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work per revolution criteria. another condition for optimization can be introduced for the

investigation. This data is shown in Figure 35.
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Figure 34 Torque Plot at 60% Rotation
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Figure 35 The Work per Revolution Data

This plot shows yet another possible choice of the number of groups that yields the

maximum output for the motor. Here. the optimum number of groups is between 60 and
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70 but is likely to be closer to 60 than the prediction using the initial value for the torque.
To refine the predictions. the torque is calculated using a single step in the number of
groups for each of the criteria given above in Figures 32. 34 and 35. These data are shown

in Figures 36. 37 and 38. respectively.

0.34
3

£0.33 g ,
Z 2 ;
E i
g0.32 ! - :
=3 o ; i
o i . .
[t I8 ! H
0.31 1 it : 3
|
i 3 G i
0.3 4 4 | i | B N | i NN AR
50 60 61 62 63 64 65 66 67 68

54 55 56 57 58
Number of Groups

Figure 36 Refined Torque Data for Initial Rotor Position
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For the three cases shown above. the maximum value of the output occurs when the

number of electrode groups is at 67. 56 and 61. respectively. Now. one of the criteria must

be chosen as the best for optimization of the motor. This decision can be assisted by

plotting the three data curves together using normalized magnitudes as shown in Figure 39.
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From the combined graphs. the values of each variable can be selected for the

number of electrode groups corresponding to the maximums. This information is compiled

in Table 8.
Table 8 Normalized Peak Data Points
Torque Torque Work per
at Y= 0% at ¥=60% Revolution
Torque at ‘¥=0% 100% 95.8% 98.3%
Torque at ¥=60% 94.2% 100% 98.4%
Work / Revolution 98.4% 99.2% 100%

The last column shows that selection of the work per revolution criterion gives the highest
percentages for initial and peak torques. However. if the peak torque criteria is chosen. the
work per revolution will have its highest values as a secondary parameter. The investigator
must choose which conditions are best to provide the optimum motor output.

For the example in Chapter 5. the torque at 60% rotation was chosen as the
optimum method because the comparison with a conventional motor was based on the
maximum torque output. As an overall rule. the energy efficiency is more important for a
long duration motor and thus the work per revolution criterion should be selected. This
latter case is suggested by the author as the preferred method for choosing the optimum
design. For simplicity. most of the remaining evaluations are based on maximizing the
torque. Extrapolation to the energy efficiency method is obvious given the information
above.

The other major parameters investigated include the electrode shape angle and the

vertical gap distance. Both the these affect the output but only the shape angle shows the

characteristic peak curve.
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The Electrode Shape Angle Effects

For any chosen value of the number of electrode groups. the shape angle can be
varied to show its effect on the peak output. Figure 33 shows the torque variation with rotor
position. Similarly. Figure 40 shows the family of curves resulting from a change in the

electrode shape angle (o) for the case 55 electrode groups. The angle is varied from zero

to 6 as described in Chapter 2 using Figure 20.
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Figure 40 Shape Angle Curves

The peak torque for each of the curves varies both in magnitude and in rotational position.
To help distinguish the major features of the graph. the forth and last curves are re-plotted
in Figure 41. Here. it is clear that the peak torque occurs at 60% rotation when « is about

two thirds of 6: but more significantly. the area under the curve is much greater when o

equals 6.
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To further demonstrate the effect of the shape angle on output. the curves in Figure
40 are integrated to vield the work per revolution as shown in Figure 42. This shows a
monotonic trend in the shape angle effect on the work output. Clearly. the larger the shape

angle the greater the energy efficiency of the motor.
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Figure 42 Shape Angle Effect on Work per Revolution
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The Vertical Gap Effect

The separation distance between the stator and rotor can attain a minimum value
depending the flatness of the interacting surfaces. The upper limit on the value of z is
restricted by the fabrication accuracy which determines the electrode width. For the sake
of this investigation. the gap is varied over a practical range to demonstrate its effect
without regard for fabrication limits. Once the gap effect is understood. the application
limits can be employed to determine the final design value.

Figure 43 shows a three dimensional plot of the torque variation over the rotation
range with a change in the vertical gap distance. The shape of the curves is maintained for
each of the gap values while the magnitude increases as the gap is narrowed for most of the

rotational positions.
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Figure 43 Effect of Gap Distance on Torque
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Integration of the curves in Figure 43 over the rotation distance gives the work per
revolution. Figure 44 shows the work data for each the selected gap values. This chart
follows an exponential increase in work output as the gap deceases. Thus. Figures 43 and
44 lead to the conclusion that the smaller the gap between the stator and rotor the greater

the peak torque and work output of the motor.

10

Work/Rev (uJ)

N

Figure 44 Work per Revolution Data

Since the gap should be made as narrow as possible. the criterion for selection of
the value of z is strictly based on the fabrication method. With this knowledge. it is
determined that the gap magnitude should be set in the initial design phase as a constant for

the optimization process.

Note that the above gap distance plots are based on a fixed value of Ng equal to 63
with a radially shaped electrode. Other numerical investigations show this trend to be

consistent regardless of the other parameter values.
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Optimization with the Shape Angle Effect

Leaving the vertical gap distance at 30 microns. the optimum number of electrode
groups is reevaluated with the shape angle set to its peak torque value of two thirds 8 and

the rotor turned to 60% of a rotation.

57 58 59 60
Number of Groups

Figure 45 Shift in the Optimum Electrode Pattern

With a change in the shape angle. the maximum torque output is shifted from 56
to 58 electrode groups. The peak torque from Figure 37 is 1.5136 mN-mm while the peak
from Figure 45 is 1.5336 mN-mm. This demonstrates the effect of the addition of the shape
angle parameter as providing an increase of only 1.3 % in torque output. This small amount
makes the shape angle a secondary parameter when compared to the total contribution of
the number of electrode groups. None the less. true optimization of the electrode pattern
should include the shape angle to help provide the greatest possible energy efficiency for

an electrostatic motor.
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Model 5-100-50: Ro=5mm,s =100 uym.z= 50 um

Following the pattern of investigation used for Model 5-50-30. another model can
be examined with greater ease. Using the same outer radius. the previous model is modified
presuming a less accurate fabrication process which can only provide an electrode spacing

of 100 microns and a stator to rotor gap of 50 microns.
The first part of the process is to apply a coarse spacing to the number of electrode
groups for each of the possible optimization conditions. For this model, only the two torque
criteria are considered. Figures 46 and 47 show the output data for the initial rotor position

and the 60% rotation position. respectively.
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Figure 46 Torque Data for [nitial Rotor Position

The charts show the optimum number of electrode groups to be between 30 and 35
for the first case and between 25 and 30 for second. Now the plots are refined to single

spacing to locate the optimum.
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As an illustrative example. Figure 48 contains both the coarse and fine spacing for

the number of electrode groups. From the extended data points in the graph. the trend

towards a maximum is clearly defined. Here. the optimum number of electrode groups is

predicted to be 33.

20 25 30 35
Number of Groups

Figure 48 Extended Torque Data
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As another example. the investigator can reasonably estimate the number of groups
and thus reduce the number of simulations. Figure 49 shows the optimum number of

electrode groups to be 28 for the 60% rotation case.
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Figure 49 Torque Data for the 60% Rotation Case

Again. the question remains of which condition to choose as the best for predicting
the optimum behavior of the motor. As with the first model. the torque at 60% rotation is
considered the best case.

For the final step. the best electrode shape is presumed to be at & equal to two thirds
of 6 as was shown above. The model is then re-evaluated with the wider electrode. The
torque data for this case is shown in Figure 50. The maximum output torque has increased
and the optimum number of electrode groups has shifted to a higher number as before. This
pattern indicates that future prediction of the model behavior may be simplified if this

trend is found to be distinctive.
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Figure 50 Torque Data for Wider Electrode

The Difference between Charge Patterns

All of the data simulations use the electrode charge pattern shown in Figure 28 as
presented by the Egawa group. They also considered changing the polarity of the neutral
stator electrode to negative. This would add a charge source that would either enhance or
impede the torque on the rotor. Model 5-100-50. with its optimum number of electrode
groups determined to be 28. is used to show the effect of changing the electrode charge
pattern. Figure 51 shows the torque curves for the two cases.

The output for the new case is greater except at the initial position of the rotor.
Otherwise. the additional charged electrode adds significantly to the torque output. Also.

integration of the curves shows the work per revolution is 32% greater for the new charge

pattern.
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Model 5-75-40: Ro=5mm,s=75 ym.z=350 uym
With the method for prediction of the optimum number of electrodes groups
demonstrated by two earlier models. the description for this model is shortened. Figures 52
and 53 contain the torque data for the 60% rotated case and the rotated case with the wider

electrode. Figure 54 shows the optimum tor the work per revolution condition.
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Figure 52 Torque Data for the 60% Rotation Case
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Figure 53 Torque Data for the Wider Electrode

As before. the wider electrode shifts the torque prediction to a higher value. For this
case. the work per revolution is calculated using the wider electrode. The work condition

now predicts the same optimum as the torque condition.
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Figure 54 Work Data for the Wider Electrode
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Model 5-25-20: Ro=5mm,s=25um,z=2

Analysis of the optimum electrode pattern for this model follows that previous
models by examining the torque for the rotated position and the work per revolution. The
coarse and refined torque data is presented in Figures 55 and 56 respectively. while the
corresponding work data are presented in Figures 57 and 58. The predictions are easily

discerned as expected.
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The optimum predictions for the two cases are 108 and 121 electrode groups. These

values are very nearly twice the values predicted for the tirst model which has an electrode

fabrication width that is twice the size of this model. This suggests an approximate inverse

relation between the two parameters.
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Model 2.5-25-15: Ro=2.5mm.s=25um, z=15um

This model’s basic parameters are all half the size of the first model. The coarse and
refined torque data for the rotated case are given in Figures 59 and 60. The predicted
optimum number of groups is the same as for the larger model. This suggests a direct

correlation in scale.
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Combination of 5 mm Radius Model Data
To show the effect of the electrode fabrication width on the output. the maximum
torque for each of the optimized models with an outer radius of five millimeters is compiled
into one graph. The data collected are from the simulations using the radial shaped
electrodes with the rotor turned to the peak output position. The trend shown in Figure 61

appears to be either exponential or reciprocal in the fabrication width.

75 100
Fabrication Width (um)

Figure 61 Combined Torque Data

The reduction in fabrication width from 100 microns to 25 microns results in
increasing the torque by factor of eight. This change in the performance due to a change in
the electrode width exemplifies the need of microfabrication methods to produce the
electrode patterns. Since lowering the electrode width always increases the output. choosing

the fabrication process is a matter of cost consideration and not determined by an

optimization criterion.
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The AT&T Model

As a final demonstration of the optimization method. consider the predictions for

the AT&T motor. From the electrode inner radius and width given in the patent description.
the number of electrode groups is calculated to be 262. In Figure 62. the torque for the
initial rotor position is given for the presumed number of electrode groups and for three
lesser values. For this model. the potential is set at 65 volts as defined in the patent. Clearly.
the trend towards the optimum indicates a smaller number of groups is best. Also. without
having reached the optimum. the torque output for 230 groups with radial electrodes is over
twice the output for 262 groups with rectangular electrodes. This example alone justifies

the need for optimization of the electrode pattern.
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Figure 62 Torque Data for the AT&T Model
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CONCLUSION

Optimization of the electrode pattern of a variable capacitance electrostatic motor
results in maximizing the output. The number of electrode groups is the main parameter to
consider for the optimization process. The shape angle affects the optimum design by a
small percentage yet is necessary to insure peak performance. Other considerations such
as minimizing the stator to rotor gap and maximizing the dielectric constants apply
generally and thus are held as constants throughout the optimization process of a single
motor design.

The example given in Chapter 5 shows that with modern microfabrication methods
an electrostatic motor can yield greater torque output than an electromagnetic motor of the
same size. Also. with the inclusion of the modified electrode charge pattern described in
Chapter 6. the predicted output can be increased by an additional 30%.

The numerical investigation has demonstrated the viability of an electrostatic motor
as a competitor for its electromagnetic counterpart. With the information provided herein.

experimentation to prove the value of electrostatic designs is now warranted.
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