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The Thirty Meter Telescope (TMT) project will design and build a 30-m-diameter telescope for research in
astronomy in visible and infrared wavelengths. The primary mirror of TMT is made up of 492 hexagonal mirror
segments under active control. The highly segmented primary mirror will utilize edge sensors to align and stabilize the
relative piston, tip, and tilt degrees of segments. The support system assembly (SSA) of the segmented mirror utilizes a
guide flexure to decouple the axial support and lateral support, while its deformation will cause measurement error of

the edge sensor. We have analyzed the theoretical relationship between the segment movement and the measurement

value of the edge sensor. Further, we have proposed an error correction method with a matrix. The correction process

and the simulation results of the edge sensor will be described in this paper.

© 2018 Optical Society of America
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(150.1488) Calibration.
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1. INTRODUCTION

The largest diameter of monolithic optical telescopes is approx-
imately 8 m [1], which has reached the limit of its design and
manufacture. Larger telescopes require the primary mirror to be
segmented. To form a coherent image, the individual segments
of the primary mirror need to be kept phased, because changes
in wind load, vibration, heat, and the direction of gravity will
affect the relative positions of segments [2—7]. This is achieved
by a control system, which takes sensor readings and then
feeds back commands to a set of actuators that control the
position of the individual segments.

There are a number of different sensor types that can be
used in this servo loop [8-16]. Edge sensors can measure
the relative height and possible gap or shear between adjacent
segments. These sensors have appeared on a number of existing
telescopes and are the baseline of the next generation giant
segmented mirror telescopes (GSMT) [17,18].

The Thirty Meter Telescope (TMT) project, a partnership
among America, China, Japan, Canada, and India, is currently
developing a 30-m-diameter segmented optical telescope. The
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primary mirror of TMT is an array of 492 nearly identical hex-
agonal mirror segments, nominally separated by 2.5 mm gaps
[19]. The primary mirror support system (PMSS) holds these
492 segments in position, allowing the array to work as a single
mirror. The passive support system supports each mirror seg-
ment and controls its rotation in the mirror plane. The active
control system (ACS) controls the tip, tilt, and piston of each
segment relative to the other segments. The ACS utilizes edge
sensors on the back of the segments to measure their relative
positions and to control electronics hardware and software to
interpret the position data and actuators to move the segments
as commanded [20].

The surface of the primary mirror is an ellipsoid of reflec-
tion, and the surface of each mirror segment is an off-axis por-
tion of that surface. The size and prism shape of the segments
vary slightly [21], depending on their position in the array.

The rest of this paper is organized as follows. Section 2
presents the structure design and layout of edge sensors used
in TMT. In Section 3, a kinematic model of the segment mir-
ror system is introduced based on the analysis of structural
error. In Section 4, simulation experiments are investigated
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to check the performance of the model and error correction
method. In Section 5, simulation experiments are carried
out to verify the ability of this method in correcting the mea-
surement error caused by the tip and dilt of the segmented
mirror. Section 6 concludes the paper.

2. DEFINITIONS AND ANALYSIS

A. Geometric Layout of Edge Sensors

The TMT edge sensor is a capacitive displacement sensor, as

shown in Fig. 1 [17], which is fixed below the edge of the sub-

mirror; the board and the mirror are arranged vertically [17].
As shown in Fig. 1, each drive plate area is Ay = w//2.

Assuming that the vertical spacing between the plates is small,

the geometric layout shown in Fig. 2 is still applicable, but g = 0.

B. Analysis
Provided that the segments have been adjusted to achieve
optical confocal/co-phase, the capacitance of each sensor can

be calculated from the formula [24]

A
Co=ep (1)
where € is the permittivity of the dielectric, 4, is the area
of overlap of the plates, and 4 is the distance between the
plates.
As one segment moves up by an amount of As relative to its
neighbor, the changes in the area of the upper and lower drive
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Fig. 1. Sensor geometry of TMT; w and / represent the width and
height of the drive plate, respectively.
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Fig.2. Geometric layout of edge sensors and displacement actuators
in segmented mirror of Keck [22,23].

plates are AA; and AA,, respectively, and the differential
capacitance will change according to

Ao+ DA, A

AC, = _gto, 2
G = A 4, @
Ao+ A4, A
AC, =20 T2 Lo 3
2T T Ad, Cd, ©)

Co  do+Ad, +Ady+ Ad\Ad,)dy Ay

In Eqs. (2)-(44), Ad, and Ad, are the distance changes
between the plates in the upper and lower capacitors. There
is a symmetry based on the upper and lower drive plate
structures:

Ad, + Ad, = 0. (5)
Considering Ad; and Ad, are small compared with 4,
that is
Ad\Ad,
dy
Equation (4) is further simplified as

0. ()

AC, -AC, _AA -Ay  Ady-Ad,

CO AO dO (7)

The first and second terms on the right-hand side of Eq. (7)
are caused by the shear and rotation of the segment relative to
its neighbor across the gap, respectively, e.g., the change in the
dihedral angle. Similarly, in order to simplify the discussion of
the problem, assuming that the size of all the edge sensor struc-
tures is the same, we installed the drive plate (two plates) in
even position and the sense board (one plate) in odd position,
as shown in Fig. 2.

We suppose the segment is a regular hexagon, and we only
consider the change of sensor No. 11 when actuator Py is pis-
toned out of the page by Az. In this case, Eq. (7) reduces to

AC, -AC, _4rAz [Az
Co bl 2db
The first term on the right-hand side of Eq. (8) is dependent

on the overlap area. The second is affected by the change in the
effective spacing of the plates.

@

3. MEASUREMENT ERROR ANALYSIS

A. Creating Coordinate System

The support system assembly (SSA) of the segmented mirror
determines that its instant center is not the center of the mirror
but the center of the guide flexure. Actually, it will bring in
error because the instant center of the segmented mirror
changes when its position changes. Here, we call it “structural
error.”

In this paper, the SSA model is constructed and the spatial
pose of the drive plate relative to the sense plate is obtained by
means of coordinate transformation. The relationship between
the sensor reading and the three displacement actuators is
calculated, and the corresponding correction coefficient is
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Fig. 3. Schematic diagram of the TMT primary mirror segment
and support system.

given in the latter part. The geometrical structure and three-
dimensional model of the sub-mirror are shown in Fig. 3.

The moving frame and tower are connected by the guide
flexure to limit the three DOFs (rotating along the z axis, mov-
ing along the x/y axis) of the segmented mirror. The remaining
three DOFs (tip, tilt, and piston) are determined by the three
actuators. According to the kinematics theory of the mecha-
nism, the number of the driving links (P4, Pp, Pc) of the
mechanism is 3, and the degree of freedom of the mechanism
is also 3.

The number of DOFs of the mechanism is equal to the
number of driving links, so the movement of the mechanism
is determined. Thus, the spatial position of the segmented
mirror can be determined by controlling the output of the three
displacement actuators. The simplified multi-body kinematics
model is shown in Fig. 4.

The guide flexure is simplified as the composite hinge model
of the spherical hinge and the prismatic hinge in the multi-body
kinematics, the actuator displacement output mechanism is
simplified as a cylindrical hinge, and the flexible rods for dis-
placement output are fixed with the moving frame. The flexible
rods only have the freedom of vertical movement. In order to
meet the compatibility requirements of the hinges, the other
DOFs are released.

As shown in Fig. 5, it is assumed that the center of the ball
hinge is the origin O after the optical co-phase adjustment.

The direction starting from Oy, parallel to P4Pp and pointing
to P, is defined as the x axis. The direction of the y axis is the
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Fig. 4. Kinematic model of segment mirror system.
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Fig. 5. Establishment of coordinate system (CS).

same with TPC) while the direction of the z axis meets the
right-hand rule. Then the coordinate system O; - x,y,z; is
established.

The TMT sensors are perpendicular; that is, the plates of the
different capacitors that make up the sensors are perpendicular to
the segment surface, as shown in Fig. 6. The geometric relation-
ships between the 12 half-sensors and the segmented mirror are
depicted in Fig. 2, from which the placement of the three
segment actuators is also indicated. The Keck parameters are
given by 2 = 900 mm, f = 173 mm, ¢ = 55 mm, and / =
706 mm [22]. The TMT parameters are given by a =
717 mm [25] (we just rounded it up to 720 mm), g =0,
d =2 mm, and f =717 x 173/900 mm = 138 mm.

The original coordinates of the three points (P4, Pp, Pc)
in the coordinate system O; -xyy;z; are defined as
P4(~/ cos 30°, - /sin 30°, —m), Pp(/ cos30° -/sin 30° —m),
and P.(0,/, - m).

Assume that the output displacements of the three actuators
(A, B, and C) are Az, Ab, and Ac, respectively. The position
and posture of the segmented mirror can be described by the
Euler angle; that is, it is equivalent to the segment moving
¢ along the z axis, rotating a along the x axis, and rotating
p along the new y axis of the conjoined coordinate system
[26]. The corresponding homogeneous coordinate transforma-
tion matrices are defined as

; [ L y. .
a/ |__q—;|— s Mirror
Drive | plate 1
o G
]
e
L__|Sense | plate| | |
Rl

2B =45 mm xs — o —
dy =32mm
2f=6mm . -
l; =100.722 mm Wi
w =30mm

Drive |plate 2

D = Sensor drive half
S =Sensor sense half

Fig. 6. Dimensions of capacitor plate in millimeters [17].
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1 0 0 O
01 0 O
Trans(0,0,7) = ,
0 0 1 ¢
|10 0 0 1
10 0 0]
0 cosa -sina 0
ROt(X, 0() = 5
0 sina cosa O
K 0 0 1]
[cosp 0 sinf O]
Rov.py=| - L 00 ©
ot N =
-sinff 0 cosf O
0 0 0 1]

The coordinates of P;(i = A,B,C) after moving are
Pi(i = A, B, C), which can be expressed as

[P, Pp Pr]=Rot(Y,p)Rot(X,a)Trans(0,0, )
[Py Pp Pcl
=T[Py Pp Pcl (10)
Thus Eq. (10) can be rearranged as

—m+ Aa = /3 sin B/2 + (¢ - m) cos a cos

-/ sin o cos f3/2

-m~+ Ab = (t - m) cos a cos - /3] sin /2 . (11)
-/ sin o cos f3/2

-m~+ Ac = (¢t - m)cos & cos f + [ sin & cos f

Considering a, f are small, we can get sin @ = a,
sin # = f, and cos a =1, cos f = 1. Substituting it into
Eq. (11), we have the following relationship:

Aa = 3Ip)2 +t - la)2
Ab=1t-31p/2-1aj2 , (12)
Ac=t+la

t=(Aa+ Ab+ Ac)/3
a=-(Aa+ Ab-2Ac)/31. (13)
= 3(Aa-Ab)/3]

The coordinates of the four vertices D, E, F, and G on the
sense plate in the world coordinate system (WCS) are P}, Pp,
Pp, and Pg:

[Ph Py Pp Pel=T[Pp Pr Pp Pgl (14)

B. Coordinate Transformation

Assuming that the position vector of the point P is 4P in the
coordinate system {A}, the position vector of the point P is ZP
in the coordinate system {B}, the position and pose matrix of
CS {B} is*Rj in the CS {A}, the position vector of the origin in
CS {B} is 1P in the CS {A}, and the relationship of them is
given by [27]

AP = ARBP + 4Py, (15)

5P =Ry ("P-"Py), (16)

Engineering and Laboratory Note

Ap = P,(i= D,E,F,G), (17)
where
APy = (< v o). (18)

4Rp can be obtained by coordinate transformation. The
CS {B} can be regarded as the CS {A} translating along the vec-
tor 2 P, then rotating by 240° along the z axis, then rotating by
90° along the x axis; that is,

ARy = R(Z,240°)R(X, 90°)

-1/2 0 -3)2
=|-v3/2 0 1/2 |, (19)
0 1 0
[ -1/2 0 -3/277!
ARy = -V3/2 0 1)2
L o 1 0 |
[ -1/2  -/3/2 0]
= 0 0 1]. (20)
-v3/2 1/2 0]

As shown in Fig. 7, the coordinates of D, E, F, and G in the
CS of the drive plate are D(xp,yp,2zp)s E(xp,yg2E),

F(xp,yp>2r), and G(xg, ¥, 26)-
The projection coordinates of D, E, F, and G on the plane
of x,0,, in the drive plate coordinate system are D'(xp, yp),

E'(xg,yg), F'(xp,yp), and G'(xg, ), respectively.
The plane can be obtained by the coordinates of D, E, and

F, and its expression is given by
Ax+By+ Cpz+ D, =0, (1)
where the coefficients of the plane equation above are given by

x Yy z 1

xp Jp 2zp 1

xg yp zp 1

xp yp zp 1

Let 0 be the dihedral angle of the plane DEFG and the plane

of x,0,y,:

% 4= [d2+d2+ a2 2
S

dz

L= s

4 Y

=0. (22)

£

Xs

Fig. 7. Coordinates of DEFG in CS {o, - x,3,2,}.
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We give a calculation Eq. (24) for capacitance integral by
Eq. (8) as follows:

Cze//wzgcosg//d_fq
Q zZ Q2
1
= ¢ cos 0 1+ 22 +22——d,
/ny Ta(xy) T

1
= —¢C / / S (24)
! Dy Apx + By + D, !

where D, (DL and Dﬁy) are the two regions of the geometric
pattern surrounded by DEFG on the plane x,0,y, and separated
by y = b, and y = b,, as shown in Fig. 8.

Caic is the capacitance of the upper and lower capacitors
when the segmented mirror is calibrated by the actuators, and
we assume that the space between the drive plates and the sense
plate is dc; then we get

cos B =

(23)

A
statlc’ 25
. (25)

static

Coatic = €

1
C,=Cyp =-¢C —————d.d,,
1 UP € P/[)lx]A],x—i—By—i—D

1
c,=C =-eC ——————d.d,
2 DOWN £ P//szyAPX-i-B)/-i-D

AC,-AC,
L =

Cur - Cpown
C

static

eC, ~ I 'xy A+ B,y D, 3 y+D ded,
_ . (26)
CStatiC + fszx}/A X+B ) +D, d d

static

C. Numerical Calculation

A code was developed under MATLAB programming environ-
ment for numerical calculation to find the relationships
between the output displacements Aa, Ab, Ac by actuators

A, B, and C and (AC, - AC,)/Cy denoted by (.

The calculation results of multi-body kinematics model »
0.0251 = -The results of linear fitting -7

0.02} =

T

Reading of edge sensor No.11

0 2 4 6 8 10
The displacement of actuator B Ab/nm %10°

(b) %10

w b

N

o

Residual error after linear fitting

'
N

2 4 6 8 10
The displacement of actuator B Ab/nm 10°

Fig. 9. Relationship between input (Ab) and output ({) in the case
of Az = Ac = 0: (a) Reading of edge sensor No. 11. (b) Residual
error after fitting.

First, we consider what the relationship between input (Ab)
and output (¢) is in the case of Az = Ac = 0. The displace-
ment Ab ranges from 0 to 1 mm, and the step length is 1 pm, as
shown in Fig. 9(a).

It can be seen from Figs. 9(a) and 9(b) that the relationship
between the edge sensor reading and the displacement of the ac-
tuators is almost linear, not absolutely linear, but it will be regarded
as a linear process in the practical application [28], which is

> a4y (=1,2j=1,2,3), 27

where 7 is the number of two adjacent segmented mirrors,  is the
number of actuators fixed on the mirror, and #;; denotes the cor-
responding coefficient.

For the edge sensor processing circuit, there is a certain error
in the actual value calculated according to Eq. (27). The result
of the linear fitting of Eq. (206) is

¢ =6.2869 x 108Ab - 2.4573 x 1077 (28)

The absolute value of the maximum residual error
is 4.813 x 107,
The result calculated according to Eq. (8) is

, 4
Ab = T (29)
[ 2bd
Thus the absolute error is
Ab-Ab' = Ab-; él. (30)
17 2hd
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Fig. 10. Trend graph of relative error between A and Ad'.

And the relative error is
Ab - AD
Ab

The relative error curve is shown as Fig. 10, from which we
can get the following conclusion:

Ab - Ab
Ab

x 100%. (31)

49.83% < x 100% < 49.84%.  (32)

4. ERROR CORRECTION AND SIMULATION

A. Error Correction Method
The relative error value is stable, which is beneficial to the cor-
rection of error caused by the structure error.

In the case of Az and Ac being determined, the true value
Ab is a function of the measured value Ab’, which is expressed
as a polynomial:

Ab =" Ab' + 0, A6 + 03Ab° + - (33)

In Eq. (33), w; is also related to the value of Az and Ac.
w; = w;(Aa, Ac) =D k+ kAa+ kA + kAG + -+ + kAc+
kAc* + kAc® +---. We take the 7 x 4 order matrix for fitting,
which can be expressed by

Ab=[1 Aa A AP Ac AP AP
[y ki ks kg ]
by ky o kaz o kg )
by k3 k ks
b ko b k[
Ab?
ksi ksy ksy ksy INE
ke key kez ks
Lyt kra ks ks
= {P}[K]{P,}. (34)

Considering the selection of 3 x 2 order polynomial fitting,

the residual error after correction is less than £=6 nm, as shown
in Figs. 11(a) and 11(b), which satisfies the requirement of
active optics (AO).

B. Simulation Results
In order to verify the feasibility of the model, we establish the
FEA model of the SSA for simulation analysis, shown as Fig. 12.
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Fig. 11. Residual of 3 x 2 order polynomial fitting is less than

6 nm: (a) Displacement of actuator B. (b) Residual error after correc-
tion by the matrix.

We used HYPERMESH, ANSYS, and MATLAB for a joint
simulation analysis to get the results shown in Fig. 13. In this
paper, we have established two analytical modes, A and B.
Model A is theoretical model in which parts other than the
guide flexure are treated as absolute rigid body. As a control
group, Model B is an actual model in which all parts are given
real material properties.

The blue line represents the calculation results of the theo-
retical model, the green line represents the simulation results of
the theoretical model (Model A), and the red line represents the
simulation results of the actual model (Model B).

We can get the following results from Fig. 13:

* The simulation results of the theoretical model (green
line) and the calculation results of the theoretical model (blue

Fig. 12. Finite element model of SSA.
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Fig. 13. Comparison of theoretical results with simulation results.

line) are perfectly consistent, and this illustrates the feasibility of
the equivalent model.

¢ The simulation results of the theoretical model (Model A)
are generally consistent with the results of the actual model
(Model B), but there is still a slight deviation. As the output
value of the actuator increases, the deviation increases linearly,
which is due to the cumulative deformation error of the SSA
increasing with the output value of the actuator increasing. It
will not be treated as an absolute rigid body when the error
accumulates to a certain value.

¢ The deformation cumulative error of SSA increases lin-
early with the increase of the output value of the actuator,
which facilitates the subsequent correction.

In this paper, we introduce the 5 x 3 order polynomial for error
correction as shown in Fig. 14, and the modified relative error is
less than 0.01%.

Residuals of the readings of the edge sensor after being cor-
rected by the 5 x 3 order polynomial are shown in Fig. 15. The
absolute value of the residual error of the measurement is
less than =1 nm on full range, which meets the requirements
of active optics.

The reasons for the structural errors are summarized as
follows:

* The material properties of the SSA.

e The geometric size of the SSA.

¢ The constraints of the location of the SSA.
* The effects of ambient temperature.

e The effects of the structural vibration.

e Other factors.

5
210 x10 . .
S
g | —Results after correction |
. 8 =*=  Simulation results
5
S 6r 1
®
s}
£ 4f 1
o)
IS
3
8 2f 1
o
2
) I | | I |
2 "o 0.005 0.01 0.015 0.02 0.025
|_

Reading of edge sensor No.11

Fig. 14. Actual values and theoretical values of edge sensor’s read-
ings after corrected by 5 x 3 order polynomial.

m)

Residual error after correction
by the matrix (n

-1

. .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Reading of edge sensor No.11

Fig. 15. Residuals of the readings of edge sensor after being cor-
rected by 5 x 3 order polynomial.

5. ANALYSIS OF THE INFLUENCE OF TIP
AND TILT ON THE READING OF THE EDGE
SENSORS

As shown in Fig. 16, as the angle of tilt 6 decreases, the
edge sensor’s curve moves down, but the reading is still

a 5
@), x10° ‘
£ /
£
m
= 8 1
o
©
=
& 6 1
e
g ——B=1.0692E-3 rad
3 ——B=8.1675E-4 rad
© 4r ——pB=5.3458E-4rad | |
= $=2.6729E-4 rad
5 —p=0 rad
e ——B=-2.6729E-4 rad
3 2f B=-5.3458E-4 rad| |
® ——B=-8.1675E-4 rad
= B=-1.0692E-3 rad
=
0 | . | .
-0.02 0 0.02 0.04 0.06 0.08
Reading of edge sensor No.11
(b)
0.08
3 006
8
®
S 004
L)
kS
2 002
o
3
e
(-]
2
£
0.02
0.04

Fig. 16. Influence of tilt on the reading of the edge sensor:
(a) Relationship between the reading of edge sensor No. 11 and the
output value of actuator B at different tilt angles in the 2D view; f
is the angle of tilt. (b) Relationship between the reading of edge sensor
No. 11 and the output value of actuator B at different tilt angles in the
3D view; Ab is the output value of actuator B, and @ is the angle of tilt.



3408 Vol. 57, No. 13 / 1 May 2018 / Applied Optics

approximately linear with the output value of the actuator
increasing when 6 is constant:

Ab=[1 Az AL Ac AZ]
kay kg ke | LAG?

+¢0), (35)

where ¢(6) is a linear function of 6, which is given by

tan 0 = v/3(Aa - Ac) /3. (36)

Given that € is a small amount, @(6€) can be computed in a

simplified Eq. (37):
@(0) ~ p(tan 0) = w(Aa - Ac). (37)

We assume that w(Az - Ac) = ky(Aa - Ac) + by and
Eq. (35) is converted to

(a)

Residual error/nm
o

(b) 4o . | :
=
o, - y

S g ° 1 ey {/\ N B=1.0692E-3 rad
GLJ = + F g '3 ——B=8.1875E-4 rad

> f ¥ ) £ )
28 5 ! ’ ": Fhiy —+—B=5.3458E-4 rad
GE) 8 b 4y : 2 & 1 B=2.6729E-4 rad

TR, ? 1\ g 4 =
o g ° 1 ¢ o f \ B=-2.6729E-4 rad
20 L 1 \ o B=5.3458E-4 rad
ol 2of s "u | ¢ fo f 1 B=-8.1875E-4 rad| -
EQ b ¥ 7Y i\ $=1.0692E-3 rad
= ¥ 4 I 5 \
T = : # |
> 9 2 e ¢ |
o5 % ) / 1
o ©-5- 5 S A YA { T
e 3 VY Y f
) \ & i
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Reading of edge sensor No.11

Fig. 17. Relationship between sensor reading and residual error
after being fitted with 5 x 3 order polynomial. (The absolute value
of residual error is less than 4.5 nm RMS.) (a) 3D view of the residual
measurement error of Ab after being corrected. (b) 2D view of the
residual measurement error of A after being corrected.

Engineering and Laboratory Note

Ab=[1 Aa AP Ac AZ]
[k + by by ks |
kyy + ko kyy ks 1

kg — ko kiy ki | AL
ks ksy  ks3 |

6. CONCLUSION

This paper introduces a class of edge sensors that are used in the
TMT baseline. The measured value of the edge sensor and
relative pose of adjacent segmented mirrors are formulated
by using the capacitor theorem and the homogeneous transfor-
mation method. Based on the multi-body kinematics theorem,
we present a simplified kinematics model of single segmented
mirror. The simulation results indicate that the theoretical re-
sults are in good agreement with the simulation results and this
model can effectively reflect the segment’s actual movement
process in the presence of deformation of the guide flexure.
When the travel range of every actuator is limited within
+1 mm, the maximum linear error of this model is less than
5.86 x 107°. Besides, a matrix function is defined and formu-
lated to correct the measurement error of the edge sensor that is
generated by the deformation of the guide flexure. The results
show that this method can effectively suppress the measure-
ment error introduced by the deformation of the guide flexure
and improve the utilization of readings while guaranteeing the
accuracy of the measured values. The absolute value of error is
less than 4.5 nm, as shown in Fig. 17, in the whole measure-
ment range and meets the requirement (5 nm) [29].
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