F  63.25
@ R = ¢ ~ 0.012
3 R = 5270 A-turn/Wb
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319 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).

d ¢ where

eind o - - -
dt ¢..q = voltage induced 1n the coil
d ¢ N = number of turns of wire 1n coil
=—-N — ¢ = flux passing through coil

€.
ind dt

Eng. Nael S. Dokhan



321 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).

Direction of i required

TS i
i
e + -
d i <
.h-_—__—‘_‘-'-\-
"--.___‘—_—_\ '}
D €ind q
-‘-_l_-—_‘__‘-
( N turns d
‘h-—_'_'——---. C
P >
(‘-————___,_‘ | .- Direction of
l > ,!, opposing flux
¢ o
¢ @ increasing
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s89 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 ® = 0.05sin 377t Wb Determine the
voltage induced at the terminals of the coil and its polarity when flux is
increasing in the reference direction shown.

/ Solution d
Required direction of i e ind — N —¢
ot dt
<”'_':\\> d :
N e. , =100—(0.05sm377¢)
= !
- N e. ,=1885¢c0s377t V
il e, =1885sin(377 +90°) V

¢ =0.05 sin 377t Wb

Eng. Nael S. Dokhan



345 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.

L , L
¥ X TN « x B Fleming’s Right-Hand Rule
Three perpendicular directions for: a force Th b
on a current-carrying conductor (restll?;nt foree)
X X X X
Index Finger
b W % X (current direction)

F
X X X X
!

Middle Finger
X X X X = Rnget

(magnetic flux density

direction) Use your right hand.

Index, middle and thumb

X X Y O\_/ X X are mutually perpendicular.

Eng. Nael S. Dokhan



359 PRODUCTION OF INDUCED FORCE ON A WIRE

SRS

Vector form:
F=i(¢{xB)
Magnitude:

F=i¢/Bsinf

Symbols:

: induced force on the wire (N)

current in the wire (A)

wire length vector, direction of current (m)
magnetic flux density vector (T)

angle between £ and B

Direction: right-hand rule

Right-Hand Rule

for the Lorentz Force
(current density form)

Lorentz force
F=JxB
(thumb - resultant force)

Current density

J
h

(index finger -
current direction)

Magnetic field

(middle finger -
magnetic flux direction)

The three directions are
mutually perpendicular:

F=JxB

Eng. Nael S. Dokhan



365 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?

X X IR "\O X X B
Solution
X X J, X X .
F=Blismé
X X X X

< oxo <X F=025x1x0.5smn90°
F =0.125 N (directed to the right)

L I

Eng. Nael S. Dokhan



325 INDUCED VOLTAGE ON A CONDUCTOR MOVING IN A MAGNETIC FIELD

When a conductor moves through a magnetic field, a voltage is induced in it.

€ind Z(VXB)'I

Symbols:
€,,q- induced voltage
y: velocity of the wire

B: magnetic flux density vector

l: length vector of the conductor in the magnetic field

The positive end is in the direction of v x B.

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?

X X + N | X X Solution
- o €ing = (VX B) * 1

X X X X _

‘. = (vB sin 90°) [ cos 0°

X CoRx = vBI

X X % x = (5.0 m/s)(0.5 T)(1.0 m)
- =25V

X X -O>J_4ox x

Eng. Nael S. Dokhan



599 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
) g = (VX B) -1

. = (vB sin 90°) { cos 30°

. = (10.0 m/s)(0.5 T)(1.0 m) cos 30°

=433V

Eng. Nael S. Dokhan



409 Thank you

Thank you

nnnnnnnnnnnnnnnn
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