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Abstract— A modelling approach for complete integrated magnetic
components for VRMs is presented, which is verified on a four winding
component. The influence of the center leg and outer leg air gaps on in-
ductances, coupling factors and output current ripple are discussed. Ana-
lytical and FEM modelling results based on the geometrical, material and
winding data are compared to experimental results. The complete mod-
eling of the integrated magnetic component, also required for input and
output filter design, enables simplified integration into simulation tools
thereby enabling pre-optimization before breadboarding.

|. INTRODUCTION

The strong demand for more compact power supplies is well
known and the situation is aggravated by decreasing operating
voltages for processors (< 3.3 V) resulting in a rising demand
for high conversion ratio DC/DC converters. This is evident
in the telecommunication industry and elsewhere. The use of
voltage regulator modules (VRM’s) has now become an ac-
cepted standard and constant attempts are made to improve the
construction, efficiency and other characteristics of such mod-
ules. The recently proposed use of integrated magnetic com-
ponents promises significant advantages in this regard.[1], [2],
(3], [4]. [8]

Using integrated magnetic components in push pull forward
converters with current-doubler rectifier, is an optimal solution
for improving the topology efficiency and at the same time re-
ducing volume and costs. Fig. 1 shows this converter topology
proposed in [1][2]. Three magnetic components are used in this
topology variant: A 3-winding transformer and two filter in-
ductors. Size and costs of these discrete components (as given
in Fig. 2) and high voltage stress on power semiconductor com-
ponents yield a negative impact, when compared to other dou-
ble ended topologies. Additionally, the interconnections be-
tween transformer secondary and the inductors, particularly at
low voltage and high current, which represent one target appli-
cation for these circuits, cause extra losses.
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Fig. 1. Typical high conversion ratio topology;ie. push-pull forward.
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Fig. 2. Typical discrete magnetic components required for the topology under
investigation .
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Fig. 3. Proposed integration of functionality, leading to a single four-winding
device.

The primary windings are wound bifilarly, guaranteeing the
tight coupling, essential for the push pull converter in order to
reduce voltage stress on the primary sided MOSFETSs. This
is characterized by a very strong coupling of the split primary
windings, each half of it in turn strongly coupled with the re-
spective secondary winding.

Unfortunately the above mentioned publications have the
following shortcomings: The complete inductance or coupling
coefficient matrix of the integrated magnetics is not outlined
and discussed; the center air gap dependence of secondary
windings coupling coefficient and output current ripple is mis-
interpreted; the effect of microscopic inherent outer air gaps is
not considered at all.

The modelling approach used here, for the integrated mag-
netic components, amounts to using the limb and air-gap reluc-
tances to obtain analytical equations for the component. With
the air-gaps as parameters the required coupling coefficients
and other system information can be calculated. This approach
is applied to a four winding component.

Analytical and FEM modeling results based on geometrical,
material and winding data are compared to experimental re-
sults. The complete modelling of the integrated magnetic com-
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Fig. 4. Simplified reluctance model for the integrated four-winidng compo-
nent. The three reluctances R, Ry and R; are mainly controlled by the
corresponding air-gaps ie the gap lengths I1, I, and I.

ponent, also required for input and output filter design, leads to
a simplified integration into simulation tools.

Il. MODELLING OF INTEGRATED MAGNETICS

An analytical model for the four-winding integrated compo-
nent is based on the reluctances of the various flux paths. For
this component the two fluxes 81 and 6 are indicated in Fig. 3
The reluctance R is in general defined as

R= " @)

where | is the length of the magnetic path, | is the permeability
of the material and A is the cross-sectional area through which
the flux propagates. These variables are in principle all dis-
tributed quantities and it takes some expereince to make appro-
priate estimations for the lumped model. Applying this analy-
sis to the to the magnetic circuit as depicted in Fig. 4 yields the
L-matrix in Equation (1), describing the integrated component
in terms of limb and air-gap reluctances.

In equation (1) A=R1-R2+R1-Rc+R2-R¢e. Ry, Rz and
R are the reluctances of outer legs and the center leg respec-
tively. np1, np2, Ns1 and ng are primary and secondary winding
turns. The rows and columns of the matrix are in the order
(P1, P2,51,52).

For a symmetrical structure (symmetric core: R1 =R2 = Rg
and symmetric primary and secondary windings: np1 = np2 =
np and ng; = Ne = ng) the inductance matrix is simplified as
shown below (3).
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The coupling coefficients between primary and secondary
windings (Kps), between both secondary windings (Kss) and
leakage inductance between both secondary windings (Llsis2)

are now: )
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Alternatively the various inductance and coupling coeffi-
cients can be obtained from FEM calculations. By using a 2D
FEM analysis, the leakage fluxes in the 2D section are taken
care of, because the actual field distributions are determined.
The analysis procedure essentially entails calculating the stored
magnetic field energy with each coil energized in succession to
obtain the self-inductance for that coil.

The coupling inductances are then determined by energiz-
ing two coils at a time, first with the two fields in additive and
then in subtractive orientation, by varying the polarity of ex-
citation for one of the coils. The stored magnetic field energy
in each case are used to determine two inductance values from
which the coupling inductances are determined. This basically
recreates the well known method for measuring coupling in-
ductances in the laboratory.

One set of results from such a calculation procedure is de-
picted in Fig. 5. This shows the self-inductances for a primary
L11 and a secondary winding La4 as well as the mutual induc-
tance between the same windings L14 as a function of the two
air-gap lengths I and Ic.

I1l. ANALYSIS OF THE INTEGRATED COMPONENT

The structure of the matrix L exhibits that all but the sec-
ondary inductances (self and mutual of both) are independent
of the center leg and of course of air gap on the center leg. The
coupling factor of both primary windings is one, since they are
wound bifilar. In the underlying integrated component the main
gap is allocated to the center leg. This leads to a much larger
reluctance in the center leg than those in the outer legs, which
are only due to the polishing process of the surface of the core
halves.
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Fig. 5. Self-inductance Ljj, self-inductance La4 and mutual inductance Laj
obtained from FEM calculations.

The inductance matrix can be simplified further as shown in
(4). Ls shows that the coupling coefficient of both secondary
windings is close to one. This fully coupled structure (primary
and secondary coupling coefficient equal to one) can also be
obtained by splitting the secondary windings and wind each
half on one outer leg. Indeed the split secondary solution is not
plausible due to utilization of more than one turn, which will
entail enlarged losses. Since there is some leakage flux between
both secondary windings, the realistic coupling coefficient is
less than 1.

Fig. 3 shows the final integrated magnetic component, with
the leakage inductance between both secondary windings.
Note that the self inductances of these windings are now uti-
lized as the filter inductances.

Using the geometry of the core, the various reluctances can
be computed and then the inductance and coupling coefficient
matrices can be obtained.

Combining Equations (6) and (7) yields equation (8) and the
output current ripple is therefore only related to the leakage
inductance of the two coupled secondary inductors (as stated

in [4]):
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where V is the output voltage, fgy the switching frequency and
D the operation duty cycle.

For a coupling coefficient close to one the leakage induc-
tance Ligis Will tend to zero and the output current ripple will
rise to infinity. The leakage inductance is related to the cou-
pling coefficient in (8) which in turn depends on the center leg
air gap lg. Accordingly, the output current ripple is related to
the coupling coefficient as well as to the leakage inductance.

IV. DESIGN CONSIDERATIONS AND EXPERIMENTAL
RESULTS

The integrated magnetic components were built for a 48V -
input, 1.6V/15A output push-pull forward converter with cur-
rent doubler rectifier operated at a switching frequency of 200
kHz. Two geometrically diferent versions were investigated, a

solenoidal (Fig. 6) and a planar (Fig. 7) version of the same
functional four-winidng component. The differences in the re-
spective inductance values is due to the use of standard core
geometries and manufacturing problems that will be sorted out
in due course.

A magnetic core EE25/13/8 carrying a solenoidal winding
was chosen initially. An optimization according to [6] yields
a planar ELP22/ELP22 of EPCOS AG. Each of these configu-
rations have single turn secondary windings and twenty turn
primary windings. The solenoidal component uses a litz of
105*0.1mm as primary winding material with ten turns on each
outer leg and foil of 13mm*0.25mm as secondary windings,
Fig. 6. For the planar component two paralleled layers of 70
mm each having five turns are used as primary windings and
six paralleled one turn layers as secondary windings, Fig. 7.
Depicted analytical results of both configurations match quite
well the FEM results as well as the measurement results of built
prototypes.

&

Fig. 6. Pre-assembly view of solenoidal construcion for the four-winding com-
ponent.

The analytically calculated inductance matrix for the
solenoidal component is

58.7 58.7 294 294
L _ |58.7 58.7 294 294 H
aalt. = 1594 204 018 o0.116(H
294 294 0.116 0.18

The FEM calculated inductance matrix for the solenoidal
component is

68.35 68.32 3.42 3.42

L _|e832 6835 342 342

FEM= 1342 342 019 0.15|"™
342 342 0.5 0.19

The measured inductance matrix for the solenoidal compo-
nent is

53 52 198 2.135
L _|s s 2 1e3|
mas= 1198 2 013 0.065|H "

2.13 193 0.065 0.15

Good correspondence between the different calculated val-
ues and the measured values is observed for the solenoidal ge-
ometry.



Fig. 7. Assembled view of the planar construcion for the four-winding com-
ponent.

The Analytically calculated inductance matrix for the planar
component is

435 435 21.75 21.75
L _ |43 45 2175 2175
anayt. = 19175 2175 128 0.89 | M-

21.75 21.75 0.89 1.28

The FEM calculated inductance matrix for the planar com-
ponent is

20.25]

20.25

0.887
1.12

[ 402
402.5
20.25
20.25

402.5 20.25
402  20.25

20.25 1.12

20.25 0.887

Lrem = HH.

Measured inductance matrix for the planar component is

[ 431 533 24.82 24.22]
533 431 2515 21.82

2482 2515 13 0.98

[24.22 21.82 0.98 1.28 |

pH.

Lmeas:

Again good correspondence between the different calculated
values and the measured values is observed, in this case for the
planar geometry.

V. SIMULATIONS

The reluctance models derived above are readily integrated
with the main circuit simulation in a program like SIM-
PLORER or the coupling coefficients can be used in SPICE
and similar simulators. This makes it very simple to investigate
the influence of the various air-gaps on the circuit performance.

Results are shown below for a simulation performed for the
planar four-winding construction. In Fig. 8 the output cur-
rent and voltage waveforms are shown. This would typically
indicate to the designer whether the design specification is
achieved. When supplying low-voltage microprocessors the
allowable voltage ripple and transient response are strictly de-
fined to ensure reliable operation.

In Fig. 9 the flux waveforms in the respective limbs is de-
picted. This information provides valuable insight into the be-
haviour of the magnetic component that cannot be achieved
through measurements.

Because of lack of space design equations and guidelines
will only be provided in the final paper. The inductance matri-
ces are given as follows:
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Fig. 8. Load (output) waveform. Here l|oaq close to 10 A and Vjeag Close to
1V as for a typical low voltage output application.
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Fig. 9. Simulated flux waveforms for the central limb as well as the two outer
limbs.

V1. CONCLUSIONS

It is concluded that the reluctance based analytical models
are feasible for use in the modelling of integrated magnetic
components. When compared to FEM calculations and mea-
sured values they provide acceptable results. The reluctance
models lend themselve to incorporation in circuit simulators
thereby enabling simulation of the complete circuit behaviour
to determine the sensitivity to variation of paramaters such as
the air-gaps.
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