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EXECUTIVE SUMMARY

The Primary Mirror Suppat System of the APO 3.5-meter telescope utili zes an array of small
pneumatic pistons (often cdled "Belloframs’) which are servoed to provide an appropriate
distribution d force over the bad of the mirror and onthe upper inside surfaces of the horeycomb
cells. Theforces provided by the pistonsisintended to maintain bah the position and the figure of
the mirror as the telescope dhanges elevation angle, and as it responds to transient loads caused by
wind gusts or other disturbances. The Primary Mirror Suppat System has been upgraded by
ingtali ng anew pneumatic servo system incorpaorating improved, high bandwidth servo valves, new
pressure sensors for more predse presaure @ntrol, and more daborate dedronic servo controll ers.
The new system is suppated by modificaions to the ar suppgy system incorporating a new
redarculating pump system which simultaneously provides a presaurized air supdy and a sub-
atmospheric return circuit.
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1.0 INTRODUCTION

The primary mirror of a large telescope is heary enough that it canna suppat its own weight
withou distortionsthat alter itsfigure significantly. Evenif the mirror isuniformly suppated aaoss
the mirror cdl, the cdl itself canna be made sufficiently rigid to suppat the mirror withou
distortionthroughou its entire range of motion. One solutionto this problem isto provide asuppat
system in the mirror cdl which adively synthesizes a perfedly rigid mourting structure suppating
the mirror uniformly over its entire badk face Such a system must respondto the changes in the
alignment of the gravity vedor due to telescope tracking motions. In additionto simply providing
an even forcedistribution that exadly compensates ead comporent of gravity, the system must also
maintain the @rred positionand aientation d the mirror, respondng to transient disturbances such
as wind gusts and tel escope tracing acceerations.

The Primary Mirror Suppat System (PMSS of the 3.5 Meter Telescope & Apadie Point
Observatory (APO) uses an array of pneumatic pistonsto provide adive suppat of the telescope's
primary mirror. Pistons distributed aaossthe badk of the mirror suppat it axially, while pistons
placel onarms extending inside the honeycomb structure and keaing onthe upper surfaces of the
cdlssuppat themirror transversely. Three &ia paosition sensors and ore transverse paositi on sensor
deted the position and aientation d the mirror relative to the cdl. An eledronic servo system
controlsthe ar presaure in the pistons  as to maintain the position and attitude wrredly asthe cél
moves and as the mirror is subjeded to wind loading.

2.0 SYSTEM DESCRIPTION
2.1 Support Actuator Arrangement

Sincethe 3.5 Meter tel escope uses an dltit ude-azimuth mourting system, the primary mirror moves
only in those two degrees of freedom. The mirror suppat system therefore needs only to suppat
the mirror adively in two dredions. axialy (perpendicular to the face of the mirror), and
transversely (paral e to the faceof the mirror and in a verticd plane). The mirror is paositively
constrained against rotationin the cdl and against horizontal transverse motion. Verticd transverse
displacanent is controlled by the transverse suppat system; axia trandlation, tip, and tilt are
controlled by the axial suppat system. With the telescope pointed at the zenith, the acial suppat
system beas the entire weight of the mirror whil e the transverse suppats bea nore; with the
telescope painted at the horizon, the axia suppats bea nothing whil e the transverse suppats bea
the entire mirror.

The aia suppat system comprises an array of 78 air pistons distributed over the badk faceof the
mirror and resting on the bottom of the mirror cdl. In order to control tip and tilt as well as axial
trandation, the aia piston array isdivided into threeradia sedors, eat with its own independent
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control system. Position feadbad for ead sedor is provided by a strain-gage load cdl cgptured
between the mirror badk plate and an adjustable post mourted to the mirror cdl surfacebelow the
center of ead sedor. The control system adjusts the quantity of air in ead cylinder array to keep
the load cdl compressed to afixed setpaint.

The transverse suppat system employs 38 air cylinders mounted inside the honeycomb sedions of
themirror. Each pistonis mourted onapast anchored to the bottom of the mirror cdl and extending
through a hale in the mirror badk plate into ore of the honeycomb cdl s that make up the mirror
body. The piston ads on the "top" flat surfaceof the horeycomb cdl, thus providing a force
transverse to the opticd axis. The entire transverse suppat system includes atotal of 38 pstons
distributed over the entire mirror. The transverse position sensor isaload cdl faang onthe "top"
of theinside of the Cassgrain hdein the center of the mirror. The load cdl adually beas against
the edge of the mirror badkplate inside the Cassgrain hde.

Thethreeaxial sedors arereferred to as aors A, B, and C, starting at the badk of the mirror and
proceealing clockwise & viewed from above. The A sedor is on the plane of symmetry as the
telescope moves in elevation; the B sedor is on the left, and the C sedor is on the right. The
transverse system isreferred to as dor T. Figure 2-1 shows the arangement of the aial sedors,
thelocations of the valves and manifolds, the locations of the hard pants, and the layout of the major
plumbing runs. The aduators for eat axial sedor are plumbed with /16 inch tubing from single
manifolds denoted MA, MB, and MC. The valvesfor eat axial sedor are denoted VA, VB, and
VC. Thetransversevaveisdenoted VT. It feadstwo manifolds, MT1andMT2. MT1 (coll ocaed
with VT) serves the badk half of the mirror; MT2 serves the front half of the mirror.

2.2 Hard Points

Thethree aia hard pants are locaed in the triangular bays of the mirror cdl, as siown in Figure
2-1. The transverse hard pant is on the badk of the Cassgrain hde. Ead hard pant assembly
consists of aload cdl andaLinea Variable Differential Transformer (LVDT) position sensor. The
load cdl i sthe adual position sensing device used to control the mirror; the LVDT is provided for
diagnostic and monitoring purposes only. Theload cdls are designated XA, XB, XC, and XT; the
LVDTsaredesignated LA, LB, LC, andLT.

The load cdls are strain-gage tension cevices (Sensotec Model 41/5741-:04-04 equipped with
Sensotec Model VPV amplifiers). The output span is 0-5 vdts for aload span of 0-50 psi. The
mourting of ead load cdlsto its ged post includes a spring-loaded punger with a bregkaway force
of 71b. The plunger isnormally bottomed ou, bu in the event of aforce exceading 7 Ib it begins
to compress thus protecting the load cdls from overstress The @ntroll er establi shes the nomina
setpaint of the load cdl at 0.5 vdt--correspondng to 5 poung of forceonthe hard pant.
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Figure 2-1. Layout of primary mirror cell, plan view, zenith position. Not to scale.
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Next to eat load cdl, an LVDT pasition detedor (Sensotec Model S2C) is also provided for
diagnostic purposes. Each LVDT has anomina sensitivity of 6.6 V/in using the 10V excitation
provided. It is esential to understand that although the load cdls are made for the purpase of
transducing force, they in fad transduce displacanent over a span o 0.003inch. The forces
invaved in defleding the load cdl s are only afew pound--negligible mmpared to the weight of the
mirror. Althowgh theload cdl mourting posts are referred to as the mirror mourt "hard paints,” they
offer negligible stiffness to the mourting system. On a maaoscopic scde, the "hard pants"
determine grosdy where the mirror will rest; onthe scde of interest, however, they are merely very
sensitive pasition sensors.  The stiffnessof the mourting system is derived from the dosed-loop
control of the ar pistons. Open-loop,the pneumatic system is quite soft, due to the compliance of
the ar; closed-loop,it isinfinitely stiff except under transient loads--and even then, the stiffnessis
such asto permit only fradions of a micron of displaceanent before reavery. The stiffnessof the
load cdlsisesentialy irrelevant to the dynamics of the system.

It may be tempting to think of the mourting system as aforce @ntrol mecdhanism which uses the
presaure in the air cylinders to relieve dl but a mnstant small force on the load cdls, which
themselves provide hard pasition references for the mirror. This picture, however, negleds the very
considerableinertia of the mirror. A disturbancewill set the mirror in motion, and a mmpensating
forcemust be generated to overcomethat inertia. A constant forceimpli es constant acceeration, nd
constant pasition.

2.3 Pneumatic Cylinders

The ar cylinders are designed for a maximum piston areawith minimum volume so as to minimize
the effed of air compliance The assmblies are made with rolling membrane seds: the pistonis
esentially apuck sitting ontop d abladder cgptured inside the gylinder. This design effedively
eliminates the "stiction" effed common to conventional dliding seds. This type of air pistonis
manufadured by the Bell ofram Corporation and is often cdled a "Bell ofram.”

There are three sizes of piston, ead type being anodzed a daraderistic olor. The piston
dimensions and numbers used in eat sedor are shown in Table 2-1. All three types have
approximately the same stroke (0.254in).

Asshownin Table 2-1, the presaure requirement to suppat the mirror onthetransverse aisisnealy
threetimes that required onthe acial axes.

The g/lindersarefed by 1/16in Tygon tubing conreding to ead cylinder by means of a 0.048inch
ID barbed fitting. Eadh group d axia suppat cylindersis fed from a single manifold close to its
asciated vave. The length o tubing from the manifold to ead cylinder varies from afoat or so
to more than 3 fed depending uponthe distance of the aduator from the manifold. The T sedor
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valve is mourted right next to the A sedor valve and feals two manifolds, one mourted onand
serving the top helf of the mirror (T1), and the other mourted onand serving the bottom half of the
mirror (T2). Thetwo transverse manifolds are amnreded by way of 1/8 inch tubing.

Table 2-1. Pneumatic Actuator charaderistics and dstribution.

Axial per Sector Transverse
Piston Type Radius Area Number Total Area Number Total Area
(in) (in%) (in%) (in%)
Large (Black) 1.39 6.07 4 24.28 0 0
Medium (Blue) 1.26 4.99 18 89.82 0 0
Small (Red) 1.07 3.60 4 14.40 38 136.8
Total Area (in?) 128.5 136.8
Max Pressure Required (psig) 10.4 29.2

2.4 Control Valves

The air charge in the pneumatic cylinders of ead sedor is controlled by a high-bandwidth
propationa valve (Dynamic Vaves mode PC-2). The PC-2 allows continuots air flow from its
supply (presaure) port to its return (exhaust) port. A flapper between these ports controls the
presaure in the valve chamber and thus the presaure to the @ntrol port. (Seethe specshed in the

Appendix for adiagram.) Because the flapper
haslow inertig, there ae no diding surfaces, and
there are no seds, the valve can acieve very
high bandwidth with essentialy no hysteresis or
stiction. The disadvantage of the design is the
requirement for a cntinuous flow of air through
the valve--which amouns to something on the
order of ahalf CFM for ead sedor. Each valve
mournts to a manifold suppied by the
manufadurer (Dynamic Vaves P/N 55-07001,
seethe valve specshed in the gopendix) which
provides 1/8 inch NPT ports for the nylon tube
fittings which conred to the supgy, return, and
presaure tubes. The vave ad manifold
assembly mourtsdiredly to the manifold by way
of a braket which fits over the manifold
mourting stud as $own in Figure 2-2. This
arrangement minimizes the length of 1/8 inch
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Figure 2-2. Mounting of control valves
and manifolds on mirror cell face plate.

APO 3.5: Primary Mirror Support System HDR

Rev1 6Feb00 YJB p.6



tubing required to conred the valve to the manifold.

2.5 Pneumatic Plumbing

Figure 2-3 shows a schematic of thein-cdl plumbing. The supdy and return tubes are caried to the
mirror cdl viathe right candy-cane. The supgy (presaure) tube is 3/8 braid-reinforced vinyl abou
60 fed long. Thereturn (vaauum) tubeis 3/8 vinyl, also abou 60fed long. All fittings are nylon
barbed fittings, except the mnnedors at the pistons and the manifolds.

Press.

Sensor E

Manifold C

1/8 NPT
% 118

118

Valve C B A T

Supply
j I I I o
Return J

1/8 NPT
X
38

Figure 2-3. Schematic of in-cell plumbing.
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2.6 Pumping Station

The Pumping Station provides presaurized air to feed the valves and vaauum to exhaust them. It is
located onabalcony in the mid-level under the left candy-cane. Thislocaion minimizes the length
of thetubing runsinto the mirror cdl. Figure 2-4 shows a schematic diagram of the pumping station
plumbing. The pumps and solenaid valves in the pumping station are operated by a ntroller
mourted in the relay radk below the balcony. The controller provides both manual and automatic
control of the pumps and the valves by way of abank o solid state relays housed in a cdinet above
the pumps. A schematic diagram of therelay paned is hown in Figure 2-5.

Two eedric rocking piston pumps (Gast model 71R647-P112-D500X) plumbed in parall el provide
both presaureto the suppy line and vaauum onthe return line. Since the pumps are not cgpable of
starting under load (i.e., with a differential pressure more than a few psi), a shunt valve (Parker
Series 30) has been provided between the pumps to alow starting even when the system is
presaurized. At the outlet of the pumps a threeway vent valve seleds between exhausting to
atmosphere for pumping water vapor out of the system, or discharging into the presaure recever for
normal operation. The presaure recever smooths out pump pusations and provides any surge ar
requirements (such as during resporse to awind gust). Therelief vave (Plasti-Valve mode xxxxx)
on the presaurerecaver is st for 60 psig to allow exhaust of air buildupin case of avaauum le&k.
The supdy lineis equipped with adesiccaing filter and apresaure regulator. The presaure regulator
setsthe adua working presaure of 40 psig, afigure that provides abou 10 i of overhead above the
maximum stealy state presaure requirement of the transverse ais. Presaure hose from the pumps
is3/8inch braided vinyl.

The vaauum side of the pumpsis conreded through a vaaium recever to the return line. Abou 5
inches of vaauum is required for proper operation. More vacuum will enhance the dynamic
performance of the system.

Air is supdied to the system from a fadlity air connedion, regulated dovn to the minimum
operating presaure of 45 psig (providing 5 psi of overheal for the supdy line regulator). This
connedion provides makeup air for any legage on the presaure side. It also charges the system
corredly after initial startup.
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Figure 2-4. Pumping Station Schematic.
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2.7 Control Electronics

The Mirror Controller eledronics resides in a cainet on the front of the mirror cdl. The cdinet
contains four controller cards (one for ead sedor), a power suppy, and the monitor patch panel.
Circuitsare given in the gpendix. Eacd controller board implements the control elements described
in sedion 4(and shown in the block diagram in Figure 4-2), along with the signal processng and
monitoring functions described in sedion 3.

The eledronics cabinet is coded by airflow through the cdle acceshade into the mirror cdl.
Although the power supdy (Power One Model HBB-15-1.5-A) israted for 40 W, adua total power
disgpationislessthan 10W. Aninpu fuse (3/8 AGC) is mourted next to the transformer onthe
power supdy.

3.0 METROLOGY AND MONITORING
3.1 General Description
3.2 LVDTs

Eadh hardpant includesan LVDT that senses displacanents of the mirror at the pasition d the hard
point, thus providing an indication d proper pasitioning and d dynamic resporse. TheLVDTsare
SensotecModel S2C, DC-DC units with spring return gungers. The aial LVDTsbea diredly on
the back plate of the mirror by way of a plunger mourted in the front faceof the mirror cdl. The
transverse LVDT beasonthe alge of the Cassegrain hdein the mirror badk plate. TheLVDTsare
aligned with the centers of the eat sedor (with theload cdls dightly off center).

Excitationfor theLVDTsis+5VDC for atotal span of 10VDC. With thisexcitation, the sengitivity
of the LVDT isnominaly 6.6 V/inch. [Accurate cdibration catafor the LVDTsis not avail able.]

The first stage of amplification hes afixed gain of ten, with an adjustable zero dff set to allow for
very senditi ve displacament measurements. The secondstage of LVDT amplification has a switch-
settable gain o either unity or ten. Consequently the LVDT Gain Switch (S3, located nea the center
of the drcuit board) setsthe overall gain at either X10 (low gain) or X100 (high gain). In order to
reducenoise andto eliminate resdua choppng frequency feedthrough, the bandwidth of the LVDT
amplifier islimited to 160Hz with asingle-pdefilter. To reduce @mmon-mode noise pickup, the
LVDT isexcited with abipdar excitation supdy, andthe first amplifier coudes differentialy to the
LVDT signal leads.

Normaly the LVDT Gain shoud be set at X10 (low) andthe LVDT Zero pa shoud be set for zero
reference (as measured at U8-14). This stting can always be reproduced and all ows monitoring of
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the nominal LVDT pasition. For sensitive dynamic measurements, the LVDT Gain can be set to
X100(high). Inthiscondtion,the nominal LVDT output may saturate the amplifier, sothe LVDT
Zero pa must be readjusted for zero oupLt.

3.3 Proximity Sensors

Axid rotation of the mirror in the mirror cdl i s prevented by two struts that attad to the mirror nea
the front and rea edges of its back face Adjustment of the struts is used to pasition the mirror
laterally androtationally. Lateral and transverse positioning can be measured conveniently using a
micrometer depth gauge in the gauging ports provided in the Cassegrain hde for this purpose, bu
acarate measurement of rotational positioning isimpossble by manual means. Consequently a pair
of inductive proximity sensors has been provided sensing of the mirror axial rotation. The sensors
are mourted inside diametricdly oppasite honeycomb cdls on the lateral axis of the mirror. The
diff erence between the left and right prox sensorsisanindicaion d mirror rotational displacement.

[No technicd information avail able on the sensors or their mounting.]

The antroller cards do nd include suppat circuitry for the proximity sensors.
3.4 Gauging Ports

The inside of the Cassegrain ring on the

mirror cdl is fitted with four ports that PMSS Monitor Jack. DB-25S, Front View.
provide a firm gauging surface ad an

access hde to the inside alge of the 1 ﬁ 14 DGND
mirror badkplate. A micrometer depth 2l o e
gauge can be placal on eah pat to 319 |16
measure the position do the two 4% L 17 AGND
transverse diredions, thus indicaing its PressErr  VPE 5/ o | 13 AGND
centering relative to the mirror cdl. The CorrPress VPD 6| © | 0 AGND
transverse hard pdnt equipment is Eress“ée . z?c( ; ° 5| 20 AGND
. . O
normally mourted in the top Gauging ress ~m o | 21 AGND
Position Err VE 9| o
Port. L o | 22 AGND
Position VX 10| o o | 23 AGND
_ LVDT Posn VL 11| o
3.5 The Monitor Connectors valveCur Iv 12| o | 24 AGND
Bito 13\ o~/ 25 Bitd

The man conredor panel in the
controller cabinet includes four DB-25S
conredors that provide accss to the Figure 3-1. Monitor Jack Pinout. Monitor

eight monitor signals from ead o the Jacks are located on the connector panelin
the controller cabinet on the mirror cell front.
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controller cads. Figure 3-1 shows the pinou for these mnredors. Table 3-1 summarizes the
charaderistics of ead monitor channel. The conredor panel is eledricdly conneded to the frame
of the telescope, bu signal groundisisolated from the frame. Therefore, do nd use the shell of the
DB-25 conredor as aground,and do nd cary shield groundto the cnredor shell .

The signa outputs on the Monitor conredor are dl driven from low impedance op amp ouputs.
Although maximum output voltageis+11V, thesignadsare scded for a5V inpu data aguisition
system.

Table3-1. Monitor Channels.

Monitor Signal Location Scaling Nominal Value
(DB-25)
VPE Pressure Error 5/17 +2.0 psilV 0V (0 psi)
VPD Corrected Pressure 6/18 -2.0 psilVvV Approx 0 V at 45 deg
VPX Absolute Pressure  7/19 (VPX-1)®10.0 psi/lV Axial: 3.04-2.15V
20.4 - 11.5 psia
Xvrse: 2.04-492V
10.4 - 39.2 psia
VPC Pressure Command 8/20 +2.0 psilV Approx 0V at 45 deg
VE Position Error 9/21 15.2 um/\V 0V (0um)
VX Load Cell Position  10/22 15.2 um/V 0.52 V (7.9 um)
VL LVDT Position 11/23 370 um/V A:
B:
C:
T:
v Valve Current 12/24 19.6 mA/V 0-5V (0-100 mA)

4.0 THEORY OF OPERATION
4.1 Plant Dynamics
4.1.1 Mirror Dynamics

Figure 4-1 shows shematicdly the arangement of a single piston and the pneumatic system
supdying air to it. Each piston suppats amassm correspondng to its dare of the total massof the
mirror. For the aia pistonsmis approximately 1/78th of 1800 lg, or 23 kg. Although the inertia
of the mirror segment supported remains constant, the weight suppated scaes as the wsine of the
telescope elevationangle 0. At any given moment, the g/linder contains n moles of air and develops
a pressure P which, ading on the g/linder areaA = 32 cn??, produces a force which courters the
suppated weight and provides any accéeration required. In addition, it must also courter the
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atmospheric presaure, P,, operating onthe oppasite side of the piston. At the observatory’ selevation
of 9,200fed, P, =71.86 Ka. Nominally, the g/linder contains n, moles of air and the piston floats
adistancel, from the bottom of the g/linder. The pasition x of the mirror is thus measured relative
to the nominal cylinder depth. The mirror position is transduced by aload cdl with a position

sensitivity k.. When xiszero (adua cylinder depthisl,), theload cdl output V, isanominal voltage
of 0.5 vdts.

Py m

N
N

. R x O
SRS L
V. —1
v L P lo /
- F Load Cell
Valve/ ﬁ Cylinder

Figure 4-1. Mirror and Plant Dynamics.

Asauming isothermal condtions at temperature T, the presaure in the g/linder is

- _NRT
A(l, +x)

and the net force ating onits associated mirror segment is

mx = (P-P,)A-mgcosd

Consequently the entire mecdhanicd equation d motion for the mirror segment is

nRT
I0+x

mx =

- P,A - mgcosf
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With the mirror stationary at its nomina position, the nominal gas chargeis

|
Ny = R_c')l' (P,A +mgcosd)

producing a static presaure of

Note that for x << |,, the presaure force is approximately linea in x, and the equation d motion
reduces to the standard form of a simple harmonic oscill ator:

.k k PoA

X+ —=X = —lg-——
m m m

where
No RT

2
I0

=~
i

With anominal air charge in the o/linders, the mirror will oscill ate on the cmplianceof the ar at

afrequency
w = h = noRT = E
m m ml 2 ml,

It is interesting to nae here that the compliance of the ar in the g/linder depends only on the
equili brium cylinder depth, so that (for a verticd orientation) the natural frequency is given by the
familiar relationw,, = (g/1,) 2.

The stiffnessof the suppat system is governed by the value of |, with the small er the better. For
thevaluesl,=3.2mmand 0 = 45,

Ny = 5.5x 10-4 moles,
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P, =120 KPa,

and

w,, = 73rad/sec =12 Hz.
4.1.2 Gas Flow Dynamics

The ar chargein the g/lindersis controlled by athreeway pneumatic propational valve which can
admit air from a supdy held at presaure Pg, or exhaust air to a return manifold held at a
subatmospheric presaure P;. The vaveitsalf employs aflapper design, as suggested in Figure 4-1.
Suppy air at high presaure is admitted through an arifice, and returned by ancther orifice on the
oppasite side of the valve body. An eledromagneticaly controll ed flapper moduates the relative
flow of air through the two arifices, thereby controlling the ar presaure in the valve body. The
control port admitsair from the valve body out to the pneumatic cylinders. This design offerstwo
very distinct advantages over other designs: first, it primarily controls presaure rather than
condwtance andsecond,it alowsvery rapid pressure ontrol (spedfied bandwidthis 750Hz). The
disadvantage of the design is that the valve mnsumes air continuotsly, even under static condtions.

4.2 Control Strategy

The gredest chall enge to suppating the primary mirror on preumatic aduators is deding with the
complianceof the ar inthe system. Since ar is compressble, the mirror masswill oscill ate dou
the equili brium position set by the quantity of air in the o/linders. For the acial suppatswith the
telescope pointed to the zenith, the natural frequency of this oscill ationis abou 10 Hz; at the horizon
it iszero. Ordinarily the designer may choose ather to stabili ze the system below the plant natural
frequency and hope that the plant normal modes are never excited, a el seto stabili ze @owve the plant
natural frequency and have the control system damp the norma modes. Since the plant natural
frequency varies all the way to zero depending on elevation angle, the low-frequency approad isnat
an option. The high-frequency approadh, hovever, demands the aility to move ar rapidly and
predsely

The basic control strategy adopted for the PMSSis to stabili ze the natural oscill atory tendency of
the mirror massby implementing a presaure cntrol loop,and then to close apasition control loop
aroundthat. The inner loop (designed to be fast enough to damp any tendency of the mirror to
oscill ate on the compliance of the ar) behaves as a free body with presaure crrespondng to
accderation. A position control loopclosed aroundthe presaure ntrol inner loop can then fix the
mirror position with its own independent control parameters. Figure 4-2 gives a detailed bock
diagram of the cmplete cntrol system for one sedor.
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The air charge in the pneumatic cylinders of eat sedor is controlled by athreeway pneumatic
propationa vave. Thevalve almitsair from apressurized supfy or exhaustsit to a subatmospheric
return as necessary to control the pasition d the mirror sedor. The presaure in the g/linders is
measured by an absolute presaure transducer mourted dredly on ore g/linder in eat sedor. Since
the presaure in the g/linder is aways at least atmospheric, and generally considerably more, it is
convenient to subtrad a @nstant value, Vp,, from the raw presaure signal V.. The resulting
pressure signa isthen bipdar, and smal enough in magnitude that it may be wnwveniently amplified
withou exceealing the dynamic range of the anplifier. The presaure aror signal, Ve, is sSmply the
differencebetween the adual pressuresignal, Vpp, andapressure ommandsigna, V.. The presaure
loopcortroller isapropational-integral design, the propartional componrent providing immediate
presaure error corredions, and the integral componrent off setting steady-state errors that vary with
telescope devation and variations in atmospheric presaure.

Supply Air
50 PSIA

Mirror Sector

X
v
Vpg] I i) i
Wl 20mav | v Ej

p
+

Kp| ) Sensotec 41
\PD e Load Cell

Sensotec VPV
Amplifier

DI SA-50PSIA
Return Air Pressure Sensor

8 PSIA

Figure 4-2. Block Diagram of the PMSS control system. For clarity, only one actuator
is shown.

Theouter loop drivesits positionsigna from theload cdl, andit derivesapositionerror signal, Vg,
asthe diff erencebetween the positionand afixed pasition setpoint voltage, V. The position setpoint
is0.5V, correspondng to aforceontheload cdl of 51b. The position controll er is of the ubiquitous
propartional-integral-derivative (PID) design, generating a pressure ammand to control the inner
loop. (In pradice the control bandwidth of the outer loop hes never been greaer than about 1 Hz,
and the derivative comporent has not been neaded.)

The choiceto stabili ze the system abowve the maximum plant natural frequency of 10 Hz implies

APO 3.5: Primary Mirror Support System HDR
Rev1 6Feb00 YJB p.17



fairly demanding bandwidth requirements on individual comporents. Stability of the presaure
control loop(if nat the positionloopas well) demands a control bandwidth of at least 10 times the
plant natural frequency, or abou 100 Hz. This requirement in turn implies that the individual
comporents of the system have bandwidths ancther fador of ten ar so greder ill, or around 1 HHz.
Thethree citicd bandwidth-limiti ng comporents in the system are the paosition sensor (i.e., the load
cdl), the presaure sensor used in the inner loop, and the pneumatic servovalve. Load cdls are
intrinsicdly high-bandwidth devices, and those used in the origina system (SensotecModel 41 with
Mode VPV amplifiers) were amnsidered entirely adequate. For the presaure transducer, the Data
Instruments Model SA-50PSA was sleded for its physicd ruggedness integral signal condtioning,
and suitable bandwidth. The valvesare DyVa Model PC-2 propationa valves, seleded for their
remarkably high bandwidth (abou 750Hz) and appropriate throughpu capadty.

The DyVa PC-2 employs aflapper design as suggested by the schematic in Figure 4-2. Thevalve
allows continuows air flow from its supdy (preswure) port to its return (exhaust) port. An
eledromagneticdly aduated flapper between nazzles mourted at these two pats differentially
modu ates their condwctances, thereby controlli ng the presaure in the valve dhamber, and thus the
presaure supied to the wntrol port. Because the flapper has low inertia and uses no sliding seds,
the valve can adchieve very high bandwidth with esentialy no hysteresis and no* stiction” effeds.
The disadvantage of this design isthe need for a cntinuots flow of air through the valve despite the
fad that the gylinders themselves consume essentially nore.

A fourth bandwidth-limiti ng fador also required attention in designing the system. In order to
minimize volume, the valves and the ¢/linders are interconreded by 1/16 inch flexible tubing.
Frictionin thistubing limitsthe flow speed o air, and thus the resporse speal o the overall system.
Both adesign smulation and experiments with a prototype indicated that tubing lengths greaer than
about 2 m introduced phaese shifts that made stabili zation d the presaure control loop dfficult.
Fortunately, the longest runs in the mirror cdl are @ou this length, and the shortest runs are
considerably less The presaure transducers were placed oncylinders abou 80 cm from the valve
manifolds--aroughly average length of tubing.

5.0 OPERATING PROCEDURES

5.1 Initial Startup Procedure

Use this procedure when the system has been shut down for an extended period (more than afew
days) or when the plumbing has been opened for any reason.

1. Veify that al switches onthe Pump Controll er panel except POWER are in the UP FOSITION.
In this configuration, the pumps are off, the shurt valve is open, and the feed valve s closed.
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2. Verify that the Mirror Controller is OFF. (Unplug in the dedronics cabinet onthe front of the
mirror cdl.) Themirror will be settled even if thereis smeresidual presaure in the system, becaise
the valves will deliver zero presaure with noexcitation.

3. Veify that the Fead Cutoff Vaveis CLOSED.

4. Set thethreeway Vent Vaveto VENT. (The hande points up, toward the open vent port.)
5. Verify that the Supdy Cutoff Valveis OPEN.

6. Verify that the Return Cutoff Vaveis OPEN.

7. Allow any presauresin the system to relax to aimospheric. This operation may take sometime
since relaxation accurs by way of leakage through the control valves. If there is no vaauum, the
processmay be speeded up ly reducing the Supdy Regulator setting to zero. This operation wil |
vent the supdy side to atmosphere through the regulator.

8. Turnthe Mirror Cortroller ON. (Plug in at the dedronics cabinet.) This operationwill equalize
any remaining presaure in the system, sincethe aial control valves will go full open. Presaurein
the return line and the Vaauum Recaver will vent through the Shurt Valve and Vent Vave to
amosphere. If the operating presaureislessthan 10 sig when this operation kegins, the mirror will
not be moved dff the stops.

9. Turn the Pump Cortroller ON (set the POWER switch to the UP position) The foll owing
sequencewill occur automaticdly:

1. After afew seands delay, the pumps will start. Verify proper pump operation by noting
that both codling fans are moving air.

2. After afew seands delay the shurt valve will close, so that the pumps will begin
exhausting the system through the open Vent Valve. This operationwill remove any water
vapor from the system.

3. After abou 20 semnds, the Fead Vave will open. Sincethe Feed Cutoff Vaveisclosed,
this operationis of no consequence

10. The vaauum gauge on the vaauum recever shoud begin indicaing vacuum immediately.
Continue pumping until the vacuum reading stabili zes (at 15-20inHg). This operation evaauates
the entire system, removing volatile mntaminants such as water.

11. Set thethreeway Vent Vaveto NORMAL. (Turnthe handeto pant to the right, toward the
presaurerecaver.
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12. Slowly OPEN the Feed Cutoff Valve, learing it throttled so that the presaure in the Presaure
Recever rises dowly. Do na alow the presaure in the presaurerecaver to exceal 45 sig. Adjust
the Input Regulator if necessary.

13. SET the Input Regulator for 45 psig onthe presaure recever gauge.

14. SET the Suppdy Regulator to 40 sig on the Pump Controller panel presaure gauge. Some
iteration between the Feed Regulator and the Supdy Regulator may be necessary. The mirror will

now be flying onthe acial axis. If thetelescopeisat zenith, the mirror may not be engaged to the
transverse hard pant, bu it will not have been pushed away by a presaure surge.

5.2 Shutdown Procedure

Use this procedure when the system isto be shut down for along period, a when any maintenance
or modificaionis performed onthe system.

1. Turn the Pump Controller OFF (set the POWER switch in the DOWN position). This operation
will cause the Pump Controll er immediately to stop the pumps, open the Shurt Vave, and close the
Feal Vave. The system presaureswill sowly relax through the servo valves, gracdully settling the
mirror.

2. CLOSE the Fee Cutoff Valve.

3. Turn the Mirror Controller OFF (undug in the Mirror Controll er Cabinet).

5.3 Brief Shutdown and Recovery

The system will shut down automaticdly during apower interruption, andwill recover automaticaly
when pawver isrestored. This operation may be initi ated manualy using the POWER switch onthe
Pump Controll er panel.

SHUTDOWN

1. Turn the Pump Controll er OFF (set the POWER switch to the DOWN) pasition. The following
events occur automaticdly:

1. The pumps gop.

2. The Shunt Vave opens.

3. The Feal Valve doses.

4. The system presaures relax through the servo valves. When the presaure drops below abou 10
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psig, the mirror will settle. (This condtionmay not occur sportaneously.)
RECOVERY

1. Turn the Pump Controller ON (set the POWER switch to the UP position.) The following
sequencewill occur automaticdly:

1. After afew seands delay, the pumps will start. Verify proper pump operation by noting
that both codling fans are moving air.

2. After afew seaonds delay the shurt valve will close, so that the pumpswill begin charging
the presaure recever and exhausting the vaauum recever.

3. After abou 20 seaonds, the Feed Valve will open. If any makeup air isrequired, it will
flow into the system to kring the presaure up to its nomina value & <t by the Feed Regulator.
4. If there istoo much air in the system (an urlikely occurrence) the Fead Regulator wil |
bleal the presaure side down to naninal.

5.3 Tuning Procedure

Thetuning potentiometers are dl 25turn devices. Turning apot past its endpant will not damage
it. The endpant may be deteded ether by turning the pat more than 25turns CCW, or by listening
for the dlight clicking soundit makes when passng through the endpant. All pots turn CW to
increase the gain o the assciated stage. Increasing the gain of an integrator corresponds to
deaeasing itstime nstant: increasing gain increases "speal.”

All turn counts are expressed as full 360-degree CW rotations from the full CCW (low gain)
endpant.

In tuning the system keep in mind that there ae two control loops in operation: the "inner loop'
which controls aduator presaure, and the "outer loog' which controls mirror sedor position. Tuning
therefore proceals in threephases:

1. Turetheinner (presaure) loopfor stability and response (with the outer loop open).

2. Tunethe outer (position) loopfor stability and resporse (with the outer loop closed).

3. Makefine aljustments as required to optimize performance

The procedures below describe tuning at a single devation angle. The nominal "mid-range” in
elevation is 30 degrees elevation for the transverse system and 60 agrees elevation for the aial
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system. These aethe devations for which the force on the system is half the weight of the mirror.
Tune the system at mid-elevationfirst, then chedk at its elevation extremes for anomalous behavior,
and make further adjustments as necessary.

In principle, al three xia sedors oud behave identicdly. It istherefore pradicd to tune one
axia sedor and then simply adjust the others to the same settings. Oncethe others have been set to
match, however, go badk and ched the tuning sinceit may have been affeded by readjustment of
the other two sedors. The aia and transverse seadors are nealy decmuped, so there is not much
interadion between their tuning settings.

Since dl other axes must be working and stable to tune aty one is, it isimportant to start from an
initial setting that is at least stable. If you are not arealy working from a stable setting, try the
following: Pressint =2, PressProp=>5, Prop= 2, Int =1, Deriv =0.

Tuning will befadlit ated by conreding amonitoring system that graphicdly displays position (VX),
and at least numericdly displays other parameters.

5.3.1 Inner Loop Tuning

Carry out initial presaure looptuning with the seaor fully loaded (zenith for axial sedors; horizon
for transverse).

1. Move the shorting jumper on SELECT (J7) from VPC to VT. Thisoperation lregs the position
loopand enablesthe TEST VOLT pat. Adjusting TEST VOLT controls presaure in the aduators
direaly. CCW increases presaure. It is not possble to owerpresairize the system using this
adjustment.

2. Using appropriate instrumentation, monitor the LVDT outpui..

3. By adjusting the TEST VOLT pat, you shoud be &leto drive the mirror either fully extended
or fully retraded. Finding stable floating pasitions will be impaossble withou position feedbadk,
but careful adjustment shoud allow you to find the presaire that just suppats the mirror. You
shoud be &leto seethe mirror move onand df the bumpers on the Bell oframs, and watch its rate
of motion onthe LVDT signals.

4. With the Presaure Integrator cgpadtor shorted (S2 closed), adjust PRESS HROP for the desired
resporse to asudden changein TEST VOLT. The system shoud settle onanew presaure valuein
lessthan a half second.
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5. With appropriate instrumentation, monitor the Presaure Error output (VPE).

6. Shorting and urshorting the Presaure Integrator cgpadtor (using S2) will allow you to seethe
integration time. Y ou want the integrator output to drive the presaure aror output (VPE) to nea
zero in abou the same time @nstant as the total system resporse, bu withou any instability. A
good starting point is 3 sec  With the integrator adive, you can increase the propational gain
because the propational amplifier will have more dynamic range avail able.

5.3.2 Outer Loop Tuning

Carry out initial pasition loop tuning with the sedor half loaded (30 degrees elevation for axial
sedors; 60 degrees for transverse).

1. Verify that the shorting jJumper on SELECT (J7) isinstaled onVPC (not onVT). Thisoperation
insures that the pasition control loop is closed and that the presaure controller (inner loop) is
recaving its command vdtage (VPC) from the position controll er.

2. Using appropriate instrumentation, monitor the Position Error output (VXE).

3. Observe the steady-state position error signal. It shoud be nea zero mV and stealy (the Position
signdl itself (VX) shodd be 500mV and steady). If it isoscill ating, adjust the Position Propartional
Gain (PROP) for a natural frequency of abou 1 Hz, and then increase the Position Integral Gain
(INT) toincreese damping. Keep the Position Derivative Gain (DERIV) at zero (full CCW). If these
adjustments do nd sean to affed the instability, or if thereis sme instability ontop d the signal
that the position parameters do aff ed, you may need to adjust the presaure looptuning.

5. With a stable system, you can perform arough step response test by momentarily shorting the
Position Integrator cgpadtor using S1. After what may be afew seconds of wild gyration as the
integrator caches upto the system, the Position ouput (VX) shoud settle deanly to zero with atime
constant on the order of 1 second.

6. A seoondmethod d inducing adisturbanceisto perform ashort ew excursion d the telescope.
The pasition shoud recover smoathly within the desired time cnstant.

7. It shoud be posshle to achieve control bandwidths on the order of 50 Hz by increasing the
Presaure Propartional gain, the Position Propationa gain, and adding some Position Derivative
(DERIV), bu thisregime has nat currently been explored, and daes not appea to be necessary for
satisfadory telescope performance.
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5.4 LVDT Zeroing Procedure
5.4.1 Normal Operation (Reference Zero)
1. Verify that Controller power is ON.

2. Clip the negative lead of a DVM (set to DC volts) to the Groundtest pin onthe cad being
adjusted.

3. Hold the positive probe of the DVM on gn U8-14,and ADJUST the LVDT Zero trimpot until
the DVM reads zero. CW rotation increases voltage.

4. Set S3(LVDT Gain Switch, rea the center of the board) to LOW (X10) (handetowardsthe pats,
away from the wnnedors).

5.4.2 Sensitive Operation (Output Zero)
1. Verify that Controller power is ON.

2. Clip the negative lead of a DVM (set to DC volts) to the Groundtest pin onthe cad being
adjusted.

3. St S3(LVDT Gain Switch, rea the center of the board) to LOW (X10) (hand e towardsthe pats,
away from the conredors).

4. Hold the positive probe of the DVM on pin U8-1, and ADJUST the LVDT Zero trimpot until the
DVM reals zero. CW rotationincreases voltage. This operation roughly zeroesthe LVDT outpui.

5. Set S3(LVDT Gain Switch, rea the center of the board) to HIGH (X100 (hande avay from the
pats, towards the cnredors).

6. Hold the positive probe of the DVM on pin U8-7, and ADJUST the LVDT Zero trimpat until the
DVM reals zero. CW rotationincreases voltage. This operation pedsely zeroesthe LVDT outpui.
(The output voltage may also be read onthe monitor connedor at pin 11(groundat pin 23)
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