Collection of Formulas

Electromagnetic Fields EITF80

Department of Electrical and Information Technology
Lund University, Sweden

August 2024



2/11

ELECTROSTATICS

field point

Source
point

Origin

Coulomb’s Law

The force F on a point charge g, at point R, resulting from a point charge g at point R'

F-_4d ~ag, WwhereR=|R"|=|[R-R| and ag = R-R
47gR [R-R
Electric Field Intensity E in Vacuum
From point charge q at R' E(R) =L2aR
4meyR
From charge distribution E(R) =I ~az dq(R’)
4meyR

p dv for volume charge density p
where dq(R") =1 p, ds for surface charge density p;
p, dl for line charge density p,

From point dipolep = pa, E(R)= P - (2cosfag +sind a,)
4meyR
From line charge (of density p,) E(R)= Lar
2msyr

Force F on point charge g

gE for electrostatics
| a(E+vxB) for general case



Electric Potential V

From point charge g at R'

From charge distribution

From point dipolep = pa,

From line charge (of density o)

Electric Flux Density D

Gauss’ Law
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V(R)=—1
4megR
VR)=[ g d(R)
peag pcosé
V(R)= =
(R) 4rg,R?  4me,R?
v(R):LmE
2mgy ¥

E=-VV for electrostatics

qSD-ands =Ipdv

where a,, is the outward unit vector normal to the surface of the volume.

Polarization P

Surface polarization charge density

Volume polarization charge density

Relationship between P, E and D

Boundary Conditions

p_dp
dv

D=¢gE+P for general case
D=¢¢E

{5 is continuous
Ps =8n2 '(Dl - DZ)

where p, is the surface charge density of free charges, and a,, is the normal unit vector pointing from

region 2 toward region 1.



STEADY ELECTRIC CURRENTS
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Current density J I = IJ ea, ds

Equation of Continuity (from principle of conservation of charge)

In differential form Vel+ %’0 =0
In integral form (j)J-an ds=—(jj—?
Conductivity o J=0cE
Total Power Dissipation P P= IJ +Edv

. J.=a.,(J,—-J for no surface current J. =0
Boundary Conditions s Tn2 ( 1792) s=0)

E; is continuous
Time Constant r=RC = &%
O

Analogy between Electrostatics and Steady Electric Currents

EV < EV
D&J

&g OO
Qe
CoG



MAGNETOSTATICS
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Magnetic Flux Density B in Vacuum

From point dipole m =ma,

From current density J(R")

From current path

From circular wire loop

From long straight wire path

From point dipole m

From current density J(R")

From current path

Magnetic Flux @

Flux Linkage A

B(R)= %:3 (2cosfag +sinbay )

H J(R')xa ,
B(R):ﬁj‘%dv

_ My (ldI'xag
B(R)_47r R?

2
B(x:O,y:O,z):La

2(02+2)"
Hol
B(R)=> %
My Mxa
AR)=
_Ho (I(RY)
Al )_4;r.[ R d
Mo 1dl’
ARG IR

cD:_[B.an ds:QSA.dl

A=No

Self-inductance L and Mutual-inductance M

Ar=L 1L +Ml,



6/11

Magnetic Field Intensity H

Ampere’s Law SBH odl = _[J *808 = lengiosed
V X H = J

. . N B= H+M) for general case
Relationship between magnetization vector M, B and H {B ol H ) g
=Mty

Boundary Conditions

an, x(Hy—H,) = J,
B, is continuous

where J, is the current density of free surface current, and a,, is the normal unit vector pointing from
region 2 toward region 1.

Reluctance R =
My HoS
Magnetic Force dF, =1dIxB
Magnetic Moment m for Current Loop
m= jl a, ds
Torque T, on Magnetic Dipole m T,=mxB

Force on Magnetic Dipole m F=(m.V)B+mx(VxB)



ELECTROMAGNETIC FIELD
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Faraday’s Law of Electromagnetic Induction

v=RI :—d—(D
dt
Induced emf v V=4)(E+V><B)0d|

dA .
v =——— for coils
dt

Faraday’s Law of Electromagnetic Induction

In differential form VxE = —%
In integral form QSE-dI = —IaB-an ds
ot
VxE = —@
ot
. ob
Maxwell’s Equations VxH :J+E
VeD=p
VeB=0
Electromagnetic Constants
3 10°° 8
Hy =4r7-100"H/m, & ~=——Fm, c=~3-10°m/s
367
Lo_¢?, ny= ", p~12070~3770
Hoéo €

Potentials

Relationship between vector magnetic potential A and magnetic flux density B

B=VxA

Relationship between scalar electric potential V, vector magnetic potential A and electric field

intensity E

E-—vv-A
ot

Poynting Vector

P(R.t)=E(R,t)xH(R,t)

P, (R)= %Re [E(R)xH"(R)] (time-harmonic signal)



TIME-HARMONIC FIELD
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Plane Wave
E=Ecos(wt—keR+¢)ag instantaneous value
E=Eze *Rag complex form
E,=Ee) peak value
E .
Eo=—e¥ root-mean-square (rms) value
0 \/E q ( )
Group Velocity u:é, v=2, k =k|
HrHoér &g k
Characteristic Impedance n= el
&rép
Right Hand Rule a =agxay, E=ngH, a =agxag, E=uvB
VECTOR IDENTITIES
A (B><C)= Be. (C><A)=C- (AXB)
Ax(BxC)=B(A«C)-C(A-B)
Divergence Theorem I VeAdv= SB A.a,ds
Volume Surface
Stoke’s Theorem J. (VxA)ea,ds= 95 A.dl
Surface Curve
Null Identities Vx(VV)=0

Ve (VxA)=0



COORDINATE SYSTEM
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Cartesian Coordinates (x,y,z)

Position vector R=xa,+ya, +123a,
Line element dl =dxa, +dya, +dza,
Volume element dv = dxdydz
Surface elements dsx=dy dz

dsy=dx dz

ds; = dx dy

Differential operators VvV =a, N +a, N +a, N
OX oy oz

V0A=%+ai+ai
ox oy oz

VxA=ay (aﬁ—aﬁ]vtay (%—aﬁjvtaz (aﬁ—%

oy oz oz  OX OX

2 2 2
v :8_\2/+8_\2/+8_\2/
ox: oy oz
Cylindrical Coordinates (r,¢,2)
Position vector R=ra, +z3,

Unit vectors a, =cosga, +singa,

a, =—singa, +cosga,

Line element dl =dra, +rdga, +dza,
Volume element dv=rdrdgdz
Surface elements dsr=rdgdz

dsg=dr dz

ds;=rdrdg

Differential operators VvV =a, XN +ay 1V +a, XN
or rog oz

oy

|



Spherical Coordinates
Position vector

Unit vectors

Line element

Volume element

Surface elements

Differential operators
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V-A:% ar (rAr)+laﬁ+ai

or rog
oA
VxA:ar lai__¢ +a¢ ai_ai +azl i(rA{I‘)_aﬁ
rogp oz oz or r|or o
2 2
Vzvzli ra_v +ia_v+a_v
roror ) r?o¢?  oz?
(R.0.9)
R =Rag
ag =sindcosga, +singsinga, +cosda,
ay =cosgcosga, +cosdsinga, —sinda,
a, =—singa, +cosga,
dl=dRag +Rdfa, +Rsinddga,
dv=R?singdRdOd¢
dsr=R?sin 0 do dg
dsy=Rsin 8 dR d¢
dss=R dR d@
Woag Y g, i, L
oR R o6 Rsin@ o¢
10/, 1 0 ) 1 OA
VeA=——(R + —(Aysinf)+ ———
RZaR( AR) Rsineae(A" ) Rsin@ o¢
VxA=ag—— ﬁ(A¢sin9)—% vay, = _L%—i(RAgj)
Rsind\ 00 ¢ R|sing d¢ ©¢R
1( 0 O0Ag
+a,—| —(RA))—
¢R(6R( ) ae}
2
vy =L 92V +;i(s.n ﬂ};ﬂ
RZOR|  OR ) RZsing 06 860 ) RZ%sin? 0 04>



INTEGRALS
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J.x”dx:ilx”*l n=-1
n+

J.ldx: In x
X

J.x/x2 +a2dx:%[xx/x2 +a?+a’ In(x+x/x2 +a? )}

1
I—dx: In(x+\/x2 +a2)
VX2 +a?

J- 1 dx = X
( 2, 2\ a’x? +a?

2
x+a)

1 . X
————dx =arcsin—
val -x? a

I ! dx:larctanﬁ

x* +a? a a
1
I 5 dx =tan x
€os” X
1 X
——dx=Injtan—
sin X 2

Ilnxdx:xlnx—x

TRIGONOMETRIC IDENTITIES

cos(a— ﬂ’) =C0Sa Cos S +sinasin S

(
(

[}

0S a+ﬂ’) cosa cos S —sinasin S

U)

in(a— f)=sinacos f—cosasin B
sin(a + ) =sinacos f+cosasin
cos’ a+sin’a =1

cos2a = cos® a—sin’ a

sin2a =2sina cos a

2 1+cos2a
cos” a = B

1-cos2a
2

sin ¢ =

a-p

COS & +COS 8 = 2C0S 5

a—wcos
2
sin
2
ﬂ 02— F
2
ﬁ B

Lo+
cosa—cos B = —25|nTﬂ
sing+sin g = 2sin &1~

a—
2

asint-+bcost =va’ +b?sin(t+¢)
_b _a
Ja? +p? Ja’ +b’

sing—sin g = 2c0s%

sin

sing = cosg =

a-p



