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Abstract. This paper puts a novel method of “multi-directionally non-linear magnetic equivalent-circuit
calculation” (MACC) for discussion. It models transformer cores through local elements that are represented by
non-linear magnetic resistances. From its concept, it allows for 2D or 3D distributions of induction components,
considering arbitrary degrees of non-linearity and anisotropy. The present work describes modelling of rotational
magnetization by means of a network of elements for flux in three different directions, the rolling direction (RD),
the transverse direction (TD) and the diagonal direction (DD) in overlaps. A 3-phase core package is modelled
by 41 elements, assuming two main flux paths. Three sets of nonlinear permeability functions are attributed to
the individual elements, starting with roughly estimated induction distributions. The corresponding system of
Kirchhoff equations is solved in well known ways. Step-wise approximations of the set of induction components
are performed until they correspond with the set of permeability values in acceptable grades. The resulting local
distribution of induction components indicates maximum values of TD-components in the T-joint region and the
adjoining yoke regions corresponding to maximum rotational magnetization. In comparison with experimental
findings, the results of modelling show similar tendencies. However, as a specific advantage of MACCmodelling, it allows flexible and rapid checks of consequences of changes of material parameters and geometric
parameters, respectively.
Keywords: Numerical magnetic modelling, electric equivalence circuits, transformer cores, induction
distribution, rotational magnetization, non-linear systems

1. Introduction
Increases of both word-wide energy demands and environmental consciousness yield the target to
replace the millions of existing transformers through more advanced ones that show lower losses and
weaker emission of noise. For the design of the latter, effective methodologies of core design are
required. Apart from experimental modelling, numerical models are needed.
The general problem of numerical modelling results from the very high amount of impact factors
that affect the magnetic performance of a transformer core. As well known, modern core materials
show highest grades of anisotropy. It is characterized by extreme differences of permeability µ for the
three directions – up to more than 50000 for the rolling direction (RD), some 1000 for the transverse
direction (TD) and about 100 for the normal direction (ND). Each direction shows different profiles of
non-linearity, i.e. of the function µ(B) with B the induction. The non-linearity is most pronounced for
the RD. A strong one is also given for the diagonal direction (DD) as being relevant for the overlap
regions in corners and T-joints.
The traditional method for numerical analyses is given by the finite element method (FEM). As its
main advantage, it offers highest geometrical resolution, including advanced techniques for 3dimensional modelling. However, a pre-requisite for effective results is that the model is based on
correct data for the description of both the considered object and the applied materials. If this is not
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given, high resolution is a fake. Of course, this is valid for all methods, including the here presented
one. On the other hand, FEM shows the following specific drawbacks:
(1) Simultaneous consideration of all above listed material parameters proves to be rather impossible.
In particular, the separate consideration of non-linearity functions for several directions has not
been reported so far. Many papers report the consideration of nonlinear µRD(BRD) using different
versions of the well known Newton-Raphson method, especially for the modelling of saturation
effects. Few ones consider also a second direction, i.e. µTD(BTD), µND(BND) or µDD(BDD). However,
separate non-linear FEM-consideration of three or even four directions – as possible by the here
proposed method - has not been reported at all.
(2) Restricted flexibility is given with respect to variations of geometrical parameters due to the need
of repeated meshing.
(3) FEM yields flux distributions that are attractive in optical ways, while their systematic evaluation
with respect to involved physical mechanisms tends to be difficult.
(4) While 3-D modelling is possible in principle, the presentation and evaluation of results proves to
be problematical.
An alternative to FEM is given by equivalence circuit modelling (ECM). Traditionally it is used for
the discussion of the global performance of a transformer core including windings and stray field
mechanisms according to the Steinmetz model, e.g. recently reported in [1,2]. Generally, ECM circuits
tend to be restricted to a small amount of elements that correspond to the three phases of the core (see
e.g. [3]). As exceptions, also the 5-limb case were included in [4-6]. Further single elements concern
different mechanisms like air gaps of joints [7,8], hysteresis [9], dynamical conductances [5,10,11],
and also DC-bias [12]. As a further approach, also the core surrounding was implemented, e.g. [13]
considering the interaction of a 3-phase core with a tank shunt with respect to DC-bias.
The present paper considers a network of a whole package of a 3-phase transformer core with focus
on the behaviour of T-joints with respect to rotational magnetization. Earlier, a similar network
structure was established by M.Elleuch and M.Poloujadoff [14]. As the most significant difference,
these authors assumed linear behaviour of the core material, “for simplicity”. On the other hand, the
present methodology is focussed on the simultaneous consideration of three different functions of nonlinearity.
One aim of the here presented, novel method was to supplement FEM in cases where high
geometrical resolution is not needed. Further aims are to avoid all above mentioned drawbacks (1) to
(4). To achieve these aims, we developed a “multi-directionally non-linear magnetic equivalent-circuit
calculation” (MACC) method [15]. The following sections give a detailed description of the novel
methodology. Its practical effectiveness is demonstrated at the example of an industrially relevant
problem. It concerns the generation of rotational magnetization (RM) that tends to increase both losses
and magnetostriction of transformer cores.

2. Synopsis of MACC methodology
The novel method is based on the following thesis: “A correct estimation of the physical state of a
non-linear system of e.g. electromagnetic or mechano-elastic nature is attained if the field quantities
are in agreement with the non-linear material characteristics at all locations of the system.” For a
ferromagnetic system, this kind of inner “harmonization” is attained if the local values of permeability
correlate with the local values of field or induction, respectively. In the here discussed case of a
transformer core of anisotropic SiFe, it means that series of permeability values for the RD, TD, DD
and ND have to be allocated and varied until they correspond to the local components of induction
with an acceptable approximation (notice: for the ND see [16]).
The corresponding MACC-procedure involves the following six steps:
(1) For the given core, an electric equivalence-circuit is established in well known ways. That is, for
each main flux path of a given sub-region as an “element”, we estimate a local magnetic resistance
R = L / (A µo µ) = L / (W H µo µ) .

(1)

Here, A is the considered flux paths cross section as resulting from its width W and its height H. L is
its effective length. µo is the absolute permeability, and µ is the elements relative permeability. The
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permeability function µRD(BRD) is taken from material catalogues. The function µTD(BTD) is determined
experimentally by SST or RSST. In the overlaps (OLs) of joints, we assume that the induction BDD is
in diagonal direction due to orthogonal RDs of adjoining laminations. The corresponding permeability
function µDD(BDD) is represented by the direct use of a resistance function RDD(BDD) estimated from
results of multiple mini-model cores, as previously reported in [17]. The inputs of a network for a
transformer core are given by the well defined excited total fluxes of the three limbs, considering the
corresponding phase shifts.
(2) As a starting point (run 1), the local values µ are based on the local induction values B1 as
estimated from experience, with the aims of both shortened computing time and avoidance of tip-over
due to complex non-linearities.
(3) A network processing program of well known type (integrated in MACC-software) is applied to
calculate the resistances induction values B2 as resulting from run 1, solving the given system of linear
Kirchhoff equations in well known ways.
(4) By means of specific MACC-software, the sets of permeability values µ1 are replaced by sets µ2
according to sets B2 that result after induction variations of e.g. 10% , corresponding to ΔB = 0.1 (B2 B1).
(5) Run 2 is performed with the adjusted permeability values that yield approximated values B3 as a
basis of further runs 3, 4 etc. The corresponding algorithm is given by
Bn = Bn-1+ FCORR ΔB = Bn-1 + FCORR (Bn-1 - Bn-2)

(2)

with FCORR a constant correction factor of the order 0.1.
(6) The procedure is stopped when all local induction values equal the induction basis of the
permeability values within the tolerated error of e.g. 1%.
Due to the fact that the resistance values R represent rough estimations, the tolerance should be
generous in order to avoid conclusions of mere academic nature. As also for most FE-modelling, the
target of MACC-procedure is not given by exact calculations. Rather it is to check the relevance of
impact factors in qualitative ways, or as rough quantitative estimations and tendencies, respectively.
The following sections discuss a first application of the methodology for the approximate
prediction of local intensities of axis ratio
a = BTD / BRD

≈

BTD / BNOM

(3)

of rotational magnetization in T-joints and yokes of a 3-phase transformer core package built up from
modern laser-scribed silicon iron. Here BTD is the local induction in TD that arises when an outer limb
is without total flux. BRD is the maximum local induction in RD (arising at another instant of time). It
tends to be very close to the nominal induction BNOM of the core. The higher the value a, the higher
both the local losses and the local magnetostriction in the course of rotational magnetization (RM).
RM depends on many parameters of both the core design and the applied core material (see e.g. [18]),
a full understanding however still being missing. According to experience, a is a maximum in the
central T-joint region. But as shown by the results of the present paper, significant RM may arise also
in the yokes. This yields demands to determine the regional distribution of a as a function of impact
parameters, like the grade of the core material.
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3. Considered transformer core
Fig.1 illustrates the considered transformer core package of 1.2 m x 1.0 m x 0.1 m size. As a start,
we assume that it is stacked from laser-scribed SiFe, assembled with multi-step lap [17], and
magnetized with BNOM = 1.7 T as the industrially most relevant value. As well known, industrial cores
consist of many packages of different width, aiming for approximate circular cross section of the three
limbs. Models tend to be concentrated on the central package of maximum width. Here we consider a
package of lower lamination width 2 w that - in very rough approximation - can be assumed to be
representative for the core as a whole. This means that the relative window length is rather high,
according to 3 w. The window height is assumed as 6 w.
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Fig.1. Geometry of the modelled core package (lower half), as well as definitions for regions and directions.

Considering a small distribution transformer, we assume w = 0.1 m for the half lamination width.
For simple calculations we set the stacking height to h = w = 0.1 m. This yields a cross section A = w h
= w² = 0.01 m² for halves of limbs and yokes. As a highly grain oriented (HGO) core material, we
assume laser-scribed SiFe 23ZDKH90 (NSC) [19]. For the overlap regions, we assume multi-step lap
[17]. Finally, in Section 6, we also simulate the case of lowered anisotropy – as being typical for
conventionally grain oriented materials (CGO) - by changed permeability data for the RD and the TD.

4. Start of MACC procedure
Fig.2 shows the established equivalent circuit model. It considers eight regions that are modelled
by five resistances each, except the T-joint with six resistances. The model assumes two main flux
paths, an inner along the two windows, and a peripheral one. Three different graphic symbols are used
for local flux paths in RD, TD and DD, respectively.
According to Section 2, the 41 resulting resistance values were based on geometrical considerations
for 41 core “elements”. Each element is represented by an – already defined in (1) - local magnetic
resistance R = L / (W H µo µ). The effective lengths L , widths W and heights H were estimated on the
basis of a geometrical unit w = 0.1 m. For the length L of RD-elements, we set multiples of w
according to the mean length of individual flux paths. For TD-elements, we set L = w assuming flux
paths from the centre of a peripheral RD-element to that of the neighbouring inner one. The
corresponding width W of cross section is set according to the mean lengths of the involved RDelements. The height of all elements is H = w for the here described core package.
The width of overlap region elements is assumed as W = √2 w = 1.4 w. Corresponding values of
length L or permeability µ cannot be defined. Thus values of magnetic resistance RDD according to
measured data from reference [17] are attributed in direct ways. It should be stressed that the nonlinear functions RDD(BDD) depend on many parameters like grade of material, number of overlap-steps,
overlap lengths and pressure of clamping. This means that attempts of exact modelling would be
academic. On the other hand, the non-linearity tends to be very pronounced, thus showing high
relevance.
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(a)

(b)
Fig.2. Equivalent circuit model, assuming two fundamental main flux paths, i.e. inner paths round the windows, and
peripheral paths. 41 flux paths in RD in 41 sub-regions as “elements” are considered by 23 resistances drown as long
rectangles. 12 balancing flux paths in TD between the elements are considered by 12 resistances given as short rectangles. 6
flux paths through overlap regions are marked by 6 square resistances.
(a) Nomination of elements. Notice: The total instantaneous induction value 1.47 T of R-limb and S-limb is replaced by 1.5
T, for simple interpretation, in particular with respect to asymmetry of the resulting local induction values.
(b) As a basis of the calculation of resistances, geometrical quantities are expressed as a number of geometrical units w. For
RD-elements, the length L is given. For TD-elements and DD-elements, the width W is given.

The resistance circuit is restricted to the lower half of the transformer core, taking advantage from
symmetrical behaviour of the upper half. This symmetry means that the considered limb shows
constant magnetic potential in its central area. Thus we can introduce through connections between the
two paths of limb flux. This is a significant precondition for the impress of total limb fluxes ϕR, ϕS and
ϕT for R-limb, S-limb and T-limb. A second condition is that the sum of the three limb fluxes is zero at
each instant of time.
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Fig.3. Permeability data for the two given types of core material [19].
(a) Permeability function µRD(BRD) for the rolling direction, values for BRD < 0.3 T extrapolated.
(b) Permeability function µTD(BTD) for the transverse direction, values for BRD < 0.3 T were linearly extrapolated from the
higher range of induction that is offered by catalogue. This yields an initial permeability of 400 for the material of high
anisotropy. For material of lowered anisotropy, higher permeability values were assumed (see Section 6).
(c) Magnetic resistance function RDD (BDD) of an a = 0.1 m wide step-lap overlap region. The functions were approximated
from experimental data in [17]. Since depending on many parameters, a distinction for the two types of material was not
performed.

In principle, the resistance model is valid for any given instant of time. However, the present paper
is restricted to the instant when rotational magnetization of maximum induction in TD arises in the
right half of the magnetic core. Assuming the industrially most relevant value of nominal induction
BNOM = 1.7 T, this means that the instantaneous induction values averaged over the cross section of the
R-limb and the S-limb are BR = BS = 1.47 ≈ 1.5 T, while the induction is zero in the T-limb, i.e. BT = 0.
The corresponding fluxes are ΦR = ΦS = 2 A 1.5 T = 0.03 Vs.
To offer a feeling for the involved numerical data, let us discuss the calculation of magnetic
resistances. For transparency, in Fig.2b they are expressed by w = 0.1 m as a geometrical unit. For an
L = w = 0.1 m long section in RD of limbs and yokes, we find a resistance unit
RRD = L / (A µo µRD) = 0.1 m / (0.01 m² 4 10-7 Vs/Am) / µRD = 8 106 A/Vs / µRD .

(4)

For example, for a local induction B = 1.5 T, the local permeability is µRD = 40000 for the given
material (see Fig.3a; curve for HGO material). This yields
RRD = 200 A/Vs .

(5)
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The corresponding need of excitation is
VRD = RRD Φ = 200 A/Vs 1.5 T 0.01 m² =

3A

.

(6)

The consideration of transverse direction (TD) is complicated by the fact that catalogues tend to
restrict data on the corresponding permeability to values for high induction (> 0.3 T) that are without
relevance in the case of transformers. For the here reported case of modelling, we extrapolated data
from [19] according to Fig.3b. For low B up to 0.5 T, the resulting curve reveals approximate linearity
of permeability increase - it could be expressed by the function µTD = 400 + 5000 B (in T). However,
for a general applicability for different materials, MACC uses a look-up computer file as in the case of
RD. It should be noted that the approximated initial permeability value close to 400 is also in rough
correspondence with data published in [19,20]. (The case of material of higher µTD will be discussed in
Section 7.)
With the assumption BTD = 0.1 T we find µTD ≈ 800 which yields for a W = w wide region a
resistance
RTD = w / (A µo µTD) = 8 106 A/Vs / µTD ≈ 10000 A/Vs .

(7)

This corresponds to an excitation
VTD = RTD Φ = 10000 A/Vs 0.1 T 0.01 m² = 10 A .

(8)

Finally, for the diagonal direction DD of overlap regions, we take data from earlier model core
experiments [17]. Fig.3c indicates that very small resistance values are given up to about 1.2 T, as a
benefit from multi-step lap (MSL) assembling. On the other hand, strong increases start at 1.5 T, as an
indication of partly saturation of air-gap bridging regions of laminations, according to strongly nonlinear performance. For example, for 1.5 T, the corresponding excitation is close to VDD = 10 A. The
corresponding resistance of an A = 0.01 m² large region is close to 0.3 kA/Vs .
As a rough tendency, the corresponding resistances for the RD are well below 1000 A/(V s), the
TD-values close to 5000 A/(V s), and the overlap resistances are up to about 3000 A/(V s). That is, in
instants of high local induction, the overlaps play a dominant role. On the other hand, they are
negligible in instants of induction values below 1 T (depending on the number of overlap steps).
As already mentioned, we define the direction of flux in overlaps as the “diagonal direction” (DD).
This is justified by the fact that the usual step-lap assembling exhibits alternating orientations in
horizontal and vertical direction. Within the individual laminations, the flux tends to be oriented in
RD, but the effective flux is in DD if we average over the whole overlap region of an individual
package of the considered core.
As a basis of the calculation of the 41 resistance values, Fig.2 lists the assumed lengths or widths of
material regions that are assumed to show flux in RD. For example, R1 represents the central 2w long
outer sub-region of the R-limb. R5 represents the 1 w wide border region of balancing transverse flux
between the peripheral and the inner sub-region close to the end of the R-limb. The effective length is
L = 1 w, assuming a path length from the center of the left main path to that of the right main path. C2
represents the corresponding 1.5 w wide border region in the corner. The resistance C4 represents the
1.4 w wide peripheral overlap region of the corner.
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5. The approximation procedure
The network according to Fig.2b was implemented into the MACC-software program with the
usually applied equivalences, i.e. current (A) for flux Φ (Vs), voltage (V) for excitation V (A), and
resistance (Ω) for magnetic resistance R [A/(Vs)]. As a permanent feature, we set
ΦR = ΦS = BR 2 A = 1.47 T 0.02 m² ≈ 1.5 T 0.02 m² = 0.03 Vs .

(9)

Fig.4. Local induction values as resulting from the first run of approximation, i.e. without consideration of multi-directional
nonlinearities.

As already mentioned, the program solves the distribution of local induction components in the
individual elements by calculation of the corresponding resistance matrix. Fig.4 shows the corresponding result of run 1, i.e. for the case that multi-directional nonlinearities are not considered. Instead,
the permeability values were set according to Table 1. Comparison with the final result of Fig.6a, the
distribution of local induction values is in qualitative agreement. However, we find very strong
quantitative differences. As the practically most significant one, the induction of 110 mT in element
T3 – as the most relevant one – is strongly below the final result of 228 mT. This means that the
intensity of rotational magnetization in the T-joints is strongly under-estimated (by a factor of 2)
without consideration of nonlinearities.
Table 1: Assumed regional start values of induction
________________________________________
regions
assumptions
________________________________________
R, C, Y S and J
BRD = 1.5 T => µRD = 40000
W, D and T
BRD = 1.0 T => µRD = 60000
all TD-elements
BTD = 0.1 T => µTD = 1100
C and J
BDD = 1.5 T => RDD = 1000 A/Vs
D
BDD = 1.0 T => RDD = 0
_________________________________________
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Fig.5. Examples of processes of convergence for the four elements J1, J3, J5 and J6 of the T-joint region. For 100 runs, the
corresponding values of induction and resistance are depicted.

Following equ.(2), after run 1 the MACC-software system attributes more appropriate permeability
values, according to the calculated induction values of the 41 elements. As indicated by Fig.5, the
initial runs prove to yield distinct changes of induction values and the corresponding resistance values
in a high amount of locations. As a rough tendency, 100 runs prove to be sufficient for an acceptable
state of convergence, local variations being less than 1%. A higher degree of approximation cannot be
expected; that is, further runs can be assumed to be of mere academic nature. Anyhow, the calculation
times tends to be low, being of the order of 1 s for a network of the here given size. From first
experiences, much higher times arise for dynamic considerations of more complex networks.
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Fig.6. Local induction values as resulting from 100 runs. Notice: Results for the TD are given in milli-Tesla (mT).
(a) Core of very high anisotropy. (b) Core of considerably reduced anisotropy.
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6. Results and their interpretation
Fig.6a shows results of modelling for the core of highly grain oriented material. The orders of
induction values correspond in all eight regions to wide experience from experimental studies of
model transformer cores. They confirm that the distribution of flux is clearly dominated by the
extremely high anisotropy of the assumed type of material. It confirms the tendency of “flux along
rails” as observed by experimental measurements [22]. All along the way from the R-limb center
towards the end of the left yoke, two flux paths are indicated with a clear dominance of the window
side. Though the permeability for the transverse direction is very small, it leads to gradually increasing
balancing transverse flux towards the window side.

1.35 T
(I) flux con=
centration

1.65 T

0.23 T
a = 0.14

(II) antiparallel
fluxes

1.35 T
(III) rotational magnetization
(a)

1.33 T
(I) flux con=
centration

1.68 T

0.37 T
a = 0.22

(II) antiparallel
fluxes

1.33 T
(b)

(III) rotational magnetization

Fig.7. Schematic outline (after [21]) of flux distribution in the T-joint as indicated by the results of modelling, in good
qualitative correlation to earlier results of experimental model core investigations. Flux coming from the R-limb enters the Slimb in three portions, I, II and III with strong differences of local values B of induction (see text).
(a) Material of high anisotropy that yields strong anti-parallel fluxes in the course of circulating magnetization (CM).
(b) Material of considerably decreased anisotropy that yields strong rotational magnetization (RM).

The well ordered flux distribution ends at the T-joint. As supported by earlier results of model core
investigations, the take-over of flux by the S-limb is mediated through three flux portions as sketched
in Fig.7:
(I) Flux of the a priori overloaded window side passes into the left half of the S-limb through a sharp
90o-turn all along the RD.
(II) This flux portion keeps running in RD all along the periphery, losing intensity in gradual ways.
With identical intensities, it is compensated by anti-parallel flux that enters into the right half of the
S-limb with a sharp 90o-turn without leaving the RD.
(III) This residual flux enters into the S-limb as rotational magnetization (RM).
The flux portions I and II have little influence for the core performance, apart from causing more
distorted induction as a source of increased eddy current losses. On the other hand, RD can be
assumed as a dramatic source of regional increases of losses and magnetostriction. The here given
numerical modelling estimates the intensity of transverse induction with BTD = 0.23 T, corresponding
to an axis ratio a = BTD / BRD = 0.23 T / 1.7 T = 0.14. Almost half as strong rotational magnetization is
predicted for the yoke region, according to a = 0.06.
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Local experimental measurements (e.g. Fig.8a) indicate significantly higher values a in both the Tjoint and the yoke. The T-joint center shows values up to about a = 0.3 that yield a “hot spot” of loss
increases of 50%, up to even 100%. The here predicted lower value can be explained by the fact that –
per definition according to Fig.2b - it represents a mean value over a border region of 2 w = 0.2 m
width. Strong rotational magnetization tends to be restricted to the central part of the T-joint region.
Experimental measurements indicate approximately linear increases of both losses and magnetostriction with increasing a. This justifies the here used very rough meshing.

(a)

(b)
Fig.8. Measured RM patterns of transformer model cores, for comparison with the results of modelling. (a) Material of very
high anisotropy (from [22]) with local values of axis ratio up to a = 0.28. (b) Material of low anisotropy (from [23]) with
values up to about a = 0.9.

Of course, a larger network – e.g. assuming four main flux paths instead of two - will be possible
for the assessment of the above mentioned hot spots. On the other hand, the here performed restricted
network proves to be sufficient for effective estimations of qualitative – or roughly quantitative –
changes of flux distributions as a result of changed core design. The following chapter presents a
corresponding example, i.e. consequences of reduced anisotropy of the core material.

7. Assumption of lower anisotropy of material
All above results concern highly grain oriented laser scribed core material of very pronounced
anisotropy. The latter favors the rolling direction, but disfavors magnetization in transverse direction,
according to the above results of a small axis ratio a = 0.14. MACC-modelling promised to show
insights to the relevance of the corresponding core parameters. Thus some attempts of application
were already made to consider conventionally grain oriented materials of considerably lowered
anisotropy.
As an easy way to model reduced anisotropy, all permeability values µTD for the TD according to
Fig.3b were increased by 20%. This means that the initial permeability is assumed as 480, instead of
400. On the other hand, the permeability values µRD according to Fig.3a were reduced by 30%,
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corresponding to a maximum value close to 40000, instead of 60000. These assumptions are valid for
CGO-steel of type M-5 (NSC) [19] in approximation.
Fig.6b shows results of the correspondingly modified network. Compared to Fig.6a, the balancing
transverse fluxes are increased. In the T-joint region, the inner flux path I is slightly enhanced, more
flux entering the S-limb in a direct way. As a compensation, the flux that streams to the right core side
becomes slightly weaker. In the paths II of anti-parallel, circulating fluxes, the induction decreases
along the T-limb in a much stronger way through enhanced transverse flux. In the middle of the Tlimb, the antiparallel fluxes are restricted to a density of just 0.2 T. These changes result in reduced
distortion of induction of limbs, according to experimental results.
As the most relevant phenomenon, the decreased anisotropy yields distinctly enhanced transverse
flux through the element J3 – and also through W5 - as path III. This means that the rotational
magnetization (RM) is considerably enhanced. As a specific finding, the strong nonlinearity of the
TD-permeability function µTD(BTD) (Fig.3b) acts as a source of an avalanche effect: The pronounced
increase of µTD with rising BTD means that small changes of impact factors that favor path III may
enhance RM in relevant ways. In the here given case, increased µTD causes a strongly increased axis
ratio of a = 0.37 T / 1.7 T = 0.22. Some rotational magnetization (RM) arises also throughout the yoke,
however, with relatively lower intensity than in the HGO-case. As a main conclusion, rotational
magnetization is increased and concentrated to the T-joint region. On the other hand, anti-parallel
circulating fluxes (CF) are significantly decreased.
Strongly increased values a of axis ratio in T-joints for materials of low anisotropy were also
reported in literature. Fig.8 depicts a comparison of magnetization patterns for high anisotropy [23]
and low anisotropy [24], respectively. This supports the results of modelling, at least in qualitative
ways.

Table 2: Comparison of main effects for HGO-material of very high anisotropy and CGO-material of lowered anisotropy,
respectively.
________________________________________
HGO
CGO
________________________________________
axis ratio a of RM in T-joint
0.14
0.22
axis ratio a of RM in yoke
0.06
0.07
induction of CF in T-limb
0.53 T
0.19 T
_________________________________________

The above very specific results of modelling indicate that small differences of the permeability µTD
may yield quite strong changes of the intensity of RM. On the other hand, it should be reminded to the
fact that an increase of a is not linked with an analogous increase of losses P. As a tendency, the slope
of the function P(a) shows distinct decreases for decreasing anisotropy [18]. As well, the
corresponding slope for magnetostriction sinks significantly [25]. This means that the practical
consequences of high values a depend on the involved degree of anisotropy.

8. Discussion and Conclusions
As a novel alternative to finite element modelling, the present paper describes a methodology of
non-linear equivalent circuit calculation, entitled MACC-modelling. For the first time, it allows the
simultaneous consideration of a large amount of impact factors like 3D anisotropy, multi-directional
non-linearity, and effects of overlap designs of corners and T-joints. As a specific advantage,
consequences of modified geometrical or/and functional parameters can be studied in flexible ways.
The aim of the above discussion of modified material characteristics is to demonstrate the ability of
MACC to favor simple and rapid insights into functional consequences. In the case of FEM, the
calculation has the nature of a hidden black-box procedure. As the result of a modified input
configuration, FEM yields a modified configuration of flux distribution, the physical interpretation
being difficult in most cases. On the other hand, MACC offers simple insights into systematic
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modifications of flux distributions. They have potential for corresponding technical strategies in
straight-forward ways.
FEM can be applied for high local resolution with automatic generation of high numbers of nodes.
On the other hand, MACC offers itself for rough estimations however based on low numbers of
elements, their configuration needing a priori knowledge. We conclude that the two methods
complement each other for the assessment of complex mechanisms.
In more detail, the paper yields the following main conclusions:
(1) A MACC-network of about n = 40 network elements proves to be sufficient to model e.g. a
package of a 3-phase core, assuming two main paths of magnetic flux.
(2) The elements can be based on simple geometric quantities and series of permeability values as
a function of induction.
(3) Extreme grades of anisotropy can be considered for four directions, the rolling direction (RD),
the transverse direction (TD), and the diagonal direction (DD; as being relevant for overlap
regions). Also the normal direction (ND) can be considered as demonstrated elsewhere.
(4) For the above four directions, individual non-linearity functions can be assumed, taking
advantage from results of experimental measurements stored in look-up computer files.
(5) The calculation of n instantaneous values B for the n elements of network is based on the
thesis that a correct result is found if all n values of µ correspond to the n values of B with
respect to the involved functions of non-linearity. This procedure can be seen as a process of
parameter harmonization.
(6) The total procedure time for an n = 40 network is of the order of a second.
(7) As demonstrated by the here presented example of MACC-modelling of rotational
magnetization (RM), quite compact networks are sufficient for multi-functional analyses.
(8) The results of measurement offer deeper insights in parameters that influence the intensity of
RM, e.g. with respect to the anisotropy of the applied core material. Corresponding
comparisons are possible in rapid and flexible ways.
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