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1. Introduction
This document reports the simulation of the second version of a capacitive displacement sensor for the TMT (Thirty Meter Telescope) using the Maxwell 3D software from Ansoft Corporation.  Using the Maxwell 3D electrostatic simulator we have analyzed two geometries: the ‘tapered’ geometry; and a ‘rectangular’ geometry. These geometries are an evolution from the first version that was simulated as reported in [1]. The sensors will be mounted on mirrors as shown in Figures 1 and 2. For both geometries we have calculated the sensitivity in six directions (3 displacements and 3 rotations). For the square geometry only we simulate the interference among three sensors at a vertex of the hexagonal array of mirrors (Figure 2) and some composed movements. For the tapered geometry only we also simulated some shielding variations and the influence of changing the mirror materials. It was also calculated the Leffect for this geometry. 
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Figure 1– One mirror with the sensor and actuator positions.
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Figure 2 – Example of the hexagonal array of mirrors.
2. Tapered Geometry
2.1. Model Description
The tapered geometry of the TMT sensor consists of one sense pad mounted on the sensor base of one mirror element and two drive pads mounted on the sensor base of the adjacent mirror element. The sensor base of this geometry has a tapered format.  The geometry is described in Table 1 and it is shown in Figure 3.  The coordinated system is chosen such that the z axis is perpendicular to the mirror surface, the y axis is perpendicular to the edge surface and the x axis runs parallel to the gap between the lens elements (Figure 4).
Table 1 – Baseline Description.

	Object
	Size (mm)
	Material
	Conductivity (Siemens/ meter)
	Dielectric constant

	Drive A
	40 x 0.01 x 17.5
	Copper
	4.1 x 107
	1

	Drive B
	40 x 0.01 x 17.5
	Copper
	4.1 x 107
	1

	Sense
	30 x 0.01 x 30
	Copper
	4.1 x 107
	1

	Mirror A
	R = 178mm
	Glass
	1
	5.5

	Mirror B
	R = 178mm
	Glass
	1
	5.5

	Background
	2000%

	Vacuum
	0
	1
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(b)
Figure 3 – Mirrors geometry – (a) drive pads view; (b) sense pad view. .
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Figure 4 – Coordinate system of the mirror edges.
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Figure 5 – Dimensions of the sensor plates.

2.2. Sensitivity Simulation: One sensor
The sensors described in this report should be as sensitive as possible to a displacement in the Z direction (delta Z) and to rotations about the X axis (theta X) and they should be insensitive to displacements in all other directions (delta Y, delta X, theta Y and theta Z). All of these displacements and rotations were simulated and the results are shown in Figures 6 to 9. The numerical error for all the simulations was set to two percent if not mentioned.

Figure 6 shows the absolute values of the capacitances between Drive 1 and Sense (CD1S) and Drive 2 and Sense (CD2S) for a displacement in the Z direction (delta Z); it also shows the theoretical capacitances between Drive 1 and Sense (CD1STheoretical) and Drive 2 and Sense (CD2STheoretical) for a displacement in the Z direction (delta Z); and it also shows the capacitance between the two drive plates (CD1D2). The Z displacement shown in all the following graphs (unless otherwise noted) is relative to the standard displacement Z0 (considered in this document to be equal to 2mm).

[image: image8.emf]Capacitance vs. Displacement along Z axis

0.00

0.50

1.00

1.50

2.00

2.50

-3 -2 -1 0 1 2 3

Displacement (mm)

Capacitance (pF)

CD1S

CD2S

CD1D2

CD1STheoretical

CD1STheoretical


Figure 6 – Capacitance as a function of Delta Z (CD1Sense means capacitance between Drive 1 and Sense pads).


The electronics circuits that will follow these sensors will measure the difference between CD1S and CD2S (called in this document 
[image: image9.wmf]C

D

). This difference is shown in Figure 7. Figure 7 also shows the theoretical capacitance difference between these two capacitors. The theoretical values were calculated using the parallel plate capacitors equations, as follows:
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(1)
where L1 is 12.5 mm L2 is 30 mm (Figure 3) and gap is 2 mm.  L1 is the overlap between the sense plate and the drive plate in the y direction and L2 is the width of the sense plate in the x direction (see Fig. 3).
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 Figure 7 –  (C (CD1S-CD2S) calculated by the model and by the theoretical equations.

The other movement that the sensor is designed to measure is the rotation around the X axis (theta X). The sensitivity for the baseline sensor geometry is shown in Figure 8.  The values of the sensitivities at the central position are listed in Table 2.
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Figure 8 – (C (CD1S-CD2S) for a rotation around the X axis.


In this geometry, the change in (C (CD1S-CD2S) for the other two displacements and two rotations (delta Y, delta X, theta Y and theta Z) are zero by symmetry (for the center position) . Figure 9 shows the change in (C (CD1S-CD2S) as determined by the simulation for changes in delta X and the non zero values reflect the accuracy of the calculation. These measurements were made with Maxwell 3D with the accuracy parameter set to 2 percent. As shown in Figure 9 this results in fluctuations in the calculated capacitance that have a standard deviation of 1.04fF. If it is necessary to make the calculations more precisely the accuracy parameter can be reduced but the time required for the simulation will increase significantly. Table 2 summarizes the sensitivities for the baseline geometry.
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Figure 9 – (C (CD1S-CD2S) for a displacement along the X axis.

Table 2 – Sensitivity of the baseline geometry 
	
	DeltaZ (aF/nm)*
	ThetaX (aF/udegree)
	DeltaX (aF/nm)
	DeltaY (aF/nm)
	ThetaZ (aF/udegree)
	ThetaY (aF/udegree)

	Sensitivity
	0.2735
	0.2881
	0
	0
	0
	0


* Where aF means atto (10-18) Farads. 
2.3. Sensitivity Analysis: Shielding variation

The TMT sensor will be connected to the mirrors through three pads, as shown before. These pads will be magnets and due to friction against the shield this may cause holes. In the next simulations the shield was changed in order to have holes where the pads are (Figure 10). 
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Figure 10 – Shield variation: No shield below the base pads.
The behavior of the sensor simulated without shield under its feet is very similar with the sensor simulation with the shield under the feet. As an example we show its sensitivity for displacement along axis Z (Figure 11). The sensitivity is slightly lower (0.2%) without the shield and this could be caused by the numerical variation of the tool.
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Figure 11–  (C (CD1S-CD2S) calculated by the model and by the theoretical equations with shield variation.

2.4. Sensitivity Analysis: Mirror materials variation

In this paper it is shown the behavior of the sensor TMT vsn. 1.3 changing the mirror material. Three different materials were used (Glass, Gold and Vacuum). The absolute values of the capacitances were not plot and only the capacitance differences were plot. We applied the linear fit of the Excel program and it is shown too. Figure 12 shows the sensitivity of the sensor for displacements along the Z axis. Figure 13 shows the sensitivity for rotations around the X axis. The variation of sensitivity is very small when the mirror materials were changed. In [1] we did experiments with sensor without shielding and we saw that varying the mirror material for that situation changed the capacitance of the sensor. With the present simulation we have a strong indication that the shield makes the behavior of the sensor more independent of the surrounding environment.
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Figure 12 – (C (CD1S-CD2S) for a displacement along the Z axis with different mirror materials.  
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Figure 13 – (C (CD1S-CD2S) for a rotation around the X axis with different mirror materials.  

3. Retangular Geometry

3.1. Model Description

The retangular model of the TMT project consists in one sense pad and two drive pads (like the tapered) but the geometry of the base has a retangular shape instead of tapered one. The objective of this geometry is to lower the price by using a simpler geometry, as long as the weight doen’t became a problem for the mechanical structure. The geometry properties of this sensor are the same for all its part but the base of the sensor (Table 1). This geometry is shown in Figure 14 and 15.
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Figure 14
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Figure 15  – Full sensor geometry.
3.2. Sensitivity Analysis: One rectangular base sensor
The retangular sensor geometry should behave like the baseline geometry. In order to verify this we are going to do the sensitivity analysis for the six directions (3 displacement and 3 rotations) as we did before. 

The Maxwell 3D simulator was used to calculate the change in (C for the same six motions as in Section 1.  The displacement in the Z direction is shown in Figure 16 and 17. 
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Figure 16 – Rectangular sensor sensitivity for a displacement along the Z axis.

[image: image21.emf]Capacitance vs. Displacement along Z axis

y = 0.2731x + 0.001

R

2

 = 1

y = 0.2655x - 5E-17

R

2

 = 1

-0.80

-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

0.80

-3 -2 -1 0 1 2 3

Displacement (mm)

Capacitance (pF)

CD1S-CD2S

CD1S-CD2STheoretical

Linear (CD1S-CD2S)

Linear (CD1S-CD2STheoretical)


Figure 17 – Rectangular model sensor sensitivity for a displacement along the Z axis.

The second motion that this sensor must measure is the rotation around the X axis. This is shown in Figure 16. 
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Figure 18 – (C (CD1S-CD2S) for a rotation around the X axis for the rectangular model.


The sensor should have minimum sensitivity to all other motions. Figure 17 shows an example of this sensitivities as all of them are all very similar. Table 5 summarizes the sensitivities for the full sensor geometry.
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Figure 19 – (C (CD1S-CD2S) for a displacement along the X axis.
Table 3 – Sensitivity of the full sensor geometry 
	
	DeltaZ (aF/nm)
	ThetaX (aF/udegree)
	DeltaX (aF/nm)
	DeltaY (aF/nm)
	ThetaZ (aF/udegree)
	ThetaY (aF/udegree)

	Sensitivity
	0.2731
	0.28796
	0
	0
	0
	0


3.3. Sensitivity Analysis: Composed movements

Due to manufacturing limitations, the sensor pad and drive pads will not be perfect aligned. The objective of this simulation is to provide some parameter that will guide the quality control of the manufacturing process about the limits of misalignment that are tolerate by the sensor without compromising its performance.

As shown in the next figure the simulation that is performed to get information about this aspects is composed of two different movements: (1) rotation around the y axis (that represents the misalignment; (2) displacement along the x axis; If the pads are perfectly aligned there will be no sensitivity for the x displacement.
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Figure 20
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Figure 21
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Figure 22
3.4. Sensitivity Analysis: Three sensors in the edge

              Fig. 20 shows three sensors mounted on the edges which form a vertex in the hexagonal array.  The stray capacitance between the elements of the sensors will generate interference between the sensors.   Table 6 contains the capacitance matrix obtained by solving this geometry with Maxwell 3D.  There is no large coupling between the drive pads of the three sensors which also indicates that the shield helps to make the sensor sensitivities independent of the surround environment.
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Figure 23 - Model of the 3 sensor on the corner for the full sensor geometry.

Table 4 – Capacitance (pF) for the three sensors on the corner. 
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3.5. Sensitivity Analysis: Sensor simulation vs. measurements

After building the prototype, it was tested using the Keck electronics. [image: image29.emf]Capacitance vs. Displacement along Z axis
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Figure 24 shows a normalized graph of a measurement and simulation for a displacement along the Z axis. The graph was normalized at 2 mm. 
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Figure 24 – Measurement and simulation for a displacement along the Z axis.

4. CONCLUSION
In this report we have simulated the sensitivity of the tapered model and of the rectangular sensor geometry to six motions using the Ansoft Maxwell 3D software. At this point there are good indications that both models can perform adequately.  

The tapered sensor geometry has the advantage that it weight less. However it is a more complex geometry which might end up costing more. 

Both geometries have behaviors that are very similar, and one key aspect that allow this is the shielding. When it is removed then the sensors starts to be sensitive to the environment that surrounds them. For simulation showing three sensors on the edge the coupling capacitance is very low and this is also due to the shielding and the distance between them. On report presented in December 2005 we showed a big coupling capacitance among the edge sensors.


We showed a displacement measurement against a simulation for a displacement along Z axis. Both of the plots match almost one on the top of the other. This is a good indicative that the sensitivity of the sensors that we calculated with the ‘accuracy parameter’ set to two percent is adequate to characterize all of the motions investigated. 

All the results got so far and the comparison with the measurements show that the Ansoft Maxwell 3D software is a good tool to simulate the inter-element capacitance for the TMT sensor.
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� The backgroung is 2000% bigger in all directions than the model size.
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0.3845477

1.9182375

1.4005125

2.109709

1.71334

0.3844558

1.8518625

1.4668875

2.042396

1.78053

0.3844232

1.7854875

1.5332625

1.974663

1.850584

0.3848646

1.7191125

1.5996375

1.905269

1.918829

0.3846746

1.6527375

1.6660125



Displacements chart

		9.95				-2.5				-2.5		-2.5						4		0.1264				0.1264

		9.45				-2.25				-2.25		-2.25						4.5		0.6264				0.6264

		8.95				-2				-2		-2						5		1.1264				1.1264

		8.45				-1.75				-1.75		-1.75						5.5		1.6264				1.6264

		7.95				-1.5				-1.5		-1.5						6		2.1264				2.1264

		7.45				-1.25				-1.25		-1.25						6.5		2.6264				2.6264

		6.95				-1				-1		-1						7		3.1264				3.1264

		6.45				-0.75				-0.75		-0.75						7.5		3.6264				3.6264

		5.95				-0.5				-0.5		-0.5						8		4.1264				4.1264

		5.45				-0.25				-0.25		-0.25						8.5		4.6264				4.6264

		4.95				0				0		0						9		5.1264				5.1264

		4.45				0.25				0.25		0.25						9.5		5.6264				5.6264

		3.95				0.5				0.5		0.5						10		6.1264				6.1264

		3.45				0.75				0.75		0.75						10.5		6.6264				6.6264

		2.95				1				1		1						11		7.1264				7.1264

		2.45				1.25				1.25		1.25						11.5		7.6264				7.6264

		1.95				1.5				1.5		1.5						12		8.1264				8.1264

		1.45				1.75				1.75		1.75						12.5		8.6264				8.6264

		0.95				2				2		2						13		9.1264				9.1264

		0.45				2.25				2.25		2.25						13.5		9.6264				9.6264

		-0.05				2.5				2.5		2.5						14		10.1264				10.1264

																		0		0				0

																		0		0				0

																		0		0				0

																		0		0				0

																		0		0				0

																		0		0				0

																		0		0				0

																		0		0				0



CD1S-CD2S

CD1S-CD2S

CD1S-CD2S

CD1S-CD2STheoretical

Measurements

Measurements Rescaled

Measurement-offset

Displacement (mm)

Capacitance (pF)

Capacitance vs. Displacement along Z axis

yGlass = 0.2735x + 0.0006
R2 = 1

yGold = 0.27322x + 0.00092
R2 = 0.99999

yVacumm = 0.27340x + 0.00085
R2 = 0.99999

yTheoretical = 2.6550E-01x - 5.2868E-17
R2 = 1.0000E+00
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Displacements chart (6)
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Displacements chart (7)
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Linear Section

Sensor
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Measurements
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Capacitance vs. Displacement along Z axis
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Displacements chart (5)
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capacit_deltaZ_deltaX_-5

		B_HEADER

				FileSign		UNKN		FormVers		0		CreaSign		ANS0		CreaVers		3

		E_HEADER

		21		9		Dz		Ax		Ay		Az		CD1S		CD2S		CD1D2		CD1S-CD2S		CD1S		CD2S		CD1D2		CD1S-CD2S		CD1STheoretical		CD1STheoretical		CD1S-CD2STheoretical		CD1S-CD2S Normalized

		0		0		9.95		0		0		0		-2.53E-12		-5.49E-13		-3.84E-13		-1.98E-12		2.53		0.55		0.38		1.98		2.98		0.34		2.64		3.7352603774

		0		0		9.45		0		0		0		-2.53E-12		-6.18E-13		-3.84E-13		-1.91E-12		2.53		0.62		0.38		1.91		2.91		0.40		2.51		3.6003728302

		0		0		8.95		0		0		0		-2.53E-12		-6.86E-13		-3.84E-13		-1.84E-12		2.53		0.69		0.38		1.84		2.85		0.47		2.38		3.473700566

		0		0		8.45		0		0		0		-2.53E-12		-7.53E-13		-3.85E-13		-1.77E-12		2.53		0.75		0.38		1.77		2.78		0.54		2.24		3.3452477358

		0		0		7.95		0		0		0		-2.53E-12		-8.22E-13		-3.85E-13		-1.70E-12		2.53		0.82		0.38		1.70		2.71		0.60		2.11		3.2164669811

		0		0		7.45		0		0		0		-2.53E-12		-8.90E-13		-3.85E-13		-1.64E-12		2.53		0.89		0.38		1.64		2.65		0.67		1.98		3.0883213208

		0		0		6.95		0		0		0		-2.53E-12		-9.59E-13		-3.84E-13		-1.57E-12		2.53		0.96		0.38		1.57		2.58		0.74		1.85		2.957365283

		0		0		6.45		0		0		0		-2.52E-12		-1.03E-12		-3.84E-13		-1.50E-12		2.52		1.03		0.38		1.50		2.52		0.80		1.71		2.8240698113

		0		0		5.95		0		0		0		-2.52E-12		-1.10E-12		-3.84E-13		-1.42E-12		2.52		1.10		0.38		1.42		2.45		0.87		1.58		2.6812207547

		0		0		5.45		0		0		0		-2.51E-12		-1.16E-12		-3.84E-13		-1.34E-12		2.51		1.16		0.38		1.34		2.38		0.94		1.45		2.5355169811

		0		0		4.95		0		0		0		-2.49E-12		-1.23E-12		-3.85E-13		-1.26E-12		2.49		1.23		0.38		1.26		2.32		1.00		1.31		2.3713792453

		0		0		4.45		0		0		0		-2.46E-12		-1.30E-12		-3.85E-13		-1.16E-12		2.46		1.30		0.38		1.16		2.25		1.07		1.18		2.185345283

		0		0		3.95		0		0		0		-2.42E-12		-1.37E-12		-3.85E-13		-1.05E-12		2.42		1.37		0.38		1.05		2.18		1.14		1.05		1.9790037736

		0		0		3.45		0		0		0		-2.37E-12		-1.44E-12		-3.85E-13		-9.27E-13		2.37		1.44		0.38		0.93		2.12		1.20		0.92		1.7494679245

		0		0		2.95		0		0		0		-2.31E-12		-1.51E-12		-3.84E-13		-8.00E-13		2.31		1.51		0.38		0.80		2.05		1.27		0.78		1.5103396226

		0		0		2.45		0		0		0		-2.24E-12		-1.58E-12		-3.85E-13		-6.69E-13		2.24		1.58		0.38		0.67		1.98		1.33		0.65		1.2615188679

		0		0		1.95		0		0		0		-2.18E-12		-1.65E-12		-3.85E-13		-5.33E-13		2.18		1.65		0.38		0.53		1.92		1.40		0.52		1.0062566038

		0		0		1.45		0		0		0		-2.11E-12		-1.71E-12		-3.84E-13		-3.96E-13		2.11		1.71		0.38		0.40		1.85		1.47		0.38		0.7478660377

		0		0		0.95		0		0		0		-2.04E-12		-1.78E-12		-3.84E-13		-2.62E-13		2.04		1.78		0.38		0.26		1.79		1.53		0.25		0.4940867925

		0		0		0.45		0		0		0		-1.97E-12		-1.85E-12		-3.85E-13		-1.24E-13		1.97		1.85		0.38		0.12		1.72		1.60		0.12		0.2341113208

		0		0		-0.05		0		0		0		-1.91E-12		-1.92E-12		-3.85E-13		1.36E-14		1.91		1.92		0.38		-0.01		1.65		1.67		-0.01		-0.0255849057

						ABS Dist.		ABS Dist. - mean		CD1S-CD2S		K																Reading (V)		Reading (V)/k

		250				0.25		-0.1135313		-0.0310508105		80.1911433517																-2.49		-0.0303763922

		300				0.3		-0.0635313		-0.0173758105		83.276690652																-1.447		-0.0176524657

		350				0.35		-0.0135313		-0.0037008106		85.116488873																-0.315		-0.0038427966

		400				0.4		0.0364687		0.0099741895		79.8059836331																0.796		0.009710686

		450				0.45		0.0864687		0.0236491895		81.1867148369																1.92		0.0234227602

		500				0.5		0.1364687		0.0373241895		82.2522885356																3.07		0.0374520177

		363.5313								K		81.971551647

		Disp (um)		Disp (mm)		Disp - Offset		Measurement (mV)		Delta Measurement		Measurement / -1000 (V)		CD1S-CD2S		K		Measurement/ K		Measurement normalized

		4000		4		0.1264		-53.7		-212.4		0.0537		0.0345704		1.5533520006		0		0.0643576222

		4500		4.5		0.6264		-266.1		-217.3		0.2661		0.1713204		1.5532300882		0		0.3189117929

		5000		5		1.1264		-483.4		-214.8		0.4834		0.3080704		1.5691218631		0		0.5793384468

		5500		5.5		1.6264		-698.2		-212.4		0.6982		0.4448204		1.5696222565		0		0.8367689358

		6000		6		2.1264		-910.6		-214.9		0.9106		0.5815704		1.5657605683		0		1.0913231064

		6500		6.5		2.6264		-1125.5		-209.9		1.1255		0.7183204		1.5668495563		0		1.348873442

		7000		7		3.1264		-1335.4		-202.7		1.3354		0.8550704		1.5617427524		0		1.6004314477

		7500		7.5		3.6264		-1538.1		-192.9		1.5381		0.9918204		1.5507847993		0		1.8433604986

		8000		8		4.1264		-1731		-170.9		1.731		1.1285704		1.5337988662		0		2.0745445829

		8500		8.5		4.6264		-1901.9		-148.9		1.9019		1.2653204		1.5030975554		0		2.2793624161

		9000		9		5.1264		-2050.8		-129.4		2.0508		1.4020704		1.4626940273		0		2.4578139981

		9500		9.5		5.6264		-2180.2		-114.7		2.1802		1.5388204		1.4167995173		0		2.6128954938

		10000		10		6.1264		-2294.9		-109.9		2.2949		1.6755704		1.3696231445		0		2.7503595398

		10500		10.5		6.6264		-2404.8		-102.5		2.4048		1.8123204		1.3269176907		0		2.8820709492

		11000		11		7.1264		-2507.3		-107.4		2.5073		1.9490704		1.2864081256		0		3.0049137105

		11500		11.5		7.6264		-2614.7		-105		2.6147		2.0858204		1.2535595107		0		3.1336289549

		12000		12		8.1264		-2719.7		-102.6		2.7197		2.2225704		1.2236732749		0		3.2594678811

		12500		12.5		8.6264		-2822.3		-104.9		2.8223		2.3593204		1.1962343054		0		3.382430489

		13000		13		9.1264		-2927.2		-97.7		2.9272		2.4960704		1.1727233334		0		3.5081495686

		13500		13.5		9.6264		-3024.9		-78.1		3.0249		2.6328204		1.1489199947		0		3.6252396932

		14000		14		10.1264		-3103		3103		3.103		2.7695704		1.1203903681		0		3.7188398849

										0		0		0		0		0

										0		0		0		0		0

										0		0		0		0		0
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												0		0		0		0

		Offset		3.8736										k		0

		200

								-212.4		0.5		0.834405

								-53.7		0.1264124294
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All Measurements chart (2)
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Displacements chart
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CD1S-CD2S

Displacement (mm)
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Capacitance vs. Z axis displacement
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