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Law Integeal Form Differeniial Form
Ampere ng-a‘L= [(J+c;?)°ffs=1mm VXH=J+%
Faraday crE-dL=—~J ‘;B-ds=v Vinfi%
J 5 at IH
Gauss for eleciric felds % Deds = J pdy = Gonel. VB =p
£ *
Gxauss for magnetic Belds § B-ds=0 V-B=0
Blectric and magnetic field equations
Electric fields
Voltage and field V= jﬁ E=dJdL
Conlomb’s force law F = —Q'u—Qf‘?
dmeort
Gauss’s law #D-ds = ”J pdv = Q
Constitutive refation D = s5F where &, = a/s,
Capacitance C= % = Eg,i
. R N SR
Capacitor enrergy W= 3 = 2CV = :QV
Energy density W= %aEl
Magnetic fields

Ampere’s law

Lorentz motor law

Force between wires of two-wire transmission line

Gauss’s law

Faraday’s law
Constitutive relation

Inductance

Inductor energy

Energy density

I =j£H~dL - ”J-ds “

F = (IxB)L
_ ol
F 27d L

@B-ds =0

V= cf EedL = —U B, s

at
B =g uH where p, = uiu,
_ A _ }L(}N"‘A

=7

Lon 1, 1A?
W= ¥ = Al = 5

] 2z
W= zuf*
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Ex, y, 7; 1) = Re[E(x, . 2)e™')
= RE o cos(w! + ¢,) + FEy cos(wt + ¢,) + ZE cos{wt + @)

where the complex vector
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, ‘.Du._a_[ H—lj (Eelck‘h‘m_s
, : ‘ J-M
f V x H=J+jucE Mok well f@xf@- [ad M o .
N VXE:—M—-—ja)p,H Fm'ggf_g Zﬂ.’ ) EoH
v (eH) = o | H— -E
.\Q X V-(GE):p h e
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N Con‘linui‘{"b{r %wa—{"oﬂé e p
N \\e“_ .

V- J+jwp=0 - ‘
V.-M+jwp,=0 - = Loss ﬁgﬂwl&
&_y: Isofrbﬁf'c Mecﬁa.. [

D
=7

. .o i ' .
D:EEZEQE,E €, =€, _JE=E,. -jer =€l —jtané) €
(4] [ pa—
B=uH = pouH tand= o
J:O’E . o tanam =i;
M=¢,H e =y ~j == pu' —ju" = p'(1 - jtans,) #
Wi

L
o
=
B
1|i

M, + jopH) - dS
Js

as]
ﬁsuﬂ-d8=—1‘tJVV}£d‘ dV=J“Vp,,,dV
R | o
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éAc[ oses V- »

E =7clcctric field intensity in volts/meter (V/m)
H = magnetic field intensity in amperes/meter (A/m}

J = electric current density in amperes/meter> (A/m®;

s

€9 = free space permittivity = 8.854 x 10712 farads/meter (F/m)
o = free space permeability = 4z x 1077 henrys/meter (H/m)
€, = medium’s relative permittivity constant

D = electric flux density in coulombs/meter® (C/m?) i, = medium’s relative permeability constant

B = magnetic field density in webers/meter” (Wh/m*}§ 5 — electric current conductivity in mhos/m (§/m)p¥ %
om = magnetic current conductivity in ohms/m (£2/m)

M = magnetic current density in volts/meter® (V /m?)

p = electric charge density in coulombs/meter® (C/m*)
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O = magnetic charge density in \Jvebm*s/meter3 (Wb/m3 ¥
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Evors

VECTOR DIFFERENTIAL OPERATORS ’ &QU/L P s
a
The differential operators of gradient of a-scalar (Vy), divergence of a vector P p- 31 S‘—ﬂ YA
(V - A), curl of a vector (V X A), Laplacian of a scalar (V %),-and Laplacian of a
vector (V ZA) frequently encountered in electromagnetic field analysis will be listed
in the rectangular, cylindrical, and spherical coordinate systers. )
. Rectangular Coordinates
dy vy ay
V=8 —+48,— +a,—
Ve A, T,
o4, 04, 34, Taclass
dx dy az A A
B4, 94,\ . (94, 84, o4, 24, 0= %
V XA=d, -—|+d — )+c'iz-—— A A
7 ay oz o\ 8z dx . ax dy A=
/\j A

iy oy 9 ~
/\)(w

VoV =Vi=—=+—-——+
v v gxr  ay* 9:?

VA=4,V, +a,V4,+48,V4,

> &=
£
i
> 5> o

Cylindrical Coordinates —
| Q, =
A
I 1dy ay g =
V=G — + 4~ + G, v
V=8 YA T, T,
14 184, 94
VeA=——(pd) + -t + —
p ap(p ") p d9¢ dz
N L N R R L BAZ)
“"pa¢- dz ¢ Bz_ap’
1 3(pA 194
+&z(_ (p ¢) _ %4
p dp p 3¢
18 8¢ 1 3% 0%
VY =-—lp—|+ 5=+
YT ap(" ap] TR

VA=9(V+A) -V XV XA

or in an expanded form

a4 194 A 1 3% 2 94 924

T L e R e &

\Va  pdp o P Ay p I 32

32A¢+1_n9_{{_¢_i1i+_1_3224¢+_2_814p+32A¢
p dp p* P ot pt de 077

-

+a, 6p2
(8%, 144, 134, 34, (11:23)
ti|l—+ - —+ 5=+ =7 -
N\ T p dp e 82 :

In the cylindrical coordinate system V Axad Y A4 ot d,v 4 st d; Vv ’A, because
the orientation of the unit vectors 4, and 4, vares with the p and ¢ coordinates,



Spherical Coordinates

o Ay 18y 1 3y
4}_(1’.3 +a9r a6 ¢rsinf do
- = T, - ¢
VA=) s g it + g T

v 2 , ¥ ! 9 (g cM+ Lo
v=1 (’ Br) r2siné 9 ( ) r?sin’d 3¢’
VA=V(V-A) -V XV XA

=~

or in an expanded form

vVA=4 (aZA’ Sy L LA otbod 1 o4
Verr o dr YT 7 867 rP 38 rPsin’f ¢
2 84, 2cotd 2 94,
TFEa 7 T e 3(1})

LR P4, <ol 34,

ar? " r ar  risin’6  r? 967 r* 94

L0 fﬁ)riafi,_ 200‘[6%)
risin@ 9¢?  r? 88 r’sind 3¢
¢\ arr  r 9r  risinf@? r?t 367
cot 8 34, 1 34, 2 04,

+ +
v 88 rPsin?@ 3¢ r’siné 3¢
2cot 8 GAB)

+,—_—
rising d¢



TOeNTITES (K 8,E,D : Vec,—le) Y
- : V q) ¢ Scalars o
v XA =0 Y k- B xE=B-CxA= T AXB
VXVy=0 . = _ A= [f==\
V(e +y)=Vo+ Wy , A)((EX C) "'@\- C.)_B‘&(f\'B)_S’
V(¢y) = ¢V + YV B)e(2xD)= A-Bx(CxD
V:(A+B)=V:-A+V B ®B> ( ” ):@-E)(E’D>
VX(A+B)=VXA+V XB — "'I‘))(EE

V(A =AVYHYT AT /@x @x@xﬁ)zgxé-@a

V X(YA)=VyXA+yV XA , A R.AT
V(A*B)=(A-V)B+ (B-V)A+AX(V XB) +BX (V X A) —(AxB C)D B

V(AXB)=B'VXA-A-VXB '

VX(AXB)=AV:-B-BV:A+(B'V)A—-(A-V)B

VXVXA=V(V-A)-VA

Ve vy =viyY ‘ "
| VL‘P(’I—)] = CI) -VJ} 7 Ls o variabl
va(dy) = $ VY + LV VY < Lf)VZCib R
V(V-¥A)= VY v-A +)4( VYA + \7((;/ X)G?xﬂ) +(;§. V)W:@’V-V)A
Vx(Wh)= VYx(7xA) = AV2Y+ (A- DV + YVxUx At
VX X@) ) Y APl AR AL

S

-, ¢A-dl=f[g(v X A) *ds Stokes’ theorem — ?E\Q

. @A vds = j f fV(V *A) dv divergence theorem i .
#g(ﬁXA)ds=ff£,(VXA)dv & &n?l'u.rc .

#;Hbds:fffyv* dv CS Sdom
é:v,bd!=f};ﬁxvxpdr or tﬁﬁx Rtﬂﬂ-‘:[gﬁXV)X Alls ‘@
Sﬁg‘ﬁg_:ds*ff/ W79 + ¥y - Vo) dr Greens st IQQHJ&
VXB)-ds =~ VXA VXB-A.VYXVX v ) valo Green!
P@axvxB-ds-[[[(vxavxB-a B)d. Vector A \6 d,s{-Ians

(v - o5)ds = [[[ wvs - s dv Green's Theorem (o Greens 28 Thfity)
#(Axﬁx.B—vaxA)-ds

-f// ®B-vxvxa—A-vxvxpdy Vechy Amalg #@%“‘J M





