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i ‘ . SECTION1O - = . ;

A SUMMARY S -
i_ Jl f‘: . lThe dqcklng simulator syctem descrlbed ;n tulS report&1s 11tended . -':
ST \?f . Tor _use lw'contlrmxng the de51gn Cf the Apollo probe and dr00ue dockan

Q:j L ;i,f mechanlsus under 51mulated space cond1t1ons‘§ These tests w111 1nvest1gdtp .
5 5 . the trans;ent dywamlcs'wﬁlch*occut during. \ockxng impact and ia€ch- ups_ -

% N 3 -._';‘ b

"~ _This simL'a*or eycrem wac de51gned as; a re §'1t of ?atlonal Aernnautxcc

and Spece,Aemln1stratlcn Manned Spacecr ft Center study contract

o U ) —NAS-9J”1" This contract spec1:1es at its objective that the teQ.

17 f-) fec111ty (omponents 5hall be d851gn d such ‘that?® o o L

{
. - “';(ll >Component”compatibi%ity with'the feétlof'the facility is R

‘{A .- .+ . ._ assured, _. . > e . -
-~ . —" 2 = . - N ~ . - co i
’ - . 7 ’ A P } - - . L. ) a7 _

- = {2)  Sufficient detail is specified to allow fabrication and -

v LT B . < - E - -~ . :
Q o o assembly cf the compcénents with minimum design modifications,
L - o . - g . g - . - }
- _ .. and - - e - . . -

- i "' - R - . - - ) B . ) . . v

x':". ‘ L ;(3)f;Méxiﬁu@ accuracy_iehobtained duting fa:flitv,gperétions, L

—‘ o . it A omptehenslve study was. cqﬂducceﬂ a1d the deSLQn ObJeCt was ‘
I: N ] “ fulfilled, ‘The coricept develioped was determlned to be fe351b1e and

s e within, the current ‘state of the art._ blgnlflvant chatacterlsttcs of

If TN tnls“des1gn 1nc1ude the foLloalng B c N o

. . The probe-drogie- reLatlve degrees of’freedom have been d1v1dcd
ifcﬂ T ‘such that thc desared dyﬂdmlC performance is cbtalned ‘
v g e T T s i o .o

L s s ST o ‘ _— ,

¥ 8% 0 .o ” ' ! . ' EIRY)
B J:;J - - ; - B - ide- b

- 7:: - ) ”.": ’ ) “ - - ~ ’ Nt -

Lo LT . Rt T "7 NSL 64-360 . -7-

&' - - ’ ) ) ) o N : T ,
‘.). :L‘ - - 7 ’




— NORTHROP SPACE LABORATCRIES

The structure has ade.guate strength for the purpose of *euntlﬂg

“the docking system mechanisms, drive system-, and insirumerntation., It

will allow for ready irstallatisn and remo: rom the-épace ci:amder,

n
oy
la)

It has been stiffened locall:: such that nc servo control loep compen-
sations are necessary .tc nullify the effect of structural re2sonances,

This framework is mounted in a mARTEY SU ch .that minimum vibrational

energy is transnltted to NASA's Chamber B. 1In fact, all known Chamber . .. :

B constra;nts, xncludlno =aretv and peretratlon ~bhave been invesfigated

and sat;sf1ec. i

. ) Tne drive cystem also. nas adeguate strength, Irequency respense, -

and matlon envelope to prov;de six relative degrees of freedom 2nd

=n "escary dlsplacemenL betwee1 the probe and.droguef EaRn oo

- - Lo Ies ~

Ihe meaSurewent systen senses and' transmlts both relat;ve probe-e-. -

i drogue position and load-moment 51gn315 conpatxble w1th other °ystem - . C-

compogents.‘ The position measurement s'stem and the drive system form

“a positive servo system. - o . L S ;

X . _— . . . R - - -

The servo cont101 eysfem is unique in thot the-closed (nJltl) Leop -

over-all transfer functlon w;ll provide 11near pethImance.~ The servo ’ v

o drive system will receive motlon commands from an. analog computer ~ The - -

‘computer yields 3 1 ions to the rlgld body Pquatlons of mot10n bending

mode equations, aﬂd fuel slosh’ equatlons that descrlbe the docking - v,

vehihles; These solutions are v1rtuallv 1nstanua"eous réspon 1ses to ) ' 5

measu*ed forces and ‘momerts which are génerated b} the 1mpact of Lhe 4

docklng mechaw1oms , : . "

T The analog computer equations contain ali the required degrees -
of freedom, whereir- the rigid.body dynamit cquations have been
-simplified consiaerab‘y. A Unlque approaﬁh used to develop these

equations resulted in- a pregram which requlres the nlnlmux number of e ) :

computer component ' o O coe .y

- PR < .

ECRETRV

S v . v b
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Several methods of satisfacterily transmitting signals to and from
the remntely located analcg computer were investigated; a 24 circuit

high level analog transmission line was selected for a tumnel installation.

Ancillary equipment requirements were determined. All design
criteria can be met by use of standard equipment items or by current

engineering state of the art.

Drawings and specifications were prepared and are included along
_with comprehensive analyses and supporting data which are presented as

: appendices to this report. -

T Conclusions and recommendations have been provided to facilitate -
fabrication and assembly of the docking simulator system and. to enhance

complete achievement of all program oﬁjectives. 3
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SECTION 2.0

INTRODUCTION

The National Aeronautics.and Space Administration's Apollo maared
lunar 1énding program requires the gerformance of varicus rendezvous and
docking maneuvers in space by the Command/Service Module and the Lunar
Excursion Module space vehiélgs.‘ The mission requires the successiul
execution of threc docking manecrvers, one in earth-orbit, one after
iqsertion’into a t:pns«lunar trajectory, and one in lunar orbit. These
naveuvers will involve sevefal different vehicle configurations each
exhibiting different dynamic characteristics.- The dockxﬂé system,
designed b§ Ngrth American Aviaticn (NAL), must perform the following
functions while exposed to the thermal-vacuum enyircﬁment of space:

I Non-deétructively dissipave energy due to the relative motion

betwecen the docking spacecraft for all contact conditions

- - specified in the docking envelope,

2. Contro! the relative translatory and rotational motions between
the docking spacecraft within acceptable limits during the

contact phase of the docking maneuver,

3. Provide adequate structural intégrity at the int'rface between
the spacecraft so that final latching may be achieved by the

appropriate crewman,
4. Permit satisfactory separation of the spacecraft, and

5. Possess a reusable c;pability. -

2-1. NSL 64-360
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To verify the docking capability of the probe and drogue mechanisms
in the space environment nrior to actual manned space flight tests, they
are to be instzlled and test:c under various dynanic and environme:tal
conditions on a docking simulator inside NASA/MSC's Space Simulation

Chamber B, in Houston, Texas.

Thes,e mechanisms and the simulatcr device will be subjected to a
near-space envircnment inside the chamber at ambient pressures and

-5
temperatures and under 10 ~ Torr vacuum and solar radiation conditions.

Two series of tests are proposed. The first testing will provide

development data for possible improvement in <the design of the two pieces

involved. The subsequent testing will provide qualification data to

substantiate the estimated reliability of this hardware.

Two large vehicles impadting in‘space requires that large chenges

in momentvim and kinetic energy be considered. Because the two pieces
. being tested are relarively smal:, the inertia characteristics of the

large vehicles must be simulated. This requires fhét the kinetics
“iavolved be described and a method of obtaining instantaneousrsolutions
be provided. These solutions must be fed into a power system which is
capable of duplicating.the momentum and kinetic energy required for
simulation of the large .vehicles. When this power system drives thz
bodies into impact, some means of measuring the forces and moments ‘react-
ing on the two test piecés must be devised so that the effect of the
impact can be reflected iﬁstantaneously in the kinematic solution and
driving power system. Altbﬁugh several impacts may resuit ‘before the
vehicles latch up, the‘éimulation test éan be continued until one of the
‘resﬁlting'motions exceed some specified limit. The latches are then
remotely released and the two test pieces are driven to their iqitial

positions before starting the next test run,

2-2 NSL 64-360
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The pertinent data from each run is recorded for analysis later.
Although each run will require less than ten seconds, the elapsed time
per run will be three minutes, approximetely. Assuming the testing
proceeds satisfactorily, it might coﬁtinue for a twenty-four hcir cycle
tefore the simulation system is deactivated. After deactivation, a man
can safely enter the vacuumnized chamber, conduct a detailed inspection
of the test pieces and other equipment, and possibly aid in recalibration

of the‘équipment.

Considerable background data are required before stch a simulator
system can be designed. If the three space flight conditionc are teo be-
investigated during the development and/or qualification testing, then
complete inertia,‘elastic modé and fuel slosh data is necessary for
correct simulétion cf these flight conditions. ?ertinené data on the
stecic and dynamic characteristics of the vacuum chamber should be >

obtained. Procurement, installation ‘and checkout of a large, quality

analog computer and associated equipment are required. The environment

.of the transmission line which connects this computer with the. test

chamber is necessary. Responsible and experienced perscnnel should be
assigned and trained. The detailed test program, including objectives,

variables to be recorded, and methods of analysis, should be made known.

The sections which follow in this report reflect the effort, under-

- standing and experience which Nerthrop has apblied to develop solutions

to these problems ‘during the study pnase of this project.

The report discusses the design concept and the system elements,
cperation and periormance characteristics. Probler areas are discussed.
The mounting stfuctuve, servo control systemn, ﬁransmission line, and
analog computer network configurations are described. Chamber interface.
considerations including wall penetration, contamination, and mechanical
mount ing are presented. Installation, removal, and operational safety
procedﬁfes and considerations are inqluded. Ancillary equipment, mainte-
nance requirements, and shipping plans are described. Specificatiors and
drawings, study conclusions, and recommendations have been preparéd. -
Technical appendices support the design analysis and the computer program

medel.

2-3 NSL 64-360
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SECTION 3.0

SIMULATION SYSTEM DESCRIPTION

This section presentsf%he description of the simulatioh system and
includes the discussions pertaining to the overall system development
concept, operation, performance, and other ancillary requirements. The
mounting structure is discussed and the design evolution and character-
istics are presented along with sketches, drawings, and a photograph of
a tenth scale model. Structural dynamics, ;hermal effects, and mounting

probe-drogue mechanisms are djscussedlj

For the purposes of ‘logical discussion, the servo control system
is defined to include the actuator drive system, dynamic force balance

system, the transmission line, and the analog computer.

The relationships of the system with regard to the space simula-
tion chamber are discussed in terms of vibration isclation, chamber
penetration, safety; and equipment installation and removal require-
ments. The last portion of this section presents preliminary specifica-
tions for the purpose of describing all major elements and general

requirements pertaining to the simulation system description.

NSL 64-360
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3.1 General

SYSTEM DEVELOPMENT

The overall system analysis involved the study of a docking simula-
tor system which would provide the capability to test the Apollo probe
and drogue mechanisms under simulated space environmental conditions,
Problems associated with this study and the development of a suitable .
design required analysis of data provided by MSC regarding the space
simulation chamber B and the associated analog computer ac the Houstnn
Facility., This equipﬁent will be utilized in the testing of the probe-
drogue mechanisms provided by NAA (See Figure 3-1). Other information
and deta from GAEC regarcing the LEM and state of the art techniques,

processés, and components also were evaluated.

These analyses indicated the requirement for a vrelatively large
servo system and associated supporting structure and the development
of mathematical models and computer networks in allow inclusion of

the analog computer as a part of the servo system.’

Structural support, chamber isolation and penetration considerations,
along with safety, installation and removal requirements influenced the
development of the basic frame structure, the prohe-drogue mounting
structure and the servo actuated carriages. In the course of developmenc

- of the servo actuating system the servo performance requirements also

introduced a predomirate influence on the system design. The force
measuring system, essential to provide the analog computer with che
transient force inputs necessary to simulate the inertial character-
istics of the Apollo LEM and C/SM, necessitated integration with the

force balances and mounting structures for the probe and the drogue.

3-2 NSL 64-360
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The utilization of the analog computer r- uired development of
mathematical models and corresponding analog computer programs. These
provided the necessary signals to cperate the servo system acutators
following impact of the probe and drogue. Additionally, the requirement
that the analog computer be loceted remotely from the chamber necessi-
tated the analyses and design of compatible transwisc<ion lines. These
problems and the resulting constraints defined the overall system councept

and design.

SYSTEM DESCRIPTION ‘

The Docking Simulation System is composed of the fol'’owing elemznts:

Basic Mounting Structuvre, consisting of the structural framework.

probe and drogue mounting blocks, hydraulic actuators, force measurement
balances and other feecdback sensing devices, hydraulic lines, and electuyi-

cal wiring.

Seismic Mass, and vibration isolators. by which the mounting struc-
ture is surported and dynamically isolated from the chamber 'lunar plan~"

support base.

Chamber Pene¢tration Seal, through which three hydraulic lines and

three electrical cables pass to connect to power and control equipment

located outside the chamber,

Actuator (il Conditioning Unit, located directly outside the chamber

and consisting o:s electrical motors, hydraulic pumps, temperature and
pressure regulators, ac:cumulators, heat exchangers, filters, and controls

to supply o0il to and from the servo valves,

Vacuum System, located directly outside the chamber and providing
vacuum for the hydraulic actuator gravity-feed oil sump draius; consists

of electrical motors, pumps, regulators, and associated 1inos.

Coantiol Conscle, to be aperated by personnel viewing the simulator

by closed circuit te'evisicn, and consisting of the seivo control ampli-
fiers, remote manual contro!s, hydrauvlic system controls, voice communi-

cation equipment, and electronic safety system; contains power supplies,
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amplifiers. detectors, and signal conditioning equipment associated with

—

.z the force measurement System; -interconnects the servo control amplifiers

vitn the chamber cabling and “ifferertial driving and receiving amplifiers

Pt

of the transmission line.

Trausmission Line, consisting of 24 lines approximafelv 3000 feet in

ety
'
}

length and Jntercnpuocflug the control console at the chamber with ‘the

remotelv located analog computer.

Transmission Line Termination Racl 1nterconnect1ng -the transmi551on

B

11nu with the anaiog computer, and containing diffetential driving aad - v s

rece1v1ng ampllflers .power and control thches. : 1”_', L

NN oo . -

caadeny
g

Analog,Compxter and Recorders prov1ded by - LASA/MSCW to 51mu1ate; e

[ LT

—~
v
N

g - mathrmdt1cally the c“aracferlsC1c< oT’the Apollo C/S and LEM Modu:les T -

3>:ano to. centrol movVement of the 51nulatar mechanvsms. The computer re~

f

‘ i
it
t

T sceives forces and moments in the form of d.c.ive! tage'signals supplied =

ftarough the transmL551eq 11ne terﬂlnatlon—*ack ard transmltﬁ tranélatlcn

——— B
o N
\

L and rotatlonal fate dlsOLacemenL, and 2agular unformatxon by d c.- voltage

. - to the cort*ol console at’ the chamber for cppllcatlo1 to the actuator

servo.- Also, time cox*elated outputs and 1rputs are rncorded graph1cally

nrrl imts
t

n o SYSTEM OPERATION PERI'ORMANCE AND REQU!REMENTS

- i

[ , ,
1 - ystem Oggyarjon . - - ) _ <. ) 3 ;

i~,u; ; - Upon comple;xon of System ine. Lallat1on aqd initial cne"kout tbg

- IR probe-drogue test operatlons are rélativelr s:mple to decomplish. 4

. ) ‘ nssent1ally, all that 1u;}equ1red is the act;va;gpn<othhe electrical
; ST e : - .
power tc-the various sunsystems by operation of the appropriate power

—— - ~ ~ - ‘o b . . -
. N - 4 . N ; .
switches at the control console;*performance of the calibratiorn and

<

. seif check process, setting the analos computer ﬁotentiomeéers.;ﬁd the .
-initial conditions to be 31mu1ated _The coatrol console oﬁéraébr,-
I . remotely observ1ng the 51mu1ator in the chamberzby means of cl@séd,cif-
_ cu1t ‘television,, ascertaxns th&t the system “is in a "go condition by
S ] v01ce uelecommun1cation W1th the computer persnnnel and ‘cont rol conso‘e"
S N llndications. Upon authorization by the test conductor_ che cox ;cl “pera-

.

R ) to},transfer¢ control to the computer personnel who 1n1t1ate "tesc, start "

(\
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PDuraticu of the test nominally requires less than ten seconds.

Simulation data 1. recorded automatically at the analog computer facility,

The ccasnle operator will continually monitor the chamber television

W ile power is applied to the simulation system to effect immediate shut-
down of hydraulic and electrical power in the event of an emerger.y, not
- otberwive handled automatically. Upon completion of a test run the console

operz2tor resumes control and remotely releases the probe 'atchup mechanism.

-He resets the simulator to reference conditions, allow. reset of the

'computer and either shuts down or initiates the nev. test run.

System Performaﬁce g , =

.

. The- :ubJeL* simulator system is cap~r ule of 1mpact1ng two bodies
_ tcgether in a prescribed manner by cuntrolling the translat10na1 and
anguiar relative accelerations of the two-bodies, It also simulates
the individual inertia and structural elastic reepo;se characteristics
assigned to these two bodiee prior to and foliowiné the}r impact., The

values of such_characteristics are dépendent upon the sinmulated and

..actual momentum together with the kinetic energy absorption capacity _

of -the ohject. being iﬁpacted. Typicél values which can be simulated

~ Z

‘are indicated by the«félfowinc example. The two impacting Apollo space-

il

craft vehrcles weigh on the crder of 32 (Earth) tons each and impact at 2

fps. The impact limit capac1ty exceede 10,000 pounds, The simulator

accepts bodles up to 30-inches in dlameter and weighing up to 500 pounds,

The actuator mechanlsms provide for six relative de réeé'oF
freedom and allow relat ive displacements as follows; full ~axial stroke
of " 36 1nches with 1atera1 and vertical d1sp1acements of ¥ 14 inches.

' The<relat1,j angular displacement capab1]1ty are - 35 degrees in pltch
and yaw,_agd,f 180 degreeS*anroll."The axial, vertlcal and lateral
velocities whieh can be deyaloped range<from zero to two fps."qul,

pitch and yaw‘angular'velocitiés are limited to two. degrees per
secotid. The SlMU¢at0r has &an accereratlon capability’ greater tHan 64
feet per secoud squared with a frequency response thendlng from zero

,tﬁrough 20 c¢ps with essentlally flat respon se ( -3 db, with’less
than &3 degrees of phase lag at 20 cps) and down less than 12 db at

60 cps./

S S VR NSL €4-360

o




NORTHROP SPACE LABORATORIES

i B - .
| A functional block diagram-depict.ng the relationships and functional

flow is presented in Figure 3-2. locations of functional elements are

' indicated.

System Requirements

After initial installation and checkout, during normal operational
use, the‘éystem requires electrical power in the following categories
and capacities; = o ) A
440 V €0 cps 3 phase at 500 amperes
- . 115 V. 400 cps- 3 phase at 30 amperes

The " 440 volt power is required z: the chamber fac111ty to powar Lhe

——

hydraullc actuator conditioning unit. The 115 .volt, 400'cgs powgr is -

réauired to power ‘the conttol console in the chamber building and the

g;i DT transmission line termination rack at the anaivg cohputér. Approximately
T 1;-1 L 20 amperés are:required by the:console. No 115 vclt,_GO‘CPS power‘ig .
{ﬂ required; it is dgsirab]e:to<évéid its“use in ché console; tranémis;xon;
e line; andtﬁhalog computer equipment ‘to minimize stray ﬁickun cf 60 cyclgél
[J T Approximately &0 _Square feet of floor space adjacent to the chamber
teo 3 is. requiréd for the hydraulic actuator condltlonlng unit and the vacuum
} gystemz Thg 440 voit power source is required in this area. Approximatgly
¢ 50 square feet of floor space, accessible to a television monitor, and i
- L . in an ared sultable fnr personnel durlng test runs, is neceésary. This _
[_ - conaole can be located on the second floor at the rear of the control ) ’
room. This equ1pment requires £00 cycle power. .
' .
- At the analog computer ‘facility, rack space_for two standard pauels o
' 111 be needed These panels will connect to the transmlss;on line and
) the analog computer and require 4C0 cycle power. , i .

- - f 3-7 : ' . NSL 64-360
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Provs.

3.2 Mounting Structure

H - MECHANICAL DESIGN

The tasic mechanical design objective was to develop a structure
of adequate strength and stiffness to support'and drive the docking system
* throughout the performance range requested without viplating chamber B

! , constraiats.

Evolution of Concept

K = " %he problem was to cbtain the optimum distribution of the minimum

number of degrees:of freedom between the probe and drogue actuaticn -

systems. After many trade-offs were investigated, a final design
‘evolved. It incorporates vertical and lateral linear translation plus
rell apgular mot-on cn the probe mecnanlsm, whereas che drogLe has axial

translation plus yau and p1th angular motions.

fy : .. There are two primary considerations which ilictated the evolution

of our éonceétl First, the prob~2 and drogue motions must stay withia

{t the 5,6 foot diameter solar radiatien patfern.'VSecond, t@ey must satisfy
L “various performence specificiations. The specificatior< for the three

- 7. translatiénal degrees of freedon are essentially the same, whereas the

{ roll angular degree of freedom requirement is ruch 1es§‘than those for

the pitch and yaw morions.

- Any rigid body can be ccnsidered as having six degrees of freedom

rélativé to inertial space. Thus, two dccking bodies would have an

i absolute total of twelye degrees of freedom relative to inertial space,

 and six degrees of frégdom relatjive to each other, Therefore, only -six
{ degrees of freedom_are needed te define completely the motion of one

< rigid body relative to another. Therefore, only six degrees of freedom

{- o ~ are needed to simulate the motion of the probe vehlcle relat1vp to the
- motion of -the drogue vehicle, ' ‘
l._} , -
g L I 3-9 - . NSL 64-360
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The following subsections consider the various combinations and dic-
tributions of these six degrees of freedom and indicate the evolution
of our concept. FEach subsection heading refers to a pessible distribution
of the six degrees of freedom between the probe and drogue vehicles.
Each subsection then discusses the effects of various combinations and

their order of mounting on the actuation system.

Threg and Three. This distribution is the one from which our final
design evolved. That is, we selected three degrees of freedom for the
probe actuation and three for the drogue. T. is interesting to consider
the reasoning used to uetermine which three were appiied to the prnbe
actuation syétem and the order in which they are mounted. Putting the
roll motion on the probe required that only the relatively smaller mass
of the roll ‘control actuator had to be accelerated by the remaining two
degrees of freedem. (Ohe might infer tha* because the probe roll moment
of inertia is much smaller :han that of the drogue that this was a con-
sideration -- actually, it was not because the roll actuation system
inertia predominates. ) The remaining twe degrees of freedom were
selected so as to minimize cross-coapling of inertia loads. (Here again
one might infer that the relative weights cof the 80 pound probe or 20
pound drogue were important -- but rhe actuation system weight is several-
"'fhousand nounds.) Hence, the vertical and lateral translation were
selected as the remainihg probe degreés of freedcr. However, there are
many move tra’z-offs to be discussed and evaluated before the optimiza-

tion of our concept is fully explained and justified. ] -

The optimum separation of the vertical and lateral system invelved
_their relative inértias because these inertias cannot bé uncoupled,
That is, whether the vertical motion should also carry the inertia of
the lateral actuation system or should the lateral actuator be required
to garry the vertical actuation svstem. Either choice would require
that tﬁe roll mechanism be moved because it must Lo mounted on these

- - !
translation systems. The question is resolved because Negators are

s

3-10 NSL 64-360
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_to be used. Neéatols are springs that exert a Constant vertical force
regardless cf their displacement and are used on the vertical iranslation
system to nullify the static weight of the total probe actuator system.
The Neéator selected has a relatively low inertia and a natural frequency
above 69 crs. If the vertical plus Neéator mechanism is moun:ed »n the
lateral actuation system, then the imertia of the Negator must be added
to the lateral system and the static weight of the whole system must
be carried by the lateral rod bearings. A better design concept
results from mounting the roll on the lateral and this ccwrbination on
the vertical system and by using a slightly larger Neéator to nullify

the static weight of the whole system.

. The aroci'e system must provide the remaining three degrees of
freedom wirich are pitch, yaw, and axial translation. We have selected
the pitch system to be carried by the yaw system, This combination is

moved by the axial actuation syctem,

The trade-off considerations involved here weve the deteruinations
as to which of these three acctuator systems should carry the other two
systems. %ecause the required translation perfcrﬁance is relatively
lower than the angular, the axial actuéto: system was selected to carry
the other two. The pitch and yaw.performance requirements are identical
so the determining factor in the desiga of this gimbal arrangement Is
that the drogue cone and pressure scal be kept within the £.6 foot
diameter solar radiation pattern, That is, if the yaw system were carried
by theipitch actuaticn system, a simple pitch gimbal ring design wonld
indicate that the pitch ring would cast a shadow at large negative pitch
angles,  This shadowing can be prevented by designing a more comp:icated
pitch support, but this results in an increase in the inertia of the
systew, Many types of pitch-yaw gimbaling mechanisms were congidered.
Our design mounts tl.e drogue face ii the plane of the pitch and yaw
gimbals so that only a minimum of verticai and lateral probe motion is

required to transverse the face of the drogue, regardless of the pitch

3-11 4 NSL 64-360
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and yaw angles of the drogue. Note then, that the center of the drogue
disk is a fixed point which can be used as the origin of an orthogonal,

triad set of simuiator reference axes.

Before discussing another interestiag combination of the three
degrees of freedom, another constraint must be mentiored. Coansider that
although the simulator moves both the probe and drogue, the governing
equations (being solved instantaneously in the analog computer) specify
the location of one point only on the probe and one point only on the
drogue. This reference poiant on the probe has been selecred as the base
artach point of the probe centerlire rather than the probe tip. This
is because the actual probte is to be tested and the full scale flight
dynamic response of the rnrc-htz is inbereant, That is, the actuation systen
behind—the probe is essentially rigid because the actuator structure
elasticity will bé compensated for in the equations. Similar statements

apply to the drogue mounting reference point.

Now consider the probe system having pitch and/or vaw degree(s)
¢f freedom. If the base. of the probe were pitci.ed and/or yawed, then the
drogue system would have to possess vertical and/or lateral motion.
_ The required translation motion would be much greater than that used with
our final concept. That is, pitching thie base of the probe would trans-
late the probe tip through an arc which muct be followed by a translational
displacement of the drogue. A logical modification would be to keep the
probe tip centered on & point in space, but this would require that the
probe system also have paired degrees of freedom. For example, if
pitch were on the probe, then it would also have to have the vertical
translation degree of freedom. Similarly, yaw would :quire lateral
motion on the probe., Therefore, pitch and/or yaw on the probe increases
the translation requirements for the drogue or probe. This increase in
translation requirements eventually will reflect itself in a more
expensive system. One more consideratioa involved the case where the

drogue has vertical and/or lateral translation and the probe has the

3-12 - NSL 64~360
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pitch and/or yaw motion. Additional translation of the drogue is
required because of the compression of the probe tip. This compression

results from the probe shock absorbing recoil mechanism.

Six and Zero, This is an obvious, first choice; i.e., co consi-
der a1l of the degrees of freedom on either the probe or drogue
mechanisms. An immediate consideration here might be the relative
mass, moments c¢f inertia and products of inertia of the probe and
drogue. FBowever, one socn reaiizes that the inertia of the actuarion
sys=tem predominares, so that the inertia of the prohe and drogue is an

insignificant consideration.

Putting all of the six degrees of freedom on the probe (or drogue)
would require a complicated actuation system which would have needlessly
high inertia, and hen.e, relatively poor frequency response. Th:ire
would be considerable cross-coupling of the elastic dynamice for some
of the motions. However, such a system would warrant more consideration
if the relative inertia of the probe (or drogue) predominated over that
of the s5ix degree of freedom actuatcr system. Accordingly, this con-

figuration is not considered to be applicable to the present design.

Five and One. This configuration pessibility would use five of
the degrees of freedom on one mechanism and the remaining degree of
freedom on the other mechanism. This configuration might have merit
if one of the degrees of freedom required extremely high performance
relative to the others. However, the present design requirements are
just the opposite., The three translation requirements are identical,
two of the three angular requirements are the same and the remaining
(roll) wition requirements are low, Therefore, this configuration

poscibility is not considered to be applicable to the present design.

Four and Two. This configuration was a likely possibility for
detail consideration if two of the degrees of freedow required extremely
high response performance. However, this was not the case for the
present design requirements so this configuration was not considered
in detail.

A summary of these trade-offs is presented in Table 3-1,

3-13 NSL 64-360
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¢_,“

egrees of Sequence of Counling
Freedoms Remarks
Yrobe Drogue are

WNote: Asterisk denotes final design coacept.

(2 and 3)* Vertical system Minimizes inertie
carries Lateral coupling, and mass.
system which carries
Roll uctuator.

(3 and 3) Lateral system Lateral rod bearings
carries Veriical must carry mcre load,
system which carries
Roll actuator.

(3 and 3)* Axial system Minimizes inertia
carries Yaw coupling and mass.
systexn which
carries Picch
actuator.

(3 and 3) Axial system Possible shadow on
carries Pitch drogue and/or excess-
system which ive inertia,
carries Yaw
actuator.

(3 and 3) Pitch and/or Yow Drogue must then have

] systems. excessive lateral and

vertical motions,

(3 and 3) Probe tip fixed Probe supporting
during Probe Pitch structure must trans-
and Yaw. late and rotate.

(6 and 0) Probe or Drogue Excessive inertias,

(5 and 1) Probe or Dregue No one motion needs

high performance,

(4 and 2) Probe or Drogue No two motions need

high performance,
3-14 NSL 64-630
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Description of Structure

After having decided upon a2 design concept, the next step was to
lay out (i.e.,, '"frame") the mounting structure., Figure 3-3 presents a
perspective sketch of rhe mounting structural skeleton. Because of the
obvious simplicity of this illustratien, it will be used in the intro-
ductory discussion of the various system ccmponents. A tenth scale model
was also constructed as a visual aid, see Figure 3-4. Both the interim
and final configuration are identical in concept to this skeleton.
Note that the probe and its seal ave mounted on a cylindrical structure
which simulates the forward portion of the tunnel in the cemmand module.
(At this period in time, MSC was considering pressurizing the tunnel and
actuating the seal latches. Later, this consideration was omitted from
the tast design requirements.) The cylindrical structure chen tapers
down into a small shait which enters into the large hydraulic actuator
housing. The shaft attaches to the outer case of the force balance.
This balance, which is inside the actuator housing, is then connected
to the roll angle actuation mechanism. Note that this actuvator housing
is suspended on two horizontal bars which provide the probe with the
lateral degree of freedom. The hydraulic actuator cylinders are
(hypothetically) inside the suspension mountings. Next. notice that the
ends of these horizontal rods (i.e., piston rods) are supported by an
attachment to vertical rods. The vertical degree of freedouw is provided

by the hydraulic actuators which are inside these attachment fittings.

Again, referring to Figure 3-3, note that the drogue was tentatively
enclosed in a tapered structure to facilitiate pressurizing the bhack side
of tHe drogue cone, MSC has subsequently deleted this constraiut. The
tapered structure attaches to a shaft which is joined to the outer casc
of the force balancs in the same manner used for the probe system. This
balence is mounted inside the same cylindrical housing which is attached
to the pitch gimbal ring, This ring is driven by the pitch angle ac-

tuators which are hypothetically housed inside the pitch gimbal ring

3-15 NSL 64~360
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attachment to the yaw gimbal ring. (Ex;ernal: linear actuators are used
in the actual design). The base of the yaw gimbal is attached to the
yaw actuator, which in turn, is supported by a norizcatal bar. This
U-shaped horizontal bar is supported by bearings which slide on hori-
zoneal side rods. This U-shaped bar is actually part of a trueswork'
which slides axially on the twn horizontal. side rods. The axial motion
is cbtained from a hydraulic actuator that is cantilevered from a tripod

support at the end of the simulator support truss frame.

The effect ercross-coupling,in the probe and drogue actuation
system‘ié similar. The proble Sysfem will be discussed as it is typical.
In our design, the nfobe can be rolled relative ic the drogue without
introducing any system crose-coupling - the p*obe is .accelerated
vertlcally, then the roil Cegree of freecon actuator system is.also
" accelerated vertlcally. The kev point here, from.a kinematics point of
vieﬁ 'is that the roll motion remains uncoupled from the vertical motion.
From a structural loads viewpoint; the roll actuation system should have

its cénter of gravity in or near the plane of the vert1ca1 motion :

actuators in order to minimize bending moment s;resses_due to’ the roll

- . - > .

system "overhang.f

From a structural dvnamlcs v1ewp01nt ail of:the actuation»systems o -
will have natural frequenc1e>. For egample,<e0nsider moving the prcbe
up and down 51nu501da11y throughout a two inch amplitude and ;1ou1y
1ncreas1ng the frequency of osciilation.. At some frequency, the
actuator power requ1rements to produce the oscillatiors would diminish
rapidly and this would indicate experimentally the lowest natural o
frequency of the vert1ca1 degree of freedom.. Because we have postulated'
a constant amplitude osc:llat1on, nuth1ne unnxoacted happens to the
stucture or probe motion at. or near this first natural frequency ef
thé~ver€ica1 degree ‘of freedom. However, t the power versus frequency
requ1rements must be considered (i,e. transfer funct1ons) in ”he ) . w

des1gn and, eontrol ‘of the actuatlon svstem., In Summary then, - each

- - - - . - TT— - !

e —————
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of the six degrees of motion freedom have (natural) frequencies which
the respective actuation system must control. In general, the systems
were designed with as much stiffness as‘praCtical and with minimum
inertia so that the lowest natural frequency would have a high value.
Hence, there are a wminimum nﬁmber of natural frequencies at which the

actuation servos must be compensated.

The simulator framewovrk shown in Figure 3-3 appears to sit on.a
disc which typifies the lunar plane of Chamber B. As discussed in
Section 3.4, the simulacor framework is btlted to a large steel plate
which acts as & seismic mass., This plate is supported on large. damped
springs which isolate the,Chambér~B lunar plane from the transient’

moticns of the.seismic mass,

o The.pattern of solar simulation can be enhanced by tilting the

structural mounting if this is desired.

Our interim simulator design is ptesented as Figure 3-5. Note that
the proba 5na drogue ‘s=als are backed up by cyiindrfral structures which
were to have the same elastic characteristics as the fltgh‘ vehlcles.
Although the var1ous actuator mﬂchanlsms are ba51cally the same as tHose
which were d1scussed for the skeleton framing configuration, they are

much mora massive. Similarly, the framing structure appears quite rigid

‘because the frame tube sizes were selected for deflection characteristics

ratﬁef than stress 1e§efs. Also,’many'types and variations of drogue
gimbal ring mounting were invest;gateg. For e%ample, Figure 3-5A presents
one such proposed design whose X;f}qme bracing was inlorporated in the
final configuration. The errall size-of this frame is 19 feet long; ten
feet wide and teaneet high. The esti%ated‘weight was 10,000 ﬁuunds.

However, subsequent investigation of the servo system nec2ssitated an

i

’ optimizéticn of translation reéuitEments which permi{tea use of an

E actuator having shorter length and h1gher natural frequency. This also
permitted a more*compact and rigid structure which became our final

) 51mulator desxgn as shown in Figure 3-6 and the pullout Figtire 3- The-

- details and structural dynamics of this structure are discussed in a ‘

- fbliowfng section of the report. )
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FIGURE 3-5A PROPOSED DROGUE MOUNTING STRUCTURE
FROM WHICH OUR FINAL DESIGN EVOLVED
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Probe Mounting

The probe assembly is supported by the seal ring as in the actuail
vehicle (See Figure 3-8)., Tither the actua! Zommand Module Structure or
a simulated structure will be uscd for the seal ring., This ring is
attached to the balance adaptor fitting, which is a light weight stainless
steel weldment with a journal type attachment to the balance ocuter case.
The force measurement balance is discussed in section 3.3 cof this report.
The inner rod of the balance is attached to & circular housing which is
carried by angular contact anti-friction bearings supported by the
iateral translation carriage., These bearings have sufficient preload to
eliminate unwanted backlash, The circulai housing which supports the
balance inner rod is driven by the roll servo motor through a total an-

gular displacement of 360 degrees.

The iateral translation carriage is a minimum weight stainless stee]
weldment which is supported on anti-friction adjustable bore bushings roll-
ing on hardened and ground stainless steel shafts attached to the vertical
translacion carriage. Motion is provided by two linear hydraulic actuato.s
whose resultant force acts essentially through the center of gravity in
two planes and are in the same vertical plane as the support shafts, The
bodies of these actuators are mounted rigidly to the lateral translaticn
carriage. The piston rods are connected to the vertical translation
carriage thus allowing for a minimum width of the vertical carriage.
Hydraulic fluid will be fed into these actuators through the center of
the piston rods tec minimize the number of flexible hydraulic lines
required. Lateral travel of the carriage will be stopped at the ends
of its travel by fluid metering type shock absorber devices to prevent

balance damage by excessi.c decelrerative forces.

The vertical trarslation carriage is a stainless steel weldment of
the "picture frame'" type which surrounds the lateral translation carriage.
It is guided by anti-friction adjustable bore bushings rolling on hardened

and ground stainless steel shafts which are attached to the external frame,

3-24 NSL 64-360
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tion is provided by two linear hydraulic actuators which are equally
spaced on either side of the center of gravity of the vertically trans-
latir.g mass when the lateral carriage is in the center of its travel.
- The wide spacing of the actuators minimizes the percentage of mass
. - shifted from one actuator to .the other as the lateral carriage translates
s off of center position. The bodies of these actuators are mounted
rigidly to the vertical carriage and the piston rods are connected to
1 the support frame thus allowing a minimum frame height. Hydraulic fluid
- will be fed into these actuators through. the center of the piston rods
enabling the servo control valves for the vertical carriage to be mount ed
to the support frame, thus reducing the mass of the vertically translating
carriage, The dead weight of the vertical carriage and all parts
attached to it will be offset by Neéator springs, a constant force low
5 7 inertia deyice, which reduces the size of the vertical actuaators
z T required and provides4equa1 acceleration of the carriage- in botn direc-
“tions. Vertical cravei of thé carriage will be stopped at the ends of
{ - its travel by fluid metering type shock absdrber devices to prevent

balance damage by excessive decelerative: forces.

Py !

Drogue Mounting

- - The drogue assembly is supported by a seal ring as in the actual

p———

vehicié\(See Figure 3-9). Either the Lunar Excursion Module structure

or a simulated structure may be used. This seal ring structure is in

= !

turn mounted to one end of a force measurement balance discussed in’

section 3.3. N -

{ ‘

The opposite - end of the force balance is supported by a rigid -
welded stainless steel pitch support structure,- The pitéh Structure is oo

. lgimbai-mountéd where two hydraulic cylin&ers each actﬁating a bell crank

5

. - drive it T 35 degrees in the vertical plane. The pitch structure is

supported by & system._of tandem mounted duplex bearings, These bearings

will be preloaded to remove any undesirable backlash.
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The entire above mentioned pitch assembly structure is in turn
supported by a welded stainless steel yaw structure. rhe yaw structure
is supported by a system of angular contact duplex bearings mounted ia
tandem., These bearings are preloaded to remove backlash and will allow
fer structural thermal expansion or contraction. The yaw structure is
moved through ics angular motion t 35 degrees in the lateral plane by a

bell crank driven w'th a hydraulic cylinder.

The above pitch and vaw mounting assemblies are suppoerted by a
welded stainless steel carriage structure. This carriage structure is
suspended from a pair of rails by preloaded ball bushing assemblies.
The carriage structure translates 34 inches axially., A =Zydraulic

cylinder supplies the driving force to the carriage.

All structural components of tne drogue mounting assembly are
designed for minimum deflections, compact size, and ease of fabrication.
Support ball bearings in the system will realize medium working loads

and be lubricated with silicone base grease,

Thermal Effects

The problems of temperature induced stress in che structure and base
plate was investigated and found to be negligible. In addition, the
effect of the structure and base plate thermal radiation upon the simula-

tion of the docking environment is discussed,

Preliminory studies of the temperature response of the structure
and base plate were performed in order to determine whether or not any
tenperature related problem areas exist. The simplifying assumption
used in the studies was that the temperature gradient across the
thicknesses are negligible, This assumption closely approximates what
is actually occurring due to the relatively large thermal conductances
in relation to the rates of heat transfer involved. Using this
assumption, it was found that no large temperature gradients will
occur in the base plate and support structure when sulLjected to a

sudden change from room environment to simulated space environment,

3-28 NSL 64-360
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Starting from an initial temperature of 70 degrees F., it was
estimated that the major support structure will cool down to -85 degrees
F., in ?4 hours, while the base plate will cool down to -30 degrees F.
in the same time period. The 2 ffect of the solar simulation beam upon
the temperature gradients in the base plate vas found to be negligible.
It is estimated that these temperature gradients at any instant in time

will be less thar 30 dcerees F,

The three environments in which docking will be simulated are
earth orbit, translunar and lunar crbit, 1Iinfrared and reflected simulated
solar radiation will impinge upon the docking sinulator from the rela-
tively warm base plate and support strvucture thereby degrading the simu-
lation of these environments unless steps are taken to reduce these
effects, The steps to be taken to improve the simulation of the desired
environments are dependent uvpon the degree of simulation desired. For
example, in order to simulate deep space, a liquid nitrogen curtain shield
coated with a non-reflective coating should be placed between the
dock ing simulator and the biase plate, 'A close approximation to this
can be obtained by shielding the base plate with a thin shield coated
on the hase side with a polished surface to reflect the infrared radia-
tion of the base plate. On the side facing the docking simulator, a
black coating would be used to absorb the solar radiation and emit to

the cold walls of the vacuum chamber,

Shields with appropriate ccatings can partially simulate th:
albedo and infrared radiation from Earth and the lunar surfaces. The
design of the structure and base plate and possible modifications to
more nearly simulate the desired environments should be accounted for

in the NAA design of the probe and drogue.
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STRUCTURAL DYNAMICS

General Design Approach

The philosophy c¢f the design ol the structure »f the dynamic docking
simulator relative to its structural dynamic characteristics is to maintain
all natural frequencies above 60 cycles/second., This relatively high
fiequency criteria will eliminate. or at least alleviate, many problems
which would be incurred if lower resonant frequencies were allowed to

exist:

1. This frequency is above the natural frequencies of interest in
the docking bodies and above the fuel sloshing frequencies so
that compensation for simulator frequencies will no: bte required

in tha computer program.

2. The control syscem response is down about ten db at 60 cycles/
second so the control system analysis which was based on rigid

mass assumptions is valid (See Section 3.3).

3. Since control system response is atteruated abeve 60 cycles/
seconc, the vibratory exciting force at the structural wesonant
frequencies will be relatively small and material damping will
be sufficient to attenuate the vibratior esponse. No special

structural damping devices wil ™ 'e recessary.

The resonance rorresronding to the mass of the probe or drogue
and their supporting structure on the force balance will probably be
the most critical response in the simulator. The force balance will
measure acceleraticns imposed by the motion of the simulator as vzall as
the forces incurred during docking. In the low frequency range of
interest these accelerations will simply be those accelerations which
the dock:ng vehicles would actually experience, However, near the
resonant frequency of the force balance itself, these acceleration
readings will be vastly in error. Since the measurements at the force

balance are fed through the computer to the control system of the

3-30 NSL 64~360
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simulator, the high forces at rescnance could cause the system to become
unstable, Therefore considerable care will be taken to assure that the

force balance resonant frequency is high enough so that the control
sys-em characterirtics will attenuate the response sufficieatly to

maintain stability.

Every precaution will be taken during the final design of the
simulator to assure that tlie required dynamic c(hara:teristics are
achi ved, This will include a careful analysis in which the characteris-
tics of the structure and the control system will »e combined to ascertain
system response. However, it is recognized that in a system of this
complexity, unforeseen structural characteristics may appear when the
simulator is tested. Therefore provision is made to place accelerometers
at critical points on the structure to provide stabilizirng feed back
signals to the control system. This approach has been utilized tith
complete success in the Northrop six—degree-of-freedom dynamic flight

simulatcr (Reference 1).

In a preliminary analysis of the dynamic characteristics of the
simuilator the drogue an¢ nrobe systems were considered serarately,
Simplified dvnawmic mouels weve studied in oxder to determine the major
resonant frequencies. The general methods cf analy..s are described in

References 2 and 5. An example of the analysis is shown in Appendix A,

The dynamic modes considered, included mot.on ¢t the probe system
in the Z-axis coupled with pitch; vibration of the drogue system in the
X-axis .oupied with vibration in the Z-axis and pitch; lateral and yaw
vibration of the probe system; and lateral wvaw, and roll vibration of

the drogue system.

Typical of the results obtained are the resonant frequencies of
{ie probe system in the coupled vertical and pitch vibration mode.
These frequencies were computed to be 60 cps, 170 cps, 216 cps, and
524 cps. With the exception of the 60 cps frequancy, whirh is due to
vibration of the probe on the force balance, all of these frequencies

are well above the 60 cps criterion established fo> this sys:em.
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. Drogue oystem Dynamics -

The drogue:system‘(Figure 3-9) sonsists of a carriage which moves

l ‘- 7 -along support bars in the x-direction, a yaw structure whick mounts on --
; ‘the carriage and rotaeces about the z-axi., and the .itch structure

t - which supports the drogue and is piveted ov the'yaw structure torgive

‘pitch merion about the y-axis. A feature of the design'ishits symmetry

.about 2 vertrcai plane, which effertively uncou 1e5‘v1bration in the.

L “ . x-axis a1d 1n 11tch from vibration in the y-ax1s aﬂd yaw.

EaCh of the two large dzameter support bars on.which- the carriage

rides are supported at three gornts to the simula tor frame. 1h‘ ‘centef

T support resulrs in h1gh rigidity in the- lateral and vertvcal directions.,

)
PRE T
o

N o o direction shows that more rigidity in the present design is necessary,
{j ' then, cross members w111 be added tg the top of the” frame structu*e

yoow v which supports these bars. . .

[u o z - - o ! LT

Maximum rigidlty 1s obtalned in the carrlage structure through the

. {j e 'f ~ u$e of large diameter tublng 1rranged to take advantage of the

"can be obtained in theilateral direction by the addition of cross tie

4 ~ -
ft' ST : members 1f analysis shows this to bé necessary. The large cross section;
A%A i ) of the box sections supporting the yaw -axis bearing housing provides i
,l: ; . the. maximum re51stance to tw1sting and bending deflections from yaw
T . structure loading. 'ff o '”:5<c ’ , ' ¥
“{j B _ The yaw structureuof the drogue system poses a particularly difficult
B - deslgn problem since 1stis ‘necessary -to have a hlghly rigid, sgructure to

- ) reduce inertia coupling and to support the pltch system and’ st111 avoid

e RRUAS any structural members passing over the drogue ‘which would interfere with

By

S - simulated sunlight. In. addition it is desirabie to reduce the yaw inertia

. S "
P .
Lv o, - ; ~ = -
. o KR o - . " .

[ . . “ . - . -}
. ; . -
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7 loadiné on the axial and pitch servos. These goals are achieved through
the use of a yoke type of structure with maximum stiffness designed into.
- ~its members. The yaw structure is supported in large dlameter bearlngs
- (on the order of 30 inches) in the carriage structure. This large diameter
provides the rigi ity required st this critical point in the design. A
~short coupled box structure joins the yaw axis shatt to the yoke amms re-
- su1t1ng in minimum twisting aﬂd bendlng deflactlons. The ycke ams are .

tapered box beams wh;ch prov1de hxgh rigidity in both torsion and bending.

The pltch structure of the drogue system again is basrcally a yoke -
shaped confxguratron and is built. _up of~ boxed beam structure to g1ve T
rigidity in bendlng and torelon. This structure furnzshes a rigid A

- . support.for the force balance to which the drogue is attached.

Probe Sietem‘Dznamics . : - . s P -

~

. R -+ - N

- The probe systen (Figure 3-8) consists of a vertical carrlage -

tsupported by two vert1ca‘ gu1de bars secured to the 51mulatordframe,,and o,
-7 a 1ateral carriage suopo*ted by two_horizontal guxde bars secured to. . - -
the vertlcal-carrlage. The roll axis svstem con51st1ng of a rotary
actuator, the probe and its’ support structure, and the force balance, is

S carrled by the lateral carrlage.

o —Thg fixed guide bars supporting the vertical carriage are mounted -

7S

n sive structures in the flame so that for analys1s_purposes they

are considered to be built- 1nt~ The portlon of these bars pass1ng ‘within 7

- the carrxagc structuxe is guided for almost the whole length of the

el

-5 . carriage by ball bearlpg bushlngs._ ance the motion of the carriage is

limited to apprdximetely'p1us dr minus 13-1/2 inches, there is only 27

inches of length where bendlng can take place. Therefore w1th the large ,
Vu diameter gu1de bars which are used, ‘deflections w111 be very small result-

ing in hrgh response frequenc1es in the dlrectlon of the k- and:y axis and

in pitdh. The large distance between ‘these bars also assures high resomant

frequencxes in yaw.

o

v
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Thé lateral carriage is supported on>ho}izonta1 bars whicﬁ'are
essentially identical to the vertical carriage guide bars. Therefore,
since the rigidities are the same, the resonant frequencies will be
“even higher since the mass carried is approximately one half of that
carried by the vertical guide bars. The principal difference in the two
’ _portioﬁs’of‘the system is that the guide bars for the laterzl carriage
" are much cloSer\tdgether than for the vertical carriage. This distance
j' ’ be _weer the bars affects the rigiéity in pitch. ﬁowever, the overhangiang
) load wfxrh -causes pitching moments is quite smali since the.center of
grav1ty of the lateral carr1agc assembly falls within a few 1nchea of "

L. “tne plare of the gu1de bars, Therefore, a high resonant frequency in -
E pltch will exist. ‘ : . i .

"The roll 2xis pertion of the probe due to:the low inertias involves

SR and tﬁe cldsé coupled const*uction will have relatiVely high frequencies
’ w1th thezexception of the force balance defiectlons as were prevlously

dascuesed

. " . - Simulator Frame and Support Structure Dynamics"

The siﬁqlétor,fréme must withstand all reactive forces imposed by.
" the-simulator actuators. Therefore, ite dynamic characteristics are
equal in importance (o-the dynamlcs involved in the mov1ng portions of o
“the system. High rigidity is "obtained’ in thlS des1gn through the use
= of heavy wall stainless steel tubing joined by fu510n welding into a
- - single integral frame; The frame “lembers are/eff1c1ent1y arranged in a

“truss -type of struc ‘ure to prov1de the maximum stiffness.

] The reactive loads of the actuators which are transmxtted to the
:J, 7 N “ frame structure must then be reacted on the support structure of the
“°1mu1ator frame. Sln\e the environmental s1mu1ation chamber in which
- . this dya.ﬂlc simulator is to be mounted could not be- ewpected to withstand
. the appliediloads, a seismic bleck ‘supported on vibratiorn Lsolators
lwill”be utilized- for mounting the simulator., Details of the design for

2 . * this. mounring system are described Ln section 3 4, Chamber Interfaces.
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3.3 Servo Control System

The Servo Control System, which includes the analog computef as an
element, performs the ngceésary control aﬁd recording functions for the
docking simulatioin tests. This system positiorns ané moves the probe
and drogue mechanisms in a centrolled manner to vefify their docking
capability under various conditions. At the start of a test these move-
ments are programmed to the actuator servo system to cause the probe
and drogue to come together'in a prescfibed manner. Afte? initial
contact, these movements are controXled; but are unprogrammed, and are
dépendent upen the‘effeéts.of the actusl mechanical contact and the
Vprefget inertial Zharacteristics which were assigned to the mechanisms
by means of the computer. The computer simulates mathematically the
characteristics of both the Apol.o Command/Service Module to which the
probs is attached, and the Lunar Excursion Moﬁhle to which the<mating
drogue is attached, This substitution- for-vehicle dynamics results in
separcte but appropriate and representative aﬂplication of forces andl
movemerts by the actuators to both the probe and drogue, respectively.-
‘Strain gage ‘t:ansducers sense forces of the impact between the prcbe .
and drogue and ﬁfovide the computer witu force and moment data to close
the servo forge loop. Additionally, recorders associated with the
servo cont}oi system provide a graphic record of all operations and
moveﬁeﬁts of the probe and drogue, This data is time correlated to
the anélog computef computations and outpuis, and denotes forces, moments,
accelerations, velocities, and positions of the probe-drogue mechanisms

for each docking maneuver. .

The six-axis servo control system provides the controlled power

necessary to reproduce the six degree-of-freedom simulator carriage

motions in direct response to the transformed voltage commands of the

3.35 | | NSL 64-360
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D.D.S. computer. This response must be accurately mazintained with
respect to both time and magnitude over a range cf motion amplitudes and
frequencies which duplicate the real dynamic inputs at the base of the
docking structures. Fipure 3-10 jllustrates the interfaces which exfst
Letween the control system, the simulator carriages, the transformed
input signal comménds received from the computer, and the output

motion signals provided to the data recorder.

The information presented in this section includes: the pre-
liminary control system performance requirements, a description of the
preliminary system design mechanization, a discussion of the ;ystem

synthesis and anaiysis, and a summary of the performance achieved.

3.3.1. REQUIRMENTS

Design values based on information supplied by MSC/SID, repre-
senting critical-case requirements for relative forces and motions
between the probe and drogue, in the probe/drogue axis system, are

summrarized below.

Accelerations are:

i. = 0 to 13,7 ft/sec2
",“ = 0 to 42 ft/sec2
5,; — 0 to 3,1 rad/sec2
? not specified by MSc/SID

Thie 2bove values must be met while simultaneously furnishing the

following loads:
Longitudinal probe force: 2050 1b
Lateral probe forée: 1150 1b

Maximum velocity ranges are:

[}

X, 2, Y= 0 to 2 ft/sec

e, é 0 to 0.11 rad/sec

0 to 0,018 rad/sec

3-36 NSL 64-360
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The following loads at the probe tip approximate maximum loading

conditions:
Longitudinal: 3000 1b
Lateral: 3200 1b

Limit loads for the roll axis are expected to occur during engage-
ment of the tunnel seal interface., Estimates of this maximum loading,
based on a friction coefficient of 0.5 between the tunnel sealing sur~
faces and with a probe retracting force of 1000 1b., yields a roll

moment for preliminary design purposes of 10,000 inch-1b,

Required response times associated with the rigid body motions
are defired on the basis of the steady rise time for the output
accelerations to change from zero to the maximum values stated above.
This rise cime supplied by MSC/SID for preliminary design purposes for

all translational and rotational axes (except roll) is 0,02 seconds.

The control system dynamic response requirements must also include
consideraticn of higher frequency elastic modes of the docking vehicle
structures superimposed on the lower frequency fuel slosh and rigid

body equations oi motion.

Estimated upper limits for the structural beuading frequencies are
given as:
First b=nding mede = 27 cps
Second bending mode = 49 cps

The envelope of permissible relative positions between the docking
vehicles, just prior to collision, defines the design range of total

displacements required.

A summary of control system output design values established for
each D,D.S, carriage servo-drive system is given in Table 3-2, Values
shown encompass the range of rigid body motions defined above; the 2g

acceleration capability assigned to the thrre translational axes includes

3-38 NSL 64-360
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TABLE 3~2 DESIGN VALUE SUMMARY

LIMIT LOAD DUE TO

AXIS DISPLACEMENT |VELOCITY ACCE
CCELERATION DOCKING COLLISION
X + 17 inches | 24 in/sec | 772 in/sec2 3000 1b
Y * 13.5 inche4 24 in/sec| 772 in/sec2 3200 1b
Z * 13.5 incheqd 24 in/sec| 772 in/sec 3200 1b
-
0 +0.61 rad | 0.11 rad/| 3.5 rad/sec?| 40,500 in-lb
sec
v + 0.61 rad 0.11 rad/ | 3.5 rad/sec’ 40,500 in-1b
sec
Not
+ 3.14 rad | 0.018 radf Specified 10,000 in-1b
0 * 3.4 ra 2 By msc/s1p ’
ec
3-3Y NSL 64=-360
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a limited margin for simultaneous simulation of vehicle structural bend-
ing modes. Displacements and forces shown agree with the mechanical

arrangement of the D.D,S, simulator carriages.

An exact statement of the minimum acceptable dynamic response
requirements is not peesible on the basis of existing data supplied by
MSC/SID. Therefore, it is estimated for preliminary design purposes
that an acceptable control system response, appraised in terms of
response to a sinusoidal input, is defined by the following cha.ac-

teriscics:

Amplitude: Flat within T 3 db to 20 cps;

down not more than 12 db at 60 cps.
Phase: Not greater thcn 45 degrees at 20 cps.,
It is assumed that the above criteria apply to all control axes.

In order to establish specifications on the control system design,
in terms of the above performance requirements, it is necessary to
examine the control system interfaces, i.e. the servo output load imposed
by the simulator carriages and the inptt command signals received fiom

the computer,

Input Command Signals

The signal conditioning amplifiers will be designed to match the
D.C. command ¢ignals t the requirements of the servo control systems;
the maximum voltage levcl will be ts V.D.C. 1n order to avoid ground
reference problems, both sides of each input signal circuit will be

isoiated from all ground references.

Simulator Carriages

Referring to Figure 3-10, it 1s geen that the output mciions produced
by the control system must be transmitted by the simulator carriage
structure to the base of the docking hardware. For the precise

transmission of the control system output motions, it is a necessary

3-40 NSL 64-360
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requirement on the mechanical design of the carriages that the trans-
migsibility of these structures be essentially 1 over the design range

nf control forces and frequencies. Therefore, for purposes nf the pre-
lirinary control system design, rigid carriage structures are assumed
within the servo frequency range of interest. This assumption leads aison
to a servo ocutput load which may be approximated by a single lumped

mass structure., The validity of tnis assumption may be examined by
reference to the discussions of the transmissibilities and higher order
elastic equations of motion of the carriage structures presented in

Section 3.2 of this report.

Calculations based on the preliminary D,D.S. layout design give the
following total masses and moments of inertia (including docking na:d-

ware) as seen by the output of each servo-drive system:

m_ = 3673 1bs.
X
m_ = 2270 1ibs.
y
m, = 4028 1bs.
2
Ie = 2706 in-1lb-sec
Iq!= 4440 ir-lb-sec2

I¢ = 114 in-lb-sec2

In coacluding the stateaent of control svetem design requirements,
the additional assumption regarding interfaces is made that the servo
actuatnr on each control axis is backed up by an infinite mass. The
structural implications of this assumption are alco discussed in

Section 3.4,

SUMMARY OF RESULTS

This section gives a summary of the results of the Phase I control
system design and a statement of the performance achieved. Justifications
cuppocting the technical approach have been principally established through

desi~n development and cperation of existing Northrop two-degree and six-

3-41 NSL 64-360

REIE S I A XN
BB vy E




NORTHROP SPACE LA BORATGRIES -

'{Ei » ndegrée{otﬁfreedbm flight dynamics simulators. The analyticalrbasis for the
. 'resultS'areimathematically:oer;ved in Appendik B of this‘report.
‘€_ ) - “The selected design approach uses sim ldr electro-hydraulic servo
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For hydraulic servo systems, with output loads which are princi-
pally due to inertia fo;ces, the ultimate limit on obtainable dynamic
response is related to the natural frequency of the hydraulic actuator

and its load inertia, This frequency is given by:

_\’_2
Yn m

undamped natural frequency (rad/sec)

where

€
I

~
I

hydraulic spring rate due to the compliance of the
hydraulic fluid trapped in the actuator with the valve
ports ¢icced (1bs/inch)

o mass of the load (1b-sec2/inch)r

The type of servo actuators selected to supply the control power
for each control axis (éxcept roll) are double-acting hydraulic cylinders;
the pitch and yaw axes use bell-crank connected cylinders to obtain the
limited .angular displacements (t 35 degreés) required. Therefore, the
actuator hydraulic spring rate of each servo drive axis, except roll, may
be computed with the actuator sizes (volumetric displacements and total
displaéements)‘given in Table 3-3 because the total trappec fluid volume
is approximately equal to the total internal volume of the actuator,
The fluid spfing rate is thén given by

¢ =28

° 4
where
D = volumetric displacement of the actuator (in 3/in)
for translation; (in 3/rad) for rotations ’
N = adiabatic bulk mouulus of the hydraulic fluid,(lbs/inz)

1/2 the peak to peak displacement of the actuator (inches

1S
o

for translaticn; radians for rotations.

“3-46 4 - NSL 64-360
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Using a design value cf 200,000 1bs/in2 for the fluid bulk
modulus and using the load inertia and actuator parameters of Table 3.3,
the following tabulation gives the characteristic frequency of each

servo axis (except roll).

X Y Z 0 P
K 1.12 x 10° |8.99 x 10% [1.59 x 10° [1.77 x 10’ §1.77 » 10’
1bs/in Ihs/in 1bs/in in-1b/rad in-1b/rad
w 109 rad/sec| 123 rad/sec| 123 rad/sec| 81.0 rad/sed 63.2 rggé

Because of the larger angular displacement required in the roll axis
(t 180 degrees), the type of rotary hydraulic actuator selected to drive
this axis operates in the manner of a hydraulic motor. Therefore the total
trapped fluid volume in the roll actuator is much smaller than the volume
of fluid displaced over the total travel. This factor when combined with
the low load inertia of the roll axis is expected .c produce a charac-
teristic frequency which is higher than thoese of the other servo-drive

systems, Also, the rotating actuator has a low moment of inertia.

An examination of the-characteristic actuator and load frequencies
tabulated above, reveals that only theZ or Y axis, with servo actuator
sizes basedAonly on considerations of the required magnitudes of output
forces and motions, present a possibility for also satisfying the
dynamic response requivements established in Section 3.3, i.e.a
system amplitude response which is approximately flat to 20 cps. Theore-
fore, attention has been concentrated on the design synthesis of the
Z-axis control system. This approach was selected with the intent that
if satisfactory results were possible with the 123 rad/sec, Z -axis
characteristic actuator-load frequency then an appropriate increase in
the size of the other axis actuators would produce equivalent charac-

teristic frequencies and.therefore equivalent dynamic performance.

3-47 NSL €4-360
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One of the principal results of the Phase I servo design study is
the successful analytical mechanization of this Z-axis servo with an
assignad actuator-load frequency of 123 rad/sec. The final system
mechanization is shown in Figure 2.13. Analvtical evaluation of the per-
formance achieved agrees well with all requirements established in
Section 3.3. The valve and actuator sizes used in this Z-axis mech-
anization agree with those tabulated for the Z-axis in Table 3-3.

Values assigned to other loop components are typical of available com-
mercial hardware. It should be noted that the Z-axis carriage design
requires matched, tandem hydraulic cylinders in order that the resultant
total actuating force pass through the c.g. of the carriage. Therefore,
the mechanization shown represents either of the matched pair of Z-axis
servo drives. In each, the total Z-axis load inertia, hydraulic flow
requirement, hydraulic spring rate, and cylinder size are halved. The
ultimate performance available, as limited by the restrictive 123 rad/sec
actuator-load frequency, however, is unaffected.

A servo block diagram representation of the Z-axis servo is shown
in Figure 3«14, Much of the work in establishing optimum loop compensations
and gains was performed using an analog computer similation of this
multi-loop system. A diagram showing the equivalent computer mechaniza-

tion is given in Figure 3-15.

The following comments will serve to describe the essential

operating characteristics of the servo:

Overall Servo Transfer Functions

The closed-loop transfer function relating the input voltage vy
i
to the outout velocity, Vo’ is given by

(S + 100) (S + 250) in/sec

Vo 0278 (100 ) (250 ) _volt
Yy, gsz + 648 : 16023£sz+ 4208 ; 4402%5 + 980)(s + 18) (S + 78
180 440 980 18 78
3-48 NSL 64-360



NORTHROP SPACE LABORATORIES

aderaae)

TOYLINOD SIXV-% - KWVYSVIA NOIIVZINVHOAW OA¥dS - ¢1-€ TdnNdId

*swalsAs JQATIP OAIIS STIXE-F wWapuel oml

HQ
udjoR

A001

X001

JO 1243712 sjuasaidar weiBeip asaoqe ayy :ajoy
uy/suany /g uinlyjaz
Roeqpaadd uorIrsog Aequrt 3ntaq j' 30d vin3 ua3
Jus;ut -
adxgz mdz/oBA 20000
aBeyur Iajamoyoey, deasoen ¢ SeA/IpA T
%oeqpaag £I12019p aataqg D'V uolsidaig -ydue oy - vomep
t ¥
—1
103e111280
» 21242 pow
0T N
1sd/a WA A -
e Fed/ago1xt 3001 oot ||
Hampsuel1] 21nssaAg ‘»
Jyoeqpaag .
2anssIxg 3ize —
1EIJUaXaIITg VAA=S—AANA
w 0€9 0€9
0s2°0% A0S
1 AA
Tros e 0SE
e - sezk 23 1. Y
PEOT bg—d 103ENIOY g aates- pAn . v- v- VA A SAAA, v~ 20¢ _
A0Sz AWT Aot BT
£3104 07 00
e _ LT B
3dzz- X008
ELl

-

Induy scd

w
mﬂ—m.ww L61°0 &
xXe® A/g°7T

NSL 64-360

3-49




NORTHROP SPACE LABDRATORIES

(o@s/ut) oF=1a

ien
Jo A31007T3p

WIISAS SIXV-Z - WVEOVIA ADOTE OAdAS %1-C HUNOILa

ADJJWOTIUIT04g
jyoeqpedyg o

ll

S A

[

I373TTdUY B

[o]

A

soTweEuLqQ .
: BO1y UO0lSIJ I0npsuei] gyLtoriesuaducy
peor
1
—2 ) 12} 1570 |—o .
% + S m-oawmm 3
o
(9] (;u1/sa1)
(sq1) @d10g  danssaig
103ENIDY
soTweudq papro1ufn
‘peCT 9 103BNIY Q 3ATBA uotriesuadwey  IITFTIdw
€71 Surjea8ajug
[4 ¢09 08¢
S __uo9 T
waa+m¢ 79+,S 14— 5o T s < 08¢ + S |a— _S_
v 001 8¢
1 LYy 3
GOT + S
193swoyiey, *H°y UCISIOLig
| 2°0
o
Ay

NSL 64-360

3-50

o9s T
YSuT/sijca 2°0 Ay
andul L3130 2A

yorr/sifics L6170
anduy vorlrseg

& oy




NORTHROP SPACE LABORATORIES

=100

+ (U 'Vx,) r zj'pm

20 b

-Ux; 1
4@3_’5_1.11\ Uv; TEST cirrurr
' * +100Y :
'&-6 ‘*,Aa:n
olw olw [[ [:

FIGURE 3415 YERTICAL CARRIAGE CONTROL SYSTEM
(.01 x REAL TIME SCALE)

3-51 NSL 64-360

+—

wom



P

e Ay e et e

NCRTHROP GPACE LABORATORIES

The complete analytical durivation of this system transfer function

is presented in Append’x B of this report.

An examinatis . of this transfer function, in terms of response to
sinusoidal ir . voltage commands, shows that below 18 rad/sec the servc
behaves -~ 4 »ositional servo; above 18 rad/sec and up to the cecond order
lag . 160 rac/sec, the behavior close.y approximates an ideal velocity
servo, The necessary input command voltage, generated by the D,D.S.
computer amplifiers, therefcre, must be of the form:

Velocity Command
volts in Voltage Ccommand
-

to servo

Position Command
volts in

o

wh

An input of this form provides input compensation which may Le ewpressed

as

Voltage supplied to servo = (8 + 18)
¢ s )

Computer Veloncity Command (vclts)

The overall servo velucitv resgponse including the above specified

form of the input, therefore becomes

v s (5.%100) (s +250) in/sec
o = ¢ 160 ) ¢ 250 ) volt
Yy, (s® + 645 - 160°) (S° + 420S_+ 440°) (8 S5 10) (8.t 78)
€ ge0? YO s0? ) CosE ) 78 )

and a constant closed loo» gain with respect to output velx i is main-

tained from zero frequency »; to the second ovder lag at i rad/sec,

The specified form of rhe input voltage may be !rivi: reted
as a requirement for both velocity and position comn « .7

voltages where the position command voltage level, expvessed
in volts

Inch ’ is 18 times the velocity command voltage level
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volts
inch/sec’
voltage level adjustment has been provided by the choice of the input

expressed in In the mechanization shown on Tigure 3-13, this

resistors at the servo summing junction such that the voltage level

of both the command veloc.ty and posirion signals required from the

. . volts volt
D.D,S. computer are approximately 0.2 Tn/sec and 0.2 inch

The time response of the servo to a step input voltage commaud,
vith both velocity and position voltage corponents as specified above,
is shown in Figure 3-16., This response trace was obtained rrom the

analog computer simulation of the final Z-axis servo mechanization.,

Performance Characteristics

A frequency plot of the amplitude and phase response of the
cverall Z ~axis servo is given in Figure 3.17, The close agreement as
shown by Pf'igure 3-17, between the analvtically derived phase and ampli-
tude frequency characteristics and the frequency response characteristics
measured from the analog computer simulation, serves as a check on th.
validity of both the simulation setup and the mathematical computations

of the servo analysis,

The system dynamic response shown by Figure 3-17, is considered to
represent the best compromise between stability and dynamic response.
An adjustment of loop gains could provide a decrease in the magnitude
of the resonant peak at a sacrifice in dynamic response. The principal
damping of the actuator-load resonance is provided by the action of the
pressure feedback control loop. The significant effect of this loop
closure may be seen by reference to the root locus plot of Figure R-10

in Appendix B.

Listed below is a summary of the Z-axis servo performance. The
analytical derivation of all performance characteristics is presented in

Appendix B,
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FIGL'RE 3.16 TIME-RESPONSE OF Z-AXIS SERVO TO STEP INPUT COMMAND
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L= 0.2 (ratio of actual damping to critical demping of the

dominant system resonance)

w = 25.5 cpe (undamped natural frequency of the dominant

_rescnance of the -~ysten)

Ts = 0,125 sec. (settling tims required for the error response to
a unit step {unction to arrive at and stay within

two percent of the final value)

(ess) step = %E%%E% (Steady state velocity error due to a unit
velocity input)
(ess) ramp = 0,0225 lElEEE (Steady state velocity error due to a
in/sec

unit acceleration input)

Phase lag = 4C degrees at 20 cps.

Gain margin = 5

The above steady state error coetfficients show that the system
responds to steady velocity inputs with a zero output velccity error.
This characteristic results from the inftegrating operational awnplifier

which is wmechanized in the forward loop of thc servo.

Information furnisned by MSC/SID gives expected critical-case servo
drive dynamic requirements based on rigid-body motions which occur
due to docking dynamics in lunar orbii.. The approximate character of
theze dynamics refcrenced to relctive moticns between the probe aund
drogue, in the probe/drogue axis system is sketched below for the

Z- axis motions.

5G0 T
- 400
g-axis g-axis
390
Acceleraiion Velocity
) 2 200
(in/sac”) (in/sec)
100
Llnn\‘__;‘ by
.04 ,06 .08
Time Tine
(Sec) . (Sec)

Note: Areas A and B must be equal because probe penetration

must equal zero when acceleration returns to zero.
3-56 NSL 64-360
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The accuracy with which the Z ~axis servo can reproduce t: o critical~
case dynamics defined above, represents an ultimate bacsis for appraising
the performance achieved. The outpr't response cof the Z-axis serva, to
the specific input command sketched above, has been measured using the

€,
Z-axis serve analog computer simulation described previcusly. A plot

n ;@
(2]

of the time response recorded from this test is presented in Figure 3-18

The total collision force between the probe and drogue structures
are related to the values of spring compliance and damping which
have been designec into the probe assemb.y. This total force may te

expressed by the following relationship.

F =W + KX
T o o)

where
FT = total force on collision
5 = prcbe damping coefficient (not a constant)
VO = relative velocit; betweeun probe and drogue
K = probe spring rate (not a2 constant)
xo = relative position between drogue and probe, i.e., penetration

Referring to Figure 2-i3, it mav be seen that int2gration of the ervror
between the commanded and actual velccities (difference of the areas
under the velocity curves) defines the time history of the error on

position. The combined errors then, cn rosition and velocity, according

to the avove expression, define the overall accﬁracy aclhiieved in the
reproduction of the actual collision over the time interval of contact
between the probe and drogue. These errors in the renroduction of the
true (ideal) motions of Vo and XO when combined with the probe hard-
ware design values of g and K would yield a solution for the accuracy
in the reproduction of the true (ideal) time history of the total

collision force.
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Servo Noise Sensitivity

The noise sensitivity to unwanted signals in the control system are
tabulated ir Table B-1 of Appendix B, This table indicates that the
control system will be sensitive to 60 cps noise but will be insensitive
to nolse muich above 60 cps. The sensitivity to 60 cps signals justifies
the requirement that all D,C, power, which is applied to :the control
system, will be obtained from 400 cps power supplies. Any 800 cps ripple
on the D.C. would be attenuated to a point where it wou'd not affect the

control system.

Table B-1 of the appendix also indicates that noise frequencies below
60 cps will also affect the servo. This noise will be reduced to a
minimum by employing transducer cables which are twisted shielded pairs
feeding into both active inputs of an ovberational amplifier at the servo
summing junction such that all common mode pickup will be rejected,
Since, in a different amplifier, both inputs and the output are isolated
from one another, this arrangement will also avoid ground reference pro-
blems between the servo system components located on the simulato. czrv-
iages within the vacuum chamber, and the servo electrcnic components
located in the control console. It is expeciled that signal wires
connecting the servo components within the chamber and the componeits
within the ccnsole will require approximataly 75 feet of electrical

cable,

Servo Stiffness

The sensitivity of theZ -axis servo position (or velocity) to forces
applied to the cutput has been analyzed in Appendix B, High servo stiff-
ness is essential not only with regard to the ability of the servo to
duplicace velocity commands received from the D.D.S. computer but also
in regard to the ability of the servo to resist load disturbances caused

by forces generated in the other serve-drive axes.
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Flow control valves will be used in all servo-drive axes because the
extrvemely high pressure gain of tuis type of control valve prcvides a
high level of inherent stiffness in the servo. The dynamic belr -ior of
both the position and velocity feedback loops also contribute to the
stiffness of the overall system. Because of the dynamic behavior of
the feedback, the overall system exhibits a complex stiffness charac-
teristic, i.e. the stiffness is frequency dependent. Figure 3-19 is a
frequency plot showing the overall system compliance, expressed in
inches/1b. to sinusoidal loads applied to the servo output. This plot

is expressed by equation #25 of the appendix.

Discussion of Serve Mechanization

The accuracy of the servo system in reproducing precise output
motior commands is essentially dependent only upon the accuracy of
the position a&nd velocity feedback signals. Sufficient open loop gain
has been provided to make the servo behavicr independent of small non-
linearities in the forward loop. The ultimate accuracy of the feedback
signals are in turn determined by the velccity and position feedback

sensors (tachometer and potentiometer).

The type of velocity sensor selected is a precision A.C. computi..g
tachometer equipped with a thermal sensing bridge and integral heaters
which virtually eliminate errors introduced as a result of temmerature
variations, The heater is excited by a magnetic or equivalent amplifijer.
The tachometer excitation is 400 cps. The A.C. output signal is amplified
before demodulation. It is expected that sufficient filtering cf the
800 cps ripple will be provided by the forward loop integrating amplifier.
Drive linkages on the translational axes will be designed to provide

dynamically accurate conversion from linear to rotary mction.

The position signal is obtained from a 10-turn precision potentio-
meter. The type selected provides infinite resolution ideally suited
for a high resolution servo. Therefore, problems due to small dis-

continuities common to conventional wire wound potentiometers are
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e.iminated. Temperature control will be provided by integral heaters

and compensation.

The hydraulic valves are proportional, single-stage, electro-hydraulic
flow control valves. The type of valve selected was developed specifically
for use in high-flow, high performance hydraulic dynamic simulators.

T e valve spool is driven directly by an electromagnetic driver. A
motion feedback loop, closed around the valve spool, provides the high
dynamic performance required., The overall valve and driver will be
designed to provide a response, equivalent to the 600 rad/se: tine constant
used in the Z -axis servo analysis, The valve amplifier will supply
approximately 40 watts of control power. As illustrated on the
mechanization diagram, Figure 5-13, a current feedback loop closed around
the valve amplifier and driver, will eliminate changes in the valve

gain due to temperature induced resistance variations in the drive coil,
This current feedback loop also eliminates the electrical time constant
which would otherwise result from the valve coil impedence. Provisions

for integral heaters will also be provided for temperature control of

the valve. The valve design will handle flow rates of up to 40 G.P.M.

at 1500 psi pressure drop.

Since the design response range of the servo extends above 60 cps,
it is essential that all D.C. electrical power for servo operation be
derived from 400 cps A.C. power sources. This requirement as discussed

previously is necessary in order to avoid 60 cps noise.

Servo control loops, equivalent to the mechanization diagram showr
on Figure 3-13, will be closed around each hydraulic actuator in those
axes (Y, 3, ©) using dual actuators. This approach insures dynamic

synchronization between the tandem cylinders.
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Hydraulic Servo Actuators

All of the servo-urive axes, except roll, use hydraulic actuating
cylinders of tie-rod construction fabricated from 300 series stainless
steel. 1Instead of piston seals the piston is lapped to the cylinder
bore with sufficient clearance to provide a hydraulic bearing to
virtually eliminate breakaway friction. The cvlinder ends are con-
structed to provide similar hydraulic bearing supporting the rod and
also providing a labyrinth seal. A method of scavenging the hydraulic
bearing discharge arnd preventing excessive leakage into the vacuum

chamber will be provided.

The rotary servo actuator for the roll axis drive has been develcped
for high performance servo applications with large inertia loads. The
actuator is a servo adaptation of the hydraulic gear-motor principle
and will incorporate features to minimize starting friction. The

angular shaft travel will be + 180 degrees.

Servo System Electronics

The mechanization diagram of Figure 3-13 shows scveral DC amplifiers.
The amplifiers used for lead compensation will be of standard solid-state
operational differential design. The forward loop of Figure 3-13 shows
a summing integrator. The amplifier for this integration will be an
extremely low drift and low noise all-silicon solid-state plug-in

chopper stabilized device.

The hydraulic servo -ontroller, for the valve control, will consist
of a 50 watt DC transistorized power amplifier with built-in power

supplies.

Other Servo-Drive Axes

In councluding a statement of design requirements for the other
servo-drive axes, it is necessary to correct the design parameter
tabulation of Table 3-3 in order to bring the characteristic frequency

of the load-actuator resonance of the other servo-drive systems up to
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the 123 rad/sec frequency used in the mechanization of the Z -axis
system., This final tabulation is given in Table 3.4. Corresponding
adjustments are included with respect to the flow required in each axis
in order to satisfy the original output velocity requirements. Actuator
and valve sizes shown are ag:in based on the condition that a pressure
drop of not more than one-half of the system supply pressure, across
either the valve or the actuator, is necessary to produce the required

output motions specified.-

HYDRAULIC FLUID SELECTION

Statement of Problem

Selection is required for a hydraulic fluid to function in a high
perfcrmance hydraulic serv: system designed to operate the docking
simuilator mechanism, The simulator will be located within the NASA
Manned Spacecraft Center Space Chamber B, pumped down to a chamber
pressure as low as 10-5 to 10.6 torr. The hydraulic control equipment
i¢ primarily a closed ioop system, environmentally external to the vacuum
chamber, A significant aspect which will influence the selecti of
fluid is the direct exposure of some quantity of the fluid to the space
chamber, This is expected to nccur or actuator rod surfaces, exposing
a viscous fluid film layer, since tluid is constantly pumped into the
gystem within the vacuum chamber. To keep the simulator and Chamber B
clean, the effects of limited fluid exposure are to be minimized to an
acceptable condition by selecting a fluid with a vapor pressure lower
than 10-5 torr at the ambient chamber temperature. The very low vapor
pressure of the selected hydraulic oil is maintained through the removal
of unwanted éases and contaminants by imposing a vacuum on the low
pressure side of the hydraulic system including the hydraulic reservoir.
For this purpose, a separate vacuum system is included in the ancillary
equipment. To provide the maximum system safety with respect to toxicity,
firé and explosive hazard, fluid characteristics of low vapor pressure,

fire resistance and nontoxicity will be prime considerations.
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&
I h _ Operatiomal procedures will include- techniques for minimizing

,"pre§sdre unbalances between the hydraulic system low scessure side and

the ambient pressure external to the servo svstem,

, To ach1eve the desired veloc1tlas and frequency response in the
. i - Servo system, a high spring constant ‘is required for the system including
- the §1u1d and system lines and components. System performance requires
l' ' ,;"; operation at frequencies up to 60 cycles per sezond with large masses
involved. Accordingly, to achieve a rapid response, liquids witih high

‘ o 5
B bulk wodulus (low canpressibility) must be used. RSV bulk modulus

reculrement for hydraulic fluid, to be ased at 1500 to 3000 pSl and a

0, . 7: - fiominal smbient temperature : (79° IG?-}), has been determined to be
: {f; - 300 000 psi mlnlmum in order to provide an effective 5ystem bulk moduius
; fﬁ:’ i 2. ;n—_exce.,~ of 200, 600 psi. System modulus derating is hased on expected

latityge in operat*ng ”ondltxon‘ and rellectc ~wperience with working

e - 5 systems based on «nalysxs of a glven system to determine expected

Pt vaLues aﬂd exper;mental measurenent cof an actual system behavior,

e N %

PE o The uperatxonal requxrements (Appequx c) of the servomechanism
{3— . <t system dre 5uch .as to requxre a hydraulic fluld with a low vapor -
.o : pressure and low evaporatlon rate, .a high. dbulk modulus, v1ac051ty which
”;;*\;» . ’ésatlsfles 1ubr1c1ty and response character1st1cs, znd which is fire

- -knf\‘;ksigtanfiéﬁd non-toxic. ‘Further requirements are a low particulate
= A=; conﬁéminatibn levei in the fluid:and minimum aif, nitrogen, or water
vapor entrdlnmnnt to minimize viscosity and modulus changes in the

= fluid, o

_ ii - %" 7~ Fluic Selection N ‘ -
l[: S - -The tasis for the selection of the servchydraulic fluid depends on
Sy " the characteristics needed fp% functional requirements and compatibility

- AJ‘-’ iy ! . . y . ] s : .
" with the environmental-and operational conditions in chambér 3. A -

Yo

\
-

stable, rbdﬁ;tempg;ature;'fire-resistant servo fluid will operate in a

I slightly warm loop external to the vacuum and will provide an interface

o - - '

~ ~ ~ . -
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with the surroundings within the chamber. Examinatioi. of the propertiesr
of all chemical types of useful hydraulic fluids leads to the selection
of a phosphate ester as a most likely candidate because of the combina-
tiorn. of high bulik modulus (Appendix D) and high spontanecus ignition
temperature, and lcw vapor pressure. A discussion on the significance of
fire-resistant tests for phosphate esters appears in Appendix E.
Specific phosphate ester fluids with excellent cverall properties are
Pydraul 60- (Monsanto Chemical Co.) and Cellubes 90 ar.1 150 (Celanese
Chemical Co.). These fluids possess excellent lubricity, fire resistance,
and fluid stabilitv. A summaxry cf the properties of these fluids appears
in Table 3-5. 01 the basis of fire resistance, low vapcr pressure, and
viscosity-temperature relationships, Cellulube 90 appears to be superior

te the others and will be utilized subject to confirming tests.

Cleanliness of the simulator and space chamber will be favored by
the use of a functional fluid with a minimal evaperation‘rate under the
vacuum conditions. Ceilulube 30 is an excellernt fluid in this respect
Extrapolation of vapor pressure data gives an estimated vapor pressure
of 5 x 10”7 mn Hg. at 800F. Calculation, using the Langmuir equation
(u = evaporation rate, gram/cmzlsec = 5,833 x 10-2 Pmm(H/T) gives the

-9
low evaporation rate of 3.143 x 10 ° gram/cmzlsec. at 80°F.

The varor pressure of the fluid controls the mass transfer rate;
therefore, the contritution to chamber pressure is expected to be
negligible. The limited absorption, which may occur on chamber walls,
«specially at cryogenic panels, should be acceptable, and can be

further reduced by use of cooling shields,

The survey of chemical classes included phosphate, silicate and
dibasic acid esters, disiloxanes, silicones, fluorosilicones, polyphenyl
ethers and superrefined hydrocarbons. A discussion o#f the characteris-
tics of these chemical types appears in Appendix E. Fluids of particular
'_interest, but possessing some property limitations, are Oronite HTHF /0
(disiloxane), used in the B-70, Oronite HTHF 7277B (disiloxane), developed
for Dyna-Soar, and 05-124 (polyphenyl ether). These fluids are
compared with Pvdraul 60 and the Cellulubes in Appendix F,
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SERVO CONTROL CONSOLE

All control and monitoring functions during opexation of the simulator
will be performed from a single location within the Space Environment
Simulation Laboratory. The general céncept and arrangement of the control
console is illustrated in Figure 3-20. The control conscle will house
all equipment related te control, programming, monitoring and communications.
A separate equipmentArack adjacent to che control conscle will house all
stationary contrel system electronic components and all signal condition-

ing amplifiers which resolve the transmission line interface

MEASUREMENT SUBSYSTEM

Dynanic Force Measurement

The collision forces between the probe and drogue assembly will be
measured by six component internal strzin yage balances of the floating-

frame type. 3ee Figure 3-21. The floating-frame balance was selected

as the dynamic force measurement transducers for tre simulator. This

type of balance is a weli-proven device which has been in use for many
years in both static and dynamic force measurement. The most favorable
advantage is its exceptionally low deflections which vesult in the high

natural frequencies required of the docking simulator.

The primary frame consists of = imner rod, which fastens to the
roll serve actuator for the probe and the pitch gimbal structure for
the dvogue, and a cylindrical outer case, which is inserted inte and
attaches to the adaptor structure supporting either tne probe or drogue.
Forces and mements are resisted by individually removable elements,
employing flexure pivots, connected between the inner rod and outer

case of the balance.

The six force and moment sensing components of the balance consist
of twe normal force elements for determination of normal force and
pitching moment, two side force elements for determination of side

force and yawing moment, a dual axial force element, and a dual roll
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element, All of the force elements are designad so as to produce
natural frequencies.of the support system above the frequencies of

interest in the docking simulation.

‘The normal and side force elements are equipped with relaxation
members at either end and are arranged to act in roll as a set of
crossed ribbon flexures. Similar relaxation members provide compli-
ance in the axial force direction. The rolling moment elements are
provided with flexure pivots at either end which are designed to trans-
mit pure roll moment to the gage section. The dual axial force element
is located inside the dual roll element and transmits axial force from

the outer case to the inner rod.
The balances will be provided with thermal conditioning jackets

or sleeves to maintain operating temperature between 60° F and 180° F.

An alternating-current bridge excitation is employed. The strain
gage bridge output is first augmented in an a-c amplifier, demodulated,

and fed to the differential driving amplifier of the transmission line.

TRANSMISSION LINE

The accuracy and response of computer controlled systems are criti-
cally dependent on the method used to connect remote sensors with their
cunputer. The system employed in the docking simulator application
requires that the control svstem be connected to an analog computer by
24 transmission lines, 5000 feet long, which must transmit analog signals

in the frequency range of O to 600 cps.

Several methods are available to transmit this information. These
include: phase modulation, frequency modulation, and direct analog.
Modulation transmission is ideal ard can be leased from local telephone
service organizations, but is not necessary for transmission lines of
this length. The direct analog method provides an adequate and reliable
means to connect the servo to the computer, and because of its economic

and other advantages will be utilized.
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Problems of interest include: phase lag, attenuation, ground

problems, electrostatic pickup, electromagnetic pickup, and cross-talk.

In direct analog transmission, the phase lag due to the dis-
tributed shunt capacitance and series resistance is found to be in-
significant for a frequency range up through 500 cpsé. Also, for this
frequency range, the attenuation due to leakage, copper, and dielectric

losses is constant.

Interference due to electrosctatic, electromagnetic, cross-talk,
and ground problems require signal ccnditioning at both the receiver
and transmitter. Pickup and cross-coupling are reduced to a minimum
by transmitting high level (5 volts) signals and employing driving
amplifiers with a very low output impedance (17 or less). The low
output impedance of the driving amplifier will shunt any high impedance
interference to ground. To further reduce the effect of pickup and
coupling, the driving and receiving amplifiers are of the difference
type such that any common mode coupling will be rejected at the
receiver. To further reduce pickup, all transmission lines will be

twisted pairs.

In o different amplifier, both inputs and output are isolated from
one another, accordingly, ground problems will not exist between the

two ends of the transmission line.

All transmission lines for this system will be loaded at their
receiving end with the characteristic impedance of the line such that
current traveling along the line will not F: reflected at the load,
resulting in current traveling back towards the transmitter. Temperature

effects on this impedance are negligible.
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A typical transmission line from the ccmputer to the control
system will contain the equipment shown in Figure 3-22. The differential
driving and receiving amplifiers at the chamber end of the line are
off-the-shelf solid state devices having excellent reliability and high
stability characteristics., The driving amplifiers are wideband differ-
ential DC types featuring high input impedance over wide gain ranges.
The receiving amplifiers are standard operational units exhibiting low
noise, drift-free, service proven capabilities. The signals at the
simulator end of the iine are at the 5 volt level, All signals oa the
transmission line will be at this level. The receiving amplifiers at
the analog computer end of the line are located in the transmission
line termination rack and convert the 5 volt le2l signals from the
simulator up to the 100 volt level., These 100 volt receiving amplifiers
utilize standard vacuum tube circuitry. The driving amplifiers returning
computer commands to the simulator servo system transform the 100 volt

computer output to the 5 volt level accepted by the transmission line,

ANALOG COMPUTER

Computer Program

The analog computer must substitute for the vehicle dynamics and
command the motions of the simulator elements accordingly., Bacgically,

the computer accepts as inputs the three forces and three moments
developed by the simulator force balance for each vehicle for a total

of twelve inputs,

The dc voltage levels at which these variables come from the trans-
mission line converters are first adjusted to the levels required for
compuration, These signals as forcing functions, are used by the

computer to solve the equations of motion for some point on the drogue
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and some point on the probe, which will be called points of interest.
The motions of the two points of interest are then resolved into motions,

both angular and translacional, relative to simulator space,

The simulator servos are essentially velocity servosg requiring
correctional displacement signals to eliminate displacement errors due
to velocity errors encountered during acceleration; therefore, both
rate and displacement signals are generated, The computer returns 12

signals to the transmission equipment,

In addition to this work, the computer must provide for graphic
outputs indicating not only the commanded motion of the simulator
equipment, but also any auxiliary information which will be recuired.
Furthermore, all initial conditions of position and angular and trans-
lational rates are established in the computer. It appears desirable
to have automatic cut-offs built into the computer circuitry to stop
the computation (and the simulator) under certain conditions, as when

forces become too large. The wiring diagrams include such provisions,

The analog computer will supply the graphic results of each run,
No customer requirement has been set for these, but the lcgical minimal
requirement would include the recording of inputs and outputs, requiring
24 channels, If the motion of the center of gravity of each vehicie in
fixed space were also required, another 24 channels would be necessary.
In addition, there are the angular and translational rates of the c,g.'s
along rigid vehicle axes, requiring another twelve channels, Thus,
from 24 to 60 channels of recording will be needed, depending on the

ultimate requirements of the customer,

One problem that arises ic the starting transient. When computation
is started, the acceleration of the simulator probe and drogue will

cause forces and moments to appear on the balances. The simple solution
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to this problem was to provide for computation of th: torque and force
impulses required to produce the required motion and .djust the initial

conditions accordingly.

The concept of prcposed computer setup is to use analog elements
to solve the basic dynamic problems and produce the required outputs.
Digital computing elements will be used to calculate constant coefficient
settings and initial conditions. Llogic elements will be used primarily
for control purposes, although there are points in the computation
process and in coefficient and initial condition setting where they
may be utilized for sign changing. The general plan is to devise the
elements such that the inertial properties, c.g. locatious, and initial
conditions as required are each entered once by the operator and all
the coefficients are set accordingly by automatic process. Figure 3-23

shows the block diagram of the analog computer portion of the simulator.

Appropriate equipment for noise-free conversion of the dc analog
outputs to transmission line signals, and for conversion of ihe trans-
mission line signals from the simulator to noise-free dc¢ voltages for
the computer will be required, along with appropriate cabling and
junctions for 24 signals. Such equipment is envisioned as having dc
voltage levels comnensurate with the use of available solid-state
convert r, except for the voltage level adjusting. This vacuum tube
eqa - ent is located in the transmission line termination rack where

tlie . volt signals from the line are raised to 100 volt level.

Computer Equations

The problem discussed here carries the equ.tions of motion and the
study of vehicle dynamics to a new height of complexity. Previous

studies (Reference 7, 8, 9, 10) have not been so sophisticated.
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The mathematical development of the basic equations of motion
required for simulation is contained in Appendices G through L. Tte
effort was to reduce as much as possible the amount of computirg
equipment required for solving tle basic simulation problem. Information
in addition to that required for operation of the simulator will then

require additional equipment if "on-line" results are desired.

Fundamental to a clear understanding of the equations is the axis
.system used, The axis system used is discussed in Reference 11, 12 and
13, Simulator axis are oriented in the same general direction as the
vehicle axes so that ii the vehicles are not displaced in any angle, or
in any diraction excep* x, the three x axes wculd fall on a single line,
Simulator axes are illustrated in Figura 3-24 as well as the angular

translational displacements,

For each vehicle, there is an angular (Euler) rotation with respect
to an arbitravy reference space which cssists in understanding the
development, Rcferring to Figure 3-25, the vehicle is presuwcd to rotate
first through the angle g then through the angle @, then through the
angle . The relationships are the same in Figure 3-24 except that the
simulator x-axis remains parallel to the probe vehicle x-axis so that

Qp and ¢p are zero, and rolls such that ¢d is zero.

For convenience, the vehicle axes are presumed to pass through the
center of gravity. However, the axes of simulator irterest are such
that they are parallel to the vehicle axes, but with the x-axes passing
along the centerline ‘of the probe or drogue, as the case may be, The
latter are parallel to and the x-axis coincides with, the design axes,
The arrangement is illustrated generally in Figure 3-26. The terms x, y,
and z on the diagram appear as coefficients in the equations of motion,
but given center of gravity (that is, c.g,) data are in terms of

xcg, ycg, and zcg'
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+z vehicle
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+x ref

FIGURE 3-25 EULER ANGLE ROMENCLATURE
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Ac in all simulations (Reference 14 and 10), the basic problem
of the analog computer is to calculate the effects of force and moment
inpmts o each vehicle on the vehicle motion and to transfo-m vehicle
mo-ion into simulator motion., The fundamental solution is for rigid

bodies. This solution is then modified to incorporate osther effects,

In setting up the computer solution equations, the rigid body
case was developed first (Appendix G}. Thea fuel slosh (Appendix H)
and structural flexure (Appendix I) were treated as added effects to be
summed intc che rigid body solution with minimum modification of the

basic development,

The decision to reduce a twelve degree of freedom foir two bodies
to six relative degrees cof freedom to reduce complexity and cost of
simulation equipment also reduces the complexity of equipment required
for the basic solution for rigid bodies. Rather than reducing th:
motions of each vehicle tc an inertially fixed reference space, a non-
inertial reference corresponding to the actual simulator was chosen.
This space mathematically pitches ard yaws with the probe vehicle and
rolls with the drogue vehicle. Thus the simulator probe does not pitch
and yaw, and the simulator drogue does not roll., The origin of this
reference space remains in the y-z plane ccntaining :he probe point of
interest, so the simulator probe does not translate in the x direction,
The x-axis of the reference space passes through the drogiie vehicle
peint of interest, so that the simulator drogue does not translate in

y and 2z,

While the direct relationship with the simulator space developed
in Appendix G simplifies the computations associated with simulation,
and this increases the reliability and response of the computer in the
vital loop, it also contains the information required to develop the
motions of each vehicle with respect to an inertially fixed reference,
This is conceived as an auxiliary calculation which may be performed

through processes indicated in Appendix G,
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The forces and moments obtained from the simulator balances to
excite the vehicles may be modified by internal effects. One such is
fuel sloshing, Although the presumption is made that fuel slosh may
be represented by a point mass suspended in the tank by a spring and
damper (Appendix H), this is only a crude representaticn. In a space
vehicle, globules of fuel will be floating loose in the tank, and will
collect in one concentrated mass only during certain intervals of time,
However, the assumption allows a convenient analysis which is arranged
to modify the forces and moments to the rigid, non-sloshing vehicle by

simple addition,

Structural flexure introduces deflections of the points of interest
in y and z from the rigid axes and angular deflections about all axes,
In Appendix I the problem is treated by finding the deflection rate in
each mode and summing them to produce total deiiecticn rates, Due to
the fact that mode data are uncoupled, t‘ese rates are with respect

to the rigid axes,

The axes of intevest are deflecr- in this case, however, and
the rmotions must be trancformed to ti Jeflec::d axas, Ounly in this
manner will the drogue cone and the nrobe cip be nr rarly pcesitioned
in the simulator, Appendix T uses small-angle cheviv to -siwniify the
calculations. Again, inclusion of this effect is doune iu such a way
that the basic computation set-up will be wodified only minimally,

The prime effect is to add equipment.

Forces and moments will be presented to the computer in the form
of the basic strain gauge readings. There is a calibration for each
force (there are 12) and the calibration may be non-linear. The
readings are then brought to zero by opposing dc voltages and combined
to produce the final forces and moments, Preliminary resolution will
produce forces and moments at the point of interest so that force and

moment resolution will be independent of variations in c.g, location.
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Two itens of force and moment that are not generated by the simu-
lator are the forces and moments due to controls and gravity. Although
the vehicle attitude control tra sfer functions have not been made
available, it has been presumed tuat each axis will be commanced by an
oen-off system with the usual dead-band and a minimum on-time, These

devices are readily simulated by logic and analog hybrid circuits.

The forces and moments due to gravity are treated briefly in Appendix
J. The results to be obtained by their inclusion are of dubious value.
The only items of significance are due to gravity gradient effects which

affect the differential trarslation of the two vehicles and their rotations.

These small motions require determining the position and attitude
orientation of each vehicle in a rotating axis system with its x-z plane
coplanar with the nominal orbit, A large number of resolvers and multi-
pliers are needed, and the maximum voltage level at which the signals
appear in ths computer are avound 7 microvolts in translatiocnal acceler-
ation and 150 microvolts in rotational acceleration, The abbreviated
discussion in Appendix J is included as a basis of mechanization, but

it would appear tc e of insufficient and questionable value to carry

the burden of the extra mechanization,

Appendix K contains a discussion of the computer simulation of the
probe-drogue interaction, The development is complete for three-di-
mensional simulation, but the complexity is sufficient to make simpli~
fication desirable, Such a mechanization is desirable for che.king cut
the computer set-up, and the equations are developed in detail for this
purpose., Much of che complexity is lost by coansidering the coplanar
motions in either the x~y or x-z planes, The development in the appendix
is for the x-y plane. Simplifications result from the coplanar approach
partly through the fact that simple logic circuits can replace compliex

arrays of multipliers and amplifieis.

The analog computer program with wiring diagrams is presented in

Appendix L,
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Typical Program Resul ts

Figure 3-27 shows the results of a sample run made on Northrop's
AD256 computer (See Figure 3-28). The run was started with the probe
tip 2 feet in the x divection from the cone apex (channel 1) and one
foot above it (channel 2), Neither vehicle was rotating (channel 6),
and there was no initial angle. Closing velocity (all in x direction)
was 1 ft/second (channel 4), The start of the run is indicated when

the curve of x distance in channel 1 suddenly slopes toward zero,

Not quite .9 seconds later, the sudden change in velocity in the x

direction (channel 4) and z direction (channel 5) and the sharp rise
in the 2z (channel 7) and x (channel 8) forces on the drogue vehicle
signal the start of contact, The roughness in channels 7 and 8 is due
to some amplifier noise, At the same time, a sharp rise in pitch rate
to .036 rad/sec czcurs (channel 6). This just about cccounts for the

.075 ft/sec change in verticai velocity (channel 5),

The recordings are made of simulator motions, so that the motions

are actually combinations of the motions of two vehicles,

The variation in vertical velocity and pitch rate between "bumps'
are due to vehicle rotations about the x and z axes due to c,g., mis-
alignment and to product of inertia effects, The maximum pitch angle
experienced in this run was .054 radians (channel 3). In none of the

runs made was small angle theory exceeded.

It is interesting that the probe bumped the same side of the
drogue three times and never rattled from side to side, The final
bump was interrupted by the automatic run termination, At that point,

the probe tip was retracted about 3,5 inches,

A slight drift is apparent in the vertical velocity and pitch

rate channels (5 and 6). The elements from which the forces and moments

are derived come through multipliers which tend to have some zero offset.
Also, mipce imbalances in amplifiers may be critical, The problem
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of T-ansients Resulting from Simulzted Doching Impact,
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Plug Board ard Control Panels of AD-256 Computer, Board is wired for

Simulation of Docking Impact to Confirm Continuity of the equations of
Motion for Transient Response,

FIGURE 3-.28 NORTHROP AD-256 ANALOG COMPUTER
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would not exist on the simulator as the terms would not come through
nultipliers and the sources would be very carefully zevoed: Thiz

problem might arise in checkout, however,

3-89 NSL 64-360
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3.4 Chamber Interfaces

This section discusses those factors relating to the interfacing
- . of the simulator with the space simulation chamber. Discussioas on
vibra%ion isciation, chamber penetraticn, installation and removal and

P ’l, safety are provided,

T " VIBRATION ISOLATION

- - j In accelerating thé large masses within the simulator, high

- ¢ - . reactive forces from the hydraulic actuators are imposed on the sim-
- ulator structure. These forces are then transmitted to the structure
- - ‘oniwhich the simulator is mounted. It is imperative that these forces
i E ; - " are not transmitted tc the chamber structure, particularly at the natural
frequenéies‘of this structare, or catastrophic damage to the chamber

}} " “could occur,

. To prevent these large forces from reaching the chamber structure,
= i'( - a vibration isolator system will.be utilized. The desigr of this system
- - is largely governed by the structural impedance characteristics of the

: . } _chamber whicli have neot been evaluated in detail by MSC at tnis time.

However, conclusions pertaining to the required system have beer made

. based on the_Simulatof'forceq which are applied.

The forces Yesulting from translational motions within the
EA simulator géve;h;the design of the isolator system since the rotational

_reactions will be sigrificantly lower. These translational forces are

(" ' plotted as a function of frequency in Figure 3-29. As seen from these
l - - curves, the magnitude of the forces decreases rapidly with decreasing
, { freq 1c§. Therefore, it appears advantageous to choose an isclator
H \;' "+~  frequ ncy as low.as possible in crder to secure maximum attenuation of
' vj‘ - “he larger forces which occur at higher frequencies.
< }_ ; . . R - . . -
: €« =
. i" ) -
T Vi "
: { : . , - 3-90 - o - NSL 64-~360
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F1GLRE 3-29’TRANSL§TIONAL FORCES PRODUCED IN SIMULATOR
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The attenuation obtained with various isclation frequencies is
shown in Figure 3-30. These curves have been plotted assuming a damping
ratio of 0.17. (Adequate dampers will be included in the isolation
system design)., Extremely low isolation frequencies will attenuate
the apolied forces to a negligible level; however, the develcpment of
such a low frequency system weould pese desigo problems well beyond
the state of the art in conventional isclator design. For exarple,

a convertional spring iscluator would require over eighty feet of static
deflection to achieve a 0.1 cps system. Alternatively, the one or
two-cps systems are relatively simple design problems. The final choi:e
of the isolation system must be based on the structural impedance
characteristics of the chamber. When these characteristics are fully

known, trade-offs will be made to achieve an c¢ptimum design.

In addition ¢o the forces transmitiled to the chambesr structure,
the amplitude of the motion of the simulator and seismic mass mounted
on the isolators is a major consideration in the design of the isolation
system. 1t is desirable to keep the amplitude as low as pc:sible for

the following reasons:

1) To reduce flexibility requirements for hydraulic lines and

electrical cables going to the simulator, and

2) To reduce the accelerations of the simulator structure which
otherwise could require extensive correction feor extraneous

force balance outputs,

For anv given isolator natural frequency the amplitude of motion
is inversely proportional to the weight of the isolated masé. Therefore,
to achieve these lower amplitudes, the simulator will be mounted on a
large seismic mass which in turn will be mounted through the isolation
system to the lunar plane. This seismic mass, while being as large
as possible (on the order of 50,000 pounds), still maintains the total
load on the lunar plane within its design limits, It consists of a
carbon steel block of sufficient area to support the simulétor and has

a thickness (about 8 inches) which results in the desired mass.

: o  NSL 64360
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FIGURE 3-30 FORCE TRANSMITTED TO LUfAR Pi.ANE THROUGH ISOLATION SYSTEM
( z-Axls Forces Assuming infiuice Impedance for Lunar Plane )
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; The use of the secismic mass, in addition to reducing amplitudes
of simulator motion, vields another major advantage in isolating the
simulator from the lunar plane. Due to the weight ratio of the mass
and the simulator structure, the center of gravity of the similator-
seismic mass combination is moved downward to a noint near the olane
of the isolators. This results 111 a very stable isolation system
which would be difficult to achieve if the simulator alone was isolated

! without the seismic block. Cross-coupling between the translational
motion and rotary mcdes of oscilla“ion on the isolators will be

virtually eliminated.

Attachment fittings on the seismic mass will allow for thermal
expansion differences between the carbon steel block and the stainless

steel mounting structure.

CHAMBER PENETRATION

All chamber penetrating lines, both electrical and hydraulic will

i pass through a single stainless steel flange which seals the chamber
port., The supply. return, and drair hvdraulic lines will connect to

’ steel couplings welded into the removable flange. This allows for ease
in installing and in disconnecting lines both inside and outside the

{ chamber. This permits rapid removal of the flange for reinstalling the
sclid port seal for other testing. All hydraulic lines inside the cham-

[ her will be stainluss type, with flexible couplings minimized. Electri-

< cal lines will penetrate through multiple pin plugs sealed into the feed-

through flange. This design is illustrated on the installation drawing

{ and by Figure 3-31. The tctal leakage into the chamber for all penetra-

tions (3 electrical and 3 hydraulic) should be leéé‘than 10"6 torr liters

per second and will be verified by test with a helium leak detector. The

electrical cabling inside the chamber will utilize insulating materials

which do not contribute any large cutgassing loads, either because of

ccmposition or due to multilayers which constitute large virtual leaks.

ot o : NSL 64=360"
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Flange bolts to outside of
chamber nort V5104

3 Cannon Hermetically Sealed
Electrical Connector
1%" thick 2" Square

12 holes 7/8" dia,
faced equally spaced
a.ound flange

[D Q 19" dia

/0

%" dia pipe welded to flange
All pipe‘}nds flared (both ends) Pipes and conunectors
for "B" nut AN connector within a 12 dia.

FIGURE 3-31 CHAMBER PORT PENETRATI N FLANGE
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INSTALLATION AND REMOVAL

The simulator structure is designed to require a minimum amount
of time for installation and removal. The seismic mass is provided
with 1ift points and is installed as a unit with the vibration isoclators.
The isolators are bol.ed te the radial beams of the lunar plane support.
The simulator mechanism is ther lowered into the chamber as a ccmplete
assembly and attached to the seismic mass. Initial installation of the
isolators to the lunar plane beams will require drilling and tapping;
these operations will be conducted under strict precautions to minimize

contamination of the chamber,

All peretrations of the chamber are made through Port VS-104, The
hydraulic lines and electrical cabling are routed through the umbilical
tunnel in the pedestal and through an opening in the seismic mass to
the simulator mechanisms. A hydraulic manifold block with manual valves
is used at the simulator so that only three corrections are required:

1) supply pressure, 2) system return, and 3) scavenging return. The
electrical leads are three continuous cables from the simulator to the

connectors in the port flange.
SAFETY

General

As with any potentially dangerous device, either to personnel or
facilities, safety must be designed into the system. Mechanical and
electronic systems must be designed with sufficient safety factors

to provide high reliability,

Due to the high structural rigidity required for the simulator,
it is obvious that the resulting stress levels are exceeding low,
g.ving large factors of safety for the simulator structure. The

complece hydraulic systen will be pressure tested to two times the

operating pressure as a proof test,

Lock-out pins are provided on all actuation mechanisms so that

mechanisms may be fixed while the simulator is being installed or removed

3-96 NSL 64-360
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from the chamber. These lock-out devices will resist the full driving
force of the actuators nermitting these devices to be used as safeties

against accidental pressurization of the system.

Tc prevent loss of control which might be experienced due to
electrical power failure, a system of parallel nickle-cadmium battery
supplies is utilized. lhese batteries are automatically charded when

the system is functioning properly.

The control console was designed using proven human factors
engineering methods to obtain safe and efficient manual or automatic

control.
Cleanliness

All items placed in the chamber will be cleaned and degreased
prior to installation. The interior nydraulic system will be
previously leak-checked to assure no accumulation of oil will occur in
the chamber. Where hydraulic piston rods are exposed for proper
operation, those rods are kept cool by radiaticn shiz2lding pnsitionad
to reduce migration of vapors. Prior to removal, all chamber hydraulic
lines will be purged of oi! by suction. Removable gravity head pans
will be utilized to collect inadvertantly discharged oil. The system
is designed to close off pressure and oil flow in a fail-safe manner
to prevent contamination of the chamber. Points used on surfaces to
achieve thermal control and which are exposed to the chamber va.uum
should be cured epoxies. All operations which create dust or other
litter within the space chamber will be avoided. These factors are

discussed in more detail in Appendix C.

Explosion

The oil selected for use in the simulator hydraulic system has a

very low vaﬁor pressure and reduces oil migration by evaporation,

The very low vapor pressure of the selected hydraulic oil is main-

tained through the removal of unwanted gases aud contaminants by imposing

NSL 64=360
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a vacuum on the low pressure side of the hydraulic system. For this
purpose, a separate vacuum system is included in the ancillary equip-

ment

Operational procedures will include techniques for minimizing
pressure unbalances between the hydraulic system low pressure side and
the ambient pressure external to the servo system. By this accomplish-
ment, no hazard cf explosion due to oil vapor will exist, ever in an
oxygen-rich atmosphere. The vapor pressure of this oil is too low to
establish an explosive mixture under any conditions. Should any oil
vapors mix with the diffusion pump oil, no hazard will exist because of
the very small quantities which can be encountered and because the
selective refration occuring in the pump will purge the higher vapor
pressure constituants on through the system. Should any oil originally
emanating from the hydraulic system eventually collect in the mechanical
vacuum pumps, there would still be no explosion hazard because of its
low vapor pressure. Further, it should cause no impairment in pump per-
formance. These factors are -discussed in more detail in Appendix C, E,
and F.

Fail-Safe Loop Closure

The electronic circuits and their components of the servo control
system are designed for a maximum of reliability. However, in the
unlikely event of a component failure during a test, a stable loop
closure is still retained. If the loop failure results in a loss or
diminished control of the mechanism which produces excess forces on
the probe or drogue assemblies, the axial servo is immediately withdrawn
to eliminate contact. Excessive forces are sensed by an automatic
monjitoring of the force balance outputs by "go, no-go" provision voltage
comparators. The comparator is fail-safe: component failure, or loss
2t power will always result in a no-go condition. The voltage comparator
activates the final safe manifold which supplies hydraulic pressure to

the servo valve. The lack of an electricui command signal initiates

NSL 64=360
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operation of the manifold driving the actuator to its fully retarded
position. The operation of the manifoid is completely independent of
command to the servo valve or servo valve failure. 1In fail-safe opera-
tion, the manifold isolates the servo wvalve output and assumes direct

command of the actuator.

NSL 64-360
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3.5 Specifications, Ancillary Equipment and Requirements

The

fellowing prelininaxy specifications for the ancillary elements

and requirements of the Docking Simulator System have been developed,

as complete as possible a: the present stage of hardware design. As

the desigr. of the elements of the system are completed these prelimi-

nary specifications shall be modified into final specifications.

Spen 100
Spen 200

Spen 300

Spcn 600
Spen 730
Spcn 80C

Spen 900

Basic Mounting Structure

Seismic Mass

Chamber Penetration Seal
Actuatoer 0il Conditioning Unit
Vacuum System

Control Console

Transmission Line

Transmission Line Terminal Racks

Electrical Requirements

Spcn 1000 Spares

Spcn 1200 Chipping

Spen 1300 Operations and Maintenance Manual

3-100
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PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMULATOR SYSTEM

SPEC.
NO,

DESCRIPTIGN AND REQUIREMENTS

' 100

BASIC MOUNTING STRUCTURE

This preliminary specification describes the Basic Mounting
Structure which holds the Docking Similator System and instru-

mentation devices during test runs.

The components specified

below comprise the complete structure.

SPECIFICATIONS

Structural Framework

Material
Size
Construction
Conformation

Probe and Drogue Adapters

Material

Construction

Probe adapter,
cenformation
mating

Drogue =dapter,

conformation
mating

Force Measurement Balances

Type

Sensing components

Performance accuracy

Stainless steel tubing
6" 0.D, x 1/2 wall
Welded

Per Figure

Stainless steel, 300-series
Welded

Per figure 3-8
To Apollo Command Module seal
ring (GFE) and to force palance.

Per Figure 3-9
To LEM tuvunel (GFE) and force
valance.

6-c..aponent internal strain gage
balance, floating frame.
2-normal force and pitching momeng.
2~gide force and yawing moment.
Dual axial force and volling
moment.

All points from any serizs of
loadings of a single element pro-
duce data within £0.25 (one-
quarter) percent of maximum load
or +0.5 (one-half) percent of
applied load when compared with
the bestc straight line fit. This
accuracy 18 inclusive of all scatq
ter, hysteresis, and non-linearit)

for both plus and minus loads..

3-101
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NORTHRO%" SBACE LABORATORIES
FRELININAY SPECIFICATION

- APCLLO DOCKING SIMULATOR SYSTEM

-t

A m— e )
v

A DESCRIPTION AND KEQUIREMENTS
1U0

R ) - . remaining iirst order interactionj

Interactions ‘ Percentage ianteractions on -2ny
. ' gage member caused by the appli-
- cation of full design load on any|.
other gage member will fall with-
T . in the following-values:- Seventy

) percent of the possible rirst

ordar interactions will be less
" than or equal to one-half (0.5) -

- : : - percent. - Twenty percent of the

: § will be less than or equal to omef *

) (1.0) percent. The remaining ten

. percenr of tke possible first

.order interactions will be 1less -

. than or equal to three (3.0) per-|.

: * cent.. All interactions in excess

' of one (1.0) percent will be
lipear within plus or minus ten
(10.0) percent of the interaction
- output.

-The percentage values of the first
R order interactions may change
slightly if specifications requirg
a small diameter balance or a very
light or very heavy ioad range. .

f

Thermal effects" Transient temperature .errors in
- U - any gage element do not ‘exceed

" 1 (one) percent of full load out-
3 put when the sting temperature is
- constant or changing and the outey
case temperature is changing at a
rate of 5 degrees F per minute be-
N tween 60° and 180°F,

‘At stabilized temperatures, the
.error in any gage element does -
not exceed 0.5 (one-half) percent
of full load output between 60°F
and 180°F.

Sensitivity - Full load output of any gage mem~
_ ber is approximately 1 (one)
) millivolt per volt imput.

3=-102 NSL 64-360
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FRELIMINARY SFECIFICATION

_APOLLC DOCKING SIMULATOR SYSTEM

SHEC.. DESCRIPTION AND REQUIREMENTS
100 Gage charactesistics: Bridge resistance is 120 ohms for

Hydraulic’ Servo Valves

Valve type

Material

Natural frequency
Flow rate '
Operating pressure
‘Coil power

FEEDBACKX SENSING DEVICES

normal and side force elements.

The basic bridge resistance of
the folling moment and chord

force elements is 120 chms. How-

ever, Lnese components each oper-

ate with fwo full bridges wired

in oaralle’ Thus the resistauce
is 60 ohms.

) Operatingtéoltage of each element

is 6 volts, Lowexr voltage is
recommended for balances 0.75
inches diameter or less. '

1 stage voice coil/permanent

magnet

Stainless steel, 300-series

Above 600 ips

40 gallons per minute at 1500 psi
3000 psi

40 watts peak

POSITION POTENTIOMETERS

Function

Resistance

Resistance per turn

Temperature coefficient
of resistance wire

Resolution )

Linearity independent

Turns

Noise

Power rating

Torque starting

Torque running

Stop strength

Service life

Operating speed

Linear
1.5K ohms
15Q ohms’

20 ppm per °C
Infinite

0.005%

10 turns

50 ohms max ENR per MIL-R-12934B
1 watt

1 oz inch max

0.6 oz inch max

100 oz inch

5 x 103 revolutions
500 rpm max

3-103 NSL 64-360
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PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMULATOR SYSTEM

SPEC.
NO.

DESCRIPTION AND REQUIREMENTS

Hydraulic Flexible Lines

Material
Ccpstructien

Fittings

Maximum working
pressure
Maximum test pressure

Electrical Wiring

Lengths

Specification
Type (fz2edback signals)

Shock Absorbers

Material
Bore
Stroke
Mating

Stainless steel, series 300
Helical corrugated core rein-
forced with wire braid.

MS standard attached by irert gas
shielded-arc welding.

3,500 psi
7,000 psi

Minimum consistent with good de-
sign practice.

MIL-W-15878C

Twisted, shiclided pairs

Stainless st--21

4 inches

4 inches

To Docking Simulator Systen

3-104 . NSL 64-360
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PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMULATOR SYSTEM

SPEC. DESCRIPTION AMD REQUIREMENTS

200 | SEISMIC MASS

This preliminary specification described a seismic mass to be
used to hold a basic mounting structure for the Docking Simu-
lator System during test.

SPECIFICATIONS
Dimensions, Thickness 8 inches
Width 15 feet .
Length 10 feet
Material ’ - Low carbon steel (single piece)
N .
Finish ° Completely sandblasted, painted

with Catalac epoxy paint

Attachments Moving rings, shock absorber
attach fit¢ings, and support
skids as required per print
(Figures 3-7).

3-105 NST. 64-360
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PRELIMINARY SPECIFICATION

APOLLC DCCKING SIMULATOR SYSTEM

SPEC. DESCRIPTION AND REQUIREMENTS
| 300 | CHAMBER PENETRATION SEAL

This preliminary specification describes a seal to be installed
at the Chamber B wall ro carry hydraulic oil and instrumentation
to the Docking Simulator System.

SPECIFICATIONS
Flange Installation
“Maximum leakage 1 x 107® torr liters/second
Seal materials Elastomer
Electrical Lines
Number 3 -
Receptacles Hermetically sealed with O-ring
’ mount
Fydraulic Lines .
Number 3 (System pressure, system return
and scavenger return)
Material Stainless steel

Reference: Figure 3-31, Chamber Port Penetration Flange

5-106 NSL 64-360
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PRELIMINARY SPECIFICATIGN

APOLLO DOCKING SIMULATOR SYSTEM

R OESCRIPTION AND REQUIREMENTS
400 | ACTUATOR OIL CONDITIONING UNIT

This preliminary specification describes an actuator oil condi-
tioning unit used to condition and circulate hydraulic oil
through the Docking Simulator System installed in the test cham-
ber during test or quiescent ‘runs., The unit shall be located

adjacent to the test chamber.

SPECIFICATIONS
0il pressuie 3000 psiG
0il temperature regulation 50 + 10°F
Heater 30 KW
Heat e:xchanger 100 HP

Rate of flow
Input to system
Svstem return
Controls

Operating power

Electrical motor
Full flow filters
Outlet
Low pressure
Supercharging pump

80 gallons/minute

2-inch socket weld flange
3-inch threaded pipe

Locair and remote from control
console

440 volts, 60 cps, 3-phase at
500 amperes

150 horsepower

Nominal - 5 microns
Nominal - 20 microns
70 PSIG, 80 gallons/minute

W

3-107 NSL 64=-360
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NORTHROP SPACE LABORATORIES
PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMULATOR SYSTEM

SPEC.
NO.

DESCRIPTION AND REQUIREMENTS

500

VACUUM_SYSTEM

The vacuum system supplies balance pressure, within selected
portions of the hydraulic syscem, equivalent to that simulated
within the Chamber B test space to operate the hydraulic oil
scavenge return from the servo valves.

SPECIFICATIONS
Vacuum capability 1 micron
Operating cycle 10 minutes to reach 1 micron,
and maigtain for test run
Main valve leak rate 1 x 10 © torr liter/seconds
maximum
Controls and imstrumentation 1) Remote and local control

2) Remote and local monitors
3) Fail-safe and shutdown
4) Interlocking on~-off control
with Actuavor 0il Conditiom
ing Unit
Operating power 115 volts, 60 cps
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PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMULATO% SYSTEM

SPEC, T
NO.

DESCRIPT'ON AND REQUIREMENTS

600

CONTROL CONSOLE

This preliminary specification describes the control console
used to program, control and monitor Docking Simulator System

test and status.

SPECIFICATION

Hyd.aulic Servo Controller

Hydraulic Servo Controller is a servo power amplifier assembly
having all functions necescary to close and equalize a high per-
formance electro-hydraulic control loop.

Output
Power
Voltage
Current
Input
Response
Drift
Noise
Inputs

Controls

Feedback Sensing Devices

Velocity (Rate) Sensor

Excitation

Qutput

Linearity

Rotor Moment of Inertia
Ambient Temperature

Pressure Transducer

Excitation

Input Resistance
Qutput
Sensitivity

Resolution

100W max

+20 volts

+6 amperes

115v, 400 cps, 400 watts
-3db, 5Kc¢ at gain of 10
2mv/°C at gain of 10

0.1lv rms at gain of 10

Input command, rfeedback signals,
and function generator

Off/On switch, amplifier null
balance, meter range

115 volts, 400 cps, 0.160 ampere
2 volts at 1000 rpm

0.02% 0 to 36 rpm

31 gm/cm2

-25° to +75°C

10v dc or ac rms, 0-20ke

330 ohms minimum

350 £ 3.5 ohms

+40 millivolts at +20 ~10% open
circuit

Infinite

3-109
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PRELIMINARY SPECIFIC/ 110N

APOLLO DOCKING SIMULATOR SYSTEM

SPEC,

NO.

DESCRIPTION AND REQUIREMENTS

600

Full Range Qutput

Operable Temperature Range

Combined Nonlinearity and
Hypteresis

Signal Conditioning Circuits

The Signal Conditioning Circuits apply input signals from the
transmission line to the servo control system and conditions
signals between the strain gauge amplifiers and the transmise~

sion line.

Control Console Conditioning Amplifiers

80 millivolts (nomiral)
-65°T to +275°F

0.5% maximum at full range
independently determined for
positive and negative pressure.

Type

Number Required
Input Range
Output Range
Drift Rate

Noise Level

Output Impedance
Common Mode Reje tion
Power Requirements

Control Console Input Conditioning Amplifiers

Wideband differential dc (solid
state)

12 (one per channel)

*5 volts from computer

+5 volts to Transmission Line
Less than +1 microvolt referred
to the input and 0,005 percent
of full scale, over 40 hours of
operation

Less than 2 microvolts rms re-
ferred to the input and 250 microd
volts referred to the output from
0,05 cps to 10 ke

Less than 1 ohm

160 db at dc, 120 db to 120 cps
115 valts, 400 cps, l4 watts

Type

Number

Input Range

Output Range

Curmon Mode Rejection
Power Requirements

Wideband differential dc (solid
state)

12 (1 per channel)

5 volts from transmis ion line
t5 volts to servo controller
Maximum e.xor less than +20 mv
+15 volts 24 ma
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PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMULATOR SYSTEM

SREC DESCRIPTION AND REQUIREMENTS

600 | Control Console Input Conditioning Amplifier Power Supply

Operating Power 115 volts 400 cps

Output +15 and ~15 volts at 0-300ma

Stability Preset to + 0.01% at 25°C

Regulaticn Within 250 microvolts over 115
volts *+ 10%

Noise and Ripple Less than 250 microvolts p-p

Temperature Range -25°C to 85°C

Electronic Safety System

The Electronic Safety System comprises fail-~safe and interlock
manifoids for serve valves and sensors to prevent operation
under unsafe conditions,

Voltage Comparator

Accuracy 1 millivoltr maximum,
0.3 millivolt typical

Repeatability 50 microvolts

Response Time 20 miltis~conds

Input Volcage Range r 50 volts dc

Maximum Difference Voltage + 10 volts dc

Operating Power 115 volts at 400 cps

Fail-Safe Interlock Manifold

Modes of Operation 1) Fail in last position
2) Fail to one end
3) Float

Control Local or remote

Srerating Pressure To 3000 psi

Flow Rate To 60 gpm

Temperature Range -60°F to 80°F

Operating Power 28 vulis dc

Force Measurement System

Force Measurement System comprises an oscillator, amplifier, and
demodulator combination us. ' for excitation cf the Force Measure-
ment “alance Transducers and to amplify the output of the trans-
ducers to the transmission line input amplifiers.

3-111 NSL 64-360
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NORTHROF SPACE LABGRATORIES
PRELIMINARY SPEC!FICATION -

APOLLO DOCKING SIMULATOR SYSTEM

S!;%c 1 DESCRIPTION AND REQUIREMENTS
600 |} Transducer Outpﬁt Amplifier

Type

Numbe* -
Frequency Respopse

Sénsitivity

Input Attenuator
/Requ1red Concrolu

Oscillator - Power Swupply-
Input
Carrier Oscillator OQutput

:balancing unit and phase sénsi-

-1 millivolt rms 1nput (unattenu-

- cabling resistive and reactive
_balancing out centrols;
- ator selector; smooth initial

Carrier amplifier (with a bridge

tive demodulation)

12 (1 per channel)

Uniform within +2° from 0 to
600 cps

ated) produces full séale output;
1 volt rms input fully attenuated
produces full scale output.

1 to 1M in 20 steps bridge.
Zero-center meter for initial
balance, ana percentage of full
scale output; tranecducer and

attenu-

balance control adjustment at
maximum sensitivity.

115 volts 400 éps
3kc at 10 volts (nominil)

.:antrols

Monitoring Displays

Control and Monitoring Displays

1) Controls and interlocks to
transfer manual contcol of
individual system operator
for checkout and maintenance.

2) Emergency stop (see Electronig
Safety System),

3) Master stop for normal shut

) down. ]

1) Appropriate meter inaicators
for parameter,

2) Operational status

3) Test enviromment

4) Closed circuit television
(GFE)

NSL 64-360
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PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMUILATOR SYSTECM

SSEC. DESCRIPTION AND REQUIREMENTS
600 | Voice Communication Svstem

Modes of Operation
Ambient Acoustical Levéls
for 1007 Sentence

Intelligibility
Compatibilities

Area of Coverage
Fower Requirements

Ctations Required

Reference: Figure 3-29, Control Console

Individual station, conference,

hot-mike hands off.

120 db

To ~xisting SESL voice communi.-
cation and PA systems, R¥, digi-
tal, sound aler -, commercial
telephone systems,

Centrol control panel to remcte
areas approximately 1 mile away.
28v dc cencral pcwer supply, autoj

matic tattery supply for emergency.

Control Console ~ Z

Computer - 3

Actuator 0il Conducting Unict - 1
Vacuum Pumping Unit - 1

Chamber B Operator Station - 1
Test Program Director Station - 1

3-113 NSL 64-~360
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PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMULATOR SYSTEM

“;%C- DESCRIPTION AND REGQUIREMENTS
700 | TRANSMISSION LINE

This preliminary specification describes a Transmission Line
connecting the control console and the computer. The
Transmission Line consists of two cablec, one cable carrying
signals from the computer to the control console. The second
carries force balance signals from the control console to the
computer. The following specifications apply to each cable.

SPECIFICATIONS
Number of pairs 24
Wire type Shielded twisted pairs, 20 gauge
Connectors To MIL-C-5015 at each erd
3-114 NSL 64-360
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PRELIMINARY SPECIFICATION

APULLO DOCKING SIMULATOR SYSTEM

SPEC.
NO.

DESCRIPTION AND REQUIREMENTS

800

TRANSMISSION LINE TERMINATION RACK

This preliminary specification describes a Transmission L:-e
Termination Rack located in the vicinity of the computer. The
Termination Rack contains amplifiers (and one power supply)
used to condition signals between the Control Console and the
computer.

SPECIFICATIONS

Computer Output Signal Amplifiers

Type Wideband differertial dc
«s0lid state)
Number reguired 12 (1 per channel)
Input renge + 100 volts from computer
Output range + 5 volts to Transmission Line
Drift rate Less than + 1 microvelt referred

to the input and + 0,005 percent
of full scale, over 40 hours of
operation.

Noise Level Less than 2 microvolts rms from
0.05 cps to 10 kec.

Output impedance Less than 1 ohm

Commen mode rejection 160 db at dc, 120 db to 120 cps

Power requirements 115 volts, 40C cps, 14 watts

Computer Input Conditioning Amplifiers

Type Widaband, differential dc
(vacuum tube)

Number required 12 per channel

Input range F 5 volts irom Transmission Line

Output range i 100 volts to computer

Gain 20

Noise Less than 20 microvolts

Power requirements +300 and ~300 volts at 11 ma and

6.3 volts ac at 920 ma

3-115 NSL 64-~360
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NORTHROP SPACE LABORATORIES
PRELIMINARY SPECIFICATION

o
APOLLO DOCKING SIMULATOR SYSTEM
[ SFEC. DESCRIPTION AND REQUIREMENTS
—
800 | Computer Input Sipgnal Amplifier Power Supply

Input 115 volts, 400 cps
Output +30" and -300 volts at 300 ma
Stability 0.0037 at 115 to 125 volts
Hum and Noise +100 millivolts dec (0,03%)
3-116 NSL 64-360
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PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMULATOR SYSTEM

SPEC.
NQ.

DESCRIPTION AND REQUIREMENTS

900

ELECTRICAL POWER REQUIREMENTS

gram.

SPECIFICATIONS
Power
at 30 amperes
Distribution
Rack, 10 amperes
Powar

Distribution
Restrictions

Power Wiring

This preliminary specification establishes the electrical power
reqtirements for testing the Docking Simulator System test pro-

115 volts, 400 cps, 3~phase

Control console, 20 amperes

Transmission Line Termination

440 volts, 60 cps. 3-phase

at 500 amperes

At the Actuvating 0il Condi-
tioning Unit

Nc 60-cps power at control

console

To Electrical Code of

National Board of Five Under-

writers

12 gauge minimum power wiring
14 gauge minimum control wiring

3-117
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NORTHROP SPACE LABORATORIES
PRELIMINARY SPECIFICATION

APOLLO DOCKING SIMULATOR SYSTEM

SPEC. DESCRIPTION AND REQUIREMENTS
1000 | SPARES

This preliminary specification establishes the philosophy of
spares provisioning for the Docking Simulator System. It shall
be a design goal to achieve maximum reliability to reduce
requirements for spares, After turther analysis indicates the
need for spares, long-lead items will be identified for pro-
curement within the prescribed time.

Present analysis indicates that the following items may be
required as spares.

1 complete hydraulic servo controller plug in unit
(common tu all systems)

1 servo valve (common to all systems)

2 amplifiers; transmission line driver amplifier and
transmission line receiver amplifier

3-118 NSL 64360
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PRELIMINARY SPECIFICATICN

APOLLO DOCKIMG SIMULATOR SYSTEM

SREC. DESCRIPTION AND REQUIREMENTS
1200 {SHIPPING

This preliminary specification established shipping requirements
for the Docking Simulator System and ancillary equipment to
NASA/MSC. All components have been designed for easy disassembly
and handling and reassembly.

SPECIFICATIONS
Docking Simulator System Dimensions 9 x 14 x 10 feet
and Basic Mounting Structure Weight 10 tons

Suitable for standard truck
or railroad flatcar

Seismic mass Local procurement in Houston,
Texas

Chamber Penetration Seal Suitable for conventional

Actuator 0il Conditioning Unit truck or railroad shipment

Vacuum System

Control Console

Transmission Line

Transmission Line Terminaticn Rack

3-119 NSL 64=360
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NORTHROP SPACE LABORATORIES
PRELIMINARY SPECIFICATION

APQOLLO DOCKING SIMULATOR SYSTEM

SPEC,
NO.

DESCRIPTICN AND REQUIREMENTS

1300

OPERATINNS AND MAINTENANCE MANUAL

1

"'This preliminary specification establishes the requirement for
an Operation and Maintenance Manual for the Docking Simulator
System and ancillary equipment.

CONTENTS

Component identification Drawing, specification or
manufacturer's model number as
applicable

Operation All components

Installation All componénts

Maintenance All components

Adjustmernt All components

Calibration All components

Equipment layout All components

Block diagrams All components

3-120 NSL 64-360
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NORTHROP SPACE LABORATORIES

SECTION 4.0
CONCLUSIONS

As a result of the performance of this study a..d the conceptual

development necessary for evolving the design, several conclusions have

been reached. These include the following:

L.

4

The study clearly indicated that the concept is feasible and
that the resultant design is sound and practical tou construce,
All requested specifications were met or exceeded, The device
can b2 easily installed and removed from the chamber, The
testing can be safely conducted without damage to the

chamber., Thermal and vacuum operation conditions have beeu
included in the desian concept. Chamher penetration through

the pcrt will not adverselv af.ecv cha=baer opcration,

The preposed configuration cen casily be converted to a
more general purposc simulator because of the large r.otion
and solar radiet.on area available, and due to the fier.ble

performance cepabiiity.

The analytic approanch to the servo loop closure indi-a.

that the specified nerriormance can be met or exceedeu

A unique approach in ‘eveloping the rigid body equ - s re-
sulted in a computer pro.ram which requires the 1 . .um number
of analog computer compenents Lo solve the e« .~ - of motion;
however, MSC inust order more araiog computer ¢ : ~unents than

presently planned to w#ccommodate inciusion i the mogal response

4-1 NSL 64-360
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of the vehicles and the refereince of vehicle motion with respect
tuo fixed space and the inclution of differential gravitation

effects,

The accuracy of the docking test will not te adversely affected

by the resonant characteristics of the simulator,

Chamber B can be modified structurally to allow its use for

the tests,

Structnral dynamics analysi‘ performed by digital computer
confirmed chat the simulator structural stiffness is satis-

factory, and therefore, servc compensation will not e required.

The transmission line problem l:nds itself to converzional

solutions,
0il selection has been made and will meet all requirements.

Ancillary equipment requirements can be satisfied by standard

equipment or by current engineer.ng :state of the art,

-2 NSL 64-36N
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SECTION 5.0

RECOMMENDATIONS

Recommendatiocns to the Manned Spacecrait Center are provided nere
to facilitate the fabxication and assembly of the docking simulator

system and to enhance complete achievement of all program objectives.

1. Provide for remote release of the probe latches iollowing a test

run so that a mar is not required to enter the chamber.

2. The resonant frequencies of Chamber B should be increased by
methods such as employment of cross bracing of the legs or other stif-

fening of the structure.

3. Conduct impedance vibration tests on Chamber B to substantiate the

dynamic analysis.

;. Lease the transmissicn line system from Southwestern Bell
Telephone. This would very possibly restult in a lower total cost for

the program, and should te investigated lozally.

5. In order- to insure against aveicable schedule slippages, the four
tests recommended in Northrop's unsolicited proposal should be under-
taken immediately.

6. Consider at this time other NASA programs and applications for the
subject simulator (which can be modified by minor design changes) to
produce a research and development test t.ol rather than a special

purpose simulator,

7. Pursue the possibility of powering the analog computer with 400

cgs A.C, rather than 60 cps A.C. tc minirize simulator noise problems.

5-1 ASL 64-360
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7. Review last year's RFI and EML tests of the transmission line
tunnel and possibly re~-run tests at this time to determine current condi-

tions and all interface requirements if line leasing is not utilized.

8, Provide the following configuration data at the earliest possible
date: -

a. LEM and C/SM elastic mode and fuel slush data.

b. Pooduct of inertia data.

¢. Parameters for earth-orbit flight conditien,
Q. Procure additional amplifiers, multipliers, resolvers, and poten-
tiometers for the analog computer to satisfy the programming »f the

required equationms.

10. Include requirements for preparation of a comprehensive operations
»
and maintenauce manual which can be effectively utilized by operating

personnel.

11, Include provisioﬁ for the continuation of the analog computer
program cptimczation upon availability of all pertinent elastic mode,

fuel slosh, and attitude control data.

502 NSL 64-360
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APPENDIX A

ELASTIC STRUCTURAL DYNAMICS DEVELOPMENT

The approach used iu this preliminary dvnarics analvsis was to
form a mathematical model of the svstem under consideration, set up
the dynamic equations of motion tor the model, and to detemmine the
resonant frequencies from these eguations. These equatioss, with the
additicon of damping terms, are applicable in the more advanced stages
of desien for determining the entire frequency response of the structure,
In forming the mathematical modrl, the principal masses of interest are
considered as rigid bodies acted upon bv liqear springs. The simulator

£ian: i1 all cases is considered to be infiniteiv rigid.

The equations of motion are derived by determining the kinetic
energv, T, of the svstem, the potential enevgv, V, and writing the

Lagrangian,
L = T-Vv, (L

The equations of mction are then obtained bv the familiar relations’ip,

¢
d_ 8L ;~ 8L = o0, (2)
at a&> a9

where q denotes any one of the generalized coordinates of *'e svystem,
and q denotes the derivative of the coordinate in respect to time,
From these equations, a mass matrix, M, and a spring matrix, K, are fcrmed

from which the resonant frequencies are obtained by the following

[K}'l [M] {x} =w_;_ H (1)

equation:

A-1 NSL 64-360
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After substituting the proper wass and spring constant valves in the
matrix equation, a ccmputer is used to solve the equation for the

resonant frequencies, w.

PROBE STRUCTURE, VERTICAL AND PITCH VIBRATION

Figure A-1 illustrates the mathematical model of probe structure

for vertical and pitch motion,

Kinetic Energy

Potential Energy

2, 2 i 2 2 2

= L - - - ~

Vo= lKl o (8, - 9% + K, (Xy *b, 8y - X, +a,0) +KT2(93 e2) + KT393l
(3)

Since four coordinates, in addition to the forcing function ccordinate,
XO, ave sufficient *o completely describe motion ir this svstem, we

eliminate X1 and Xq from the energv equations by the fcllowing ralation-

ships:

X, +b ©6_t+ta @ (M

Xl 2 12 11

X3 = X0 * (a3 - 03) 93 (79

Rewriting the equaticns for kinetic and potential energyV

. . . o 2 o2 . . ]2
= L 1) 3 + +M ¥+ + - )
T % ]%1 (X2 + b, G? a; 91) p Y7” 13 XO . a, d3 931
2 *Z "2 ’
+ +
L&, *1,8, 71 93} (8)

2
+ K - X, - - + - 2
h2 [X2 X (a d3 b2) 93 a, 92]

= L .2 -
v Y IK1 al(Q1 92) 0 3

+ K. (g - 2 2 (9)
o ‘92 93) + KT393

The Lagrangian then becomes

| , Ky *b) 8, a8y 2
.2 .2 .2 2 2 [
- - - _X -
+ Il 9] + 12 92 + 13 93 Kl d (91 92) KZ X2 0
2 L2 2
i ] - ] - K. © 1
(a - dy *by) 8, -a,8, Kpp(8y = 8,07 - Kpq O l (10)
A-2 NSL 64-360
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Drogue and drogue support 1ass
Lateral carriage mase

Vertical carriage mass

Drogue and drogue support mass moment of inertia about its c.g.
Lateral carriage mass moment of inertia about its c.g.

Vertical carriage mass moment of inertia abcut its c.g.

Lateral spring constant of force balance
Vertical spring constant of lateral carriage support bars
Torsicnal spring constant of lateral carriage support bars

Torsional spring constant of vertical carriage support bars

Applied vertical actuator force

FIGURE A-1 MATHEMATICAL MODEL OF PROBE STRUCTURE
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The equations of motion can now be written using the relationship

given in equation (2):

‘e

M, Xy + M (5('2 + b, 62 vag B r R X, Ky lag - dy b))

e, -a,8,l=0 (1)
” ' o SR 2

10, + M A (X, v 6, v 8D +K d <0 e =0 (2)
. 20 . " 2

1,0, *¥ by (v, 8 +a ) -k d @ -0)-K,a,

- X - - + - Y -
[X2 (0 (a d b2) 93 a, 92] + K (e Q) 0 (13

3 3 T2 2 3

- - + i - - 1 - o+ % =
!X (a d3 DZ) 93 a, 92] KTZ (92 93 KTB 93 O

2~ %o 3

These equatioﬁs can be written in matrix form
M K} = [ {x} = {F}

where [M] is a square matrix of the coeffients for X, 91, bz and é}‘

[x] is a square matrix of the coeffients for X2, 91, 62 and §_.
3

-

{ii is a column matria { X

,2’ 91, 92, 93}

{X} is a column matrix {Xz OL’ 92, 3
fF) is a column matrix consisting of all terms containing

X0 and kb including the coefficients transposed to the

right side of the equation. (Forcing function matrix)

M
M+ M, M, 8, My by 0
M, a 1. + M a2 M., a_. b 0
IM]= 17 1 171 1 %1 1
2
4 +

M b, M) a bl I, M b 0

2
+ -

0 0 0 T, + My (a, d3)
A-4 NSL 64-360
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‘F-
M
MM, M Mb 0
M. a 1. + a2 M, a, b 0
124 1 Nt 14 5%
[M] = .
. + L
M, by M, a b, I, + M b 0
0 0 0 1. +M (a. - d)°
I 3 3 83 3
- ~K - + )
K2 0 Kz 32 k2 (a_ d2 b
2 2
0 K, d K, d] 0
K] = 2 2 2
- K + +.
Ky 85 K 9 Kod) v Ky, YKy Kal (a. - d +b
%2 '8 3
s
2
K - + ) a.-d.+ - +
2(a3 d3 b2 0 K2 a2(13 d3 bz) K2 (a~ d3 b?)
+ +
L KTZ KT3
\ﬂ(z %o
o
F =
Ky %

- - ”- - +
My (ag - dp) Xg - K, (a, - d 5) X,

3 370 2 3 3

For computation of resonant frequencies only the M and K matrices
are required, The physical constants are simply substituted in these
matrices and a standard Northrop Computer Program is used to solve

equation (3) for the resonant frequencies and mode shapes, Computer

sheets showing the results for this problem are shown in Figure A-2,

A-5 NSL 64-3b0
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APPENDIX B

SERVO;CONTROL SYSTEM DEVELOPMENT

1.1 SERVO SYSTEM BLOCK DIAGRAM

The generalized block diagram for the Z-axis control system is
showr in Figure B-1, which shows all three feedback control loops.
For ease in analysis, the blocks have been assigned numbers from 1

through 7.

The analysis starts by deriving the mathematical expression for

15
the hydromechanical system , blocks 3 and 4.

The follcwing parameters all referred to ~he actuator piston,

are involved.

a
q = -otal flow rate from the valve into ti-e actuator ports - in”/sec.
= - . . . 3
4, = flow rate which results in actuator motion - in”/sec,
. . . . .3
q, = flow rate which results in compression of fluid - in”/sec,

1
q, = flow rate which leaks past piston - in”/sec,
B = damping of actuator and load.

.3
L = coefficient of piston leakage - in”/sec

1b/1n” ;
in"/sec
C = flow coefficient of valve with respect to pressure - 5
P 1b/in
Ce = flow coefficieat of valve with respect to coil voltage - in3[sec
volt
§ = relative velocity between actuator and piston - inches/sec,
2
A = effective piston area - in .
B-1 NST. 64=-30
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g

B = lcad induced pressure 1biin2
i _ = 5
f M "= mass of load in/sec”

7_ = valve time ~.nstand - sec.

e
!

¥ = hydraulic sprin

e

rate 1%/in

Ry
]

load induced force on pisten - 1b

= yalve coil voltage - volts -

P
Vo

Aoy |

e
€

= - - 5f3}= Laplace transform
S

= Lg?lacé nperator‘
E‘ o o The basic equation involvad méy be éxpre§sed as:

- . oasaggta taq T -

Further:

)

L e s =';5{A ai) | (3)

_q‘ ‘Ij'," i‘ "- A —_— : _ q' - L =‘£3TZ __L{ (4)

PoT L ) . - . 2 - ’ - - B, -
l S T =6 + |Ls+(c,+L)]| » (6)
e N > _ - K P .t L
. B Ts+ 1 o .
- - ‘ . - . ~ s N P F‘ = PLA

X The load dynamics may be expressed as:- YL = g —\rg— (7
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Equations 6 and 7 may be combined to yield:

2
4 .
Ce® =ab + %s+(c + L) b L (8)
TS 1 o P A

Rearranging the above will give:
H Ce[A

e (c ¥ LE (9)
€ S
(TVS + l) 1+ T(o-i- A YL

Equation 9 mav be represented by the following block diagram,

Figure B-2, The prcblem row becomes one of the amittance, YL’ of the

load in Block 4. As statea in paragreph 3,3, the Z carriage may be
‘represented by a single spring mass system, The spring K will be that
of the piston rod., A mechanical model for the Z carriage is shown in

Figure B-3,

From the model in Figure B-3, the amittance may be derived
F SMK + BK : - :
YL === (10)
s M+ Bs + K

The transmissibility of Block 5 may alsc be found:

V
f;’ -__K__ o (11)

SZM + Bs + K

T .e generalized block diagram of Figure B-1 may now be redrawn

to show the specific form of the traasfer functions involved, Figure B-4,

With the aid of block diagram algebra, che point at which the
force is obtained for the pressure feedbacik may be moved to the output

velocity (VO) by adding in series a block whicu contains the transfer

function: 2

K
The generalized block diagram of Figure B-4 may now be redrawn

and combined with the use of equations 10, 11, and 12, See Figure B-5,

} B=4 NSL 64=~360
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FIGURE B-3 MECHANICAL MODEL FOR THE Z CARRIAGE
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The problem now becomes one of assigning reasonably accurate

values to all the system parameters. The most elusive are ¢_ and c_,
P

which are nou-linear except cver a small cperating range,

Figure B-6 and B-7 show typical operating characteristics of flow
control Valvesle. An examinaztion of these chgracteristics reveals the in-
herent non-linear behavior of a hydraulic servo value. In selecting valve
and actuator sizes for the mechanization of the Z-axis servo, a performance
envelope has been s, ecified which limits P, the load induces pressure, so
that it does not exceed 3 Pg> where Py is the system operating pressure,
Further, the valve has been selected suchh that the maximum required flow
rate is available with only % PS across the valve. These linearizing re-

strictions on thg operating range required of the valve are shown on Figure

B-6 and B-7. The values of Ce and Cp are defined 1s follows:

. (9 Q
Ce_<8 e )
PL = constant (13
and
(ﬂ)
D ) PL
e = constant (14)

where C iec the valve flow coefficient with respect to input voltage
C 1is the valve tlow coefficient with respect to load pressure
is the flow rate through the cylinder parts (injlsec)
PL is the load induced pressure

e 1is the valve coil voltage

For the analysis then, values of these valve coefficients are
measured at the operating points indicated, The rated valve flow

requirements, specified in Table 3-4, are 64 in3/sec at P = x P

for each Z axis servo.

B-8 NSL 64-360
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’EI: PL = load induced pressure (.35i)
B P = supply pressure (pri)
e s
Elng e = valve coil voltage
~Aq @ 3
- F Q = flow rate (in”/se.)
El
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It
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o
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o <+ 1.0 P. =0
< : L
o
[+7)
.
) T —
: L%
?; P
s
(&) <+ 0.8 P L —
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Operating Point

Coil Voltage (e)

FIGURE B-6 TYPICAL CHARACTERISTICS OF FLOW CONTROL VALVES
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At these requirements,

C 12,8 in3/sec/v01t

<

C 4,98 x 10-3 in3/sec/psi

P

The remaining Z servo parameters, some of which have been de-

H

termined in the body of the report, are shown below, It should be
noted that some of the parameters are affected by the fact that the

Z-axis servo is mechanized with dual actuators,

M=5,21 1b-sec2 (% Z carriage mass)
in

K=5,31x 106 1bs/in (2" steel rod 27" total length)
B = 20,8 1b/in/sec. (for assumed damping ratio of 0,002)
A= 2,68 inz ( volumetric displacement)
KO = 7,95 % 104 1b/in ( hydraulic spring rate)
T = 0,0016 sec,

v

L = 1,04 x l-_j in3/sec/psi computed for a piston with 0.0017 in
clearance and hydraulic fluid (skydrol) at 100°F,

The block diagram of figure B-5 may be redrawn with the above

system parameters inserted, Figure B-8,

1.2 SERVO SYSTEM LOGCP CLOSURE

The control system as shown in Figure B-8 is analyzed by the

1 .
root-locus method 7. The procedure will be to close each feedback
loop one at a time until the entire system can be represented by a

single transfer function, Rate loop closure is shown onelow,

R s + 100 4.7 6 —_
+ 100 3 5 Vo
d s + 580 5 (s + 600) (s + 64,4 s + 123 )
580 600 1232
€

B~11 NSL 64-360
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The {ead shown in the first biock of the open loop transfer

function is picked to increase the natural frequency of the system,

The close loop transfer fupction for the rate loop is:
s + 1003
Vo = 4.7 100
)6 )
+ 600 5 + 580|s”~ + 64, 4 s + 123 + 4,7 G, GZ s *+ 100
580 /\ 1232 100
(15)

A root-locus plot of V /R is shown in Figure B-9. The gain is
picked such that the natural frequency of the dominant roo.s are raised
to 200 radians/sec. Picking a gain of 0.2 volt/in.sec. for G, the value
of Gl becomes 287 volt/volt, The closed loop transfer function may now

be written in factored form.

(s+ 100)
Yo = 2 \ 100 (16)
R 2 2 2 2 .
(s - 905 * 205 )(s“ + 12705 * 6552 )( s + 78
205" 655° 78

To bring the locus back into the left-half s plane, a pressure
feedback loop is closed. The forward loop transfer function is the

closed loop transfer function of VO/R.

(s + 100 \
R 4 R s\ 100/ - Vo -
- % (32 . 90s + 2052)(s2 + 12708 + 655 ) (s + 78)
2052 655° ’8
s + 16
s * 16 G
16 || 3' 20.8(s+a\_‘
5+ 750] 268 )
250
B-13 NSL 64=360
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-{:' The 1ead~compensation shown in the feedback loop is picked to

! -

A draw tke locus into the left-hand of the complex s plane. The closed.
{ : “loocp. transfer function for the pressure loop is:

r g ( + 100) (s + 250)

i Y. : 5 \ 100 250

: R T f2 B ¥ §2 _ 2 [. .. G

s~ - 903 * + 1270s + 655°)s + 78Y{s + 250}~ 5 _"3(20.8)

I L Y Tans? / 655" 78 7Y 250 7 2.68
L s + 16\ (s + 4 (s + 10 : (175
{‘ T 16 4 ) 100 - ) .
--, A . ';: a _ A root- locus piot of Vo/R’ is snowﬂr;h F'1gure B-10. Thé gain is
f} - . - plcked at 2 44 x-10-3 _such that maximum dampxng may be realized. At
St - ‘thxs galn G3 becomes 6 3 x 1077 volts/psi. The rgctored form of v, /R’
5 R

O o= " may now ) be written B}

L :

o C (s + 100)(s + zso) -

oo 9" .F 5 \i00 . /- 250 : (18)

R R - 2 - o 2 f2e 2 g y

. PR -*845*%;05_}5 + 3908 + 4277 )[s_* 9890 s + 82

(2 7 e 1652 YT a9t 930 82

- o S To ogive écmplex stiffaess to the system and a method of setting
t . ] position, a position ioop;is clqéed. The open loop transfer function

of V,/R" is the closed léop transfer function of VO/R.

. s the ¢
L _ : ‘(’s*+ 100Ys _+ 250) .

: i 5\ 100 A\ 250 1 ,

: 2 2\[. 2 2 . >V
| s’ +84s + 165 )[s” +390s + 4277 )|s_+ 980}(s + 82
«. ] i 2 2
= N - 165" - 427 980 ' 82
o » Ls -—
S oo S - T B-15 : NSL 64~360
. O S . e R




NORTHROP SPACE LABORATORIES

009

0ov

009

=

SN20T - LOO¥
d001 TUNSSTId 01-~-9 FTINOTI

-

008~ . 0po1-
i :

01 X vv'z =
3 89°Z ‘

o (8°02) (%) = uten dooT pssold

sjooy dooT pasol) VXM
so197 dcoT pasoln % uadg O
so1og dooq uadp AV

NSL 64-360

B-16

TR m—

e ey



<oun n\w’

PR

NORTHROP SPACE LABORATORIES

The closed loop transfer functirn of Vo/R" is

(s + 100y {s_+ 250
Vo = 55 \ ion 250
" N ,;A
R (§_2 + 848 + 1652\(82 + 393S “‘.\"*37")(5 + 980\(5 + 32)+ 5 G
165% / 427 /\ 980 / 82 5 a9

s + 100‘) (s_"‘ 250
106\ 250

\

The root-iocus plet of Vo/R" is shown in Figure B-11. A low gain
of 17.5 is picked such that the complex dominant roots do not move far

from their original position. At this gain G, becomes 3.5 volt/in,

4
The factored form of Vo/R™ is:
(s + 100) s + 250
Yo _ 0.27S \ 100 250 (20)
po (32 + blbs + 1602)(52 + 4208 = 4402)(5 + 980) (s + 18)(5*‘ 78)
2
160 440> 980 A

To keep the system, a velocity servo in which the second order
complex poles dominate and yet has complex stiffness at the load, open

loop compensation will be used to remove the unwanted zero at 3 and pole

atfs + 181\.
18
s + 18
This compensation will be of the form (18) ( 18
s

With this compensation the total system may be represented by a single

transfer function:

: ‘(s + 100) (s + 250)
Vo = 5 \ 100 750 (21)
V,
V; (sz + 64s + 1602) (s2 + 4208 * 4402) (s * 980)(i+ 7s>
160° 4402 980 78
B-17 NSL €4-360
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1.3 CONTROL STIFFNESS

To determine the complex control stiffness, the transfer function
relating a force on the load to a dispiacement of the load will be
found. From Figure B-8 the force in the pressure feedback loop is

related to R" by:

o 548
3 B (22)
2.68 S +o
o

Values for 6, ¢« , and P were detemined in the servo loop
closure., The transfér function between the output velocity and the

force mav now be written in the following form:

17 5 S.+,_16_ 17
o =2.3% x 107 16 ‘o (23)
F s + 250 ] R"

250

Substituting equation 20 into equation 23

6.3 x 1077 s (s + 16) (s + 100)
v =
Yo - : 16 _ 100 ; 5 \(24)
¥ (s + h4s + 160 ) (s“ + 4208 + 440 ) (s + 980) (s + 18> (s + 79)
2 2
160 440 980 18 78

Integrating Equation 24 yields the desired transfer function:

X = 6.3 x L0-6 (s + 16)(5 + 100)
F

16 100 (25)
(s?' + 6hs + 1602>(52 + 420s + 4402) (s + 980><s + 18) (s + 78)
1602 4402 980 18 78

" 1.4 NOISE SENSITIVITY

Any noise introduced by feedback transducers or line pickup
can be represented in a block diagram by an additional input which is

summed with the transducer output, By referring to Flgure 3-13, any

B-19 NSL 64-360
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noise (Vp\ applied at the output of the positioa transducer will be

related to the system output Vo as shown below:

\b' \f Rll \’
o Ve (26
—_— = =

y Rll \:

C p

Q" = 4,7 (27
p

where 4.7 is the gain between the transducer and R'.

From equations 26 and 27,

v (s + 100) (s + 250)
o = £0.27 (5.7 100 250 (28)
x 2 L2 2 , 2 -
P (s + 64s * 160 s+ 420s + 440 s +980)f s *+18)(s * 78
2 /
160 4&02 980 18 78

1f all the noise, Tﬁ introduced i~to the system is greater than

18 radians/sec (2.85h cps) equation 28 becomes

. (s + 100) (s + 250)
v o= (5 (4.7) 100 250 £29)
£ 2 2 2 2
Vp (% + 64S + 160 ‘><s + 4208 t+ 440 )(é + 980) (s + ?8)
160° 4402 "V 980 78

Equation 29 is of the same form as equation 21, the transfer

function of the total system.

A Bode plot of VoAﬁ/ is shown in Figure 3-17. From this
i
figure it may be seen that VOINp is down 11 db at 60 cps and attenuating

at a rate of 100 db/decade. Zero db corresponds to 23.5 in/sec/volt,

The same procedure is used to evaluate the effect of noise applied

at the output of the demodulator in the rate loop (Vr) and the noise

applied at the output of the pressure transducer (YAP).

B-20 NSL 64~360
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A tabulation of the results for noise injected into critical

points in the servo is shown in Table B-1,

1.5 STEADY STATE WELOCITY ERRORS

For the servo svstam of this report the output velocitv of the 2

carriage is Vo. The desired output velocity is 5 times the input

command since the velocitv feedback gain is 0.2, The error E bhetween

the desired velocity and the actual velocity is:

E=5%5v -V (30)
V. o)
1
=V -V )
V. 5 o (31
1 v
v

\Y . s
0 is the svstem tra~nsfer function of equation 21, Tf the servo

v
V.
1
is commanded with the unit step in velocitv, v. = 1 the srror beccues
s
(S * 109_) f + 250) :
E=sl 5 - . 5 1002 . 250 ‘ 3
(s' +64s + 160 )(S + 420S + L%, (s + q&q) ls +‘_7_§)
2 / FAN
1602 440 w8 78
18
from the final value theorem
(e )= lims E (34
ss
S0
(s + 100) (_s + 250)
ss’step -511:;10 syS5 - - 5 10(2) ” 250 -
s (s” + 645 + 1607 \[s + 420s + 440
160° 4402
(_s_+ 980) (s + 78), (55)
980 78 3
B-21 NSL 64-360
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(ess)step = 0 (36)

This means that the output velocity will follow the input command

with zero steady state error.
If the servo is commanded with a unit acceleration input

vy = 1 (37)

equation 31 becomes:

5 s+100 §+250
E =1 5 - 100 250

2
i 5 (_52 + 645 + 1603)(5' + 4205 + A402>(_s + 980> (s + 78)
! 160° e Y980 78
. (38)

: and the steady state value from equation 34 becomes:
!
i (e = 0.0225 in/sec. :

$s’ramp i/ sec. 2 (39)
.f
!
i
|
l' B-23 NSL 64=-360
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APPENDIX C

OPERATIONAL CONDITIONS AFFECTING
HYDRAULIC FLUID SELECTION

The total behavior of the hydraulic fluid will depend on operational
conditions prevailing in the servo svstem and in the space chamber,
Principal operational factors which affect the fluid include the

following:

SERVO SYSTEM

1. Temperature - Near ambient of 70°F, regulated to a nominal
+ 10°F,
2. Pressure - 1500 ~ 3000 psi.

3. Frequency
Response - Zero to 60 cps: influences bulk modulus and

viscosity requirements.

4, Duty Cycles - Each on-test cycle up to 3 mi~utes; 24 hour dwell
with either of actuator rods under hvdraulic

pressure and chamber vacuum,

5. Checkout - Precheck-out of system in air, then checkout

inside chamher.

6. Lubricity - Hvdrodynamic lubrication of actuator pistons,

pumps, and valves,

7. Gas Entrapment
and Foaming - Require minimal entrained air, nitrogen, and

water vapor.

c-1 NSL 64-360
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8. Clearances

10. Seals

] 11, leakage

12. Safety

13. Materials

JENTINT

i 9, Cleanliness

SPACE CHAMBER

3 sy

i

i 2. vVacuum

{ 3. Tests
4, Safety

Eaae R

1. Temperature

- - MORTHROP SPACE LABORATORIES

Nominal ,003 inch clearance for actuator rod.

Pre-use filtration of fluid and system cleanup.
Use of low micro rating filters to protect valves

and pump.
Fluid used with compatible materials.

Suction return of fluid from actuator rod surfaces;
centrol of manufacturing and maintenance procedures:

cleze fits, smooth and passive surface finishes,

Fluid inert to oxygen gas from 5 psia oxygen

pressurized chamber.

Metal alloys to be 300 series stainless steels

and passive,

Hydraulic Fluid oan actuator rods in approximate

o
ambient range of +70°F to -IOOOF; {may have net
heat transfer out of fluid to chamber); crycpanels

as low as -ZSOOF.

10 torr level or less; pump capacity 250,000
liters per second; non-condensible outgassing

load minimized to order of 0.25 torr liter/second.

Solar radiation simulation tests with UV collimated

beam on specimens (fluid not in path of UV light),

Emergency repressurization by flooding with

oxygen to 5 psia,

¢-2 NSL 64-360
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APPENDIX O

BULK MODULUS DEFINITIONS AND FACTORS iNVOLVED

1. BULK MODULUS

1.1 General Bulk modulus, or reciprocal of the compressibility
hydraulic fluid ie one of the critical design parameters

affecting the performance of hydraulic servomechanisms.

1.2 ASTM Definitions9 These have been standardized as follows:

1.2.1 Secant Bulk Modulus (also "mean or average' bulk modulus) is

defined as the total change in fluid pressure divided by the

total chsnge in fluid volume per unit initial volume under

v

pressure.

1.2.1.1 Secant Isothermal Bulk Modulus ("'Static' process) is

_ AP
B = |- €Y
av/

Vil

1.2.1.2 Secant Isentropic Bulk Modulus "dynamic", constant entropy is

AP (2)

/.\.v/Vl S

1.2,2 Tangent Bulk Modulus is defined as the product of fluid volume

under compresion aud the partial derivative of fluid pres-

sure with respect to volume.

D-. NSL 64-360
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e

1.2.2,1 Zlgzthermal Tancent Bulk Medulus (for 2 specified quiescent

oressure and temperatuare) is

r
B = Vv

Q

P 3)
vy T

=)
2

L

1.2.2.2 Isentropic Tangent Bulk Modulus (alsc "adiab~tic® bulk modulus,

at constant ent opy) is

-
B, = Vv|ap (%)
h v S :

The adiabatic bulk modulus provides instantaneous values for
R dynamic or transient conditions. Sonic bulk moduius i< an

isentrcpic. dynamic bulk modulus that is defined as tne pro-

I duct of the mass fluid density and the squarcd value of the

. L. 3 A 2 wyj 2
= . speed of sound. _The expression-is: BS pVvV or gV

I " When calculating the volumetric relationship of pumps or

actuators, the aterhggﬂbulk dulus may'be used jf tempéra-

~ ture is essentially comnstant.
A Where pressure variations are small at the given pres-

< -

- E ot - . . - .
- sure, i.e., in a.servo valve circuit application the ico-

'Athérmal tangent bulk moduius may be used.’

1.2.4 Rélétién;hiészo’g1; - : N
) < o - The ;gqthermal aand édiabati? bulk modulus are related througn
n . cthe exp?effion Bs)Bt =Y A whe%e Y = CP/C the ratio
%ﬁ"_ _ ‘i 5% géecific heats. For most liquigs ~‘Y ranges-onm 1.1 ts
o 1... ’ il

S . 20 g - ) .
1.2.5 Meas' ments v Two types of measurements account for modulus

- " alues: pressure-volume-temperature (P-V-T) anc ultrasonic

- velocity measurements. P-V-T is used mostly under isothermal

- . o N
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conditions, giving BT' whereas the ultrasonic velocity meth-

ods yields the bulk modulus directly.

Effect of Pressure and Tempera‘ture on Bulk Modulus

The effect of pressure and temnerature on isothermal secant and
tangent bulk woduviug va .ues of siliccone, siloxane, silane, ester,
polyphenyi ether and hvdrocarbon fluids has been reported in modulus
curves . The temperature data shows a progressive increase in
modulus with a decrease in temperature with the rate of increase
greater at the lower temperatures. (Thus, for MLO 59-692, psi

(phenoxy phenoxy) benzene, B_ (isothermal) values are 415,000,

T
320,000, and 250,000 psi at 100°F, 200°F, and 200°F, respectively).

Pressure

The effect of pressure increase is an increase in the bulk modulus
value. In the pressure range of 1000 psi to 3000 psi the ipcfease
in modulus is frequently of the order to 10,009 to 20,000 psi.

2
Effect of Entrained Gas cn Buik Modulus 3,5

_in the form oflbubbles attempting to leave the liquid and may ‘

Entrainment of air or nitrogen ox other gases can have an-adverse
effect on the bulk mcdlus of the hydraulic fluid. .. suspension

of air could be produced by agitation of fluid in contact with air,
by a leakrin the siction line to a pump, or by the reduction of
pressure in a fluid containing ai. in solution. At pressures less
than 150G psi, the pressure of suspended air has a mafked influence
upon the elasticity of the fluid. (The mass oi air dissolved per
tnit volume of the fluid increases linearly with pressure.) For
standard hydraulic fluids, the pércentage volume of d.ssolved air
lies between 5 and 12 perxcent, but the main effect on modulus is -

from the free air volume. Fbaming is caused by the entrained gas

occur when the pressure is reduced as the gas in solution will then 5

leave the L.quid and be entrained or suspended in the fluid. , -

Fres wdevan ,,
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Minimization of the effects of air entrainment or foaming is vest

e ey,

accomplished by choice of a low-foaming fluid and by preventive
methods, such as, by reducing extent of gas contact with the fluid,
by providing a2 reservoir adequate to facilitate gas-liquid separa-
tion, or by use of an airless reservoir and by keeping return lines

. well below liquid levels.
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APPENDIX E

CLASSES OF HYDRAULIC FLUIDS
AND THEIR CHARACTERISTICS

1.0 CLASSES OF HYDRAULIC FLUIDS

1.1 Chemical Classes of fluids for hydraulic uses:

Esters: phosphates, silicates, dibasic acid type, disiioxanes.
thers: polyphenyl ethers
Hydrocarbons: super-refined (deep - dewaxed)

Silicones: silicones, fluorosilicones

1.2 Classes with Limitations

1.2.1 Silicates: Poor stability to hydrolysis (forming gels or silica),

high vapor pressure, and low bulk modulus, moderate fire resistance.

1.2.2 Dibasic acid esters: Susceptible to hydrolysis, high vapor pres-

sure, poor fire resistance.

1.2.3 Disilcxanes: Bulk modulus in range of 250,000 - 300,000 psi,

auto-ignition temperature and flash point leer than for phosphates.

o 1.2.4 Polypheqyi ethers: Viscosity ec¢tremely high for a high modulus

and low vapor pressure compounl. . .

1.2.5 .Super;refined Hydrocarbons: Bcér fire resistance, bulk modulus
(iso-thermal secant) less than 250,000 psi, cost near $100/gallon.
(Example: Oronite HTHF 6294).

1.2.6 Silicomes: Low bulk modulus of érder of 150,000 psi, vapor pres-
sure slightly high. (Example: Versilube F-50. Ceneral Electric).

1.2.7 Fluotrosilicones: Low bulk modulus, high vapor pressure.

- - K ~
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2.0 FLUID PERFORMANCE AND FLUID PERMANENCE

e ey

Performance and permanence characteristics relative to the oper-
{ ational conditions for the cverall servo and space chamber system
will guide the hydraulic fluid selection. A property check
\ list follows here. Also see Appendix F, Comparison Chart For

‘ Specific Properties of Fluids for Selection).

E 2.1 Governing Properties Check List Fluid Peri;rmance
1 1. Modulus
2. Viscosity: Temperature, prescure effects
3. Fire Resistance
; 4. Foaming,
? 5. Lubricity
€. Corrosicn Resistance
¢
E Fluid Permatence
- 1. Shear Stability
{ 2. Chemical Staibility: hydrolytic, oxidation, thermal, corrosion
, 3. Volatility: vapor pressure, evaporation rate in chamber
f 4. Service Life: 1low maintenance (low aeration, low evaporation,
) - conventional contamination control)
] 3.0 PHOSPATE ESTERS Chemistry and Fire Resistance..

3.1 Chemistry - Phosphate esters find uses in the hydraulic-fluid and

F vy

1u5ricant fields as either undiluted phosphate esters (e.g.,
Celluiubes),_or as phosphate ester base fluids ts which chlorinated
hydrocarbon diluents may be added. Structurally, they may be
triaryl phosphate esters (Cellulube 90 is the latter type). The

undiluted esters have inherent properties of excellent lubricity,

. ) . K

fire-resistance, and fluid stability, and hence do not normally

"require additives to enhance them.

E-2 : NSL 64-360
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Fire-Resistance - Fire resistant hydraulic fluids combine resistance

ignition and flame propagation with required hydraulic character-
‘stics. An outstanding characteristic of tne phosphate esters is
their ability to resist ignition. Although phosphate esters have
flash points as high as 500°F, and would he mis-names as '‘ron-
inflammable,” these flash points are not generallyv considered to
be a true measure of fire resistance, but are more a measurec of
volatility and thermal ¢tability. The fire points are from 200-
300°F above the flash point and this property is again a measure
of thermal instability. The spontaneous or autogenous ignition
temperature which may range to 1200°F is considered a better mea-
sure of the flammability characteristics of the phosphate esters.
Specifications which define fire resistance tests in terms of fluid
performance are AMS-3150B and MIL-F-7100. Such tests as '"High

Pressure Spray Test," "Low Fressure Spray Test", and '"Hot Manifold
Test" are designed to simulate conditions resulting from a broken
line spraying hydraulic fluid into a source of ignition, such as

a flame or a hot surface. FPhosphate esters which excel in .uch
tests may be consid=red to possess significant fire-resistance

characteristics and are of practical value in many hazardous

applications.

Phosphate esters of very low pressure (e.g., Cellulubes and sowe
Pydrauls) show autoignition in air or oxygen atmospheres only at
elevated temperature. It is not expected that vacuum pump
operations will exhibit detonation thenomena in the presence of
this fluid class. For example, one phosphate ester, Pydraul 150
(whoe vapor pressure is appreciably higher than Pydraul 60 or
Cellulube 90) is used in gears of LOX pumps located in oxygen-rich

o

. , , 2!
atmospheres at missile-~fueling sites.’

E-3 ' NSL 64-360
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; 4.0 VISCOSITY CHARACTERISTICS 5,26
\ 4.1 General

o ———

Viscosity characteristics of the hydraulic fluid should meet the
desired hydrodynamic lubricity necessary for smooth wear-free

; operation and nrovide uniform performance cver the (Jimited)
temperature of operation and not be subjected to critical changes

due to fricticn. Viscosity over changing conditions of temperature

and pressure ard flow should be within the limits required for

pump lubricity and operation of servo controls and valves. The

hydraulic line external to the chamber will be provided with a
heat exchang system so as to regulate the fluid in the slightly

] warm hydraulic loop to * 10°F. During down time in the space

‘ chamber, the temperature of the fluid on exposed actuator rods is

expected to be 70°F or less. Therefore, the fluid should possess

viscosity-temperature properties compatible with these considera-

tions.

4,2 Viscosity-Temperature Relationships

Viscosity-temperature values in the range of expected operation

S ————r

are presented for several condidate phosphate esters. Values

given are for atmospheric pressure. Viscosity values will increase

P e

at higher pressures (See 4.2.3).

4.2.1  Characteristics for Pump Lubricity

Fomameranty

) Assume operation at temperatures where the viscosity is less
I than 70 SUS, Saybolt viscosity. (Note: The values in the table indicate

maximum temperature for a value < 70 SUS).

{ , I . E-4 ‘ NSL 64-360
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Tlemperature Temperature Temperature
Fluid Ltor SUS = 70 for SUS = 60 For SUS = 40
Cellulube 30 117°F 122°F 190°F
Cellulube 150 136°F 148°F 7200°F
Pydraul 60 90°F 100°F 140°F

The values indicate approximate maximum temperature limits to
meet a desired viscosity. Actual values will be higher under

pressure loading {See 4.2.3).

Characteristics for Servo Response

A lower viscosity is generally preferred in the servo system,
especially in view.of the high frequency response and

Although

operation
within a vacuum chamber at low temperature. an ultimate
limit of 200 centistoke:z might be accommodated- by the equipment,
the viscosity-temperature values of the phosphate esters appear

to be in a suitable range, ertending to below 70°F.

Kinematic Viscosity at Temperature

Fluid 100°F 10°F S0°F
Cellulube 90 19.2 cs -- 99.8
Cellulube 125 32.1 cs -- 260.4
Pydraul 60 11.7 c¢s 30 cs /20

Viscosity - Pressure Relationships

centi-

27
peise has been plotted as a semi-leg function of pressure.

For Cellulube phosphate esters, the absoiute viscosity in
Isothermal curves for fluid temperatures of 100, 150, and 200°F
demonstrate an increasing film strength (viscosity) with increasing
pressure. Data for Cellulube 220 indicates an approximate vis-
cosity increase of 20-40% at the 15-50 cps level when increasing

the pressure from O to. 1500 psi.

NS1. 64~360
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4.2.4 Other V.scosity Effects

1.

Foaming. High viscosity iluids are more apt to foam since

air bubbles take more time to disengage. Higher temperatures
lower the vincosity, and favor more rapid foam collapse. The
viscosity effect on foaming is not critical with most phosphate

fluids because of inherent low or nonfoaming characteristics.

Leakage. Lower leakage through a clearance gaps and from seals
and exposed surfaces will be favored by higher vis.osity.

One potential source of leakage is from actuator rod surfaces
located inside the vacuur. chamber. The temperature effect

due to the relatively cool chamber surrouncings will favorably

reduce the viscosity of the hydraulic fluid on actuator rods.

E_6 NSL 64"360 ) N
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APPENDIX F
COMPARISON CHART, SPECIFIC PROPERTIES OF FLUIDS FOR SELECTION

uodT} 1S Juodifts ELCERS § 8] uuog‘:a
N-wung - - - 14ang 14ang 143Ing 143ng] SIW0IB| 3 9] Q1INETT)
JuoN 3uoN ERGI auoN auon auoy 2ON auo wa384§ Ul STEIIH 03 BOTSOII0D
#8ue3 Surimzado uy
g -~ - - pooy pooy poos pood {ywwiayl ‘uoilepIxp) XIT[IGRIS [¥I183.
e QUITIIONRT - .- JUIT1IDNY JUIT[IIXT U3 10d%T UIY 12D 13d ool 3891 dumg Nuunwnium AwdYS
- - - - ssed ssed 8sed sseg (LSH1-H-TIW) I3 X3T,1aw3§ STJAJOIpAR
(1,002)$% 1IN oL - [/ [4 4 #o7 x¥m (‘4 G/ J® U0 Wi SIINUIE
(0£-982a wisv) Touapusy wwog
098 °0 €560 968°0 - €911 (72581 0121 [.22)060°1 oowd 3,09 3w X3ysusq
et ae- --- - 19°0 870 85°0 05°0 "D,£Z_ 13~ “Aarrianies yedam
481y 5-01%6 -- - g-01%¢ -- 01X (.00)_01%fparetode1yxa) 5,05 <R ‘mm ‘TIAIFeIg TOMR
-- -~ -- 786 [ 99, (93 069 3, BE ‘mm g9, ‘30703 PUTIrOR
aseaxdut A31sualul eeis
-- - -- - aswaldag ase2Idag 2se3I1d3(]| IYBIS| (40STE SHY) 3831 AexdS ainesaz, a0
ysin8ui3xa ystndurixa ysinjurixa ga1nduaixa
-3198 -313§ -713§ -3¢ (€0SIE SWV)3e3L Awsds aanssalg ySiH
-- -- - -- 0061 0051 00<1 00z1 3, ‘389 uoryTuBl {833 WIIION
- - -- -- oLE1 08€1 0EET 00€1 4,{00TL~4-11K) 3831 PIOITUPR 3CH
(Y2 143 SEL SEIT 0811 0071 001 0011 3, ¢-dmal noritud] snouaorny
sze o€y ozy (19 00S 06% 08Y osy 3. “OND *3urod uyseiq
- -- -- 099 007 069 089 -- 4, Ju10g 114
IuwISLeAg I1.4
(,0z~)
99€ 00S %°092 8°66 (.0 Z91 1,08
(,08)0001 002 -~ -- 114 4,0¢
zo LT3 82t €9¢ 84 1°z€ z°61 A1) 4,001
-- -- -- -- cze 8°91 i == 4,821 83 ‘orIsedury
-~ -- -- == 0822 0611 osy (0% ont 4,06
-- -- == == (141 151 96 29 4,001
- - - == n 1 9 8¢ 4,921
-- -- -- -- $°69 S 3¢ 6Y (0% €% 4,051 sns ‘3toqdes ‘ATTE00F A
Jualuel Juasuey FRETURA JuaBuwy
S13MQRIPY O11MQRIpY 2TIWQRIPY | JWwWI3YIOS] 12wWi3yjosy TeUIdYION] T9u0yIOST I13eqRIpY —
(3.08)000°0%Zf 000°SHZ 000°SiZ|  000°00% 000°1€5 000°0¢¢ 9r0"05¢ 000°82¢ tsd (3,08 ‘194 0005-0001) FRITPOW AT™ _
909S~H-1IK| 0. 2nam {gs/27 JRIH %23 -S0 0zZ 39nIn119D €SI aqnIn1yan 06 qRINTTI3D | 09 Tneapka say3zadoag

NSL 64=-360

F-1




i g

NORTHROP SPACE LABORATORIES

APPENDIX G

SIMULATION OF TWO RIGID BODIES

All studies of a rigid vehicle motion necessarily involve the

wotion of some point cn the vehicle with respect to inertial space
(reference 35, 36). 1If the velocity of the center of gravitv (that
is c.g.) of the vehicle is Tf and the point whose motion is to be

measured is located at distance £ from the c.g., the velocity 7 of

the point with respect to inertial space will be:

— — _" — —
v=H +§ +w x§ (1)
where o is the rate of rotation of the vehicle axes., The velues

of —g’ are obtained from:

pad — t &~
£ =g, +f dt (2)
= tT.’
€ =("¢ gt )
‘ét ‘.:E g. (4)

- i

where g is the acceleration in —g due to mode i, For completely
1 -

igid bodi " and | , and { equals £ .
rigid bodies, ¢ and £ are zerc, an £ equals go

The net unopposed force acting on the vehicle causes an acceleration

of the center of gravity such that:

Fenm (F+ o x 1) (5)
:: %- “_(:J. X IJ.. (6)
e +1t L ode’ . (7)

c-1 NSL 64-360
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A moment acting on a vehicle creates a rate of change in the

moient of momentum:

dM = dh + © x dn (3)
where:

=7 x (FxMdn= 12T -(SH)T | am ©
thus, M=({n2&-(E M7+ n2(Sx0) - (TT)@, ) dm

=f[M2 & (o.M T - (G- ANE¥T) ] dm (10)

These equations.may be expanded to Cartesian form and must be

mechanized for each vehicle, For eithar vehicle, the expanded forms

are:
t F
u =y + | ( X - w w+wv),dt (11)
c . Jo o v z
v=v+|‘tfx-wu+ww dt (12)
c ) e \— p X
w =w +c° (Fz«w\,'rwu dt (12)
c o Je \m y
U=u +w2Z-wY (14)
c y z
v o= Vot WX w2 (15)
c z X
w = w tTwY-wX (16)
c X y
M I L .
. = ']T_')L + vaz ° + _I_x_z + Ixz " - i"{z wxwz
X XX xx xx 7 XX y xX
I 2 _ 2 I -1
+ _fYE Yy T ¥z + Zyy 2z W, in
XX Ixx

G-2 NSL 64360
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a .
% . M X : I ) I i
" w = + w4 w + 3 -
o g X S 2% Y Y2 vy
i Y Y7 ¥y ¥y yy
ER 1 A -
; 2 + _x2 (UZ - wZ) +zz 1xx w_w (13)
S 1 z %
: |3y 5
". . - ‘M - . .
i . :wz':::—‘-?'- +—Ixz wx+'vzw +.].:X:':"'w“’ ‘.._.._Ixz""w )
©oy 2 1. 1 I 1 y 1_.%Y*% .
£ - S zz zz - 2z zz

: y S . ] )
N h Z2z Y7 . Tzz WXy =

5 = W t w-adt =

N . wx Xo ky [ “,"’x"d" (20)

L . W =+ (w-.dt (21). ° -
! . v %y, b

- . - . -

iU ' B =5 + B ’

o . . ‘W w i w4t (22)

‘ - . z Z, 0 A ) .
{ ) o . Y ! . EEEe . T B}

L . The develogment of the.actu'l attitudz orientation is based on

the assumption that the veliicie siarts with its axes coincident with

7 , - , )
! i . . those of the reference axes, - It first rotates about its z-axis _(yaw)

T - "thrdégh the .angle ¢ . Next, it pit hes about its y-axis ‘through the
,IT angle 0. L‘s‘, it rolls ‘through the (ngle 9 about 1ts x~axis. The

-positive sense of ¢ 11 rotations is accctdlng to the right-hand rule. -
. -

. Thusg’ far,” Lhe mot1ons have been deve loped -such that the rate vectors
= -
exist -in a system of axes fixed in reference space and- 1nstantane0usly

coincident with the’ vehicle. 1n quest1on .I¢ reference space is inertial,
-7 . -the rates of change of -, ,\nnd P may be \rltten.
N N - ’ - ‘ N w ~
" n # NG N L 2
{ - L .
28 ‘/' ~ ! -
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o
[

G
it

o -

]

w cos P -w
y z

sin @

. (wy sin P + w, cos 04 cos ©

4
wx"' ¢ sin O
.t
OO+_;° Q@ dt
- t
d -
9c+f. ¢ dt

L
e + L #adt

denotes an axis (1 foyx k,;z"for y, = for z), in

' (éé)

(22)

(24)

(25)

(26)

(27)

vehicle space transforms to the vector T]J. in reference space through . E

the formula:

where

3
S f. . &
i?ﬁ jIi

i

= cos 0 cos ¢

]

= cos O siny

sin 9 sin O cos § -

"= cos P sin O cos g+

= sin $ sin O sin y +

= cos @ sin @ sin Y -

- sin @

= sin ® cos © -

= cos O cos @

cos O sin ¢

e

sin @ siny .

1

cos P cos ¢ .

sin P-cosy

z \

29) .

(36 -

(31
(32)
(33)

(346

(35) .
- (36)
(37,

(38)
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The reverse transformation is obtained through the equatien:

.3
=3 F M
i J=1 291

{39)

In the problem at hand, th: simulator concept is that ¢f reducing

the twelve degrees of freaedom of the twe vehicles to six degrees divided

as follows:

-+ The simulator probe will translate in the y and z directions

. and ‘will rotate in roll,

2, The simulator drogue will translate in x and rotate ir yaw

and pitch,

By this concept, the probe x -axis will maintain a fixed attitude

orietation with respect to-the simulator.

We corceive, therefore, -

of sinulator reference.axes from which the probe does not develop any

vaw or pitch and the drogﬁe does. not roll,

mowing with respect to inertial space; and

These teference axes are

the ro-atiocn rates-about

inertial axes instantaniously coincident with the reference axes are

developed as- fcllows:

Denoting the motion of the drogue by ‘the subscripted and that cf

the referelce axes by ch: subscript r,

4
.y

w, =w, - T f . (40)
A : 7 “1 ld j=1 3,1 Jr ;
Since ¢d ‘equals zéfo, i
'Q = W =-w + w sin 4 -‘w cos 41 (41)
o d ,21 Vg X, ;d v, d.
¢d = w3 c?g Od = (ug - wx sin Od»cos ¢d = u& 51n9d 31nxpd
1 - . d T “ r 7
s - - w, cos 9 /cqsed
- 7 r -
P b = - 2 i Ted - W ;
v[de (er cos '¢d +<.oyr sin t.pd) sin Od] /cos 9, 2, (42)

NSL 64-360
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=0 =w + b.s51 = W - w el - a3
¢d 1 Gysind, x T &, cos0cos wy cosQ,sin
1 d r T
+w_ sin@, + ¢ si
wzvSlngd q,u 1n0d
=+ [w sin®, - & cos6, - ¥ sing ]/ coso {&3)
23 z4 d x, d Y. d d
The terms w and wy ‘may be determined from the probe motion:
r . r
0 =0 =w  =w cosp - w sinP : (44)
r - z
P b Yp P p P
4 = ¢ =w = w ginP + w cosP (45)
- S 9 4 A .
] P r Yp P P P .

where, since there is no motion of the probé¢ in © and with respect

to the reference axes, Qp, ¢p" Or and er are expressed with respect

to inertial space. On this basis, equation (43) indicates that

w o= w cosO, +w sin O, - w sin cos @ (46)
xr [ Xd d» zd d yl’ d]: “d B
thus, ) .
= w + . . : -

Qd - [}u& cosOd + w, - sin Od) sin ¢d w_ ] cos gy (473
d d d - y

¢d =w, cos Od - 51n0d - w, (48)
d d r

Qp = wx - wx o ) ] (49)
P r

Since the probe does not move in x and the drogue does not move

. in y and z, it is convenient t> select a reference axis system such

~ that the x axis passas through the center of rotation of the drogue

and the y-z plane coincides with the probe y-z plane., In this case,
using U, V and W to denoie translational velocities, and X, Y amd 2

to denote position,

G-6 ' NSL 64-360
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U, = u cos0 cos ¢d - v, sin ¢d +w, Slnodcos ¢d
-u tw Z o-w ¥ (50)
P yr P Zr P
Vp ='vp cosOp - WF sin¢p - UJ cosOd sin ¢d - vd COS s P
s i ) i + - 5
fﬁ sm)d 31ntbd wz“ Xd + er Zp (51)
W o= ind +vw cosp + inG. -
v vp 51n¢p wp 90a¢p uy 51nGd vy cost
~w Y - w X : (52)
X, P Ty d '
t ’ N . :
= + .
X, xdo £y dt (53)
- t ol
Y =Y + vV dt 54)
PP, b (>4)
zZ =2z + ("W dt | | (55)
T _ :
- o ¥ - L -
= @ - : i
0, a, g9 de (56)
Vo= o+ (¥ ét (57)
d” Fa " o Ta '
t 3 v
p =0 + B dt 58
p p, o 7p 4 : (38)

Equations (11) through. (22) must be mechanized for each vehicle
o]
values are the velocities oi the c¢,g. at the start of the run., The

X, y and z values are the coordinates of the point on the real vehicle
at which simulator measuvements are made, based on an a‘is system wieh.
its origin at the c.g. and with the x - axis parallel to the axis of
the probe or drogue, whichever vehicle is being considered. If the
attitude of the vehicle with respect to fixed space is desired,

equations (23) through (28) may be mechanized as an auxiliary calcu-

G-7 NSL 64-360
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lation, If the motion of the c.g., in inertial space is desired, u_s

v and w_ may be substituted in the exprnded form of (29) to yield the
velocity components with respect to the inertial axes, where the angles
come from (26) through (28) and the f transforas come from (30) through
(38).

For simulation, equations (44) through (58) supply all the answer-

and are convenient for the use of rate-commanded servos.

At this point, the forces required for equations (11) throuch
(13) and the moments fof equations (17) through (19) have not been
developed, 1In the simulator, strain gages supply the forces and
moments at a point which will, in general,'nqt be at the origin of :
mensuration, The forces may be used directly, but the moments ahout

the c.g., will be

= + 3 -
MX MXO /sz Zny (59)
M =M +2F - x_F 160)
y £ x 'z
[o]
M = MZO + foy - yfo (61)

where Xe. Vg and z, are the coordinates (c.g. as origin) of the point
at which the forces and moments are applied and the subscript (o)

denotes moments applied and measured directly.
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APPENDIX H

FUEL SLOSHING

Fuel sloshing will be represented by presuming & point mass of
sloshing fuel suspended by a spring-damper. The mass is presumed to
have no rotational inertia.

Taking the vehicle mass as m, the fuel sloshing mass as me s and the
location of the sloshing mass as M, referred to the c.g., we can break

into two parts:

n= g+ E
° M
whereziés the neutral location and Erthe deviation., Differentiating,
~;'l='+—. n
Er wxn )

and the velocity of the sloshing mass with respect to inertial space is

T’—fv —_—
VEp+ =g T XT )

The acceleration s

+(a"'l T-ET @)

The force required to produce this motion is

e

= X
Fs ms v (5)

It is produced by the elastic and damping restraints and is related to th

! displacement by E; =f &, (6)
|
{
i
- NSL 64-360
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This force may be divided into two parts:

: F; = F; + F;
L2 ™)
Py, = Mg (Ed s T g @ um-t:z”é;é )
= > = - . — L.
s, ™ wxé+&+2<ro’x*)+(w-éo)w—&§€ (9)
f; is seen to be associated with the motion of the vehicle without
1
sloshing.

Similarly, the moments may be developed as

M =M xF =M +M (10)
S S Sl S2

M =fF x F (11)
1 % %1

Ms; £ x FSZ +€x F, (12)

Again, MS is obviously associated with the motion of the vehicle without

sloshing(i.e., with the fuel rigidly restrained).

Actually, the force of equation (6) and the momant o” cquation (10)

may be considered as being applied to a vehicle of mass

= - N /
. mV m ns \13)

whose c.g. is6 units away from the
to £ .

m, the force and moment at the c.g

If an external force irand

—e

c.g. of m in the directicon opposite

moment M are applied at the c.g. of

. of m, to produce similar motion will

be F'=F -, (14)

g M =M - M +ox F -5x F (15)
;
1
k|
|
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Since

W 6)W - w

>

- - — - — - -
PHtuxp=ad+wxo+oxd+|

where @ is the velocity of the c.g. of m, s

Fl=m (f+T xF-0x8-(F-5)3+uF)
?=?’¥i=m(ﬁ+axﬁ)+%{g+gxg
F 2@ XE) (T )T - w2 E )
where
6 = - 38
v
Now, —- F
— S - — - 5 —— =" —
€~§ —(p+ W x p.)-—[wx§0+(w.g)u

'-wz_é*o] ~[TxF+2(F x £) + (T, £)T —wlt]

Substituting (18),

— m-i‘-'. 'f,“ -
£= 5 . L B(OxE+@T.E
m m m
vV s v

—

~OxXE-2(TxE)-(T-E)T+ W€

3t
E=(&) + | £at

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)
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The subscrip+ . denotes initial conliticns.
v

Inspecting eguations (10) and {(15),

M o=M- (5 +7) x Fo+ox F (24)

Now, for the complete vehicle, about the vehicle c.g.,

M= Mo%m-ﬂwvhdm+ﬂwﬂ@x@&n (25)
and —_
fo dm =0 (26)

The complete vehicle, without sloshing, would react according to

M =i f(o+r8 - (0+8)dm—ilw-[7+5)](0+8)dm

1 [w-(oc+8)][(c+6)xwjdm

—_——— . —

= w{ f rldm +6Zm]—-[}(w' g)oedm +{w-8)5m)

+{ [ (w o) (o x w)dm +(w-6)(6 x w)m] (27)
Since the sloshing mass effect, even iu the non-sloshing case, is
- — —A -
included in Fg and Ms, the term [(§ +£) x Fsl]should be subtracted to
* C
produce the actual responce to M'. An &lternative means of expressing

the reaction is

Tl dn - i@ o) Wdn+ f (@0 ) (TxT) dm =

No-[60d - (@ E)F @ T (Fx o]

-tx Fo - (6 + 1) szz ‘o xF
1

(28)

De wting the left side'by ﬁ and subscituting (9) and (18),

ReM-1-ExF_ -T1xF_ +éxm(F wxp) (29)
s s
1 2
vhere
— 2-—-— ——y g ~— —_ '—’\ -—-»x —9)] 30\
T=nl(d 0a(®-6 &x (w.5) (§xwh (30)
H-4 NSL 64-360
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.

o = l Alternatively,
- : S R=M-I-£xF -E%F +6xm(pxwxp) (3D
z . . S,

i R is, of couise, equlvalent to rhe moment for the nm.-sloshmg case,

- ‘ i - To modlfy the computmg set-up for the inclusion of s!oshing it is
desirable to _keep sloshing s_eparate. The three slosh- fonmg equations

"7 (6) “ave set qb.g"For: linear spring and damper the form is

L e F o= - l_\lﬁ- B§' : R (32)
* then ~ - . = - 5 . ' -
. ¥ : Fg -qF-oqm[wxg&(w §)w._w -]+qF (33)
. R s o 2 . )
Wiere T BT 2
- ~ <ms ', - -
P R < : (3%)
N o iy - ]

; .and F is the force developed in the smm]atar Previouslyl, the fo,rce:

‘s F was the forc.':g input to the: c. g motlon equatmn Replacing F in

s

b f S this function. with |,
! ;7 . . - - — —_ == - S i
H H - - - - . - = - - R
A . Fl F Fs2 - . - (35)
’”J: B Smce ;o is fixed by the Iocatlon ‘of the gentrcud of the tank. w1th )
ooy v y
A / . respect; ro the c. g of m, the term -
S '"’—mlwxé s@E )T (36)
, - . 5 - _ may be calcilated separately and then summed w1:'h F and F prior to
i T T mult]tplyxpg the ,‘Sul‘l:l; bv the term'n. 7 %2
S I o - : : .
S DA o L P o7 - -
AN SR ’ : - - — -—— - 2 37
4 b - e S ren D - @ DEe e O
v"/z" ol s I ] . 3
1.: - . o - B .
; e . end{ and £ may be calculated from (22) and (23) | :
R ’; ) [; 5} ‘ . ) B - ) N
R - - . o
AT S .
R o - 4 .
LR ; . S n .
B ;7 ~ W
§ [ . Sl ' H-5 . “ NSL 64-360 -
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The_M—of the non-sloshing case is now reprlaced by the—l'{. of (29),

vhich is now rewritten

R=M-q T, -_on rsz.'ngsm(goxF) (38)
where .
L =m [850- @B+ @E) Exl (9
. \\\\ v
< \3\\,
N -
7 | \\J\ _
T H-6 : © . RSL 64-360
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APPENDIX |

ELASTIC CORRECTIONS TO EQUATIONS OF MOTION

iy

truc .ural bending is represented by several modes of vibration,

there b.:.ng a shape for the cmplitude curve represented by the shape

. v

paramete ¢ ’references.37, 38, 39, 40, 41). The motion of the

F int i due to mode j is obtained from-

ot mmmnn

‘ . - Fy (D
] - q, tew o+ pon = —ak
i,k ko ik k ik %k
- © where tie a , B and ™o values are supplied externally to thisg
discuss.on, Thé deflection, €, is obtained from
- ) (2)
Eik = %y Mik :
_ and
P R 3 -
£ = 2}; ¢i,kqi,k (3)
; The anglé, &, due to this deflection ﬁay be obtained “rom
I — ¢‘ n ‘ - -
) %k T %,k ik : v (&)
N .
i 6 = o v 5
: i,k i,k
L}' - ¢' and ¢ are developed along with a, p and rn, ‘
3 ror the purposes of vehicle mofion analysis _ne terms?%(andsngiare
{; L *  developed in the following manner: :
: €, + o € +p £ = -V F-Y M -
{" Con : ko kTR Tk Pk Tk 5 kg (6)

t EA b V o1 ' NSL 64-360
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- t ——-
£ = f £ dt N
k [}
= dt ’
gk / ¢ (8)
: o
Yk is a constant developed along with ak and pk.
Coh T )‘k(lxgk)_ , (9
where the unit vector 1 is in x direct;pn._ A
£ = o (10)
1 %; gk )
6 = : (11)
k %; " ,

where all motions are relative to the rigid axis system of the vehicle.
In the case of torison, the é')f is developed directly from an equation

havingf the same form as (6) excep;: that 6k is substituted for §k

and there is no force term, There is also no deflection.

Equation (1) of Appendix G gives the velocity of a point referred

to inertial axes. Modifying this equation,

V-‘-H+éf+'wxg+wx£_,f (12)

where § is a constant, ' Since gf only appears in y and z this is

not as large a change as might be expected.

Assuming that dngles deveioped due to structural deflection remain

small,
i k'l‘f = Lozf l ,,(14)1
L : ' T as
¢f = mxf . 3 ;

where e

1-2 : . NSL 64-360




e

NORTHROP SPACE LABORATORIES

[, e,

—

i.wxf+jwyf+szf (16>

l-no"'l_

o

I3 . =
and all non-linear terms are neglected.

The desired axes are rigidly fixed to a point on the probe or
drogue and rotate ds the material around this point rotates. The axes
are, generally, rotated through the angles Qf, (Df andxpf_with respect
to the rigid vehicle axes. "However, presuming small deflections,

—
: ' \rilzyri+Zv o (17
: where\—.f; will be used to replace Vi:for the rigid vehicle.
— e 17 -'
. 'Uil = Uc + Wyz - Wzy + h!yzf - WzyE A (18)
B = - - g )
Vi1 V_C + WzX sz sz-f + V¢ (19
= + 2 - + _ ]
: Wil WC zp + wxy WyX nyf (20)
U, =U, +V, y_-W, 6 ' . (21)
, _ i i, - i £ i, f . . v
< v, =v, +W @_-U, y - ‘ (22
- i i, i, f i £ '
e - c : (23)
s wi wi+Ui 9t . v, @ - : :
cod N . 1 ] i f
: Similiarly, -
} - Wiy T Ve t g _ ] (24)
!, o Wyg, =W+ Wyg ‘ ' _ | (@25
5 . wzil = Wz + WZfﬁ ' , - (26)
{ - . ; wxil = inl + in]. 4‘f - w-‘i'] ef - o@n
Wyi = in] + WZil@f - wKi1 qu ) : (2?) .
W =W+, - Wy, Y
IS 2, " ey oy 0T T O 2

The Wy; ,Wy; anc W, values given involve small additions to

i ' the Wx , Wy ‘and W, saiues of Apnendix G, and substitute for them.

EL: S O
r-.ﬂ
Ui oo « L
N
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Similiarly, the u; , and ; values given here subscitute for the

u, .v. and w, values of Appendix G. The U_, V_ and W_values of
i?'i i e e e
(18) through (20) are the u v, and W, terms of Appendix G. With

these changes, no further changes need be made,

; , I-4 - NSL 64-360




feo

Ao ——

ORI

NORVHROP SPACE LASORATCRIES

APPENDIX J

EFFECTS OF GRAVITY ON EQUATION OF MOTION

The primary effect of the gravitational field for this problem is
the differential acceleration on the two vehicles, and on the various
elements of each vehicle, The first effect caus=2s one vehicle to
translate with respect to the other, and the second causes rotation,
Since the effect is small, the assumption that the vehicles are in

very nearly a circular orbit ie .c.:onable for determining the effect,

Because the vital motioné are those »f one vehicle relative to
the other, it is convenient to use the drogﬁe as a base, The drogue
vehicle is given an iaitial orientation with respect to- the responce
axis system in terms of the Euler angles i, ©, and 9. Separately,

the simulator initial angles,\pd, e

y and ¢p have been established,

‘From these two sets of angles, -the Euler éngles for the probe vehicle.

with respect to gravity reference space may be established, Then the

constant
.2 gg?
R

is established, where

G = Newton's gravitational constant

M = planatary mass

R = uistance of drogue c,g. from center

of planet

J-1 ~ NSL 64-360




NORTHROP SPACE LABORATORIES

For orbits close to the earth822 will be about 1,5 x 10-6 per secondz.

For drogue vehicle c.g. starts at the origin of the rotating
system thus formed and any velocity imparted to its c.g. will cause
it to move, The probe vehicle c,g. starts off the origin, The

position of the drogue is determined first by the formula

- t

o= ndt (2)
(e}

-—: —-o/ —_— — (3)
\

= 0~ (ka)x "

where { is obtained by axis transformation from the c.g., velocity of
the drogue, The position of the probe is determined first by
astablishing its position in drogue space (origin at drogue c.g.),
transforming this position to gravity space, then adding to the drogue

position, For each vehicle, then, the acceleration due to gravity is

- r4 - - .
a =_§Z[Z ix+ jy+ kz:] (4)

The separation of the two c.g.'s is in the order of 40 to 50 ft, At
the end of five minites, one vehicle will move about 6.5 ft. under the

influence of disferential gravity.

The acceleration is then transformed back to vehicle axes and

summed into the acceleration produced by other forces.,

To perform the transformation, the angles are needed. For each

vehicle .
0 = cosP - w sind (5)
Yy Z
Y = (wysinﬁ + wzcosﬂ)/cosg -, (6)
p=w +bsin o (7
.t‘
o=o0+.é 0 dt (8)
| ‘t?
¢=wo+g ?dt )
.tl
p=90 + [ 0de (10)
J=2 NSL 64=360 -
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Sanllaee

{ Each vehicle is also acted upon by the moments,

2 |, 2 2
= g7 s - - T )+ - ]
‘ M ¢ |11 (fIBIxy leIxz) * f13f12 (Izz yy) (f13 le) ]yzé (11)
{
‘ 2 2 2
= - ¢ - - + { - )

My & f12 ‘flllyz f13Ixy) + fl‘fIE(Ixx Izz) kfll kY Ixz g (12)
{ 2 ﬂA ( . 2 2
! Mz - -u )*LB ‘f12sz ) flllyz) * fllfIZ(Iyy ) Ixx) * (f12 B fll) Ixy 13

which act along vehicle axes, the f terms heing determined as in
Appendix G for the angles as determined above, Near tae Earth, the

. . . -€ Z
maximum angular acceleration will be 1.5 x 10 rad/sec”,

o,

[ W,

{ﬁ J~3 NSL 64-~360
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PRORBE-DROGUE RELATIONSHIP

For checkout purposes, it was necessary to substitute fow: the

simu tor probe and drogue with the analcgue computer. The method of

doing this is to assume a probe consisting of a spherical tip on a shank

which has length but no other dimension.
The center of the prooe tip ~ located at

X, =¥, =X
P e}
from the point of interest on the probe vehicle.

a spring damper arrangement which is non-linear.

Xt = A (FX i FX )
P p
F o
xp = I (Xt,Xt)
tll
)(t = 10 Xt dt
t
< dt
X, =k X,

~

(D

The probe consists of

(2)

(3

()

(5)

(6)

)

NSL €4-360
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However, some simplification results from circular similarity and we may

write

Xt = Xt (8)
Py

Y, = BF (9)
p; P

Zt = BFZ (10)
P p

F=F cos 0 -F  sing (11,
ypl jP p 5 p

F =F cos@®=F sind < (12)
Z 2 v P
P P P

On the drogue, the apex of the ccne is at a distance Xa fror. the
point of interest. The distance of the center of the probe tip from the

apex is, then,

= - - ens e (s si
Xy (Xd X, ) cos ad LI < B 2. ) sin @d
PPy P
= (V .. v i
(,p xh‘ ) cos ﬁd ing, (13)
'l
vy = (Xd - %X, ) sin ca (Yp + Yy ) cosy d . 14)
P P,

z) = - (Xd -, ) sin Jd cosy + (Yp+ Ve ) sin Qd s1t

P Py

? o]
i + (Zp* ., ) cos d (15)
i "1
Let
; 2 7 16
! rl y1 + z1 (16)
!
i
i K~-2 N3L 64~360
— . - fra—
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(17)

(18)

(19}

(20)

(28)

(30)
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e
e B s

» o
. - g

.0 - 2 F + ’
N _hh i : (31

[ - _ _ t ) 32y

(33)

- (34)

@y

i 7 > - ™ m 1 x

i1 o i ' l'\]f+k . N1+ k? »
I ; - = i , i o )
NN R - t .y - I P
Simde oo M =y F. -z F  =(r ) F#: . -7 (36)
2 SR Xg mZg  mYy 1 Tve ™ T

_‘21 r—:: — - =L ) B - ”

F_ -x_F DR S w6

T xR, -y, S ee

R A
r~
N\ ' »
N ]
N
E
<
E
x

I'h'e terms ¥ , F , F_,. M ,_VM , and M are the forces and

- . - e

d
,moments apphed to the drogue vegu:le at the pgwt of, intercst.

(S

|
1

g

i

\ "o
N

\‘
TN T

pre——
[y
\

EENEITTRBEAE AR

They are thus substltuted dlrectly for the forces and muments to be

N
\
3

supplied by the simalator. . o ) e

o | ‘, For rhe probe veh:cl» ‘the values of F R Fy , and Fz , are reverseéd .
J° .
L TR *a Ya a
v ‘ < ihn slgn -and transformed oy the equations. - .

-

] ,V- ) 4‘-’ - ’ xp - d . . i d, 'd d

i3 P4y
£ { g e e’ R v

F_-=-F_ coy@, cosy,+ Fy sing, -~ F_sin 9 CSS gq (39)

g

B e L i, L B LRIt T asr S
f
13}
o
.
o

{.cr v - F = = Fx __(':os-'gd sin q’d - Fy costhd > 1’-‘z gm'g_d sin q;;d (40)
. IV P i o - .7d - -7d . s

s
I3
-
]

o . F =F_ stQd - Fz-d cos Q_d - o o (lil)

l" -7 Then, F may be developed-from (3) using Jeéuatione'(l)';“ ), (4) and (5).
. x - ~
¥, - p - 4 . ) v _ ) - - R

© - NSL $4=360
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rrf
1}

F . cos ﬂ“+ F_~ sin §
_ - p -ypl B p - pl P

"y
]
raf

cos® -F  sin @ - - "(43) C o
) |4 Yy P
There is’ 4 small moment on the tip of the pr(;i:)e: ' o o .

L T 'L o e

g 2o, M=o F oS : = . 45 :
. Py : : ' R |
) ':from vqh'i"ch, ¢ 3 V e o h . s

By = . = B . - i »
- o ST 2 =3 . - =
1 = L. M F M o i
Z .Yp“‘ Y5 o, = ! : - i
= - . : g , ’ N
, 3 P . I
Y . ~ =
S} B . = :
: -

- » Z pz .; p3 . . " o o
2 ; ‘ - -(/ z. ~Y' » l . o __~ K
L T I
yp,z . P3 1 3_1 - . “ ‘—‘> o~ : .

y’.]_v - M ‘zl . - < "_J o , (5:0) ) - e

<
i

o
0

=

=
W
=

. ) Mo L gos %905}1; 4 _My s,m.\pd + Mz §m 92 cos ‘bd - g
R R & N Py Py 7 ;- -
- . : : B - . -

S (O FLn RO €1 R

= N B t z t » ~
o g .o s PPl L PrUPy * -
i - - ) . 4 . - -
z w . b ‘;v m i > - ’
I 3 ‘ o
2 = . - . % . Y )
~ ~ . 3 ~
. ) . g ) 2 "
y) -3 - ~ " ‘ §
. . - ‘v . 3
I C - o T u . v e H
o o - - N ;
i S 7 . s S . - / .
Y N 5 . 5
N A e * . . i
< . oy T L . - -
e .o , , R )
: . YT s Ka5 . NSL 64360 -
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. : ]:— - - ) - i ’ > =
= ©od : ”y = ﬂx cos—Qd 31n1¢d + yy cos i 4 +;Mz ~sin Qd sinq;d
= : P P Py Py
‘ E : . N - ’ - " - » 7 ‘
¢ v ’ + z “x X Fz (2)
p == - - tp P P P]_ T
S - i S
,E> ': : "Mz = - nx' sin Qd +M : cos Qd + X:‘ Fy - Y Fx (53)
i Sy- Py Py s} S S
T e (s8>
1T — P - Pl .
S Y - . :
[ SR ; e : - - T 2 -z T
LT z E =7 M =M . co¥ ﬂ + M sin @ > “ (55
S e - A A ats S It - g 89
[ e e e Ty :
R - o N . h — :
< e 7 R Mz ) 'fb,ii{- COSA_ﬁ - M, = ?Ln gp:. - e (58)
; T Pr 7p :
i1y % ke 1 - b T R E

L:;he;terySgEx 9
P s

{t.. v\-acl»} t

3
N

E
' t.,..-‘-,l-) 4
v N

z computer setup

v

PO RREE W RTINSy PR o A A YR A

O
H.

- create equ1pment

-~ -

:.Mx sM

z -
. BT P

T

'%boint of interest 6n‘the prbbe.,

;f aﬁd M;
p‘_; i

<
[

-

P,

are directly applicable to:tne

e Y

. A
- .

These exoressxons may be mechanlzed and used for checLout of the

However, the large requ1rement f01 mu1t1p11ers may

problems

-is to presume that the anglesQJd, 4 and Qb are small

.7 NSL 64-360

" An approach to avoxd excessxve compllcatlon

By maklnglpd

. This- permlts the use of sw1tch1ng to

Alsoh ‘terms 1nv01V1ng mulEipli-

”‘Jcatlon mabie 11nearlzed (cos 0 ~1 ),- thus e11m1nat1ng more mu1t1p11ers.

if the de51re is to check to x-y plane 1nstead-

EiN =

yl 7

w
- “
~ —— i
bl 93
v
< o g
-
v 7 -
-
-
~..

.‘J‘_

- - - and ¢ negllglble, the terms, contalnzng sines of these angles are
E oo,
" H . e11m1nated nnd r1 becomes Iz1
't e rep;ace resolv1ng action in many ‘areas’
1o
£ The fxnal mechan1zat10n at Northrop 1nvolved 8 multspllers, some’ o£
(7
I RN those not really needed
TR -
; T ) Of€X*z, the nechanlzatlon is substantlally ‘the -same, but,us1ng
¥, — i } )
'z;.:gn, v 1nstead of 28 T Lo
“ - ';‘ ~ . hd i ~ -
-~ § ] Y >~ ) y - : ; .
o1 :{;~ U . ; >
X ¥ g - "uu \:v ‘4 - o 4 7 i .
R P 2 ' . [V . a .
VVP _‘ - 1:
U ‘,
LY . ¢ Kwé
., o
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APPENDIX L

ANALOG COMPUTER PROGRAM

WIRING NETWORKS AND DIAGRAMS

“; Figyre:L-1 shows: the symbols used in the anmalog computer circuit
o o K - R ‘ 27 ) .
diegrams. ] - T -

Figures:L-2 thxough L-10 show the analog computer. sc“eﬂat1c for
the solutlon of the basic rigid- bodprroolem. The force and moment
) ampllflets are buffers between the 51mu1ator force balance output
Jresolver circuit (not shown) and the computer proper. They may be
used as summers when addltlonal forces .and moménts (e. g.,~due to

coutrols, grav1ty, fuel slosh) rust be cons:dered - Lk

. As aeveloped in these diagrams, the computer will act 51mp1y as
a’substltute;for the vehicles, the main outputs being the ‘motions
directly applieable to the simulator, 6 Although the information re-
Guired tb develop individual vehicle motion with respect to fixed .

" space is avallable, the circuitry for maklng the ne“essary computatlons
is not shown. : - -7 ’ >

- This portion of the computef utilizes 58 electronic multipliers,
6 electronic resolves, 170 amplifiers (18 as integrators) and 96 -
servcset-potentiomeﬁers» It includes every term in the rigid- body
.equations of motion, and has heen checked,Out on the Northrop Corpor-
atlon AD 256 Anzlog compnter. Development of the motion with respect
to fixed space. -0f each vehxclc will, requlre 54 aadltlonal electronic

v mult pllers, 12 addltional electronic resolves, 114 ampllfiers (12 as

sl ' NSL 64-360
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A Amplifier with Unity Feedback (Line AB:.is summing
i, [> . junction)
\ g
!
i A .
- High Gain Amplifier
A : : 4 \ -
b , Integrator with Tnitial Condition Po:entiometer-
B — . . A H )
s _—— Coefficient Potent:iometer with Ir_lgu‘:-Gain Resistor
o . R Amp11f1er Input Gain Re51stor (Eff 2ctive gam is
R B . . shown 1n81de circle) a )
oo, o , Ampl;fler Limiter (Shown w1tn +10(wv- and ov llmltmg
6 - set on its pots) , ;
- - X + Electronic Multiplier (il@qui"res botH polarities of each
- T o Z —— 1inpuc variable X and Y. Polarities shown are for nor-
- Y 4 mal + output Z, polarities actually applied are shown
w7 : -° on diagrams closer to input variables. Output Z must
4 - be -wired to’amplifier summing junction.)
< ) Lo . . E )
. @ 2 [\_l"‘ Lin D : Resolver (Requirés both polarities of input variable)’
X -z “ Logic Comparator (When ¥+Y) = -i-voltage the unit has a
Tl 2 ne
C, MWMNRE— normal output, Z, of logic one. Lower output Z wvith
Y - Pl . solid dot is the complim.nt.)
_ Sl b— # - Logic Electronic Switch (When a logic one-is at point
; Y _n~no.| -~ l ) "A", the variable applied to the N.C,. input shows up

at the output z)

jiFF\ - . " Logic "C.S.T." Flip Flop (Shown w:.th normal ard com-
S ] . . plimentary outputs )

ul _li’l}‘LS_-._ Pulser (Digit: at bottom of blotk is pulae time in
T L - seconds., )

]

: ' "OR" Gate = -
‘ T FICURE L-1 KEY TO ANALOG SYMBOLS
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- .occur in 0,°2 or ‘4-tanks for the two vehicles.-

_of the fule acting as a spring-supported point‘mass;
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3

integrators} and twelve additional servo-set potentiometers,

" Figure L-}l shows a single-chznnel attitude control using on-off

control to produce moments and unbalanced forces. The on-time minimum

is continuously variable from the minimum cowouter response time to

0.1 second. Since fo attitude control information has been rece ived,

this diagram is included as representative, If this représths the

vehicle control systems, then 12 operational ampl fiers (one as an

integrator), 2 electronic switches, 3 comparators, 3 "or'" gates, 2

‘flip-flops limiter and 5 potentiomet:zrs will be needed for each

control channel,: of which there are six,

“ The inclusion of fuel,éloshiug-ip the computer schematic is'not

'shown, but will add about I2 eiectronic maltipliers, 18 oﬁerational

émpliﬁiers and 20 poténtiomete;s:per tank, Conceivably, some ofither

multipliers might -be dropped on the basis that the contribution will
be below .the level of inaccuracy introduced by the basic assumption

. Fuel sloshing may

‘ ;"Structural flexureqméy be—inclﬁded;rather simply, although the
schematlcs are not shown here. -The -requirement is for 3Joperationalv

9

2 1nLegrators) .and 5 potentiomecers per mode, Because

ampllflcrs
deflgctlcns are summ;q together before further operatlons are performedy
This totals 44

Three .types of

the.rest of the equipment required is per vehicle.
amblifiérs (5 integrators). and“16 multipliers. .
flexure may be handled: symmetric, anti-symmetéic; and torsional,

Assuming ¢ modes per type, .the total requirement for handling two

vehicles will be 250 amplifiers (118 as 1ntegrators) 270 potentlometer

and 32 multlpllers. ‘ : ) B .

The grav;ty”ipfluencé is also not shown, but approximate re-

éuireﬁents maygbe inferred frow. the information in Appendix J, To

_generate the “angles (2 vehicles) will require 12 multlplleru and 16.

ampllflers, assuming that-only roll needs be considered to + 180° and -
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that Y and © are neutral at 90° increments from the gravity axes. The
axis transformatior coefficients require 24 multipliers and 48 amplitiers.
Resolution of drogue vehicle velocities and computation of its distance
from the gravity axis origin require 9 multipliers, 9 amplifiers (3
integrators) and 6 porentiometers., -Resolution of probe vehicie c.g.
position is done in 2 different manner to preserve accuracy of the
intervenicle distances and requires 21 multipliers, 21 amplifiers and

3 potentiometers, Generation of the six components of acceleration
(three per vehicle) recuires 12 amplifiers and 6 potentiometers.
Transformation of these accelerations back to vehicle axes requires

i8 multipliers and an amplifier. Generation of the moments requires

12 ﬁultipliers, 30 amplifiers and 12 potentiometers. Thus, a total of
96 multipliers, 160 amplifiers (6 as integrators) 12 resolvers and

27 potentiometexrs is recuired., ~The only realistic method of getting
the small voltages through is to genercte the accelerations and
moments at h}gh voltage ievels and then reduce them just prior to

summing into the motion integrators,

Figures L-12 and L-13 show the probe-drogue interaction mechani-
zation used to chcek out the-Northrop sec-up of the basic equiations of
motion, This simplified coplaner solution was intended only to indicate

the nature of the collision ard did not attempt to duplicate exactly

"the action of the real equipment. The €ircuit requires 8 multipliers,

40 amplifiers (3 integrators) 18 potentiometers, 2 limiters, 3
comparators, 2 electronic switches, Z single-show‘multivibrators and

i flip-flop. This includes a cut-off circﬁit (Figure L-14) which returns
the computef to initial qonditﬁcn when the probe tip eaters the apei

of the drogue come, This circuit may be used in the simulator for

safety cut;aff either returning the computer to "hold" or in.tial

condition, : : -

L-14 ' NSL 64-360
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Table L-1 summarizes the estimates of computer requirements.
The first 7 items constitute parts of the program, the rest various

combinations of these, At the end of the table is a listing from

the computer specification from MSC (Reference 42) showing items avail-
able without additional purchases. It should be noted that the provision
for obtaining orientation with respect to fixed space is the most demand-
ing and that a reduction in the number of flexure modes greatly‘relieves

the strain on numbers of integrators.

Six items of information are obtained from each force and
moment balance and transmitted tc the computer, Calibration curves
must be entered for each signal, but the shape of the curve will Le
restricted by choice of strain gauges to two slopes waxic m. The
calibration-corzected signal ic then combined with the other five
signals linearly to produce the three fcrces and three moments acting
on the vehicle, To arrange for this in a general manner, the input
is fed through the calibraticn section consisting of 3 amplifiers,

2 potentiometers and a limiter, This arrangement provides the entire
correctica required, There are six channels per vehicle making a
total of 36 amplifiers, 24 potentiometers and twelve limiters, Where
tre corrections are linear, l potentiometer, 1 amplifiev and 1 limiter
may be dropped. The six s@gnals are then combined and a zeroing
signal added to give the output signal for summning into the computer,
One amplifier and 7 potentiometers per channel are required for this
operation, adding a total of 12 amplifiers and 84 potentiometers,
Thus, for a general solution, 48 amplifiers, 12 limiters and 108
potentiometers afe required. However, 12 of those amplifiers may

bz taken as already uccounted for in the basic computer set-up so that
the amount to be added is 24-36 amplifiers, 0-12 limiters and, by
proper adjusting of gains, 72-96 potentiometers. The circuitry for

individual calibration and resolution channels are shown in Figure L-15.

L~18 NSL 64-360
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