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SUMMARY

In the paper calculation results of the magnetic field distribution for the DC-machine with permanent magnet is
presented. The calculation is performed by finite element method. The results are contained the distributions of
magnetic potential and the flux density in the whole regarding area and the mechanical quantity — radial and tan-
gential stress componet. The mentioned calculations are verified by measurements of the flux density distribution
in the air-gap at no-load and rated-load state.
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BADANIA LABORATORYJNE I SYMULACYJNE MASZYNY PRADU STALEGO
WZBUDZANEJ MAGNESAMI TRWALYMI

W artykule przedstawiono wyniki obliczen rozktadu pola magnetycznego dla maszyny prqdu stalego wzbudzanej
magnesami trwatymi. Obliczenia zostaly wykonane metodq elementow skonczonych. Rezultatami sq rozkiady poten-
cjatu magnetycznego i indukcji magnetycznej w rozpatrywanym obszarze oraz wielkosci mechaniczne — sktadowe
normalne i styczne naprezen. Wspomniane wyniki obliczen zostaly zweryfikowane pomiarami rozkladu indukcji
magnetycznej w szczelinie powietrznej w stanie jalowym i przy znamionowym obciqzeniu.

Stowa kluczowe: maszyny elektryczne, magnesy trwate

1. INTRODUCTION

Permanent magnet electrical machines distinguish higher
efficiency and reliability, better dynamic parameters and
smaller dimensions for a law rated power comparatively to
electromagnetic excitation machines [3]. The above advan-
tage and appreciable progress in manufacture of magnetic
materials cause, that the machines are more and more fre-
quently used with electrical servo drives for different appli-
cations such as aircraft technology, industrial automation
and middle level industrial drives [4]. The range of power
ratings of the present permanent magnets motors are about
100 kW, but there are also machines of 10 MW [2].

High level dynamic properties of modern electrical dri-
ves with permanent magnet electrical machines want to re-
quire of more than ten multiplication of the rated current. As
a result of it the dynamic processes like start, breaking per-
form considerably quicker than for traditional machines
with the electromagnetic excitation. The operating condi-
tions like these have consequence in the form of require-
ment about the demagnetizing resistance in the over-current
state.

The substantial operating advantage of commutator per-
manent magnet DC-machine is admissible value of the ar-
mature current — several times (up to five) greater than for
standard machines, without change for worse of the com-
mutation processes.

Both field and circuit mathematical models are used to
describing the permanent magnets electrical machines. The
first of them make possible for more synthetic of problem
formulation whereas the second afford possibilities for take
into account actual magnetic characteristics of a partial

fragment of the magnetic circuit, a local level of saturation
and magnetic leakage.

2. MATHEMATICAL MODEL

At load, in a permanent magnet DC-machine the waveform
of the air-gap magnetic flux density distorts due to the ar-
mature reaction. As a result, in certain regions of the perma-
nent magnet the magnetic field strength could have high
values and even materials of high coercivity, such as hard
ferrites, could be subjected to irreversible demagnetization.
Therefore, designing permanent magnet DC-machines, and
specially those running at heavy load, a great attention has
to be paid to reaction effects.

In order to predict the performances of permanent ma-
gnet DC-machines an accurate computation of their magne-
tic field is essential. The finite element method can be used
to calculate the field distribution taking into account the
nonlinearity of the materials and the real configuration of
the computed domain.

The armature reaction, which appears when a permanent
magnet DC-machine is heavy loaded, causes a strongly di-
stortion of the waveform of the air-gap flux density due to
the magnetic circuit saturation. In the permanent magnet the
armature reaction field increases from the center of the ma-
gnet towards the edges and opposes the excitation field at
the magnet trailing edge. Between the direction of the ma-
gnetic field and the easy magnetizing axis of the permanent
magnet will be a certain angle, dependent on saturation.
This could be interpreted as a magnetic coupling between
the d and ¢ axes of the machine, and and as a between the
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easy magnetized (preferred) axis and the hard magnetized
(traverse) axis, respectively.

The model of permanent magnet is determined with the
demagnetizing curve, the value of remanence flux density
and the direction of magnetization. The applied model of
magnet can be presented as follows
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where OC is the direction of magnetization

The demagnetizing curve should define nonlinear cha-
racteristic in whole range (usually from the point (5,,,,) to
the point (0, /) but for large load also the part for B < 0).

The finite element equations are obtained by the minimi-
zation of the conventional energy functional
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A Newton—Raphson iterative technique could be applied
to a local linearize the resulting system of equations.

2(s0A®) N

(k1) _ 4(k) _
A A A©

(S(k)A(k) _F(k)) 3)

3. CALCULATION RESULTS

In this paper the field and electromagnetic torque for the
permanent magnet commutator DC-machine is performed.
For the electromagnetic torque calculating the Maxwell
stress tensor method is selected.

The motor used in this simulation has the following rated
parameters:

U, = 24V,

1, = 6A,

P =120 W,
n = 720 rpm,

and the design data in Table 1.

Table 1. The motor design characteristics

The rotor outside diameter 76.3 mm
The air-gap thickness 0.8 mm
The poles number 4

The armature winding type simple wave

The rotor slots number 21
The axial rotor core length 83.6 mm
The commutator segments number 41
The axial magnet length 97.3 mm

No skewing of magnets or rotor slots is employed

The machine under investigation is without auxiliary po-
les and pole shoes. The ferrite permanent magnet in the ma-
chine is radially magnetized. Its demagnetizing characteri-
stic is presented in Figure 1. In the next figure (Fig. 2) the
magnetizing characteristic of armature core is shown.
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Fig. 1. The demagnetizing characteristic
of the permanent magnet
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Fig. 2. The magnetizing characteristic of the rotor
magnetic circuit

Finite element method is used to determine the flux di-
stribution in the permanent magnet DC-machine.

The following assumption are set:

— machine geometry is reduced to 2-dimensional problem
(end effects are neglected),

— due to lack symmetry (number of rotor slots is equal
to 21, while number of poles is 4) the whole cross-sec-
tion of the machine is taken into account,

— the permanent magnet is assumed isotropic but having
nonlinear demagnetizing characteristic,

— the magnetizing characteristic of the iron elements are
assumed nonlinear, but the hysteresis loop is neglected,

— zero Dirichlet condition is assumed for the outer diame-
ter of the stator core and the shaft.
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Fig. 3. Field distribution at no-load state

Calculations were realized with Vector Fields program
Opera-2d.

Calculation results can be divided into three groups:

1) field distribution plots,
2) flux density,
3) the Maxwell stress tensor.

All of these results are both presented the no-load and the
rated-load state. Boundary of the rotor teeth and slots and
the stator permanent magnets is put on the plots of all quan-
tities depended on @-angle. It facilitate to connection the
presented functions and details of the motor magnetic circu-
it. In compliance with the Figure 11 these quantities are cal-
culated on the circle of radius

T, +§ = 38.42 mm,
3

where:
r, — the rotor radius,
0 — the air-gap thickness.

Boundary of the air-gap is put in all figures which pre-
sented flux density or stress distribution in this gap. Magne-
tic field distribution in the whole cross-section of the ma-
chine are presented: in Figure 3 for the no-load state case
and in Figure 4 for the rated-load state.

In opposite to the first plot, in the Figure 4 distortion of
the flux density due to the armature reaction could be obse-
rved (as mentioned above the machine have not been auxi-
liary poles).

In the two next figures radial component of flux density
in the air-gap of the machine are plotted. These distributions
correspond with the flux plot presented in Figures 3 and 4.
Both in the Figure 5 (no-load case) and Figure 6 (full load)
calculated results are drawn with solid line while measure-
ments with dotted line.

Fig. 4. Field distribution at full load state
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Fig. 5. Flux density r-component in the air-gap
of the machine at no-load state
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Fig. 6. Flux density r-component in the air-gap
of the machine at rated-load state
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Fig. 7. Flux density @-component in the air-gap
of the machine at no-load state

Suitable tangential component of this quantity are shown
in Figure 7 and 8.

The magnetic flux density is measured with Hall-effect
device relocated in the air-gap of the machine. The presen-
ted outcomes are carried out with the broken rotor. Small
value of the air-gap thickness makes such measurements
with the rotation armature completely impossible.

Comparison of calculation and measured value of the
flux density 7-component is better observable in Figures 9
and 10.

The force is calculated using the Maxwell stress tensor
on a surface S
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According to Figure 11:
cos(n,1,) =1,
cos(n, 1,) =0,

so statement 4 is
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Fig. 8. Flux density @-component in the air-gap
of the machine at rated-load state
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Fig. 9. Zoom of flux density »-component in the air-gap
of the machine at no-load state
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Fig. 10. Zoom of flux density »-component in the air-gap

of the machine at rated-load state

Tangential and radial component of stress are presented
in Figure 12 and 14 (no-load state) and in Figure 13 and 15
(rated load state).
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Fig. 11. Integral surface at stress
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Fig. 12. Stress @-component of the stator surface
of the machine at no-load state
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Fig. 14. Stress r-component of the stator surface
of the machine at no-load state
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Fig. 13. Stress @-component of the stator surface
of the machine at rated-load state
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Fig. 15. Stress r-component of the stator surface
of the machine at rated-load state
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4. CONCLUSION

The presented model could be successfully applied for the
simulation of steady-state permanent magnet DC-machine.
The comparison of the numerical and measurements results
leads to the conclusion that the model is sufficiently accura-
te in the manufacturing point of view.
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