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Permeability terms I
 Absolute permeability 𝜇O:

permeability in free space, magnetic constant
𝜇 = 4𝜋 10  

 Relative permeability 𝜇r :
is the characterisation of magnetic materials for all purposes

𝜇 = = ∗

 Initial permeability 𝜇i :
is the slope of the initial magnetization curve at the origin when
the magnetic field strength H and the magnetic flux density B
is very small. 

 Maximum permeability 𝜇max : 
is the maximum permeability along the initial magnetisation curve

 Incremental permeability 𝜇Λ :
is the relative permeability for AC magnetisation with superimposed DC
magnetisation

𝜇 = ∗

 Reversible permeability 𝜇rev : 
is the limiting value of the incremental permeability for very low AC fields

𝜇 = lim
→

𝜇



3Restricted © MSPM Power 2021 10.03.2021SaliternigM. / MaiselP.

Permeabilty terms II

 Amplitude permeability 𝜇a :
is the relative permeability under alternating external fields H

𝜇 =
1

𝜇
∗

𝐵𝑚𝑎𝑥

𝐻𝑚𝑎𝑥

 Effective permeability 𝜇e :
is the total permeability of an air gapped magnetic circuit . 

𝜇 = ∗

 Pulse permeability 𝜇p : 
for pulse (or arbitrary) waveforms the pulse permeability is the ratio
of flux density ∆B swing to the corresponding field strength ∆H.

𝜇 = ∗

 Complex permeability 𝜇:
the ratio of the flux density and the magnetic field strength is a complex
number due  to the phase shift between B and H in an alternating field.

𝜇 = 𝜇 − 𝑗𝜇

Frequently used: loss angle 𝑡𝑎𝑛𝛿

𝑡𝑎𝑛𝛿 = =

lg : lenght of air gap
le : lenght of magnetic path
R : real resistance
L : inductive part
ω : circular frequency
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Waveforms

Rectangular

K =
2

𝐷(1 − 𝐷)

𝑣 = 𝑉            0 ≤ 𝑡 ≤ 𝐷𝑇

𝑣 = −𝑉          𝐷𝑇 ≤ 𝑡 ≤ 𝑇

𝑡

𝑡

𝑉H

−𝑉L

𝑉

𝐵

𝐷𝑇 𝑇

𝐵 = =

Kf : waveform coefficient D : duty cycle
f : frequency B : flux density
n : number of windings T : period
Ae: cross section area

Square wave

K = 4

𝑉

𝑇

2

𝑡

𝐵

𝑡

𝑇

𝑉H

−𝑉L

𝐵 = =  

𝑣 = −𝑉           ≤ 𝑡 ≤ 𝑇

 𝑣 = 𝑉               0 ≤ 𝑡 ≤

𝐵pk 𝐵pk

Sinusoidal

𝑣 = 𝑉 sin 𝜔𝑡

K =
2π

2
= 4,44

𝐵 =
 

=

𝜔𝑡

𝑉

𝜔𝑡

𝐵

𝜋 2𝜋

𝑉H

𝐵pk
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What is the effective leakage inductance?

𝐿 = 𝐿

𝐿 = 𝐿 + 𝑛 𝐿

Effective leakage inductance of the transformer

Effective leakage inductance in application circuit

(1) Typical values used on PCBs

𝐿L𝑋 = 5. . 10𝑛𝐻/𝑐𝑚(1)

LAx ∝ 𝐴

Rule of thumb

𝐿 = 𝐿 + 𝐿  +  𝐿 +𝐿 + 𝐿

𝐿 ⋘
𝐿 ⋘

𝒏 =  
𝑳𝒑𝒓𝒊𝒎

𝑳𝒔𝒆𝒄
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Parasitic Intra-Winding Capacitance

𝑓𝑥 =
1

2𝜋 𝐿𝐶𝑥

 

𝑓1 =
1

2𝜋 𝐿(𝐶𝑥 + 𝐶1) 

 

𝑓𝑥 ≥ 𝑓1 

𝐶𝑥 =
𝐶1

𝑓𝑥
𝑓1

2

− 1

 

Cx ... Intra winding capacitance
fx…frequency with winding capacitance
C1 ... reference capacitance
f1…frequency with winding capacitance and 
added reverence capacitance

C1

VXFMR

t

VXFMR

f1=66MHzfx=220MHz

Frequency measurement
with reverence capacitance C1 added:

Frequency measurement
with intra winding capacitance only:

Cx
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Capacitor DC-Impedance

Serial  Equivalent Circuit Model

Iconst

t
VRS

tVCideal

t
VLS

t
VC

tdt

VC

t

1/C

𝑉 = 𝐿
𝑑𝑖

𝑑𝑡

ESR

t1 t2

V2

V1

DC-Impedance

𝐼 =
𝑉

𝑅

𝑖 = 𝐶
𝑑𝑢

𝑑𝑡

𝐶 =
𝐼  (𝑡 − 𝑡 )

(𝑉 − 𝑉 )

𝑅 =
𝑉

2 ∗ 𝐼 DC-Impedance is more directly related to device 
behavior in many pulse power applications

Iconst

VC

VRS

VCideal

ton

t

t

dt,,,transition time generator

Current step respose

Comon wave VC indicates
sum of all three components
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Scope measurement I: Offset and Phase error

Ideal inductor
Real Inductor

DC-offset error

Negative phase error ≈ 10%

10W

-30W
„losses“

20W
„losses“

Positive phase error ≈ 20%

10W losses
Zero losses

Current
Voltage
Power
Power Mean

Zero losses



9Restricted © MSPM Power 2021 10.03.2021SaliternigM. / MaiselP.

Scope measurement II: Voltage, Current and Time

5V/100mA (1kHz)
versus
500V/1A (100kHz)

?

Future?

T 2T T 2T T 2T

T 2T T 2T T 2T

XY plot

Ideal With phase error With offset error

A

V

𝐼

𝑈

𝐼

𝑈

𝐼

𝑈

R
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How to calculate L at work

𝑈 = 𝐿
𝑑𝑖

𝑑𝑡

𝑑𝑖 =  𝐼

𝑑𝑡 =
𝑇

2

𝐿[𝐻] =
[ ]

[ ]
= = =  

𝑉L

𝑇

2

𝑡

𝐼L

𝑡

𝑇

𝑑𝑡 =
𝑇

2

𝑑𝑖 =  𝐼

simple scope functions

to inductance
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RLI - Real Life Inductance and Powerloss measurement

• Inductance measurement under real life conditions

• Scope is used to control the TTG510 Generator via LAN and 
analyze the measurement data at once

• MSPM App calculates and display the inductance on the 
screen

PowerSupply
(0…500V)

HV+HV-

LAN

TTG510
Power Square Wave Generator

DUT-XFMR
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Addon: Saturation detection
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