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Magnetic field
Charges in motion (currents) produce magnetic field . -
1 quxr

Magnetic field H in vacuum generated by moving charge q: H

A 12 Independent of material property

_ Mo qUXT
A r?

Magnetic flux density B in vacuum generated by moving charge q: B

n is perpendicular to the plane containing v and

vX# = |v|sin(6) n . NN .
r, in the direction given by the right-hand rule

B= u,H field point ‘

u is called permeability and material dependent, in free
space is o = 4mx10~"H/m.

source point



Magnetic (Lorentz) force

Force exerted by magnetic field B on a moving point charge Q is:

F = Q vxB Compare to F, v i x x x xPBx
Lorentz law Coulomb’s law
X X X X X X X
. . . : o - \/
Magnetic force acting on a moving charge is always q

perpendicular to it’'s moving direction, so magnetic force
only changes the charges’ moving direction.

W=F~L=jF-dl=JF-vdt

Work is application of force, F, to move an object over a distance, L, in the direction that the force is applied.



Lorentz law

Force exerted by magnetic field B on a moving point charge Q is:

F = Q vxB

The direction is given
by the right-hand rule

Lorentz law

F = qE + q(v x B)

Curl fingers as if
rotating vector v into
vector B. Thumb is in
the direction of force.

Point thumb in direction of
velocity, fingers in magnetic
field direction. Then palm
direction is direction of

o -
=gV x B force on charge.

South S
pole of |
magnet

N
N
B North
- pole of
magnet

/- Force is in direction
—_— that thumb points.

Force direction is
outward from palm.




Example: Point charge’s movement in constant
uniform magnetic filed

A constant uniform magnetic field B, a charge q with mass m is shot perpendicularly to the
magnetic field with speed V(0), what is the radius of charge?

B
Centrifugal force N .
mu? : : e ey SUEREY
F = = qvBsinf (0O is the angle between v and B, 90°) 7 Fl
T H - H
“\‘ \/
i N -
mv? mv
r = =
quB qB

https://www.youtube.com/watch?v=orsMYomjwIlw

What happens if 0 is not 90°7?


https://www.youtube.com/watch?v=orsMYomjwIw

Electric motor

It produces mechanical energy by current and magnets

Rotating windings: electric current (moving charge) flows




Biot-Savart law: Magnetic field generated by current

The Biot—Savart law is used for computing the resultant magnetic field B at position r in 3D-space generated
by a steady current I.

I'(r)dl' xR
41TR?2

H(r) =j

Cc

dH® ¥

[ pol’(rdl'xR
B(r) = L 4TIR2

I'dU'xR = |I'|dl' sin(d) n

n is perpendicular to the plane containing I’ and R, in the direction given by
the right-hand rule

. 1 I'(r)dl'sing
Scalar calculation -
H(r) 4njc R2
Mo I'(r)dl'sing
B(r) = 47rfc R?



Example: Magnetic flux density

Find the magnetic field B at a point P at perpendicular distance r from the center of a finite length of current |,
the total current length is 2a.
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= | i e
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Assuming a>>r, what is B? B =



Example: Magnetic flux density

Z tan(u) i rdu
— = 1lan(u Z =
r cos?(u)
A . f dz _f dz _f dz . 1 rdu .
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Example: Field on axis of circular loop

A ring with radius a and current |, calculate B at point on the z axis.

dB -z =dBcos 3 = dB s a,

B and dB directions are different

o Idlx R g _ Mo Idl
b= Ny 2
B . polsma _ polsina(2ra) ol a?
B = éing dB sina = I R? %dg — = 2R3
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a
R =+z%2+a? sinazﬁ

B ,u,gfg“ . ola? )
B = 9 2= Q(Zz+a933fzz
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dB cos 8 { | '.
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dB

dl x R = dI



Magnetic flux and Gauss’s law

Magnetic flux ¢ is the integral of the flux density across surface

Magnetic

(1) — fs B - dS field lines

For an enclosed surface, the flux is zero

j{ B-dS = 0. Gauss’s law V-B=0
S

%
SINs

There is no magnetic monopole.

%A*(IS— /V-A{h' =0
J S JU




Ampere’s law

Ampere's Law states that for any closed loop C, the line integral of the magnetic field
around closed loop C is equal to the electric current enclosed in the loop.

fH . dl = J J-ds =1 Current generates magnetic field
> current
?{B.dlz /v KB.dS:ﬂD/J.dS_ Stokes’ theorem T
Jo Js Js
VxB= ,HDJ.
1 oD magnetic
—VxB=VxH=] VxH=2"+
g o Y fied

. aD
In magnetostatic, such as constant DC current, i 0



Ampere’s law: Describing the magnetic field
around a current

current W

Stokes’ theorem: y{ B-dl = // V xB-dS

! \
magnetic
j VXB - dS = fB -dl = 2nrB(r) 4’ field
’ I
m==) 21rB(r) = pyl —> B(r) = Hol
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f VXB'dS:f ,u()]'dS:‘u()I
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VXB = o]



Magnetic field for solenoid

J \7><H-dS=fH-dl=Hl
S

)

f |7><H-dS=j J-dS =NI
S S

If the core is iron instead of air, the flux density B is much stronger.



EARTH MAGNETIC FIELD
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https://www.space.com/earths-
magnetic-field-explained
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Example: Magnetic field

A coaxial line carrying current | on the inner conductor and -l on the outer.

Calculate the magnetic field H at r distance, current evenly distributed in the
two conductors.

g pol
1) O<r<a, A B(r) = fol
2) a<r<b _L AN
[\ — l l‘__ .
J, V-dS=I(r)=Jmr? J J-dS =1 = Jma?
S q._\__F.-'I
r (a)
1(r) Ir
Hy(r) = = (0<r<a)

2nr  2ma®

Hy=-— (a<r<b)




Magnetic field in material

Once there is magnetic field applied to medium, the R s TF
electronic spin motions in the atoms can be thought of as —iF ‘( = o *7:_'—__\
circulating current that produces a field M, magnetization. »-lr Pl ;7 z_{ ¢ '@ :‘i -
. - I~ T W -
B = uy(H+ M) L% o .|
(E_«— — = — - V/";‘i-—cf—_-*—ﬂ—-
/F r\ - . 4 v "
M =y, H =
B = “0(1 + Xm)H = pokrH = uH Good magnetic material Bad magnetic material
relative permeability relative permeability
Xm IS magnetic susceptibility, used to quantify the Iron: ~ 5000 Silver:1
additional field M. Copper : 1

Gold: 1

U, relative permeability. Aluminium: 1

Magnetization increases the magnetic flux density B in ferro-magnetic materials
compared to vacuum.




Field in magnetic material

Magnetic material can be used to guide magnetic field path.
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Inserting an iron core may
give a magnetic field several
hundred times that of the
equivalent air core solenoid.




Permanent magnet

For some materials, after magnetization the electron movement can remain when external magnetic
field disappears. The electron movement can be distorted at high temperatures, strong opposite external
field or strong shock.

Above 580°

Below 580° Below 580°
no external magnetic external magnetic
field present field present

Copyright 1999 John Wilay and Sons. Inc. All nghis reserved




Hysteresis loop

Material magnetized
to saturation by

Magnetization alignment of domains.

of material

When driving magnetic field drops
to zero, the ferromagnetic material
retains a considerable degree of
magnetization. This is useful as a
magnetic memory device.

4

~_

I Q;Q
=vn AN 0
The driving magnetic field must be
reversed and increased to a large

value to drive the magnetization to
zero again.

‘ -
FX=

Toward saturation in
the opposite direction

M = .

smt = vbv“¢g

The material follows a non-linear
magnetization curve when
magnetized from a zero field value.

ld 4 o Sd

Applied magnetic
H field intensity

‘.‘

dependent” nature of magnetization of
ferromagnetic material. Once the
matenal has been driven to saturation,
the magnetizing field can then be
dropped to zero and the material will
retain most of its magnetization (it
remembers its history).

he hysteresis loop shows the =history{




Hysteresis loop

Remanence: ameasure
of the remaining magnetization
when the driving field is e
dropped to zero.

M Saturation

AR
AR
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Strength of
» Mmagnetizing

Coercivity: ameasure
of the reverse field needed
to drive the magnetization

to zero after being saturated.

signal

Y
Y
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Saturation

a. For permanent magnet, the material should have a large HL to gain high remanence and
coercive force.

b. For electro-magnet, high permeability and low coercivity are required.



Magnetic circuit

Magnetomotive force (MMF): F= N/ = HL = ®R

@, magnetic flux

l .
R = 5 magnetic reluctance

The magnet (HL) or current (NI) possesses a magneto-motive force (MMF).
The MMF generates a magnetic flux.

The enclosed flux path is called a magnetic circuit.

A stronger MMF produces more flux.

The lower the reluctance, the more the flux.



Magnetic circuit and electric circuit

Magnetic Circuit Electrical Circuit
1. The closed path for magnetic flux is called a 1. The closed path for electric currentis
magnetic circuit. called an electric circuit.
2. Flux, o =) 2. Current, | = L
Reluctance resistance
3. mmf (Ampere — turns) 3. emf (Volts)
!
4. Reluctance, § = 4. Resistance, R = p L
Apokir a
5. Flux density, B = % Wb/m? 5. Current density § = é A/m?
6. mmfdrop=0S 6. Voltagedrop=1I R
: : NI I : v
7. Magnetic Intensity, H = - 7. Electricintensity, E = 7




Boundary condition for static magnetic field

Normal component é B-dS =0

B,,AS — B,,AS = 0 ’L |

Bn1 = Bya \

Tangential component

f H-dl = H{Al — Hip, Al = J Al Line current density

Hyy — Hez = Js %B-dlz/VxB*dS:;m/J*dS.
JC JS JS



