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*Dormier Satellitensysteme GmbH. Ludwig-Bdikow-Allee, 85521 Ottobrunn. Germany

ABSTRACT: RVS shall serve as a docking sensor for the docking process of the
European Automatic Transport Vehicle (ATV) on the [nternational Space Station
{1SS). It was developed by Jena-Optronik Company (DJOj - Prime Contractor —and
Dornier Satellitensysteme {DSS) in the frame #f an ATV Rendezvous Predevelopment
Program (ARP}) charged by the European Space Agency (ESA).

RVS has been qualified for NASA Shuitle Mission, and was - integrated into the
docking module of Shuittle , Atlantis® - accompanving the docking and retreat
procedures of the Shuttle during the STS-84 and STS-86 missions to the MIR Siation
with Range, Line of sight and Attitude measurements. Thus, first results from RVS
application under real Space conditions are available.

RVS consist of active and passive elements. The active ones - sensor head and
electronics unit - are mounted on the chaser vehicle. Thev emit laser light, receive
and process the reflected light. The passive one - the Target - is arranged in a defined
pattern reflecting the light emitted by the active part of RVS.

Working as a scanning laser radar, RVS performs a time of flight measurement of
laser light and determines the line of sight values of the target pattern by scanning the
laser beam over certain scan windows. An aititude determination of the targe: pattern
wrt the coordinate system of the optical head is performed for short ranges evaluating
the measured range and {ine of sight values.

Data processing within RVS guaranties automatical acquisition and track over a
range of about one meter up to neariy one thousand meters under complicated outer
conditions, including separation of reflected laser light from cw light, elimination of
invalid returns, and automatic re-acguisition in case of target loss.

An RVS data rate of two Hertz combined with range and angular values of high
accuracy are excelient presuppositions for rendezvous and docking guidance

1 INTRODUCTION

The ATV (Automated Transfer Vehicle), being a logistic/re-supply vehicle for ISS {International

Space Station). needs a qualified Rendez-Vous Sensor (RVS) in order to perform the required

highly automated rendezvous mussion objectives. Therefore, it was necessary to develop and

validate new sensor concept technologies in the frame of a ATV Rendezvous Predevelopment

Project (ARP}) in order to minimise the risks associated with their use during the ATV mussion, by

pre-developing them at an early development stage, support and lower the development risk, and

secure the ATV development, verification and validation processes.

The ARP Project has been composed of three major biocks:

e the ARP Kemel including all system level activities covering the development, verification and
validation steps of the Rendez-Vous and Docking (RVD) technologies, as @ major system
function for ATV

e the ARP Rendez-Vous Sensor (RVS) development, for ground simulation/verification and in-
flight demonstration.

* the ARP GPS Receiver procurement. for ground simnulations and in-flight demonstrations.

This paper 1s going to describe the second of the major blocks mentioned above: Results of the

RVS development as well as on-ground and tn-{light verification.
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2 EQUIPMENT CONCEPT
The task of the Rendez-Vous Sensor (RVS) is to provide the measurements necessary to support
the proximity operation {approach and departure) of a chaser spacecraft to a target spacecraft
within a vicinity of about 1.080 m around the target spacecraft.
The target spacecraft cwries the passive RVS
0_ constituent: a Target Pattern (TP) consisting of three
T retro reflectors (comner cubes) with a diameter of 28§
: | mm each, arranged in a three-angular munner
l i according to Fig. | and reflecting the light emitted by
the active element.
o The active RVS constituent (from now on called
| .RVS* only) is mounted on the chaser spacecraft.
RVS works as a Scanning Laser Radar emitting
pulsed laser light, receiving and processing the light
reflected by the target pattern. Thus, RVS is able to
’ determine range (R) values from a sophisticated time-
of-flight measurement of a pulsed laser beam. Line-
| Of-Sight (LOS}) angle values are derived from the
- | angular position of the RVS scan mirrors at the time
the laser beam hits the TP and - in the last phase of
the approach from 40 m downwards to contact - also
the relative attitude Pitch, Yaw and Roll between
chaser and target space vehicle are computed. Pitch
and yaw are calculated from the single retro range
values, Roll is derived from single retro LOS values (in both cases considering other values).

IF;;_: 1: Geometry of the ARP-RVS Target

Pattern

Elevation Encoder

Elevation Mirror

Wi e

Alignment Myrror

Fig. 2RVSH  Front View-

Integranon not yet completed
The RVS tie the active part mounted on the chaser) 1s composed of two major constituents: the
RVS Optical Head (RVSH). the RVS Electronic Unit (RVSE). RVSH and RVSE are connected by
two electrical and two optical fibre cables. Al other electrical interfaces (RVS to the .rest of the
world”) are located on the RVSE.
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RVSH (see Fig. 2 and Fig. 3) comprises the following main components: housing. transmifter
optics {Tx}, receiver optic (Rx), two scan motors for azimuth and elevaton respecuvely. two scan
mirrors for azimuth and elevauon respectively, two angular encoders for measurement of the
azimuth and elevation angle. Alignment mirrors serve for adjustment aids of RVSH.

The main parameters of RVSH are given in Table 1.

. Alignment Mirror

Elevauon Encoxier
(in housing)

|
"E . Transmission Optics
incl. Fibre optic light puide
connector

Azimuth Mirror Driver
{in housing) |

Receiver Optics —— Fig. 3 RVSH rear view
RVSH housing |outer dimensions 184x240x160mm?3
| mass 3ikg
| material Aluminium alloy
Scan mirrors | 2 orthogonal arranged mirrors: | Elevation Mirr, (EM), Azimuth Mirr.{AM)
maximum useful scan angle + 15 deg {AM, EM)
material of mirror bodies Aluminium alloy
reflecting surfaces diamond milled, Gold coated
| outer size 106 x 79 mm? (EM)

52 x 65 mm? (AM)
mass (light weighting structure) | 72.6 g (EM}), 29.0 g (AM)

| axes | driven via metal belts
ball bearings | coated with a MoS, tubricant
Tx.Rx : | focal length 80 mm
| clear aperture 30 mm
distance of the opt. axes [ 33 mm
Opucal fibres | | Laser diode. photo-detector to the optics
| core diameter 200 um
cladding diameter L 280 um
' | numerical aperture 022

Tah. 1 Main parameters of RVSH
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RVSE contains the following components: the Laser- Range Finder (LRF) with the modules
Transmitter Board {(Tx). Receiver Board (Rx). and Signal Evaluation Board (SE): the
MicroProcessor Board (MP). the Scanner Contro! (SC) with the modules Scanner Control
Electronics Board (SCE) and Scanner Control Interface Board (SCI): the External MIL-STD-
13538 Interface Board {IF}: and the Power Supply (PWR) with the modules PWR1 and PWRZ.

LR¥

I
RX

AP SC

Sk
]
"WRI
I'WR2

The RVSE
components
mentioned above
are arranged 1n the
Electronics box.

A block diagram
of RVSE 15 given
in Figure 4.

o MIUL-STD-1553B
Primary Power (28V)
Power (mOff Commands

- e POwer OUn O S1atus

e Priman Current Sense
e Secoyndary Poner Statys
o Temperaiure Monnoring

Figure 4: Block Diagram of the RV'S Electromics Unit (RVSE)

Table 2 summarises the main parameters of RVSE.

Laser Rangefinder

Scanner Control

KicroProcessor

| Data Bus Intertace

transmitter diode

wave length

pulse repetition rate

pulse width

pulserise time

opt. peak output power
optical average output power
receiver diode

receiver bandwidth

Scanner Control Electronics

Scanner Control Interface
Dignal Signal Processor

MIL-STD-1333B Interfaces
toriginal and redundant ones)

A DATA PROCESSING
The RVS Soft Ware {SW) 1y based on a modular concept A number ot operational Modes and
Sub-Modes have been defined 10 cover the required tunctions: Inttalisation and Configuration.
Selt T est. Acquisiton. Track. Stand-by. Atter recenving a Switch-On command. RVS pertorms an
automatical imnahsation and self test and switches to stand-byv. A transition trom stand-byv into
acquisition must be commanded. In case acquisition 18 pertormed successfully (1 e. RVS has

{GaAs single stripe Laser diode
910 nm
S KHz
<10 ns
<l ns
SW
<0.3 mW (eve-sate)
tast PIN diode
500 MHz
regulate and drive the torque motors
I by a closed loop PID control
I¥ between MP and SCE
| eval unit of the mirror rotary encoders
1 32:40-bnt floaung point device |
(ADSP 21020
IF to GNC

Table 2 RV'SE Main Parameters
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acquired a target over more than one frame), RVS automatcally goes into track mode The
actually selected sub-track mode - differences reter o0 the size of the scan window and to the
modus of tracking the total TP respectively the retro reflectors sequenualiy - depends on the
measured range value and the disciminatability of the of the retro reflectors of the TP . in case ot
target loss (for Instance In case of leaving the specified approach corndor. see § Si RVS
automnatically switches nto acquisition mode and stavs there up to reacquisition of the TP. For

very short distances between Chager and Target space craft (i.e. for R<lm). a Single Reflector
Mode (SRM) was defined to cover the special conditions during the Flight Demos: Due to the size
of the TP and due to a lateral dispiacement
between RVSH and the centre of the TP at

2 Yoo M docking state, RVS can lose one of the Retros of
R T the TP in case of keeping the nomunal approusch
e corridor for any range <10m. In case RV5 would
o switch than 1nto Acquisiton Mode. noe useful
; i target information would be available down 1o
— docking Switching into SRM. range and LOS
Y . - values dertved from the measurement resulis of
““““ B — ‘e the tracked single reflector are available down to
St loss of this retro by the actual geometrical
e Tm T conditions
A E e leock The RVS data output frequency 1s 2Hz.
]

Fig. 5 gives an overview over the nuun modes
and the allowable mode transitions within RVS:

¢ are allowable commanded transitions. a4
Fig. 5 RVS Main Modes and Mode Transitions - denotes automatical mode transitions.

Table 3 summarises the main parameters of the operational modes.

i Mode : SubMode | Mode / Sub-Mode Description

f Init | -~ { performs HW. SW. and IF’s inuttalisation:

: | _Isuccesstully pertormed Imit is shown during the first trame of Selt-Test ]

| Seif-Test ! automatically atter Init or commanded from Stand-by; |
i resuits of the test are visible in form of BIT Error Flags ;

i Stand-by ) —mes | automatical atter Seit-Test or commanded:

| {electronies are powered and thermally controlled: no laser puises |

CAcguisition | | automatical in case of target 1oss at any range or 1oss of one or two retros for R210m.

i jor commanded {AMO only): duration depending on scan window size. RVS mexie
B i_.\'tatus and health status atier each 0.5 sev frame;

I AMO i for first acquisiuon or for reacquisition in case of AMI resp. AM2 was not suceesstul,

i scan window: 3(°x 307 127412 ;
l

\ AM1 guummuncul tor reacquisition 10 case of R260 m duning target toss, automaticid after
| { AMU in case of R260 m during target acguisition: scan window: 8°x5§°
P AM2 . automatical or rescquisstion 1n case of R<60 m duning target Toss: automatical atter |
15, [ AMO in case of Ref) m during target acguisition: scan window: 59x8 20654 !
i Track aufornatical atter successiul acquisition, valid atttude values 1n TM only |
LT M I down 10 60m approach? or starnng trom 35m (retreat) in case the three retros can not 3
. | be separated by RVS. wwan window: 1.5%x1.5% . 3.0°%3.0° j
| T M2 down 1o 60m or starting trom 55m in case the three retros can be separated hy RVS, ;
| ! three retros 1n one scan window. scan window: 1.5°x1.57 . 3.0%3 .0
™M U between 60m resp SSm and 30m, cach retro in a single scan window,
- | 1 sean window 1R
r 3B petween 40m and SRA vahd R LOS and Atitude values
“Single | SRM{ [awtomatical 1n case of loss of ane ur two retros for Re 10m. commanded from T‘VH
Reflector SRMZ | sean window LEIx]R
SRM3

Table 3 RVS Operational Modes
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4 STS-84 Set-Up .

The STS-84 mussion was launched on 15 May 1997. Docking between Shuttle Atlantis and the
MIR station was performed on 17 May, undocking on 21 May.

One of the payloads on the Shuttle was the European Proximity Sensor ARP-RVS. During this
first RVS test in Space, the sensor was mounted on the Atlantis Docking Module next to the two
American Trajectory Control Sensors {TCS), see Fig. 6. Before integration on Shuttle RVS had
been verified on Earth and subjected to a Proto-Flight Qualification concerning Thermal Vacuum
Loads, Mechanical Loads and EMC.

Table 4 gives the RVS performance results reached on static conditions at room temperature
during the functional and performance test campaign on Earth

!

{at range = | range accuracy ] azimuth, elevation roll accuracy pitch, vaw accuracy |
[m]] _ {m] | accuracy [deg] [deg] _[deg)

1000 ... 100 | bus .50 -
| notse 0.22 0.25 i,
100..40 |bas | 002 0.02 ] 1
| notse | 0.08 008 f
40 .. Rmin |bias | 0.02 0.06 1.2..03 1 g
| noise_| 0.05 0.07 6..0.3 4252 i

Table 4 Performance test results under static conditiens

In the docking and undocking phases both TCS and RVS were working. The TCS devices were
guiding the Shuttle manoeuvres, RVS was running along with, delivering measurement data.

The retro reflectors of the RVS TP are mounted on the Docking Module which was delivered by
Atlantis during the STS-74 mission (November 1994) and attached to the Kristall Module of the
MIR Space Station. In order to avoid an in-flight interference between RVS and TCS, each RVS
retro reflector is coated with an optical filter. As an additional but unintentional effect, these filters
reduce the effective maximum range of the sensor to a value below 1,000 m.

During the Mission the RVS, TCS and further data
files transmitted from Shuttle Atlantis to the Payload
Control Centre on JSC could be watched. After the
mission, the files were provided to DJO for further
evaluation.

Before starting the RVS data evaluation, the available
TCS! and TCS2 data were subjected to a rough
evaluation. Goal of this step was a selection of one of
the TCS for companson with RVS. Several non-
regular behaviour of TCS! (jumps to the RVS TP,
earlier loss of the target than TCS2 before docking),
led to a TCS2 selection for comparison with the RVS
data files.

Fig 6 RVS covered with MLI {in the toreground) 1s mounted
on the docking module of Shuttle Adanus, Both TCS
devices are visible in the background. The photo was
taken after STS-84 maission betore RYS disassembly
tor the check-out
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5 IN-ORBIT RESULTS
The evaluation of the data files available from the STS-84 mission led to the following results:

RVS worked in a stable moding during approach and retreat.
The selected moding principle and the implemented moding structure have proved good during
the mission. Moding simplifications are possible from the experiences gained during the
flight demo.

RVS measured the following parameters during approach and retrear: range. azimuth. elevarion,
pitch, vaw, roll.
As specified. the attitude values pitch yaw and roli were valid for range < 40 m only. A
comparison with TCS concerning these parameters can not be performed since TCS measures
range and LOS only.

The achieved maximum range value of 754 m corresponds with the assessed Rmax values under
the conditions of STS-84.
The maximum range value was achieved during retreat, RVS was tracking one of the NASA
retros at this time. The loss of the RVS TP already at R=400m results from a degradation of the
retros, in particular of the optical filters during the time they were exposed to open space.

RVS Range. «zimuth and elevation values correspond with the measurements of TCS.
All tendencies are correct, a numerical check performed at RVS minimum range delivered the
expected values considering measurement and calculation accuracy.

RVS HW and SW precautions protecting RVS from spurious reflections and NASA RR influences
worked excellent.

During both approach and retreat, RVS did not track any active or passive light source than

the RVS TP as long as the reflectivity of the RR’s was sufficient. RVS switched to the NASA
RR only, when the received reflected light of the ESA TP is too weak for precessingon RVS.
This RVS behaviour corresponds with what was implemented in the SW,
Meanwhile, RVS has successfully passed the second in-Space verification during the STS-86
mission. The data watched during the docking and undocking manoeuvres suggest a proper
behaviour similar to those at the STS-84 mission.

The following diagrams are selected from the enormous number of evaluation files of the STS-84
mission in order to demonstrate the RVS behaviour during approach and retreat. Comments to
effects visible on the curves are given in the diagrams and in the column right of the curves.

The following 3 diagrams demonstrate TCS and RVS measurements between 480m and 140m.

ApprOnch
COmpEneon ol VS w18 TCS renge vekes

__ e Between 488m and 140m, RVS is in
F “\ s | —am; | TMI1 or - in case of target loss, see
| Urget o doa © |1 | | . e 3
\ e on ) - | below - in Acquisttion Mode.

| RVS target loss berween 400m and
| 310 m results from ¢levation values
i larger than +15 deg.

I B
B0 (POY) (i A8 D a0 |
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e Apreroasc )
e S SIS WS RVS re-acquires the target at
n...J_‘_L__E#sél—\_\ R=310 m, the elevation value is still
a3 \ close to +15 deg.

At R=240m, the elevation angle
between Shuttle and MIR is larger

wsimuth sngies [deg]
—

: =g \ /j than +1Sdeg again, reacquisition is
. \ possible after elevation and azimuth
N values are back in the specified
'g_q_}-_‘ USRI REE RN +15deg domain (R=160m).
range (TCH) {m] -
== . == —
= W:T“Tﬁm“'fm During station keeping at R=150m
N s ;-‘,___l_#f'-., a commanded reacquisition was
n - [ = performed after commanding stand-
by.

The next 3 diagrams are derived from the measurements at RIRVS) = 10.5m ... 4m

Approsch: Com paresn ol AVS and TCS range vakss

————— e — During the last station keeping
L before docking, RVS was
' s commanded into Single Reflector

;_;_r,_:_\ \\‘\ ~ Mode.

" E 3 - i 2 3
- 3 » r . x @ ] - ] ? ] 1 e s -
1 1 t 4 L} e T i - 3 £ 2
T (6 W 18 | PO

ARROech Carmpasidon O AVS s TOE arioidt same

om i 5% e im} Due to the different retros tracked
Eidep g i ity et e, | by RVSand TCS, and due to the
TR o=, M. different mounting positions of both
=L ey L ST /_,.( + the sensors. range. azimuth and
i e T AR / § clevation value of RVS and TCS are
1 S P el L dentical
E v e, mma e ‘!» :
H ~— N i L o
e “=——=ﬂ_______—-—»f‘/ o | i Resulting from the angular and
N S g range values measured at
e s B & R{RVSj)=4m and the

rnge (masmrnn ty 043 (o0
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e A Com parseen of FY1 aad TC3 mrvaton metint "~ knowledge of the sensor and retro
—i] positions on Shuttie and on MIR. by

mathematical means could be
demonstrated that TCS2 (1.e. the
NASA sensor selected for
comparison with the RVS datas s
equal to the one TCS mounted close
to RVS (see Fig. 6)

’ -.-.Illl- .\.l_m _-i-t.-| ey
B e ot L !

At R=4m, RVS lose the retro
reflector due to an azimuth vaiue of
{5deg.

range few) {m]

The following diagrams are taken from the retreat phase up to RVS retro loss at Rmax=754m

Daperture 1470 . 784 m)
Comperisen ol R¥X snd YT rengs vaives

i RVSisin TM1 again tracking the
NASA retro {the same retro as
TCS) due to the weak reflectivity of
the RVS target.

0y 1age ANNE YHILSE
| RVS uacxs NABA RA dus
| o na meger reectivity |
<» RVS and TCS tage |
one Gentcal RR

=

AR ML WL ME ssakcas da ke nie sen s w @

i u (MMM SE.a8)

Dapature (470 . T84 m3
Companson of RVS and TCS satmuth vaives

H- { Forigrge nange vawes
wevEDon difterance st RVS and TOS

| stBys censtanty | and

g inE L rESlS KO Duge 1n OB DS RBgRmeRL
!_ af vetn sensors
E T3]

LR LR

Gnoatire 1410 T84 M
Comparson of RYS ast TCS sievtion weuss

i o now e
| mevemon oo of BV5 g
rey

L am conamniy wt

FMATS WD trage sribe
rasa T
5 DO¥ N

v hon g [deg |

R S e e il i e A NN e s 'y i

Proc. of SPIE Vol. 10570 105701H-10



ICSO 1997 Toulouse, France
International Conference on Space Optics 2 -4 December 1997

6 SUMMARY .

A prototvpe of the Rendezvous and Docking Sensor RVS was successfullv developed,

manufactured, and verified on Earth and in Space during the ATV Rendezvous Predevelopment

Project.

The sensor task to provide range, line-of-sight and attitude values during approach and retreat

between a few hundred meters and docking is realised by a sensor concept of a scanning laser

radar,

During two Flight Demonstration Missions (STS-84 and STS-86), RVS was delivering

measurement data, while TCS was guiding the docking.

The evaluation of the data taken in-flight and during the test campaign on Earth demonstrate that

¢ RVS mastered a twice application in space without visible or measurable degradation including
launches, landings, storage and handling in-between.

o the operatonal range of RVS fits to the requirement concerning short range guidance of an
automatical docking and undocking manoeuvre

e the RVS moding concept is adequate to the tasks of the sensor. Moding stability during the
track phase, automatical and commanded mode switching, for instance for re-acquisition are
provided.

e the RVS measurement accuracy meets the requirements of an automatical docking. Range and
LOS values correspond with the TCS measurements.

e the implemented HW and SW precautions. providing the ability to cope with spurious
reflections and outer disturbances. worked excellent.

Thus, the results of the ARP-RVS prototype testing and application should be an good basis for

the development of sensors for all task in the frame of high-accuracy navigation, rendezvous,

berthing, and docking purposes especially to and from the International Space Station.
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