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Abstract — Aiming at the problem that the power density of electrically excited synchronous generator is lower than
that of permanent magnet motor, the method of pole shoe eccentricity is proposed to improve the output per-
-formance of motor. The air gap flux density under eccentric pole shoe is calculated analytically. The influence of
eccentricity, pole arc coefficient and pole shoe thickness on motor performance is analyzed, and the important
parameters are analyzed by CO simulation. The results show that proper pole shoe eccentricity can improve the
sinusoidal waveform of air gap flux density, increase the output voltage of generator, and thus improve the power
density of electrically excited synchronous generator.

Keywords — Eccentric Pole Shoe, Salient Pole Electrically Excited Synchronous Motor, Air Gap Flux Density,
Finite Element Simulation.

I. INTRODUCTION

Synchronous motor has the advantages of high efficiency and power factor, and is widely used in electric and
power generation. People pay attention to the performance of the motor, but also the demand for light weight
and low cost is increasingly prominent. Compared with permanent magnet synchronous motor, electrically
excited synchronous motor is widely used in high-power occasions due to its advantages of low cost, adjustable
power factor and high control precision [1-4]. Aiming at the problem that the power density of electric
excitation motor is lower than that of permanent magnet motor, domestic and foreign scholars at present mostly
add permanent magnet to electric excitation motor to improve the power density of the motor [5-9]. However,
such a hybrid excitation method increases the cost of the motor and the difficulty of control. Therefore, a salient
pole electric excitation synchronous generator is taken as the sample in this paper. Based on the air-gap flux
density of the motor, the influence of eccentric pole boots on the motor performance is discussed in order to

improve the power density of the electrically excited synchronous motor.
1. ESTABLISHMENT OF FINITE ELEMENT MODEL OF GENERATOR

In this paper, a 3-phase 10-pole 36-slot salient pole synchronous generator with 500W power is taken as an
example. The model of the generator is established by using the finite element analysis software Maxwell
Ansoft. The initial model is shown in Fig. 1. The stator core and rotor core of the motor model are made of
silicon steel DW310_35, and the mesh is divided by air gap stratification method to improve the simulation

accuracy. The original parameters of the motor are shown in Tab. 1.

Table 1. Original parameters of generator.

Parameter Numerical Value

Outer diameter of the stator /mm 102
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Parameter Numerical Value
Inner diameter of the stator /mm 79
Outer diameter of the rotor /mm 78
rotor poles 10
The number of stator slot 36
The number of field winding turns 100
The number of turns per slot of armature winding 22
Exciting current /A 5

Fig. 1. Model of salient pole electrically excited synchronous generator.

I11. ANALYTICAL CALCULATION OF AIR GAP MAGNETIC DENSITY

When all parameters of the motor are constant except the pole boots, the distribution function B(6, «) of the
air gap magnetic density corresponding to each pole of the rotor can be expressed as

b (9)

B(0,a)=8, (e)W oY)

In formula, B, is the magnetic induction intensity generated by the excitation winding; hy(6) is the function of
the change Angle of the radial thickness of the pole shoe along the rotation direction of the motor; o (6, «) is the
effective air gap length; 6 is the change Angle of the air gap flux density along the rotation direction of the

motor; « is the relative position Angle between stator and rotor.

hm(6) can be expressed as

hy (6) = Reosg— L @)
In formula, R is the radius of rotor; L is the length of the pole body. Substituting Equation (2) into Equation (1)

can be obtained

Rcos@ — L 3
Rcos@—L+65(6,a) @)

B(6,a) =B, (0)
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Fig. 2. The structure of the pole shoe.

The arc radius of the pole shoe surface can be obtained from Fig. 2 [10].

¢(6) = heost+(by + hy, ~h)’ —(hsing)’ @)

In formula, h is the eccentricity.

When the pole boots are eccentric, the effective air gap length changes accordingly. In the formula, assuming
that hy, is constant, the pole shoe eccentricity can be equivalent to the air gap eccentricity, and the effective air

gap length can be expressed as
5(6,a)=68,(0,a)+R—c(0) (5)
Substituting Equation (4) and (5) into Equation (3) can be obtained

Rcos&—L
\/(bl +hy, —h)? = (hsing)® + Rcos@ —hcosd+ 5, (6,a)— L+ R

B(6,a)=B,(0) (6)

It can be seen from Equation 6 that, if the other parameters except the pole boots remain unchanged, the
eccentricity has a great influence on the air gap magnetic density generated by the eccentric pole boots. In
addition, under the premise of ensuring the reasonable structure of the motor rotor, the range of ¢ is determined
by the pole arc coefficient, and then the range of eccentricity is determined by the pole shoe thickness together.
Therefore, this paper mainly discusses the influence of the eccentricity, the thickness of the pole boots and the

arc coefficient on the performance of the motor.
IV. THE INFLUENCE LAW OF POLE BOOTS ON MOTOR PERFORMANCE

A. The Influence Law of Pole Shoe Thickness on Motor Performance

The maximum eccentricity of the pole shoe is determined by the thickness of the pole shoe to some extent. In
order to comprehensively consider the influence of other factors on the motor, the pole shoe thickness is
changed within the range of 2~4 mm, and the change step is 0.2 mm. The performance of the motor is simulated
and analyzed. The variation of the air gap magnetic density of the generator is shown in Fig. 3, and the variation

of the induced electromotive force is shown in Fig. 4.

Copyright © 2021 1JEIR, All right reserved
151



International Journal of Engineering Innovation & Research
Volume 10, Issue 3, ISSN: 2277 — 5668

1.0 2 40 F
[—— 2.0mm 3.2mm Q

= 08 - - - -2.2mm ----- 3.4mm e | TZ.Omm”” 3.2mm
= o 30 2.2mm 3.4mm
> 06 - - §g$$ f:ggz = 2.4mm —— 3.6mm
g 04 - —Z:Smm A:Omm g 20 i ’ ’75'322’” 3322
% 0.2 - 3.0mm g 10| - 3:0mm )
300F s Of
“é-O.Z o § -10
8,-04 g -20
zof

210 L 1 1 1 1 1 1 1 1 1 E -40 | L L L L L L L 1 1

0 5 10 15 20 25 30 35 40 45 00 05 10 15 20 25 30 35 40
Distance/mm Time/ms
Fig. 3. Variation of air gap flux density. Fig. 4. Variation of induced electromotive force.

As can be seen from Fig. 3 and Fig. 4, it is obvious that the thickness of the pole boots has little influence on
the motor performance, so the influence of the change of the pole boots thickness on the final result can be
ignored. The change of the pole boots thickness only needs to ensure that the eccentricity is within the allowable

range of the corresponding pole arc coefficient.
B. The Influence Law of Polar Arc Coefficient on Motor Performance

Pole arc coefficient is a coefficient describing the actual distribution of air gap magnetic field within a range
of pole distance. Its size is determined by the distribution curve of magnetic field, so it is determined by the
shape of excitation magnetic potential distribution curve, the uniformity of air gap and the saturation degree of
magnetic circuit [11-12]. Therefore, pole arc coefficient has an important influence on motor performance. The
polar arc coefficient k varies between 0.85 and 0.95, and the change step size is 0.01. The variation of the

air-gap magnetic density of the generator can be obtained by simulation, as shown in Fig. 5 and Fig. 6.
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Fig. 5. Variation of air gap flux density. Fig. 6. Variation of peak value of air gap flux density.

As can be seen from Fig. 5, the pole-arc coefficient k affects the width of both sides of the air-gap
magneto-density waveform and its peak value. The larger the pole-arc coefficient is, the wider the air-gap
magneto-density waveform will be, but the peak value decreases to some extent. The smaller the polar arc
coefficient, the narrower the air-gap magnetic density waveform and the higher the peak value. From this we
can see the magnetic accumulation of the pole boots. As can be seen from Fig. 6, the peak value of air gap
magnetic density basically decreases linearly when the polar arc coefficient is less than 0.89, fluctuates slightly
between 0.89 and 0.92, and decreases rapidly when the polar arc coefficient is greater than 0.92. In addition, the
changes of the induced electromotive force of the generator when the pole-arc coefficient changes are shown in
Fig. 7 and Fig. 8.
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Fig. 7. Variation of induced electromotive force. Fig. 8. Variation of peak value of induced electromotive force.

As can be seen from Fig. 7 and Fig. 8, the change of the pole-arc coefficient has little influence on the
waveform shape of the induced electromotive force, and its peak value gradually decreases with the increase of
the pole-arc coefficient. When Kk is less than 0.9, the decline rate of the peak value of the induced electromotive
force is slightly lower than that of the peak value when k is greater than 0.9. In general, the polar arc coefficient
should be selected in the range of small values. However, due to the limitation of magnetic saturation

phenomenon of silicon steel material, too small the polar arc coefficient will lead to the magnetic field

saturation of the pole boots, so a certain margin should be reserved in the selection.

C. Influence Law of Eccentricity on Motor Performance

The eccentricity of the pole shoe will further improve the magnetic accumulation ability of the pole shoe, so

that the eccentricity h varies between 0~20mm, and the change step is 2mm. The variation of the generator air

gap magnetic density can be obtained, as shown in Fig. 9 and Fig. 10.
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Fig. 9. Variation of air gap flux density.

Fig. 10. Variation of peak value of air gap flux density.

As can be seen from Fig. 9, pole shoe eccentricity has a great influence on the air gap magnetic density. With

the increase of eccentricity h, the two sides of the air gap magnetic density waveform decrease while the middle
part increases, and the peak value basically shows an upward trend. However, as can be seen from Fig. 10, when
h is less than 10mm, the peak value of air gap magnetic density increases linearly. When h is greater than 10mm,
the peak value of the air-gap magnetic density is distorted, which decreases slightly at first and then increases

sharply. When eccentricity changes, the induced electromotive force changes as shown in Fig. 11 and Fig. 12.
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Fig. 11. Variation of induced electromotive force. Fig.12. Variation of peak value of induced electromotive force.

As can be seen from Fig. 11, the variation of induced electromotive force corresponds to the air-gap magnetic
density. With the increase of eccentricity h, the waveform of induced electromotive force shrinks on both sides
and increases in the middle, and the sinusoidal properties are improved. As can be seen from Fig. 12, when h is
less than 10mm, the peak value of induced electromotive force rises steadily; When h is greater than 10mm, the
peak value of induced electromotive force decreases first and then increases, and the increase range is small. In

addition, the amplitude of the induced electromotive force fundamental wave and the variation of waveform

distortion rate due to the change of eccentricity are considered, as shown in Fig. 13.
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Fig. 13. Variation of fundamental amplitude and distortion rate of induced electromotive force.

As can be seen from Fig. 13, when h is less than 10mm, the fundamental wave amplitude of the induced
electromotive force increases slowly, but the waveform distortion rate decreases significantly. When h is greater
than 10mm, the amplitude of the induced electromotive force decreases in a fluctuating manner, and the
waveform distortion decreases slowly at first and then increases gradually. Apparently eccentricity take 10 mm
for pole shoe eccentric key value, when the eccentricity is greater than 10 mm motor air gap flux density and the
change of the induced electromotive force is determined by the nature of the pole shoe eccentric, eccentric pole
shoe by increasing the magnetic resistance at the ends of the pole shoe make central pole shoe assembled
magnetic effect, but the pole shoe in the central area is lesser, magnetic ability is limited, so when the
eccentricity is too large, the magnetic field intensity decreased at both ends of the pole boot due to the increase
of reluctance is greater than the magnetic field intensity increased at the middle of the pole boot due to magnetic

accumulation. At this time, the motor performance will change as described above.

D. Conjoint Analysis
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The magnetic circuit of the motor is complex and changeable, and the structural parameters usually influence
each other. Therefore, the joint analysis of several parameters should be considered to obtain the optimal
parameter matching. The joint simulation analysis of the pole arc coefficient and the eccentricity was carried out
ignoring the change of the pole shoe thickness. The pole arc coefficient varied from 0.85 to 0.95, and the change
step length was 0.01. The eccentricity varies between 0 and 20mm, and the change step is 2mm. The change of
the peak value of the induced electromotive force of the generator with the change of two parameters can be

obtained, as shown in Fig. 14.
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Fig. 14. The peak change of induction electromotive force under joint analysis.

As can be seen from Fig. 14, when the pole-arc coefficient is between 0.85 and 0.88, the peak value of the
induced electromotive force decreases slowly, and when the eccentricity is 10mm, the peak value of the induced
electromotive force is basically the maximum value. Therefore, for the generator, the eccentricity of the

eccentric pole boots should be 10mm, the arc coefficient of 0.85 is appropriate.
V. MOTOR PERFORMANCE COMPARISON BEFORE AND AFTER OPTIMIZATION

By analyzing the influence law of the pole shoe parameters on the motor performance and combining the
simulation of several parameters, the optimal parameter matching of the eccentric pole shoe can be obtained,
namely, the eccentric distance is 10mm and the pole arc coefficient is 0.85. At this time, the performance of the
generator is improved compared with the prototype to a certain extent. The comparison before and after the

optimization of air gap flux density is shown in Fig. 15 and Fig. 16.
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Fig. 15. Comparison of air gap flux density waveforms. Fig. 16. Harmonic contrast of air gap flux density.

As can be seen from Fig. 15 and Fig. 16, after the pole boots are optimized, the peak value of the air gap
magnetic density of the generator is significantly improved, and the fundamental wave amplitude is increased
from 0.89t to 0.93t, an increase of 4.5%. The amplitude of the 2nd, 3rd, 4th, 5th and 7th harmonics was

significantly reduced, and the distortion rate of the air gap magneto-dense waveform decreased from 39.6% to

Copyright © 2021 1JEIR, All right reserved
155



International Journal of Engineering Innovation & Research
Volume 10, Issue 3, ISSN: 2277 — 5668

18.6%. The air-gap magneto-density waveform is significantly optimized, and the output performance of the
corresponding generator will also be improved. Comparison of the no-load induced electromotive force of the
generator before and after optimization is shown in Fig. 17 and Fig. 18.
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Fig. 17. Comparison of induced electromotive force.  Fig. 18. Harmonic comparison of induced electromotive force.

As can be seen from Fig. 17 and Fig. 18, the no-load induced electromotive force waveform of the optimized
generator is more sinusoidal, and the peak value is increased from 35.5V to 40.9V, an increase of 15.2%. The
fundamental amplitude of the induced electromotive force increases from 40.6V to 42.5V, and the amplitude of
the third harmonic decreases greatly, and the waveform distortion rate decreases from 14.3% to 5.4%. Under the
condition of constant generator volume, the output voltage of the generator is increased through pole shoe

eccentricity, and the corresponding power density will be improved.
V1. CONCLUSION

In this paper, the pole boots of salient pole excitation synchronous motor are studied in depth, and the air gap
flux density waveform of the generator is improved by eccentricity of the pole boots, so as to increase the output
voltage of the motor and finally improve its power density. The results show that the peak value of the induced
electromotive force is increased by 15.2%, the waveform distortion rate is reduced significantly, and the
performance of the generator is improved obviously when the pole boot eccentricity is 10mm and the pole arc
coefficient is 0.85. As far as salient pole synchronous motor is concerned, the method of pole shoe eccentricity
to optimize the air gap magnetic density is universal. This study can provide reference for the performance
optimization of this type of motor.
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