
Primary Mirror Forces from a
Distributed Hydraulic "Axial" Support System

Introduction

One can imagine that a thin meniscus mirror 8.2m in diameter will deform easily when
subjected to forces. These forces are due to such factors as changing gravity orientation, wind
loads, active and support forces, thermal expansion, etc. It is the role of analysis (analytical,
finite-difference, finite-element, etc.) to predict the mirror surface distortions for a given set of
boundary conditions; imposed displacements along with internal and external forces. This report
deals only with predicting forces on the mirror, not with the resulting distortion due to these
forces.

A number of simplifying assumptions will be used for this report. This should make the
material easier to follow while not sacrificing the basic ideas necessary for an understanding of
such a system. The actual analysis for the telescope will not always use the same assumptions
and will be somewhat more complicated.

First we will simplify the geometry for menisus mirrors by neglecting the curvature and the
central hole. Figure 1 shows the simplified mirror geometry. The mirror surface is indicated and
we assume that no support will be allowed on this surface. The telescope is Alt-Az, and the
mirror rotates relative to the gravity vector about the x axis. The x-y-z coordinates are fixed to
the mirror.
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Figure 1. Simplified geometry for the meniscus mirror.



The mirror is shown in Figure 2 at some zenith angle, . The range of  for the telescope is 0
<  < 75 . The weight of the mirror is called W, and W  225,000 N or 50,000 lbs. The
weight-gravity vector, , is shown and has a resultant at the geometric center of the mirrorW
("c.g"). For convenience, we can resolve  into its "axial" component, W cos , and its "lateral"
component, W sin . Some system of forces must support these weight-gravity forces along with
any other forces applied to the mirror. We will assume that forces on the back surface (Figure 1)
will take care of W cos  as well as any other forces in the axial direction. These are the "axial
supports" discussed here. The lateral forces, W sin , along with any other force perpendicular to
the axis will be taken care of by a "lateral support" system. These lateral supports will be
assumed but not discussed here.

At zenith about 80% of the axial weight component, W cos , will be supported by a uniform
air pressure1 over the back surface. The other 20% of the weight plus any external loads will be
resisted by a distributed hydraulic system. The forces applied to the mirror through this hydraulic
system are described by this report. However, not only must the axial supports resist these loads,
but they must do it in such a way that the mirror surface does not distort past its specification
(poor "figure"), nor does it tilt or piston (rigid body motions) past some specified amount.
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1 Myung Cho and Ronald Price, "Optimization of Support Point Locations and Force Levels of the Primary
Mirror Support System" (RPT-O-G0017), October 1993.

Figure 2. The mirror in relation to the gravity-weight vector, W.



Some of the forces will change with time. Examples are: slewing the telescope, wind
buffeting of the mirror, vibrations in the telescope structure, etc. These time-dependent values,
both fast and slow variations, will not be addressed here. Only static, or "quasi-static", with a
bandwidth of less than .02 Hz will be assumed.

A review of the major assumptions are:

(a) Boundary conditions (displacements and forces) are predicted, but no resulting mirror
distortions are presented.

(b) The mirror geometry has been simplified to a flat meniscus with no central hole.
(c) Only "axial" loads are considered. The hydraulic units to be described carry only  20%

of the axial weight and the external axial loads.
(d) Only static forces are analyzed.

A. Idealized static cases

Case 1. 3-point support at 120  intervals and radius r.

There is an axial support at each of the positions shown in Figure 3. The (x,y) coordinates
are shown in terms of the radius r and the angles. At each of these "points" there is a hydraulic
unit that might look like the unit sketched below (Figure 4).

The load cell measures the force applied to the mirror. The piston is on a roll diaphragm
("bellowfram") which is sealed with a fluid inside. The fluid has a weight density, g, and is
"incompressible". Neglect the weight of the load cell (L.C.) and piston, and assume the diameter
of the unit is very small compared to the mirror size. The "effective area" of each unit is Ai ( i=1,
2, 3 the unit number). In practice, this area is intermediate in size between the piston area and the
area defined by the wall constraining the fluid.  Then the force output read by L.C. is related to
the pressure and area by

Fi = Ai pi

where pi is the fluid pressure in the sealed unit.

Reading the output of the load cell, or measuring the pressure, pi, would require the hardware
involved. We can predict the forces from static principles once the axial weight component, Wa

is known. For static equilibrium we know that
F1 + F2 + F3 - Wa = 0

The moments about the c.g. are also zero: therefore,

F1 x1 + F2 x2 + F3 x3 = 0
F1 y1 + F2 y2 + F3 y3 = 0

Using the x,y components given; then

F1 + F2 + F3 = + Wa

Primary Mirror Forces from a Distributed Hydraulic "Axial" Support System RPT-S-G0038

Page 3



-F1 r cos 30  + F2 r cos 30  = 0
F1 r sin 30  + F2 r sin 30  - F3 r = 0

(sin 30  = ) and solving,1
2

F1 = F2 = F3 = Wa

3
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Figure 3.

Figure 4.



While the forces depend on position and the value of Wa, they are not dependent on either pi

or Ai. Since Fi = Ai pi, then the pressure in each unit could be found by

p1 =  ; p2 =  ; p3 = Wa

3A1

Wa

3A2

Wa

3A3

and for equal areas, Ai = A, all the pressures would be the same, pi =  . However, if the areasWa

3A
were unequal, the pressures would also be unequal but the forces would remain the same.

These three axial supports are an example of "displacement" supports. If we increase Wa, the
force increases while its position remains almost unchanged. The other type of support, "force"
or "astatic", would maintain an approximately uniform force even while changing position. These
displacements supports "define" the mirror position relative to the structure.

Question 1. What would happen if all three units were interconnected by fluid lines?

For example, connect #1 to #3 and #3 to #2 as
shown in Figure 5.

Answer. The mirror would tilt uncontrollably.
(Certainly bad for a mirror). Since the reason
would not be obvious to everyone, some
explanation follows. (Assume all assumptions

above that led to constant pressures, p =  .)Wa

3A

The roll diaphragms would allow the piston to
move up or down with ideally no spring rate force
so that fluid could be transferred from one unit to
another, thereby causing the mirror to tilt. Why
would the fluid transfer from one to another if the
pressure is equal in each unit? The answer is that
the hydrostatic head of fluid in the fluid lines
causes a pressure difference. Assume the mirror

has a positive rotation about the x axis. Then the vertical position of unit 3 is lower than units 1
and 2 by an amount  r sin q. Then3

2

p3 = p1 +   r sin 
p2 = p1

The force F3 is now > , and the mirror is no longer in static equilibrium and will move up
Wa

3A
at point 3. Note that even though the pressure is greater in 3 than 1 or 2, the fluid does not move
in that direction because the static head of fluid would have to be overcome. That is, the fluid
moves from point 3 to point 1 or 2 only if p3 > p1 +   r sin .3

2
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If we found a way to require that p3 = p1 +   r sin  for equilibrium (and this could be3
2

accomplished in more than one way), would we want this interconnected system? NO! There is
no spring rate in the three units when the pistons can move up or down, and any external load or
change in the system would cause mirror tilts (undefined mirror).

Note: The following questions pertain to the original independent (non-interconnected) units.

Question 2. What happens if there is a leak in the bellowfram unit?

Answer. Then the mirror tilts until it comes to rest on the mechanical unit/cell. Small leaks
can be overcome by building in a positive supply that can force fluid into or let fluid out of the
system in response to a mirror tilt. A supply is needed for each of the three units. These supplies
can also be used to adjust the mirror position whenever needed.

Question 3. What happens if a force is
applied to the piston of one unit?

For example, put a 1 unit load at number 3
(see Figure 6).

Answer. The L.C. reading does not change.
The mirror does not know that an "active" force
was applied. However, the pressure p3 is now
reduced to

p3 = 

Wa
3

FA

A3

The combined force of FA and the pressure is

 for equilibrium.
Wa

3

There is also a small tilt of the mirror. The sealed unit has a high spring rate, but the pressure
change would mean that the piston would move up slightly in response to the upward force FA.

Question 4. How does the system respond to forces that are applied to the mirror
(external forces)?

For example, apply an axial load, FE, at the coordinates (  , 0) as shown in Figure 7.r
os 30

Answer. From statics we can find the changes, DFi, at each unit (i.e., Fi =  + DFi). This
Wa

3Ai

uses the same equilibrium relations as before. SF = 0; SMx = 0; SMy = 0. Setting up the equations
and solving leads to

DF1 = -1; DF2 =  ; DF3 = - 1
3

1
3
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This set of forces (the external load
and the change in support forces which
will be noted by the load cells) will
cause two changes to the mirror:

1. The mirror surface will distort.
2. The mirror will tilt and/or piston.

The former will depend only on the
mirror stiffness, while the latter will
depend only on the combined stiffness
of the hydraulic pads and the cell
stiffness.

Question 5. What happens to the
mirror if the cell warps (changes
position in a differential way between
the points 1, 2 or 3)?

Answer. The mirror will tilt/piston
accordingly, but there would not be any

distortion of the mirror surface.

Summary of Case 1

Using just three supports for 20% of the mirror weight and all axial external loads would not
really be considered due to the large mirror distortion that would surely result. However we can
consider these useful ideas:

1. The mirror would have a defined position (subject to the actual spring rate of the devices).
2. Several basic ideas were presented that will be the basis of other more complex systems.

Case 2. 6-point support @ 60  intervals on a common radius r1.

If the six units were located at a radius of .681ro instead of three (see reference 1), then the
rms distortion for Wa would have far less distortion of the mirror surface, an improvement of

about 8x over the 3-point result. Assume that we want six hydraulic support units in the
configuration as shown in Figure 8. Use the same general assumptions as for the units in Case 1.

Question 1. What would be expected if 6 independent units were installed for the axial
supports?

Answer. We no longer have a "kinematic" (3-point) support, and if the cell deflects
differentially, then the load carried by each unit will vary, and there will be distortions of the
mirror surface. This is a "displacement" support where the displacements and spring rates control
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the forces. The mirror would be "defined" but with the possibility of a poor figure. There is a
possible solution for the non-uniform forces and that would be as follows. Assuming that there is
a fluid supply for each unit, the amount of fluid could be metered in and out of the unit to
maintain for force output (as measured on the load cell) to the desired value (here assumed to be
equal forces on all six units, but it could also be controlled to maintain some other set of forces if
desired).

Question 2. What would happened if the units were interconnected in pairs as shown
below (Figure 9)?

The units are designated as i, j where i = 1, 2, 3 corresponding to the three units of Case 1,
and j = 1, 2 for the individuals of a pair. Again, assume a positive zenith angle rotation about the
x axis of .

Answer. There are very few drawbacks to this system. In fact, the only disadvantage is a
distortion of the mirror surface since the forces at 1,1 and 2,1 are higher than those at the others
because of the hydrostatic head between those units (see Case 1). The good points are:

1. Cell distortions are accommodated by transfer of fluid between the pairs. There will be
some small tilt of the mirror if the sum of the displacements of each pair are different, but
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1 Nelson, et al., Telescope Mirror Supports, Plate Deflection on Point Supports, Report 74R, 1982.



this will be less, in general, than that of a three-point-support due to averaging over each
pair.

2. The head pressure does not cause an uncontrollable tilt of the mirror since the units of
higher pressure are located at y = 0.

3. The mirror is stable (with regard to rigid
body motions) and is thus "defined".
Each interconnected pair can rotate
about the midpoint of the pair by
transferring fluid from one unit to the
other, but the midpoint does not move in
space. These three midpoints play the
same role as the three independent pads
in Case 1.

Note: It should be noted that the distortion
of the mirror surface due to the increased load
at 1,1 an 2,1 may in fact be beneficial. Some
mirrors (particularly concave mirrors) have a
distortion due to the lateral supports that
produces a high at the top and bottom, and a
low at 1,1 and 2,1. Thus the effect of the
increased force there can help compensate this

lateral distortion; both effects are proportional to sin . One can set up the static equations and
find that the forces are:

F11 = F21 =  cos  +   A r1 cos 30  sin W
6

F12 = F22 = F31 = F32 =  cos  -   Ar1 cos 30  sin W
6

1
3

Question 3. If the increased force at 1,1 is objectionable, it is possible to passively
compensate the system to make all the forces equal?

Answer.  Yes. (see Figure 10 ) A back-to-back unit can be installed with a stiff bracket to
transfer the load of the compensation unit to the mirror.

All the support interconnection lines are duplicated by the compensation interconnection
lines. These compensation lines/units can be vented to the atmosphere (zero bias) or not for some
level of bias. While for this case it would be possible to install just the double ("compensated")
units at 1,1 and 2,1, and a hydraulic line of the same length as the interconnection lines to the 1,2
and 2,2 positions, in general there would be a "compensated" unit at each position of a more
complex system (or for an equatorial mount).
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Question 4. Can active forces be applied to the hydraulic units?

Answer. Yes, and one possibility is sketched below for each type of unit (Figure 11).
The active force (a force under our control) is indicated as FA and is applied to the load

transfer bracket.

Question 5. If a unit active force is applied to a hydraulic unit, is this force then
registered on the L.C. as being applied to the mirror?

Answer. No. The added load must produce an effect that still satisfies all of the static
equilibrium relations. This can be demonstrated by a couple of examples.

Example 1. Given that FA11 = 1;  FAij
 = 0;  i, j  1,1

What is Fij
, the changes in the forces as measured by the L.C.’s to the mirror?

The change at any pad unit is

F
ij = FAij + pij Aij

where p
ij is the change in pressure in the support unit due to the application of an active force.

For convenience we can assume that the areas, A
ij
, are the same for all units and

p  A   F

For the interconnected pairs, we know

F
11
 = F

p12 
;  F

21
 = Fp22 ;  Fp31

 = F
p32
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since the pressure will be the same at each pad of the pair. We also have the equations of static
equilibrium

SDF  = 0;  SDF
ij
 x

ij
 = 0;  SDF

ij
 yij = 0

after writing the relations and solving we find that:

Fp11 = Fp12 = -  ;  Fp21 = Fp22 =  ;  Fp31 = Fp32 = -1
2

1
6

1
6

and therefore,

DF

11
 = 1 - =  ;  F

12
 = 0 -  = - 1

2
1
2

1
2

1
2

DF
21
 = DF22

 = ;  

31
 = D F

32 = - 1
6

1
6

Figure 12 ) for F
A11 = 1; F

Aij = 0;   i,j  1,1

Thus, while there is a deterministic relation between the active forces and the mirror forces, it is
not a 1:1 transfer function.

 What would be the forces on the mirror if F  = FA12 = 1;  F
Aij

 = 0  otherwise?

This system could be solved (from "scratch") as was the previous example. We can also find
the solution in other ways from previous information.

Solution 1. Use superposition and symmetry arguments ( ).

Then by adding [ F

ij
]  + [ F ] , (Figure 13a ).
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The result of adding 1 unit force from the active control at 1,1 and 1,2 produces no mirror
forces at all. While the first example produces mirror surface distortion, the second does not.

Solution 2.  If we return to the 3-point case of independent hydraulic units (answer to
question 3), it was noted that applying an active force to the unit did not change the force on the
mirror, just the pressure in the unit. Here is the same situation. The 1 unit forces reduce the
pressure in the pair, but do not affect the system otherwise.

Question 6. If an external load of 1 unit is applied directly to the upper mirror surface
at the x,y position corresponding to unit 1,1, what will be the effect on the mirror and
support system, assuming that all active forces are zero?

The external load on the mirror surface at x,y of (-r1, 0) is FE = -1 (Figure 14).

Since all FAij = 0, then F
ij
 = F

pij
.

After setting up the static relations and solving, the result is (Figure 15 ).

The loads DFij on the mirror would cause distortion of the surface and some small tilt.

Answer.  We can add the two systems and find that the L.C.’s read as follows:

All L.C.’s are zero except for D F  = 1 @ location 1,1 ( ).
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The load cell would be in compression and read 1 unit. The mirror would also be in compression,
and there would be some small distortion at point 1,1 — otherwise, none.

Summary of Case 2
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The three pairs of interconnected units tend to act much like the three independent units. The
mirror is defined even though there is some distortion when the hydraulic head is not
compensated.

The compensation units are essentially the same hardware as the support units. This adds
some cost to the system, but the ability to maintain forces for any zenith angle can have many
advantages also.
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Case 3. General ease of three zones of interconnected hydraulic units; n supports in each 

zone

One can continue to reduce the mirror surface distortion by increasing the number of support

units in each zone. For the 8.2m mirror, it has been proposed that each of the three zones would

have about 40 supports (120 total for the mirror). For the previous cases of n = 1 and n  =  2, the

relations were easily resolved, but the idea of n = 40 would suggest more formalism to avoid

errors in the predicted forces. For this case the ground rules are:

1. There should be three independent zones of pressure supports. This will insure definition

of the mirror.

2. All pressure supports in any one zone are interconnected. This will avoid overconstraints

(cell deformation print through).

3. Hydraulic head pressure compensated units are used so that the pressure variation in a zone

does not vary the force output.

For Case 1 of three points (n = 1) the three static equilibrium relations could have been

written in matrix form as:

1 1 1
1 x 2 x 3

y1 2 y 3

F1

F2

F3

=
W a

0

0

B =
1 1 1

rco s 3 0 co s 3 0 0

. 5 r .5 - r

while the force vector F = {F, F , F } and the weight vector W = {W , 0, 0}. Solving the relation
for F is

F = B-1 W

B should then be inverted, and the result can be found to be:

B- 1 =
1/3 -

1
2 r os 30

1
3r

1/3
1

2 os 30
1
3 r

1/3 0 - 2
3 r

and therefore,
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 = B-1 
F1
F2
F3

W a
0
0

=

W
3

Wa
3
a
3

These are the load cell readings for just the weight component, Wa.

For the case of the external load of F  = +1 at x  = - , yE = 0, the three equilibriumr
cos30

equations for the mirror are

B F + F
E

E
 = {F , F

E
x

E E

1 E
}

Therefore,

F1

F 2

F3
= B

- 1

Wa 1
r

cos 30

0

=

Wa
3 -

1
3 - 1

2 cos 230
Wa
3 - 3 + 1

2cos 230
Wa

-
1
3

However, cos 2 30  = 3/4, and the vector then is { }a
3 1,

Wa
+

1
3

,
Wa

3
-

The change in force at the L.C.’s are then

D Fi = {-1, +1/3, -1/3}
the same result as before.

Next, the Case 2 of six supports. The six supports are at radius r1. The three equilibrium
equations were:

F11 + F12 + F21 + F22 + F31 + F32 = Wa

F11x11 + F12
x

12
 + F

21
x

21
 + F

22
 x22

 + F
31

x

31
 + F

3232
11

y11 + F
12

y
12

 + F21
 + F

22 y22 + F y  + F
32

y
32

 = 0

Since there are six forces, F
ij
, and only three equations, we could not solve directly for F

ijwithout some additional knowledge. For the examples in Case 2, it was assumed that

F
11

 = F
12

; F
21
 = F

22
; F

31 32

and with these relations, all the forces were found. We would like to allow for the possibility that

not all forces in a zone are equal. We can assume that some relation exists between the forces in

each zone and define

F1 F11 + F12; F2 = F21 + F22; F3
* = F31 + F32



, .x1 = F11x11 +F
F1

*

y 1111+F12 y

F

Then the equations are:

F 1 + F 2
* + F 3

* = Wa

x1 1 + x 2
*

+ 3F 3*

y 1 1 + 2F2 + 3 F 3 =

or

B F* = W

where B is

B = 
1 1 1

2 x 3
y1 y 2 y 3

the same as before with x
1
 replaced by , etc. This reduces the equations to three, but one wouldx 1

still have to know  to find a solution. Assuming that the force is proportional to somex an d y i
constant pressure in the whole zone then

ij a p

where A  is the control (effective) area at that support and is known. Then

x1 = 11x11+pA12 x12

pA + 12 = A11 x11

A11

With the position and areas known, then all the  values can be found.x i

Therefore,

F* = B W

and when an external load is given

F* = B -1{W - F

E
}

If we want just the effect of F

E
, then

DF E = B- 1{- F

E
 = -1 at (-r

1
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{-F , -F
E
x

E E
} = {+1, -r

1
, 0}

The areas in Case 2 were all equal and the values of x , y iare

x 1 = - r cos 30, x 2 = r c os 30; x 3 =

y 1 = r s in 30, y2 = r s i n 3 0 ; y3 = - r

and r = r
1cos30 . (Note: this is not the same r as the Case 1 unless the three supports were located

with this radius value). The result is

F  = {+1, -1/3, + 1/3}

We then know that
DF

E11
 + DF

E12

FE11 = DFE12
 = 1/2

DF
E21

 = DF
E22

 = -1/6
DF

E31
 + DF

E32 = +1/6

           E
 and check with the previous results.

Question 1. What effect does an active force have when applied at one of the support

units?

The active forces are not applied to the mirror directly. If they were, you could calculate their
effect by calling them an external force and use the same relations above. It is almost the same

except that the active force is applied through the load cell, and only at these specific locations.

For a single active force at one actuator a,b  (e.g., a = 1, b  = 1 in the example of Case 2), the load
cell reading will differ from the external force value only at the unit where it is applied and

F
ab = D

Eab + 
while

ij = 
Eij  ,  , b

We can illustrate this with the example of Case 2 where a,b  = 1,1 and a  + 1 force was

applied. This is the same position as the external force above but of opposite sign. For this case,

the result for an external load would be

DF *
E = {-1, +1/3, -1/3}

and
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F  = 
E12 = 1/2

DF
E21

D
E22D

E31
 = F

E32 = 1/6
,

D  = F  + F

A11
 = -1/2 + 1 = 1/2

while the others are those values given above.

Now, instead of looking at n = 3,4. . . etc. we can just take the general case. Zones 1, 2 and 3
(Figure 17)  are each assumed to have "n" supports, and each support is interconnected and
compensated for hydraulic pressure. All the area are equal.

For each zone, i, (i = 1, 2, 3), we can define

;     F i
* º S

j 1
i =

S
j=1

n
Fijx

Fi
* =j=1

n
Fyij

Fi

Then for static equilibrium with no external loads on the mirror or active forces, the
equations are:

F* = B-1 W;           B = 1 x 2 x
y1 y2 y3

As before, the values of  arex

;       Ai = S
j=1

n
A ij ; i =

S
j=1

n
Aijxi j

Ai
* y i =

S
j=1

ijij

*

The change in forces D F *
E due to an external load is

D  = B 1 {-FE
}

where {-F } = {-F

E
, -F

E
x

E
, -F y

E
}. For an active force at a,b , there is both an effect as an external

force and as an additional force at the support unit in question. The individual force change at

some unit i, j is given by

D
Eij

 = 
Aij
Ai*
DF Ei

*

At the unit a,b  where there is an active force

DF
ab

 = DF
Eab

 + F
Aab
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where DF
Eab

 is the effect of F

A
 as an external load. As a final note, the change in load cell reading

DLC
ab

 is

DLC

ab
 = - D

ab

since a positive force (upwards) will cause a compression (negative) of the load cell.

Summary of Case 3
(in supports in three independent zones)

The case of n supports per zone is reduced to the same matrix equation as a three-point

support by substituting the centroid  The inversion of this 3x3 matrix isx i i a n d y fo r y

known analytically and is known to be non-singular for all "practical" cases (e.g., each zone is
approximately 120  of the surface area). The values of  are determined from the areasx an d y

-1, the sum of any known external or active forces can be related

directly to the pressure in the three zones. These distributed forces can be related directly to the

pressures in the three zones. These distributed forces can then be proportional to each support

unit. The active forces add (at the unit where applied) to their effects as an external force.

Primary Mirror Forces from a Distributed Hydraulic "Axial" Support System RPT-S-G0038

Figure 17.



Multiple Active/External Forces

The previous cases n = 2, 3, . . .  specified the effect of a single external load or active force.

In practice, there will be many such forces applied simultaneously. One technique to deal with

many forces has already been mentioned: superposition of individual forces cases. The

superposition of linear equations can also be expressed as

DF 1
*

D 2
DF E3

*
= - B

m=1
F Em

S
m= 1

m t
FEm x Em

S
=1

Emy Em

where mt is the number of external forces.

We can define

F  S
m=1

mt
F

-M *
y º m=1

mt
FEmxEm

M*
x º S

m=1
F y

F  = 0; M *
x
 = 0

that is, whatever forces are applied have a net axial force of zero and zero moments about x

and y?

Answer. D *
Ei

 is zero which indicates that there is no change in

pressure of any zone.  The load cells would not change the reading.

Question 2. What is the result on the system when a multiple set of active forces is

applied with the above requirements (i.e., sum of forces and moments are zero):

Considered as external forces, the result is the same as above (i.e., D *
Ei = 0),   
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D
ij = DFEij Aij

and since D F
Eij Aij

, as the individual active
forces (but with the opposite sign). This almost sounds like a trivial result but, in fact, it is the
only set of "pure" active forces that produce this result. As will be seen later, all active force
systems devised to distort the mirror surface will have this zero sum and moments.

Question 3. What happens if all the active forces are equal over a whole zone?

Answer.  This is the extension on the previous examples of 3- and 6-point support. The

pressure changes for that zone, but the load cells do not change, and no force is changed on the

mirror. As an example, let the n active forces in zone 1 all be +1 unit and assume that all the

areas are equal and the units are symetric in the zone. Then,

F *
E

*
y
 = -nr cos 30
M r

2
Then

 = - 

DF 1
*

D F 2
D

- 1

2 c

1
3r

1 / 3
1

2 cos 30
1
3r

1/ 3 0 - 2
3r

n
- nr co s 3 0

nr
2

0
0

Therefore, in zone 1, each D F
Eij

 = -  = -1

D

1j = F
1
 F

1
 = -1 +1 = 0

and in the other zone F
2 = DF

3
 = 0 and F

Aij = 0

               . .
,         .     

       .

Distributed External Forces

                .
         (       

   ,        ).    
       ,       3

.            (    
  , .),             
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W
 (x, y, t) where p

W
 is a pressure

with some spatial distribution x, y and some changing function of time, t. The continuous
distribution does not correspond to the discrete point locations, but it can be approximated by
some finite grid of points, which in the limit, would approach the continuous distribution. If we
let each grid point represent an area of DxDy, then

F
E
 (x, y) = -p(x, y) DxDy

The negative sign is needed since a positive pressure will produce a negative force in our
coordinate system. Then the forces could be defined as

FEº S
allg ridpoints

[- p(,y) Dy ]

- M y º S
all

[- xp ( y ) D Dy ]

etc.

Another representation is the integral of the pressure as

F E º

a rea
- ( x , y

- M *º - ( y

M * y º
area

- yp (x, y)dxdy

    ,  ,        .
   

x = r cos
y = r s in q

= rdrd
, 

F * = -

-p

p

0

D/2
p (r, q)rdrdq

- y = -
- p

p

0

/2

p (r, q ) r
2cos q d rd
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M x = -
0

D/2
p(r, r 2sin qd rd

only due to external wind pressure forces

DF E1
*

DF E2
*

D F E3
*

= B-1
E
*

- y
M x

There will be change in the pressure of each zone that is calculated from this relation. If one

wanted to know the surface distortion, then the mirror would be analyzed with the pressure loads

on the top surface and the 3n loads on the bottom surface. It should also be noted that in the

absence of active forces, the LC’s will all read the same for each zone of equal area supports.

That is to say that the spatial distribution information has been "lost" except for its overall force

and moment. Each load cell in a zone, i, will be

L C = - DF E
Ai
*

To analyze what the static pressure does to the system without active forces, we can assume
the static pressure spatial distribution could be represented by a polynomial such as

p( , q) » 0 + C 1r c os + C r inq+ 3(2 2 - 1)

+ 4
2 ) + C 5 2 s i n 2 q)

  = 2 / .             0  1.  
    .        

FE = D2

4
- p

p

0

1

( r , q ) r r d

M y* = -D3
8

0

1
p ( r , q)r 2s qd r

Mx* = - D3
8

-p

p

0

1

p (r , q)r 2s in q d r d

0
F E My* M x

The vector  plays the same role as {W
a, 0, 0},       C 0

2
4 , 0 , 0

pressure of . As long as C
0p D /4 << Wa

C0pD2
12

0
 is also the only term that 0.*
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For C
1
rcos q;      = 0;      ;      = 0F E - * C1

32 M x
*

2
rsin q;      = 0;      = 0;     FE - M y

* M x =
2 D3
32

Here pressure in zones 1 and 2 are equal to each other and are half the pressure of zone 3.
Zone 3 is opposite in sign to 1 and 2.

For C3(2r2 - 1) and all higher order terms;      =  =  = 0. FE
* - My

* x*

There is thus no pressure in the zones due to these terms. When  or 0, the pressureM* Mx*
in the hydraulic system resists the moment due to the wind, but the actual distribution of support

pressures is not adequate to prevent distortion of the surface. When = 0, there is no= Mx
*

pressure induced in the supports. The mirror distorts much the same way as for the active force
systems where  = 0 as noted earlier. The cell/supports do not resist in any way.F* = My

* = Mx

For the three non-zero terms  and (C
2
)) above, the LC’s will have a smallFE

*(C0), y
*(C M x

*

reading in each zone and there will be some coupling to the cell.   For all the rest of the Zernike
terms there will not be any LC readings (for static pressure patterns)

The Role of Pressure Bias in the Head Compensation System

With reference to Figure 11, it is obvious that the pressure (positive pressure only) in the
compensation unit produces a force that has the same effect as a negative value of F

A
. Not all

systems need hydraulic head compensation*, but those that do could produce the head correction
with the active force system. The disadvantage of doing this is the added requirement to the
active system and lack of a passive support mode for the mirror. One advantage might be that the
added cost on the active system would be less than the cost of the compensation unit.

Once the compensation system has been included as part of the support system, there are
several options to consider.

1. Each of the three zones has a compensation system with the same units and plumbing
pattern as the support units. The upper unit (Alt-Az only) is vented to the atmosphere.

2. Each of the three zones is as in No. 1, but the units are sealed and a pressure (bias) can be
added to each system.

3. All units of the compensation system are interconnected and vented to the atmosphere.
4. All units are interconnected as in No. 3, but pressurized with a bias.
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Question 1. Wh at advantages and disadvantages are there in using a bias?

Answer.  The major advantage is the change in spring rate for the hydraulic support units.

The spring rate of the collective set of a zone affects the definition of the mirror and the

frequency response of the system. We would like the highest spring rate possible. Pressure bias

in the compensation units adds to the pressure in the support unit. Once the bias is more than the

equivalent of the axial load carried (~ W
a
), the spring rate of the total system will be about

double that of the support units alone.

The disadvantages are as follows. The support units must carry a pressure about double the
unbiased value. Supplies must add fluid at this higher value. A small leak in an unbiased
compensation system would not affect the system for a long time, but in a biased system it will
be noticed almost immediately. To change the mirror position in piston requires that supplies of
both systems be accomplished simultaneously.

We chose to use a bias to double the spring rate and will work around the practical problems.

Answer.             (   ).
,       ,        

   .
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