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Review of common equations applied in electromagnetic

For uninterrupted magnetic cores the following general equation applies:

Ui=- N = NsexB = - Nogomm 2
dt dt dt
: | XN :
since H = I we may write as follows
Ui:-rra>ran2><§><ﬂ
| dt

—> @

In case of sine (harmonic) changes:

U =444xf N xSxB = 444 xf ><m,me2><|§><I =444xf 4 A

S - .
The product L = mmxN? xl— represents coil inductance with core.
Due to non-linearity of the hysteresis loop the relative permeability m is not constant but varies with greater
voltage or current, therefore neither is inductance a constant quantity. This should be considered when

measuring inductance (the above equations do not consider loss in Cu and core). For toroidal cores of
rectangular cross-section the following applies:

d:
L=2xN2xhxmx0’ ><Ind—

whereit is usually calculated with initial permeability m.

T
|

L

L_.,ﬁ,dzﬁ’ |
If the magnetic core with permeability mhas an air gap with length s, then permeability decreasestom in the
equation:
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m

m=
S
1+ T m
the equation is approximate and applies to condition where s<<1. At decrease of permeability thereis aso a
decrease in temperature dependence of the cail, in losses etc.
Inductance of winding with core may be calculated by A_ factor in the equation

L=A_ X\?

A factor is dependent on core shape and material permeability and is given by companies for most of ferrite
core shapes. For certain characteristic shapes of a coreless coil, inductance may be calculated by the
following empirical equation:

_437X0 3 qr N )?

single-layer coil L Lo [H]; r, [{[mm
a) single-lay 0 F 1, o [HL; 1, s [mm]
Ly
. . ) r <N )2
b) multi-layer coil L, =525x10°x ( Lo [mH]; 1, 11, b [mm
) ¥ 0 r +15, +167 olmHl: 1. b, b [mm]
|
|
| -
|
T
b
ingle-l iral coil L 358><10'~°'><—(rx'\|)2 Lo [MH]; 1, b
= 1, b [mm
¢) single-layer spiral coi 0 5+ 0727 % o [MH]; r, b [mm]
o
e —l oy
|
| 2 xL B xH
Magnetic energy of coilsis: W, = 2>< = ; v
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If arod-shaped core with apparent permeability [ .y, iS incorporated in a coreless coil with inductance L, we
obtain an inductance of coil with core L.

L =my, 1o
Vaue for my, iS given by companies as a function of q for various material qualities (chart 1)
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Chart 1
In rea coils, losses occur which are shown by heating the coil and the core. Losses occur due to eddy
currents in the winding and the core, hysteresis loss of core and to a lesser extent due to so-called residual

| osses.

a) Substitute connection of coil with core may be shown with a series substitute connection, impedance of
connection being:

WL

Rs):Rs”(lﬂ'Q) w = 2p xf

Z=R + WL, =R X1+ ]
therefore absolute impedance valueiis:

|
Z=R +w? 5l =Rx[1+Q’ =R x[1+— D =

Ol
=
=
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factor Q =W is called quality factor of coil , D islossfactor D, :—:£
Ry Q wiL,
Im
VS| ools
P
Rs Re
Parallel substitute connection:
Q . D. o1
Z=wL x——x1+ =wL x——(1+]—
Dl+Q2>( JQ) p1+Di( JDI)
wL wL 1 R,
absolute value will be: |Z| = = where Q=—=
J14D7 1+w? X G D, wi,
e
Rp
P Re
1 .
Im
From the preceding equations we obtain the following conversions:
L Lo 2 R D "y
= X = X .=
* 1+D? ™ R 1+D> ¥ 'R,
2 1+D/ _ R
and L, =(1+ D7) xL, R, = o xR, Di_W

| S

At fairly small loss factor D; (at fairly high Q - Q > 10) it holds that Ly =L, and Ry =R, . For coils with

higher factor D (at lower Q - Q < 10) it holds that equivalent series and paralel components of impedance
have no similarity. It is therefore important to give the equivaent substitute connection as well as the
measuring frequency in the technical data.

Due to eddy currents the resistance of conductors at a.c. current Ry is greater than for d.c. R..

Resistance relation & is dependent on parameter m
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m=014>d x p
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d [cm] - diameter of conductor
f [Hz] - frequency
r [Wmm? /m] - specific resistance
m - permeability
Transformer
Ideal transformer
4 — ¢ P 1o fel
[og o} 3, 2 |
uy Ny — ::; N2 |y L “1~ Np,Ly L2,N2 1y 1 Rb
C__> (__) nr‘

When transformer loss is not considered and the total magnetic flux F flows intact (permeability m® ¥ )
through both windings, the transformer isideal. In this case it holds that:

i:&:n, I_]-:&:i Onrespectively |1><N1:|2><N2
U, N, I, N; n
From the above the following a so applies:
Z :iznzx—LlJ2 =n’ xR,
1 1

If it is considered that permeability of the core has a final value and if loss in windings is also considered,
then the following equations apply:

M=kx/LxL,, s =1-k?for k »litholdsthat s =2xX1- k)
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voltage ratio U—=&>(1- g) wherefactor gmeans g — o 1>(S XL, )2
U, N, R 2V R

Meaning of symbolsin the above equations:
k - coupling factor between coilsL; and L,
M - mutual inductance

S - leakage coefficient

N
In case of open secondary terminals (R, =¥ ) it is: &=—2=1 current ratio |—2: AT K
Ul Nl n Il N2 1+Rb+R2
jwi,

at short-circuited secondary terminals (R, =0) we may write:
leNl = IZ XNZ + Im le

We may note that at open secondary terminals (R, =¥, some current |, the so-called magnetizing current
(since m ! ¥ ) till flowsthe primary side.

Equivalent inductance of magnetic coil drives

1 %
L 1 ® ® L 1
VY L Y Y L
W 7 \ / r‘ﬁ
M \g L, M t& L,
AN = AN A o
5 L, . 4 . L
YT YN , A4 ) S
: 7
O— M . L —0O  O— M S L —0O
A AN NN AN

1. Series connection - Circuit 1, Circuit 2
Circuit 1: Fluxes are superposed to each other: L =L, + L, + 2M
Circuit 2: Fluxes are opposite-flowing: L =L; + L, - 2M

2. Shunt connection - Circuit 3, Circuit 4

Circuit 3: Fi cerl to each other: L= 72~ M*
ircuit 3: Fluxes are su L=—t—2 —
perposed to each other L oL, - 2xM
L _ _ L, xL, - M?
Circuit 4: Fluxes are opposite-flowing: L =
L, XL, + 2xM

In the above equations symbols have the following meaning:
L1, L2, L3 and L4 are inductance’ s of single coils
M mutual inductance between both coils
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Important Physical constants:
Important physical constants
Gravitational constant k = 6.67x10™ [kg™'m’s?
General gas constant R = 8316.96g [kmol *st™]
Avogadrot number Na = 6.0254x10% [kmol™]
Bolzmann constant K = 1.38x10%g[st]]
Stefan® constant s = 5.6696x10° [Wm? st™]
Faraday constant F = 9.6519x10" [As kmol™]
Planck® constant h = 6.625x10™* [kgm?s™]
Electron mass me = 9.1083x10™* [kg]
Electron charge & = 1.6x10" [Ag]
Light speed in vacuum Co = 2.9979x10° [ms™]
Dielectric constant & = 8.854x10 [AsV'm™]
Induction constant my = 1.2566x10° [Vs A™'m™]

European and English units

Length

1 A (angstrém) = 10 [m]

1 m(micron) = 10°® [m] = 10° [mm] = 4x10° [inches]
linch (in) = /12 [ft] = 25.4 [mm]

1 foot (ft) = 12 [inches] = 304.8 [mm]

1yard (yd) = 3 [ft] =914.4 [mm]

1 English mile = 5280 [ft] = 1609.34 [m]

1 seamile = 6080 [ft ]= 1853.18 [m]
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