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Summary: Thesubject of the paper isthe comparison of four complementary methodsof the
rotor lossestimationinaPM SM, supplied by aPWM voltage sour ce. An ANSY Sbased finite
element model produces values of W, the magnetic energy stored, and P, the rotor losses.
On analytical level themachineisrepresented by a parallel two elements equivalent cir cuit for
each voltageharmonic. [tsparameter sareestimated using P and W values. Finally, the eddy
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current lossesrepresentation in the ANSY Scodeisverified for magnetsunder study by direct
lossesmeasur ements. Thecalculation resultsarecompar ed with somemeasur ed valuesresulting
from analysisand har monic decomposition of themachinetotal |osses.

1.INTRODUCTION

The design of electrical machines is a matter of several
complementary approaches, as no single method is able to
produce a satisfactory explanation of the system’s behaviour.
For example, the finite element software permits the precise
field calculation, but the lack of effective moving-boundary
FE package incites studies with space harmonics limited to
the fundamental one and the rotor at standstill [1], which
does not correspond exactly to an actual machine conditions.
On the other hand, if the FE calculated space distributions
can be controlled to a high level of precision, their practical
exploitation depends on parameters’ values or on adopted
formulae as well. These to be effective, a pertinent range of
parameters should first be determined.

Here the analytical approach can be useful, providing the
designer with some qualitative indications. Nowadays,
solving the field equations leads to a good knowledge of
field distribution. A sensitivity analysis for several
parameters’ values shows, for example [2], that the influence
of stator slotting decays quickly with distance from the stator
core.

The simulation and analysis can be verified by
measurements not only at the final stage of overall system’s
performances, but also with specific questions, like the basic
laws of magnetic losses in systems being well described by
the FE calculated field distribution.

We have tried such a multiple approach [3] to evaluate the
magnetic losses in the surface mounted permanent magnet
synchronous machine supplied by a PWM voltage source.

2. ANALYTICAL MODEL

An analysis of the machine under study proves [4] an
essentially sinusoidal space disposition of the stator
magneto-motive force mmf. The higher order space harmonics
are strongly attenuated through the coils arrangement. On
the other hand the associated field time harmonics rotate at a

relatively low speed in the rotor reference frame. In the time
domain only harmonics k=5, 7, 11 and 13 should be
accounted for. They generate non negligible eddy currents
in the rotor’s magnets, as they rotate at rather high angular
velocities of —6€2, 6€2, —12€Q2 and 12Q in relation to the rotor.

Under assumptions that the machine is magnetically not
saturated and that the eddy currents in magnets are the
magnet’s only dissipative phenomena we can admit the
principle of superposition of harmonic fluxes, each one of
them generating in magnets the corresponding eddy currents.

Then a study of a simple equivalent circuit for each
harmonic of order & can be tempted, representing the machine
steady state harmonic response, i.e. the magnetic energy
stored in an inductance L and the dominant losses dissipated
in a loss resistance R; For a voltage supplied machine this
will be a two element parallel circuit (Fig. 1) under harmonic
voltage V.

In case of large PM SM, with stator laminated, coils
resistance negligible and good quality of stator and rotor
iron, we can take the circuit as representing the stator coils
magnetic energy and the rotor PM magnetic losses.

This circuit can be identified as a part of the Park transform
extension for surface-mounted permanent magnet
synchronous motors in rotor domain (Equ. 1)

Fig. 1. An equivalent harmonic model of a PM SM
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Fig. 2. The surface mounted PM SM Park transform extension
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Fig. 3. Finite element model 3D
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The rotor anisotropy is represented with different losses
resistances added in parallel and the rotational voltage present
(Fig. 2) in d-g co-ordinate system rotating in step with the
rotor flux at electrical velocity w = db/dt.

In the expressions above the indexed voltages
Vid Viq concern the stator windings and include the
corresponding components wp,y and wp,q involving the

machine fundamental electrical speed w, whereas the voltages
applied to the d-q model at standstill are V., Vj,. The latter
generate harmonic flux rotating at the speed wy, in relation to
immobile rotor and creating the eddy currents.

Using the complex plane representation:

Ik =l T kg

\7k =Vlkd + jVqu

(1
a)k =Yg t jwkq
we get for the Park transform (1) a complex form:
— dy, . - . —
Vi = %ﬂL joy = j(og + o)y ()
and for V, we have:
—dy. .
Vk = ditk = Joy Py 3)

The relation between V,, and V, can be written as:

k

— w
Vk = k

At load the actual d-q harmonic voltages Vl'( differ from
the standstill voltages V; by +/~wW, so that for amplitudes
we have:

y —_6m \/ th 11th
Vk 6m—lvk for 5 ,11 ceey
and:
Ve =M v gor7th 13th
K~ 6m+1 K ’

When assuming identical parameter values in both d and
q axes, the parallel circuit represents one of two identical
Park models of the machine at standstill. Then for each
harmonic the average energy and loss values are:

1 -
<W>= 2L 14

with an additional information on current /; feeding it:

<P>=R If 4

L2 =T > + ig?

In order to evaluate L and R we have to know currents,
energy and losses. This will come with the FE simulation.

3. FINITE ELEMENTS SUPPORTING
THE PARALLEL CIRCUIT

In the FE modelling, the rotor is at standstill and equivalent
travelling current sheet rotates around it. These are conditions
of'the parallel analytical model if it is supplied by previously
measured voltage harmonics adapted to this configuration.
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Then, for each harmonic, the parallel circuit’s parameters R
and L can be estimated by the FE based calculation of the stator
coils magnetic energy W and of the rotor PM magnetic losses.

The calculation have been first established on a 2D FE
model, taking one pair of poles in tangential direction and
one segment length of the magnet in the axial direction, and
then extruded to a 3D model (Fig. 3) with a three phase current
harmonics injected into slots, the —6w, +6w, —12w and +12w
for, respectively, the 5th, 7th, 11th and the 13th stator time
harmonics.

Thus the equivalent circuit’s elements can be identified
for a given rotor topology at several harmonics permitting
easy extension of frequency characteristics which disclose
tendencies to be reckoned with Figures 4 and 5.

The losses in the ANSYS FE package being calculated as
eddy current in volume P, = pj2(t, x, y, z), the question arises
on the pertinence of this formula in specific SmCo 2-17
magnets under study. A confirmation may be expected by
measurements on magnet specimen, if only we find losses as
proportional to B2f? in response to a harmonic excitation.

4. MAGNETIC SPECIMEN MEASUREMENT
AND SIMULATION

The benchmark is a no-load transformer in form of a
symmetrical laminated U circuit with magnets located in air-
gaps. With the U-iron losses negligible, the flux in the magnets
as well as the flux dispersion are evaluated with aid of
measured input current and voltage as well as the open
voltage in magnets area (Fig. 6).

The measurements having been repeated and the results
averaged we have found the smaller magnets’ losses better
approaching the B2f2 law (Table 1).

The benchmark has then been modelled in ANSY'S with
one quarter of the circuit represented in 3D code, which
permits to take into account the magnet’s reaction, which is
visualized on Figure 7.

In the case of “large magnets” the losses law simulated
has been found:

Poc fLO4R21
to be compared with the benchmark-based values:
P oc 1685207

The machine simulation and the measurements on
specimen produce close results, witnessing the same
distortion on the B?f? law. The exponents dispersion relative
to the basic ANSYS rule P, = pj2(%, x, y, z) may perhaps be
explained by magnet’s reaction reducing the excitation field,
or by imprecision of parameters’ values, like magnet’s
resistivity.

Table 1. Power indices for the losses law in magnet specimen.
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700 The comparison of calculated and measured losses for f0=240Hz
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Nevertheless, the FE simulation producing parameters
values for the parallel circuit, the measurements seem to
confirm them both.

5. MACHINE MEASUREMENTS
AND SIMULATION

The SM measurements of harmonic voltage, current and
power factor were used to identify the harmonic power losses
and to isolate losses in magnets. Comparing to simulation
results, a good agreement has been found except for certain
harmonics; here we present (Fig. 8) an example with the 5th
and the 7th harmonics deviating.

These discrepancies are boring, particularly when
compared with quite a good accord of higher order harmonics.
This should mainly be the problem of identification of active
power components in the rotor consumed power. The
simulation with rotor at standstill gives here the loss
dissipation, whereas the machine measurements include the
power generated by harmonics, which can be positive (for
those rotating at +6kw) or negative, undistinguishable by
measurements. This factor diminishes with harmonic order.

6. CONCLUSIONS

We think the equivalent circuits may be useful and the
measurements necessary for efficient FE modelling. The
problem here is with linking together the formal complexity of
the latter with apparent simplicity of both synthesis in
equivalent circuits and analysis in treatment of measurement
data.
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