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of Magnetic Powder Components in DC-DC
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Abstract—In power electronics applications, magnetic compo-
nents are often subjected to nonsinusoidal waveforms, variable
frequencies, and dc bias conditions. These operating conditions
generate different losses in the core compared to sinusoidal losses
provided by manufacturers. In the conception and design stage,
lack of precise losses diagnosis has unacceptable effects on sys-
tem’s efficiency, reliability, and power consumption. Since virtual
prototyping is used to predict and improve system’s behavior be-
fore realization, losses and behavior prediction of components is
possible. Circuit simulators and their compatible components mod-
els are required. This paper is summarized by proposing nonlinear
dynamic model of powdered material magnetic core for use in
circuit simulators. It includes the material’s nonlinear hysteresis
behavior with accurate winding and core modeling. The magnetic
component model is implemented in circuit simulation software
“Simplorer” using VHDL-AMS modeling language. Waveforms
and losses of a powder core inductor in a buck converter applica-
tion are simulated and compared to measured ones. The model is
validated for different ripple currents, different loads, and a wide
frequency range. DC bias is taken into account in both continuous
and discontinuous conduction modes.

Index Terms—DC-DC converters, dynamic magnetic modeling,
powder core, power losses, simulation.

I. INTRODUCTION

OWER consumption and efficiency have always been of
great concern in the development of power electronics sys-
tems. The increasing demand of low power, high efficiency
devices [1], [2] forced designers to precisely analyze losses in
each component constituting the system. In the design and anal-
ysis of systems in general, specifically power converters, virtual
prototyping assure time, failure rate, and cost reduction [3]. In-
deed modeling and simulation allow the prior knowledge of the
power converter behavior using circuit simulators to optimize
complex circuit prototypes. Individual components models exist
and are associated together to form a complete converter model.
Therefore, we are able to predict the whole system realistic
behavior under variable operating conditions.
DC-DC power converters are a good example of such system
where electrical power need to be “efficiently” stepped up or
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Fig. 1. Buck converter with the magnetic component structure.

down from a dc voltage level to another. Passive components
especially magnetic ones play a key role in power converters [4];
thus, behavior and loss analysis of these components is essential
[5]-[7]. Since magnetic core losses calculation is a delicate sub-
ject, analytical equations as Steinmetz (SE) [8] fail to precisely
calculate core losses due to limitation to sinusoidal excitation.
Other improved formulas of SE like MSE [9], GSE [10], iGSE
[11], and i2GSE [12] give better results but still limited due to
their parameters variation as function of waveform, frequency
and dc bias.

In this context, our work takes place by proposing a nonlinear
dynamic model of magnetic components for use in circuit simu-
lators. It includes the material nonlinear hysteresis and dynamic
behaviors with accurate modeling of winding and core losses.
The full model is described using VHDL—-AMS [13] modeling
language and implemented in the circuit simulator “Simplorer.”
It is tested for a powder core inductor in a widely used power
convertor application, the buck converter, to ensure noncon-
ventional excitation (square wave with dc bias). The model is
validated for different ripple currents, different loads and a wide
frequency range (10-100 kHz).

II. MAGNETIC MODEL CONCEPT

Inductors are components found in most power applications
and converters. For each point of load application a specific
design of these components is required. Considering a buck
converter circuit Fig. 1, the magnetic component model would
replace the inductor. In the interest of precision and in order to be
adaptable for different types of magnetic materials, the inductor
model must adopt a structural modeling approach. As a con-
sequence the model consists of three major blocks: a winding
allowing the coupling between electrical and magnetic domains
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using Ampere’s and Faraday’s laws, a static model to describe
the static hysteresis behavior of the magnetic material and a
dynamic model to add classical and excess losses in the core.
VHDL-AMS language is chosen to describe each block be-
havior due to its multidomain modeling feature and since it is
supported by several circuit simulators. Considering the oper-
ating frequency range, parasitic effects (such as interwinding
capacitance) are negligible and not taken into account in the
model.

Different static and dynamic models can be used to de-
scribe the behavior of magnetic material. The choice of the
model depends on three main criteria: the material character-
istics, the application and simulation factors like ease of im-
plementation, accuracy and speed of simulation. Existing and
well-known magnetic materials models such as Jiles—Atherton
[14] and Preisach [15] are implemented in some circuit simu-
lators. Nevertheless these material models are limited to static
behavior where dynamic effects are either neglected or not well
taken into account. Jiles—Atherton is a physical model requir-
ing five parameters whose parameters identification requires a
complex iterative process. Preisach is a statistical model requir-
ing a weight function and large statistical data. However, both
models do not apply for noncentered minor loops. The static
and dynamic models chosen and their parameters identification
are discussed in the following sections.

III. MAGNETIC MATERIAL CHARACTERIZATION
AND MODELING

The behavior of magnetic components depends mostly on
magnetic properties and geometry of core material used. Each
material has its specific hysteresis and dynamic behaviors.
Hence, material characterization is mandatory to predict the
appropriate static and dynamic models and their parameters.

A. Static Measurements and Modeling

Measurements are performed on a test transformer consisting
of primary and secondary coils wound on a toroid powder core
(Sendust Fe—Si—Al provided by TOHO ZINK) having a 4.6-
mm inner diameter, a 10-mm outer diameter, and a 3.5-mm
height. This material has a saturation induction of 0.7 T and a
relative permeability ;1 = 100. A sinusoidal current is applied
to the primary winding, to create a magnetic field H and the
flux density is calculated from the measured secondary voltage.
Measurement results are shown in Fig. 2.

The magnetic material used has a very thin static hysteresis
loop and thus a reversible behavior. To describe the static behav-
ior of the material, a mathematical model based on a piecewise
polynomial function of order n is used

po (H — Hy) + P (Hy), if H>+H,
P(H), it [H|<H, (1
wo (H+ Hy)— P (Hy), if H<-—H,

B=
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Fig. 2. Measured and simulated flux density as function of applied field at
1 kHz.
TABLE I
STATIC PARAMETERS
P1 P3 P5 Hb(A/m)
1.3096e-04 —3.5058e-12 6.4788e-20 9000

where H, is the field needed to reach saturation and P is a
polynomial in R such that

n
P(X) =) pX'.
=0

For this material, a polynomial of order 5 is sufficient and the
even coefficients are almost zero due to the odd parity of the
curve. This model is reversible and limited to materials with low
coercive field [16]. The parameters of the static model given in
Table I are identified from the static measurements using basic
mathematical fitting. Accordance between static measurements
and simulated B-H loop of the proposed model is shown in
Fig. 2.

B. Dynamic Measurements and Modeling

Dynamic behavior is investigated by the proper choice of
dynamic model. The model parameters extraction requires si-
nusoidal measurements at different induction levels at a single
frequency. Dynamic measurements are performed on the same
test transformer. Fig. 3 represents measured B—H loops under
a 30-kHz sinusoidal applied flux density for three different in-
duction levels.

The aim of these measurements is to study the dynamic losses
arising in the material due to relatively high-frequency applied
flux density as well as the influence of its level. The B-H loop
enlargement with the induction increase is shown.

The dynamic model is based on the principle of separation of
losses into static and dynamic contributions, as well as Bertotti’s
theory [17] assuming that the dynamic loss is the sum of both
classical and excess losses. The total magnetic field is the sum
of static field due to hysteresis and dynamic fields due to eddy
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Fig. 3. Measured flux density as function of applied field at f = 30 kHz for

different induction levels.

currents and wall motion effects (2).

B(t) s ‘dB(t) 05

d

dt dt @

Htotal(t) = HS (B(t)) + Y

where v, «, and § represent the eddy current, the wall motion,
and the sign coefficients, respectively, presented in (3). v de-
pends on the material’s conductivity o, and particle average
size of powder core 7. It is derived from the general equation
proposed in [18]. « is a function of the characteristic field Vj,
a dimensionless coefficient G, and the magnetic cross section §
as proposed by Bertotti

v = 8p’ a=+/0,GWS, §=sign (%) 3)

The resistivity of the used powder core (sendust) is about
100 p£2-cm and the average particle size is found to be 70 pum.
Since 7 depends only on these two core characteristics, it is
directly calculated (1.53 x 10~%). The other parameter « is ex-
tracted from mathematical fitting of (2) to the measured B—H
loop at 30 kHz, i.e., it is calculated in order to have the same
measured and simulated B—-H loops. Tracing the wall motion
parameter « variation as a function of induction level we find a
linear variation as shown in Fig. 4. Interpolation of « is inserted
in the model to estimate iron losses at different flux density
levels.

IV. BUCK CONVERTER APPLICATION

In many power applications, magnetic materials are excited
with nonsinusoidal waveforms. This induces different losses
compared to those provided by manufacturers based on sinu-
soidal flux density [19]. DC bias has also a significant effect on
losses [20]. In buck converter, a PWM voltage is applied on the
inductor and a dc bias depending on the load exists. This would
create a noncentered minor hysteresis loop. As a consequence
core loss prediction becomes complex, and precise magnetic
modeling is required.
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Fig. 5.

Buck converter measurement circuit.

A. Buck Circuit and Losses Measurements

In order to investigate magnetic component behavior in power
applications, a 40-W buck converter shown in Fig. 5 is realized.
The circuit design allows variable voltage, frequency and load.
Inductor used in the circuit is the same powder core previously
characterized with 30 turns copper wire.

To measure precisely magnetic losses, a small shunt
(200 m£?) is added in series with the inductor and ten secondary
turns are wound to the same core. The shunt allows precise
current measurements, while open secondary side allows volt-
age measurement excluding coil losses. Both measurements are
performed by a 1.5-6 GHz bandwidth, 40 GS/s LECROY oscil-
loscope. Knowing the primary current and secondary voltage,
iron losses are calculated using

T
P :% 0 %w(t) Cin(t) - dt. @

Concerning copper losses, they are calculated using (5) where
the total power dissipated in the windings is the sum of dc and ac
losses. Ipc and Rpc are the dc current and resistance, respec-
tively. Rpc is derived from conductor resistivity and dimen-
sions. R ¢ is the ac resistance due to skin and proximity effects
that increase with frequency. I, is the current’s nth harmonic.



HILAL et al.: POWER LOSS PREDICTION AND PRECISE MODELING OF MAGNETIC POWDER COMPONENTS

BJT1

I Load
—_—
r pﬂ{ MODEL s

O D1 T M
& e fm] N 3

PULSE1

I

<
.

m 2

Fig. 6. Buck converter simulation circuit.

The ac resistance can be determined either by calculation ac-
cording to [21], or by measurement using a coreless winding and
an impedance analyzer (we used the Agilent 4294A). In both
cases, the ac copper losses are negligible, not more than 1% of
total winding losses. This is due to low ac current in the buck
application and to low ac resistance increase for the operating
frequency range (up to 100 kHz). Hence, the copper losses can
be limited to dc loss only. The winding loss for the used 30 turns
copper wire is found to be 39 mW at a dc current of 1 A

P, = Ppc + Pac = RocIpe + Y Racaly = Roclh.

(&)

B. Circuit Simulation and Losses Prediction

To validate our model a circuit identical to the buck circuit
used for measurements is simulated in Simplorer as shown in
Fig. 6. The model replaced the inductor including both static
and dynamic models (blocks) plus core dimensions. Winding
resistance and number of turns are inserted to the winding block
in the model. Each of these blocks is a separate VHDL-AMS
“Subsheet” (containing the code). An example of the Bertotti’s
block code is presented below. Comparison between measured
and simulated waveforms and losses is presented in the next
section.

LIBRARY ieee;

LIBRARY std;

LIBRARY basic_vhdlams;

——————— VHDLAMS MODEL BERTOTTI — — — — — —

USE basic_vhdlams.ALL;

USE std.ALL;

USE ieee.ALL;

————— ENTITY DECLARATION BERTOTTI — — — ——

ENTIT DYN IS

generic(

s :real := 0.000009; — — Effective
Area of Core

1:real :=0.023); — — Effective

Length of Core
port( TERMINAL nl, n2 :MAGNETIC;
QUANTITY B : out real;
QUANTITY Hs : in real);
END ENTITY DYN;
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Fig.7. Measured sine and square losses and datasheet losses at B = 100 mT.

— — ARCHITECTURE DECLARATION arch BERTOTTI — —
ARCHITECTURE arch DYN OF DYN IS

QUANTITY MV ACROSS flux THROUGH n1 TO n2;
———————— DYNAMIC PARAMETERS — — — — — ——

CONSTANT gamma : real := 1.531e — 4;
— — dynamic parameter 1

CONSTANT alpha : real := 13.30e — 2;
— — dynamic parameter 2

QUANTITY D : real;

QUANTITY Hd : real;

QUANTITY delta: real;

—————————— BEHAVOIUR — — — — — — — ——
BEGIN
B == flux/s;
Hd == MV/1;
D == B’dot;
if Hs’dot > 0.0 use delta == 1.0;
else delta == —1.0;
end use;

Hd == Hs + gamma*D + alpha*delta*(delta*D)**0.5;
END ARCHITECTURE arch DYN;
—————— END VHDLAMS MODEL BERTOTTI — — — ——

C. Results and Discussion

As mentioned earlier, losses under sinusoidal and nonsinu-
soidal excitation are not the same. To demonstrate that, Fig. 7
presents losses measured in the powder core under sinusoidal
and square voltage excitations at 50% duty cycle (Sections
III-B and IV-A, respectively). These measurements are carried
out under a constant level magnetic flux density (100 mT) and
for a frequency range between 40 and 100 kHz. Then datasheet
losses calculated using Steinmetz equation and parameters both
provided by the constructor [22].

The data sheet losses calculated using the square waveform
parameters provided by the manufacturer correspond to the mea-
sured ones. We can notice that these square losses at 50% duty
cycle are lower than sine losses. However, for extreme duty
cycles, square losses become higher than sine losses. This is
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Fig.9. Measured and simulated inductor current at f = 50 kHz.

due to the fact that losses are function of magnetic induction
time derivative. Using sine losses for materials excited by other
waveforms or vice versa is quite a drawback for systems design,
regarding efficiency and power consumption.

In view of all previous circumstances, a complete magnetic
model has many advantages. For instance, the exact inductor
voltage and current of both continuous and discontinuous con-
duction modes are available from circuit simulation. Results are
presented in Figs. 8 and 9. Measured and simulated waveforms
are in good agreement.

Furthermore simulated iron losses (buck in continuous con-
duction mode) for different induction levels are compared to
measured ones in the 40 to 100 kHz frequency range. Results
are shown in Fig. 10. We note that only a single dynamic pa-
rameter “a’” has to be identified from sinusoidal measurements.
Experiments confirm model’s loss prediction accuracy with a
maximum error of 3%.

To study dc bias effects on magnetic losses, a set of five load
circuits, consisting of ceramic cased power resistors, are used to
vary dc current in the buck circuit. These resistive loads having
values of 2, 3, 4.4, 5, and 6 € are connected and iron losses are
measured simultaneously. Measurements done under fixed 5 V
input voltage and 25 kHz frequency are shown in Fig. 11.

On the one hand, for dc currents higher than 600 mA the
inductor is in continuous current mode. The dc bias effect here
is insignificant due to very low hysteresis losses in the powder
core material and a slight change in the dc current. This effect
is explained in Fig. 12; applying the same AB of 0.2 T at
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two different dc levels Bp¢; and Bpgs give two different AH
values, and then two minor hysteresis loops with different areas.

On the other hand, for dc currents lower than 600 mA the
inductor operates in discontinuous conduction mode. In this
case, we still have the same flux density derivative (as voltage
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and frequency are the same) but with smaller AB and AH
corresponding to the smaller ripple current A7 (due to discon-
tinuity). As a result, we generate smaller minor B—H loops and
thus lower losses. We can observe the losses decrease with dc
current decrease.

Finally, our model is a real-time approach while all analytical
formulas are posteriori approaches. Here lies the importance of
magnetic components modeling.

V. CONCLUSION AND PERSPECTIVES

In this paper, the behavior of a power inductor in a widely
used power converter topology is studied. Development of a
magnetic component model for use in circuit simulation is pre-
sented. Simulations of a buck converter including the proposed
model are compared to measurements performed on a converter
circuit of variable voltage, switching frequency and load. The
magnetic component model allows precise prediction of core
and winding losses. Simulated inductor current and voltage cor-
respond to measured ones. Model’s parameters are extracted
from magnetic material characterization under sinusoidal exci-
tation. Experiments confirm model’s loss prediction accuracy
with a maximum error of 3% for nonsinusoidal waveforms. DC
bias is taken into account. Both continuous and discontinuous
conduction modes are studied. Results are in good agreement for
different induction levels and a wide frequency range. The model
is limited to negligible skin effects conditions, since magnetic
diffusion is not taken into account. Relaxation losses [12] are
not fully taken into account either. Both effects will be studied
in future work by implementing more complex static (relaxation
effect) and dynamic (diffusion effect) material’s laws. Simula-
tion of other circuits, including thermal effects is also of our
interest for future work.
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