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Motivation
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®m Simulation of winding losses are accurate for air coils

B Using the winding simulation model and Steinmetz parameters
simulation - Deviation to small signal measurement

B Problem: measuring winding losses of a coil with ferrite core
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Motivation: Virtual Prototyping of Power Electronic Systems

Boundary conditions

» Specification

» Electrical and
mechanical constraints

Validation

Electrical Circuit Magnetics

» Analytic models Magnetic parameters
» Circuit simulations » Inductance

» Coupling factor

Electric and Magnetic Co-Simulation

Circuit:

> Improvement of
simulation model
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Calculation of Winding Losses: Approach

Field induces
eddy currents

within the
conductor o [jn]
(Proximity
: effect -
Cal§ullat|_on ﬁf ) H.-Field along the Calculation of
H-.Fle.dS In the Winding - proximity losses > PEEC
winding losses Method

window  [3] Rosskopf
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Calculation of Winding Losses: PEEC-Method

¢ Mathematically and methodically still in
development phase

Litz wire: 7 x 60 strands

B Discretization of the conductive components
into rectangular elements

B Description of the electric field in an element
due to the influence of all other elements

.................................

B Transferring the field problem into an i‘m_tlw_':l L e
electrical equivalent circuit diagram J | | MTL =1,
® Solving the problem in the time / frequency ) ) |
domain using network analysis MZML, =V,
[2] Zhang

[3] Rosskopf
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Calculation of Core Losses: Approach

Material parameter: Material equations:

Permeability:

p(E.T, B) = p'=ju"
Permittivity:
£(f,T) — gr_jgn
Conductivity: Material parameters

o(f,7) « Characterization for
small signals

1 [T |0
I

X T ™

[T I_I) |rT1)

Solving
Maxwell’s equations:
VxH=J+jwD
VxE=-jwB

¢ Parameter of ferrites
are often not suitable °
in current data sheets
[4-5] data sheet
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Conductivity of Ferrites

M Ferrites 1 - 3 - power applications
M Ferrite 4 > EMlI-suppression filters
B Measuring conductivity requires
Small signal measurements
Parameter fitting [6] Stadler
B Conductivity
is only specified for dc currents
increases with frequency

causes eddy currents within the
magnetic core

o [1/(dm)]

r |— ferrite 4

—ferrite 1
ferrite 2
—ferrite 3

10° 108
f [Hz]

Galvanized samples for
conductivity measurement
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Eddy Currents in Ferrites

[

Cross section
throungh a
PQ-Core

<— @ 100 kHz
@1MHz —

B Eddy currents at the operation points 100 kHz and 1 MHz differ by
two orders of magnitude

B The position of the current density maxima inbetween the cross
section changes with the frequency
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Comparison of Measurement and Simulation: E - Core

® Small signal measurements

E-Core with 5 windings and large
distance to the air gap

Assumption: winding losses nearly
similar to an air coil

Core losses are supposed to be the
difference between total losses and
winding losses

B Simulation of core losses using material
parameters (y, €, o)

B Core losses in simulation and
measurement match very well

—windings (meas)
—total losses (meas)
—core losses (meas)
~e-core losses (sim)

200 400 600 800 1000
f [kHz]
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Comparison of Measurement and Simulation: PQ - Core

® Small signal measurement of total
losses 10

—o—windings (sim)

—o—core losses (sim)
—o—total losses (sim)
—total losses (meas) )

—

B Simulation

. . . . 0
Calculation of winding losses using 10
PEEC-Method -
. . = a1l
Calculation of core losses using = 10
material parameters and FEM-
M Core losses in simulation and " 18 windings ]
measurement show the same tendency  ¢° ' ‘ ,,
200 400 600 800 1000
and match well f [kHz]
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Comparison of Measurement and Simulation: Relative Error

B Relative Error 40 ——
- L P TP POPPTEL Q,
E — Core: deviation between core ol A
loss measurement and simulation
. . 20 F .
PQ - Core: deviation between total o o T
loss measurement and simulation  _ 10} e
o (o
. = [}
B The relative error depends on the core & | o
B A deviation of 30 % is within the
specified variance of the ferrite 20 “0-E- Core
material parameters 30" | | | e
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Extension to Arbitrary Current Waveform
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Winding Losses: Extension to Arbitrary Current Waveforms

+—— Measurement

1 - - - Simulation (PEEC)
A 4----- Simulation (Lambda factors) '
14 4
~ Windi
/ g | inding
L o -

> F —>
t Losses
Current waveform Frequency dependent
winding resistance [1] Albach
® Winding resistance independent of magnitude - small signal measurement
O

System theory: Fourier decomposition is feasible
B Calculation of the frequency dependent resistance with the simulation

- verification by additional simulation of core losses and comparison to
small signal measurements
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Conclusion

® Winding losses for Litz wires are modelled by using the PEEC-Method

M Core losses are modelled by using small signal material parameters in a
3D-FEM simulation

B Measurement and simulation show small deviation
Verification of the winding model

Separation of the winding losses from small signal measurements
possible with ferrite core

For Application: Determination of the winding losses in the model
- necessary for virtual prototyping

B Winding losses due to arbitrary current waveform are calculated using
the frequency dependent small signal resistance
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Any Questions
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