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Abstract The Hubble Space Telescope (HST) was launched in 1990 and has produced various
scientific results since then. HST is receiving periodical maintenance by Space Shuttles
crew members every few years.

However the accident involving the Space Shuttle Columbia that occurred on February 1,
2003 resulted in the cancellation of the planned shuttle visit to HST. Since HST dose not
have a capability of safe disposal while its body is massive, part of spacecraft my come
down in some populated area in the near future.

Therefore, some kind of robotic mission is needed to extend HST’s life and/or to remove
HST from orbit.

This report summarizes the study result that an unmanned robot vehicle named HDV (HST
De-orbit Vehicle) that will be developed using currently being developed H-II Transfer
Vehicle (HTV) and JEM remote manipulator system can conduct the requested mission as
follows.

- launch by an expendable launcher

- automated rendezvous to HST

- capture HST using HDV’s robot arm

- docking to HST

- controlled atmospheric re-entry (safe disposal of HST)

Study of HDV was conducted by the HST robotic service mission study team, being
organized by members from Japan Aerospace Exploration Agency, Mitsubishi Heavy
Industries, Ltd, Mitsubishi Electric Corporation, NEC Toshiba Space Systems, Ltd, and

Kawasaki Heavy Industries, Ltd. The members of this study team are listed in Appendix-2.
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1. Scope of this document

NASA issued a Request for Proposal (RFP) on June 1, 2004, requesting proposals for either of the following
systems. (A copy of the RFP is attached in Appendix 1 of this document.)

® Hubble Space Telescope (HST) Robotic Vehicle De-orbit Module (HRVDM):  This is a component
of a larger vehicle whose combined purpose is to provide robotic servicing and life extension of the
HST, and ultimately end-of-life controlled re-entry or other safe disposal of HST.

® Hubble Disposal Vehicle (HDV): This is a stand-alone vehicle whose only purpose is to provide

end-of-life controlled re-entry or other safe disposal of the HST.

It is interesting to note that the systems required in NASA’s RFP can be easily created by assembling various

systems that have been developed or are under development by JAXA and Japanese companies.

The Japan Aerospace Exploration Agency (JAXA) and Japanese companies working with JAXA have
considerable experience in the area of unmanned on-orbit servicing. Having successfully completed the
pioneering project Engineering Test Satellite VII (ETS-VII), they are now developing the H-II Transfer Vehicle
(HTV) and the Remote Manipulator System for the Japanese Experimental Module of ISS (JEMRMS).
Through the development and operations of these systems and other experimental missions, we have acquired
a solid technical basis for automatic rendezvous and docking, intelligent tele-manipulation of a dexterous

space manipulator, and controlled re-entry.

Members of JAXA and Japanese companies initiated a feasibility study of the system described in the RFP.
The system designed in our study is basically an HDV system based on our HTV. The system could also
become an HRVDM through the addition of some optional equipment and functionality. Our conclusion is that

the system is feasible.
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2. Qutline of the study results
2.1 Overview
(1) Background

The Hubble Space Telescope (HST) was launched in 1990 and has produced various scientific results since
then. HST is receiving periodic maintenance by Space Shuttles crew members every few years to replace
degraded equipment. However, the accident involving the Space Shuttle Columbia that occurred on February 1,

2003, resulted in the cancellation of the planned shuttle visit to HST, referred to as Service Mission 4 (SM4).

Since some key equipment on HST is aging and degrading, HST will not be able to continue safe operation
for more than a few years. Moreover, since HST is a massive spacecraft and does not have a capability for safe
de-orbiting, part of the spacecraft may come down in some populated area in the near future. Therefore, some
kind of robotic mission is needed to extend HST’s life and/or to remove HST from orbit. These circumstances

prompted NASA to issue the above-mentioned REFP.

(2) Feasibility study

In response to the RFP, engineers and researchers from JAXA and from Japanese companies worked together
to conduct a joint feasibility study of robotic servicing of the Hubble Space Telescope. (The members of this
study team are listed in Appendix 2 of this document.) After the study, we concluded that capturing and
de-orbiting HST by an unmanned robot vehicle is possible using existing technology that JAXA and Japanese
companies have developed during past and on-going missions such as Engineering Test Satellite VII
(ETS-VII), Japanese Experiment Module Remote Manipulator System of the International Space Station
(JEMRMS), and the H-IT Transfer Vehicle (HTV). |

We also concluded that robotic servicing to extend the life of HST would be feasible but also highly risky,

since extensive preparations are needed to conduct such a mission in a very limited time.

In this report, we propose a system that performs the safe disposal of HST as the baseline system and a

system that extends the life of HST as an option.
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2.2 Spacecraft
(1) HST de-orbit vehicle

The HST de-orbit vehicle (HDV) is a 4.4m-diameter spacecraft with a mass of 7.1 tons, including 2.4 tons of
fuel. It consists of a propulsion module, an avionics module, a mission module that includes a remote
manipulator system, a docking mechanism, a data relay antenna, and photovoltaic solar cell paddles. Figures

2.2-1 through 2.2-3 depict an artist’s images of the HDV.

Fig.2.2-1 HDV at launch phase Fig.2.2-2 Orbiting HDV Fig.2.2-3 Docking with HST

Fig.2.2-4 HDV launch configuration
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Major specifications of the HDV are as follows.

Mass (dry) 4.7 tons

Mass (total) 7.1 tons

Diameter (at launch) 4.4 m

Required Electrical Power 2 kW

Communication via TDRSS and direct

Mission life 3 months -- up to 1 year (TBD)

“The HDV will be launched by an expendable vehicle such as JAXA’s H-IIA rocket. The HDV will perform an
autonomous rendezvous with HST and will capture HST at its grapple fixture using the HDV’s remote
manipulator system. The manipulator will then place HST in a docking position such that HST’s aft bulkhead
will face the HDV’s docking mechanism. Finally, HDV’s docking mechanism will grasp the berthing pins of
HST. The HDV will then conduct an ‘atmospheric controlled re-entry with HST attached, ending in the

southern Pacific Ocean, the Indian Ocean, or the southern Atlantic Ocean.

This HDV will be built based on the existing design and technology of the HTV, the JEMRMS, and ETS-VIL
The HDV’s spacecraft frame, propulsion module and avionics module are taken from the HTV, with minor

modifications.

(Z)HTV

The HTV will normally carry cargo to the International Space Station (ISS). The HTV will be launched by
JAXA’s H-TIA rocket and will conduct an autonomous rendezvous with ISS. The HTV will then be captured by
the space station remote manipulator system (SSRMS) and attached to the ISS’s node. After the cargo on the
HTV is transferred to the JEM, the HTV will be loaded with unneeded items and will then be separated from

ISS. Finally, the HTV will conduct an atmospheric controlled re-eniry.

The mass of a fully loaded HTV is 16 tons and that of the HTV core module {propulsion module and avionics
module), which does not include the payload sections, is 4 tons. The HTV’s core module thus has sufficient
capability to conduct the rendezvous With HST as well as the controlled re-entry with HST. Figures 2.2-5 and
2.2-6 illustrate the HTV.
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Fig. 2.2-5 H-II Transfer Vehicle

Fig. 2.2-6. HTYV being captured by the space station manipulator

(3) ETS-VII

Autonomous rendezvous docking between two unmanned satellites was demonstrated in 1998 and 1999 by
NASDA’s ETS-VII satellite. ETS-VII consists of a chaser satellite and a target satellite. Both satellites were
launched together in 1997 using the H-II rocket. The target satellite was released from the chaser satellite

during the rendezvous docking experiments. At the end of each experiment, the target satellite was captured
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and docked to the chaser satellite using the docking mechanism. Figure 2.2-7 shows an artist’s image of the
orbiting ETS-VII chaser and target satellites. Figure 2.2-8 shows a picture taken at the docking of ETS-VII
satellites. The ETS-VII target satellite (Fig. 2.2-8) has three sets of docking handles that are similar to the
berthing pins of HST. The docking mechanism of the ETS-VII chaser satellite (Fig. 2.2-8) grasps the docking

handles automatically. The shock generated by this docking was less than 0.1 G.

(Left) Fig. 2.2-7 Artist’s image of ETS-VII satellites (Chaser left, target right)
(Right) Fig. 2.2-8 Docking of the ETS-VII chaser (lower) and target (upper) satellites

(4) JEMRMS

HST will be captured using the HDV’s RMS, which is equivalent to the JEMRMS. The JEMRMS
manipulator is 10 meters long and has an end-effector similar to that of the space shuttle remote manipulator
system (SRMS). The HDV’s manipulator will grasp an HST grapple fixture (GPF) used for capturing HST
with SRMS. Since the diameter of the HDV and that of the JEM Pressurized module to which the JEMRMS is
to be attached are the same (4.4 meters), the JEMRMS can be attached to the HDV without major

modifications.
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(5) Autonomous satellite capture

Autonomous satellite capture by a satellite-mounted manipulator was demonstrated by NASDA’s ETS-VII
satellite in 1999. The ETS-VII chaser satellite has a 2m long manipulator that operates in the remote-controlled

mode or the autonomous control mode.

During the autonomous satellite capture experiment, the docking mechanism was partially released to allow
both satellites to move freely. The manipulator was placed into a vision-based autonomous control mode and
was guided to the appropriate position to capture the target satellite. Finally, the manipulator successfully
grasped a handle on the target satellite. Figure 2.2-11 shows the autonomous satellite capturing experiment

performed on the ETS-VII satellite.

Fig. 2.2-11 Autonomous satellite capture experiment conducted by ETS-VII
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2.3 Mission scenario

The HDV’s mission will be conducted as follows. (Details of the individual tasks are analyzed in Section 4.)

(1) Launch of the HDV

The HDV will be launched by an H-ITA, or other available expendable launch vehicle, into LEO (altitude
TBD; inclination 28deg). If an H-IIA is used, the H-IIA will have sufficient capability to place HDV into an
orbit close to HST.

After the HDV separates from the rocket, its solar panels and a data relay antenna mast will be deployed.

Communications with the HDV will be realized via NASA’s Data Relay Satellite (TDRS).

(2) Rendezvous with HST

After the HDV separates from the rocket, the HDV will perform a phasing maneuver to adjust the phase
between the HDV and HST.

fter the phasing maneuvers, the HDV will be injected into an approach initiation (Al) point that is at the same

altitude with HST and TBD km behind HST.

(3) Fly-around inspection (opticnal)

After the HDV arrives at the Al point, the HDV will conduct a fly-around inspection. In this fly-around
maneuver, the HDV goes forward, passing TBD meters beneath HST, and arrives at a point TBD meters ahead

of HST. The HDV then goes back, passing TBD meters above HST, and returns to the Al point.

During these maneuvers, a visual inspection of HST and a final check of the rendezvous sensors on thé HDV

will be conducted.

(4) Final approach to HST

After the fly-around inspection, the HDV will move to the V-bar injection point (VI}, which is 3 km (TBD)
ahead of HST and at the same altitude as HST, using GPS-based navigation data and the predicted HST
positional data. At the VI point, the Far-range Rendezvous Sensor (FRS) on the HDV will acquire HST 1n its
Field of View (FOV). The HDV then approaches the HST from a position ahead of the HST.
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During the V-bar approach, the HDV’s attitude 1s maintained such that the HDV points towards the HST. This
final approach maneuver will be conducted at local noon or under other circumstances that allow the solar

paddles of HST to be placed in a position parallel with the main body of HST.

When the HDV approaches to within TBD meters, the HDV’s manipulator will be deployed and placed into

the capturing pose.

When the HDV approaches to within TBD meters, attitude control of HST and the HDV will be inhibited to

avoid unpredictable attitude motion.

When the HDV approaches to within 7 meters (TBD) of HST, the HDV’s Remote Manipulator Subsystem
(RMS) will be guided toward the grapple fixture of HST. After the end-effector of the manipulator
approaches to within 0.5 meters (TBD) from the GPF of HST, the end-effector will grasp the GPF of HST.

(6) Capturing the uncontrolled HST

If HST is no longer functioning properly and thus is unable to maintain its attitude at the time of the proposed
mission, it will be tumbling. In this case, the HDV will approach to a distance of 10 meters (TBD) from HST
and wait until the motion and attitude of HST allow it to be captured by the HDV’s manipulator. If HST’s GPF
faces towards the HDV, the HDV will continue its approach until it is within TBD meters and able to grasp
HST’s GPF using the HDV’s manipulator. Attitude control of the HDV will be suspended when HST is
captured by the manipulator. After HST has been captured by the manipulator, any relative motion of the two
satellites will be gradually absorbed by the manipulator. Attitude control of HDV will be resumed after all

relative motion of the two satellites has been absorbed.

(7) Docking HST with the HDV

After the HDV’s manipulator has grasped HST’s GPF, the manipulator moves HST into a position in which
the HDV’s docking mechanism can grasp HST’s berthing pins. The HDV’s docking mechanism will then grasp
HST’s berthing pins. Once the docking mechanisms close their latching levers, a firm connection between the

HDYV and HST will be realized.

After docking of the HDV and HST is accomplished, attitude control of the HDV will be resumed and the
HDV will achieve TBD attitude.
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(8) Life extension of HST

After docking of the HDV and HST is accomplished, attitude and orbit controls for the unified spacecraft will
be maintained by the HDV. In this control mode, power is supplied to HST by HST’s own electrical power
system. Supplying power through HST’s umbilical connector is possible. The period over which HST can
continue to operate depends on the lifespan and reliability of the HDV. Since the nominal mission life of the
HTV, the base spacecraft for the HDV, is 3 months, the duration of the HDV’s mission, including continuation
of the operation of HST, should be 3 months or less. Extension of the mission life of the HDV is optional.

Extension of HST’s mission operation for more than one year will require a separate system, discussed in

Section 7 as an option.

(9) De-orbiting HST

The united HDV. and HST will reduce their altitude to 150 km using the HDV’s propulsion system. The

vehicle will then wait for the final de-orbit timing.

De-orbiting is realized by a controlled re-entry to the Earth. The re-entry point will be the southern Pacific

Ocean, the southern Atlantic Ocean, or the Indian Ocean.

10 -
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3. Technologies to be applied
3.1 Rendezvous docking

JAXA (NASDA) successfully conducted automated rendezvous docking experiments using NASDA’s
ETS-VII chaser and target satellites. The chaser satellite weighs about 2.5ton and the target satellite weighs
0.4ton. The two satellites were launched together in a connected configuration by NASDA'’s H-1I rockets. Orbit
of ETS-VII is 550km altitude and inclination is 35deg. The two satellites was separated during the rendezvous

docking experiments and re-united within each rendezvous docking experiment session.

Fig.3.1-1 NASDA'’s Engineering Test Satellite VII (Left: Target satellite, Right: Chaser satellite)

(1) Rendezvous docking experiments

Following three rendezvous docking experiments were successfully conducted during the ETS-VII's two

years mission life.
a) Undocking / docking experiment

In this experiment, the target satellite was released from the chaser satellite up to 2m distance and re-united
each other using the docking mechanism. While two satellites were flying separately, relative position and
attitude of both satellites were measured by the proximity sensor mounted on the chaser satellite. The
proximity sensor is a CCD camera based sensor that detects marker reflectors on the target satellite. The

marker reflector was illuminated by LED on the chaser satellite.

s 2
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b) Relative navigation experiment

In this experiment, the relative navigation using the laser radar up to 500m distance and the relative
navigation using GPS up to 12km distance were demonstrated. Rendezvous trajectory was V-bar approach in

this experiment.
¢) R-bar approach experiment

In order to simulate HTV’s rendezvous to the international space station, the R-bar approach experiment was
satisfactory conducted. Since docking mechanism and the rendezvous laser radar are mounted to conduct the
V-bar approach, the chaser satellite approached an imaginary target which simulates ISS from beneath of it

using GPS data and simulated laser radar data.

(2) Relative nalvigation and control

ETS-VII demonstrates relative navigation control in following three modes.
® Relative position and attitude control against target satellite using proximity sensor within a few
meters relative distance.
® Relative navigation and LOS control of chaser satellite against the target satellite using rendezvous
laser sensor within some 500 m distance.

® Relative navigation using two satellites using both satellites’ GPS data within 12 km.

(3) Low impact docking

Docking of both satellites were realized by the docking mechanism on the chaser satellite and the docking
handles on the target satellite. During the docking operation, the chaser satellite slowly approached toward the
target satellite. When the docking handles of the target satellite comes in the envelope of the docking
mechanism, latching lever of the docking mechanism was closed to capture the docking handle of the target
satellite. Relative distance and relative attitude between the two satellites were measured by the proximity
sensor that is based on CCD camera that detects reflector markers on the target satellite. Docking mechanisms
of chaser and target satellites are shown in Fig.3.1-2 and Fig.3.1-3. ETS-VII’s docking was so-called “low

impact docking. Sock at the docking of two satellites was less than 0.1G

-i2.
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Fig.3.1-2 Docking Mechanism of ETS-VII  Fig.3.1-3 Docking of ETS-VII

chaser (lower) and target satellite (upper)

(4) V-bar approach and R-bar approach

ETS-VII also demonstrated two types of rendezvous maneuvers, the V-bar approach and the R-bar approach.
In the V-bar approach, the chaser satellite approached the target from forward of the target satellite at the same
altitude. In the R-bar approach, the chaser satellite approached the simulated (imaginary) target satellite from

beneath of it.

| ﬁgﬂ-hr

TIHRTR—

(3)R-bar $&iff

Fig.3.1-5 R-bar approach of ETS-VII chaser to an imaginary target that simulates ISS

= 13-
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3.2. Space robot

JAXA (former NASDA) conducted following two robot missions and preparing launch of manipulator system
(JEMRMS) for ISS.

3.2.1 Manipulator Flight Demonstration mission (MFD)

In 1997 NASDA conducted MFD (Manipulator Flight Demonstration) mission using the Space Shuttle. In this
mission, equivalent model with JEMRMS small fine manipulator (1.5m long manipulator of 6 degrees of
freedom) were mounted on the space shuttle cargo bay and operated by onboard astronaut. Objective of this
mission was to verify design of space manipulators to be used on ISS/JEM. This mission was successfully

conducted.

Fig.3.2-1 MFD mission Fig.3.2-2 Manipulator of MFD

3.2.2 ETS-VII (Engineering Test Satellite VII)

Another robot mission was ETS-VIL. Missions of ETS-VII were to demonstrate the automated rendezvous
docking technologies and space remote-robotic system. In the space robot experiments, a manipulator on the
ETS-VII chaser satellite whose length is 2m long was remote-operated from the on-ground control station at
NASDA Tsukuba space center. In this robot experiments, various technologies were demonstrated such as;

(a) Coordinated satellite attitude and manipulator control not to disturb satellite attitude stability when a
manipulator works on the satellite.

(b) Remote-operation of onboard manipulator from on-ground control station by various ways.

(c) Demonstration of some robotic tasks such as visual inspection using manipulator’s hand eye camera,
ORU (Orbital Replacement Unit) handling (de-mating / mating), simulated fuel supply, autonomous
satellite capture by a manipulator, and others)

Fig.3.2-3 shows ORU handling experiment using remote-operated manipulator. Fig.3.2-4 shows target satellite

handling experiment.

o
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Fig.3.2-3 ORU handling by the manipulator Fig.3.2-4 Target satellite handling experiment

3.2.3. JEMRMS (Japanese Experiment Module Remote Manipulator System)

NASDA developed Japanese Experiment Module (JEM) for ISS. JEM is now waiting launch at NASA
Kennedy Space Center. JEM Remote Manipulator System (JEMRMS) is attached to JEM and will be used to
handle equipments on JEM such as the logistic module and ORU. JEMRMS consist with large Main
manipulator (6 degrees of freedom and 9.9m long) and the small fine manipulator (6 degrees of freedom and
1.9m long). The Main is used to handle large logistic module and large experimental equipment. The small fine

will be used to handle small ORUs.

Major specification of JEMRMS is as follows.

Degrees of freedom 6 6
Length 9.9m 1.9m
Mass 780kg 200kg
Max P/L Tton 300kg

ey
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Fig.3.2-5 JEMRMS flight model Fig.3.2-6 JEMRMS attached to JEM Pressurized module

3.3 H-II Transfer Vehicle (HTV)

H-II Transfer Vehicle (HTV), currently under development, is designed specifically to transport various cargos
to the International Space Station (ISS) using the H-IIA launch vehicle. The orbital transfer vehicle approaches
the ISS and stays at a predetermined stationary position. HTV is then captured by the Space Station Remote
Manipulator System (SSRMS) and berthed to the designated port. Accordingly, the HTV must satisfy the same
reliability and safety as manned spacecraft in order to prevent any possible to the ISS.

After being placed in orbit backward the ISS, HTV approaches the ISS using the relative GPS and Rendezvous
Laser Rader. The vehicle halts at a predetermined region called Berthing Box, and the SSRMS captures and
berths it to the ISS.

HTYV uses the rendezvous algorithm which was developed through the Engineering Test Satellite-7 (ETS-VII)
project. The ETS-VII performed an approach and rendezvous flight demonstration simulating the HTV final
approach trajectory to the ISS. The result proved the algorithm capable to the actual flight of HTV.

Major specifications of HTV are as follows.

Diameter: 4.4 meter

Length: 9.2 meter

Weight: 15 metric tons (at launch)

Payload: 6 metric tons (excl. mass of payload carriers)

Rendezvous orbit: altitude 350km — 460km, Incl. 51.6deg
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Fig.3.3-1 HTV’s rendezvous trajectory to ISS

HTV consists of the propulsion module, the avionics module and the payload carriers.

Propulsion module is installed at the rear of HTV and composed of main engines, thrusters and the like. Four
propellant supply tanks feed to main engines and RCS thrusters by using helium gas supplied from pressure
vessels. Avionics module has two separate decks. Lithium batteries are installed on forward deck and
electronic equipments for GNC, C&DH are installed on aft deck. On the surface of HTV Avionics module,
antennas and sensors are mounted.

HTV logistics carrier has 2 sections: pressurized section that can carry up to eight ISS standard payload racks;

3

and un-pressurized section that can carry up to three EF Payloads on Exposed Pallet. With up to two
operational flights a year, HTV is planned to deliver not only experiment equipment but also many kinds of

logistics, such as clothes, foods, water and batteries for the ISS.
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Fig.3.3-2 H-II Transfer Vehicle (HTV)
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After the payloads are moved to ISS, HTV will be loaded with unnecessary goods and will conduct the
controlled atmospheric re-entry. Since HTV is a massive spacecraft, some parts of HTV spacecraft will remain
until splash down to sea surface. Therefore the controlled re-entry area is selected in the southern Pacific

Ocean to avoid possible hazard for habitation area.

The controlled re-entry was successfully conducted in previous missions in Japan such as OREX (1994),

HYFLEX (1996) and USERS (2003).

HDV will use the propulsion module and the avionics module of HTV. Major required modifications from
HTV to HDV are as follows.

- Removal of the logistic carriers

- Removal of Lithium batteries

- Adding deployable solar panels and rechargeable batteries.

- Adding high gain data relay antenna and transponders

- Adding a manipulator and its control electronics

- Adding docking mechanism and its control electronics

-18-
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4. Mission Analysis
4.1 Rendezvous with HST

4.1.1 Launch Phase

The HDV is launched by the H-ITA or other expendable launch vehicle and is injected into a circular orbit of
500km (TBD) altitude and same inclination with HST (i=28.45deg).

HDV’s separation from the launch vehicle needs to satisfy a couple of conditions. First of all, the HTV attitude
immediately after separation must be such that the X-axis in the HTV body axis coordinate is consirained in the
direction of the velocity vector and the Z-axis axis is aligned with the nadir direction. The error about each axis

must be less than 10 degrees. Also, the attitude rate about each axis of roll, pitch, and yaw after separation must

not exceed 1 deg/sec.

4.1.2 Nominal Trajectory for Rendezvous
The nominal trajectory for rendezvous is defined as a period after launch vehicle separation to 20 km (TBD) aft
point of HST co-orbit (Al : Approach Initiation point ) in this repbrt. Design concepts for the nominal trajectory
are as follows;
- Phase Adjustment Capability:

The nominal trajectory has the phase adjustment capability of more than 380 degrees.

- Time Adjustment:
The nominal trajectory has the time adjustment capability of 24 hours. With the support of Ground

Operation Control System, it is done before launch by adjusting the number of orbital revolutions in the

phase adjustment phase.

- Safety:
The nominal and abort trajectories in the rendezvous phase including 3-sigma dispersions (sensor,

thruster, and mass property errors) shall stay outside of a certain area defined by safty rules of the

mission to be defined..
- Backup Maneuvers:
The HDV has the capability to plan a set of backup maneuvers after an accidental delay of the

pre-determined maneuver.

The nominal trajectory is shown in Fig.4.1.2-1. Maneuver points and altitude in the nominal trajectory will be

optimized in the future work.

-19-
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4.1.3 Trajectory for Proximity Approach

Two types of proximity approach are considered to realize capture and direct docking.

(1) +V-bar Approach

HDV automatically executes several maneuver burns and flies from the Al point to the V-bar injection point
(V1), where the target acquisition is performed using the Far-range Rendezvous Sensor (FRS). The navigation is
based on the GPS absolute navigation using HDV/GPSR data and predicted HST position. The guidance is based
on the CW (Clohessy-Wiltshire) algorithm, using the GPS navigation data.

Trajectory design should be conducted under some constraints of relative approach,
- TDRS communication coverage
- FRS navigation performance (FOV, Range and Range Rate, LOS angle, accuracy,)
- GPS navigation accuracy using HDV SIGI
- HST predicted position accuracy
- Al hold accuracy

- Atmospheric drag effect

Fig.4.1.3-1 shows HDV +V-bar insertion and approach in typical case. HDV departs from Al and stops at +V-bar.
After acquisition of HST in the FRS FOV, HDV approaches on the V-bar with pre-programmed relative velocity
in accordance with relative range from HST. FRS target acquisition {Catching HST) is an important event in the
rendezvous. An active scanning strategy using attitude control and orbit dynamics is an option for sure

acquisiton as shown in Fig.4.1.3-2.

In the proximity approach on the +V-bar, main navigation sensor is changed from FRS to Near-range
Rendezvous Sensor (NRS). These sensors should be designed to be compatible in two case of HST attitude

shown in Fig.4.1.3-3 and Fig.4.1.3-4.

_21-

This document is provided by JAXA.



(oseo [eo1dAy) yoeosdde pue uonsosul JeQ-A+ AQH 1-€' 1§ oINS

1

(IV pue SH usemiaq),|v

=T MV

(uonsau1 (] WIIAA+

g
(ag1) wy ¢

i

N

Y]
1

This document is provided by JAXA.



ues 9An0R MM qorordde pue UONIASUI 18G-A+ ACH 7-€° 1+ 811

1peN

uosinboe gy
Joj @Bueys spnuy

Fuporsy [ SH

d3ues udwaINSEOW Y 4 Y} Ui

(agup) un ¢

N

]

(1V PuE LSH U0aMm1aq), 1V LSH

(uonoaa WA+

(g uwyg

.03 -

This document is provided by JAXA.



(Yuez) -

aimded 40 pue yorosddy Jeq-A ¢-¢ 1y 24081,

| — —

 S— —

IS
(uonoau(] WS1d) A+

.04 -

This document is provided by JAXA.



uppoo wang pue yoeorddy qeq-p $-¢ 14 2anSig

(Qusyz) -

—_—

(uonoaiiq WBHL) A+

-05.

This document is provided by JAXA.



(2) R-bar Approach

HDV automatically executes several maneuver burns and flies from the Al point to the R-bar injection point (RI),
where the target acquisition is performed using the Far-range Rendezvous Sensor (FRS). The navigation is based
on the GPS absolute navigation using HDV/GPSR data and predicted HST position. The guidance is based on
the CW (Clohessy-Wiltshire) algorithm, using the GPS navigation data.

Trajectory design should be conducted under some constraints of relative approach,
- TDRS communication coverage
- FRS navigation performance (FOV, Range and Range Rate, LOS angle, accuracy,)
- (3PS navigation accuracy using HDV SIGI
- HST predicted position accuracy
- Alhold accuracy
- Atmospheric drag effect

Fig.4.1.3-5 shows HDV +R-bar insertion and approach. HDV departs from Al and performs FRS target
acquisition (HST in the FRS FOV). After R-bar insertion, HDV approaches on the R-bar with pre-programmed
relative velocity in accordance with relative range from HST. In this approach, HDV pitch attitude control is

needed to get HST image in the rendezvous sensor FOV.

In the proximity approach on the R-bar, main navigation sensor is changed from FRS to NRS. These sensors

should be designed to be compatible in two case of HST attitade shown in Fig.4.1.3-6 and Fig.4.1.3-7.
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4.2 Capturing HST

4.2.1Final approach

The sequence of the final approach for HST capture is performed based on the technique of ETS-VIL
Fig.4.2.1-1 shows the mode transition of the final approach. Before the final approach, HDV’s manipulator shall

be deployed to initial posture for the capture. The contents of each mode are described as follows.

Marker
Acquisition
]

’————— Hovering
1

. |

Bscape  [@&—— High-Speed ,
approaching Autonomous

Motion by Visual
é? % Servo Control
Low-Speed
approaching
[

!

Capturing

Braking

‘; N

Berthing

Fig.4.2.1-1 The mode transition of the final approach
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(1) Marker Acquisition

When HDV arrives within HST capture range, the manipulator starts measuring the range, range rate, and
orientation of the HHST GPF using the GPF target marker image of its wrist camera. In case that the target marker
image cannot be seen by the wrist camera, the manipulator shall be tele-operated from the ground station
utilizing necessary information and shall be guided to the target marker image into the camera’s field of view.
Then, if necessary, the position of the marker in the image data taken by video data processor is instructed from
the ground for initial marker acquisition. When normal tracking is confirmed, the mode transits to the next mode

by the trigger from the ground.

The sequence from the next hovering mode to the braking mode is automatically executed by the visual servo

control.

(2) Hovering

Visual servo control is used to hold the marker in the center of the camera’s field of view, while keeping a
certain distance between the camera and the marker. When the manipulator reaches within the predetermined

position above the marker, the automatic sequencer switches to the high-speed approach mode.

(3) High-Speed Approaching

The approaching mode begins from a high-speed approach. The manipulator tip position and orientation are
controlled to reach an intermediate point just above the grapple fixture. The approaching rate is maximum rate

(60[mmy/s]) with respect to the manipulator base coordinate system in this mode.

{4) Low-Speed Approaching

Once the manipulator reaches the intermediate point, the low-speed approach mode is started. The maximum

manipulator-tip rate relative to the marker is limited to 10 [mm/s] in this mode for fine tracking.

(5) Capturing

The capturing mode is started automatically by closing the snare wire of the end effector after confirming that
the manipulator reached the aiming point relative to the marker. When the end-effector completes the GPF

capture, the automatic sequencer switches to the braking mode.

-39 -
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(6) Braking

After the end-effector captures GPF, the controller puts the brake on the joints of the manipulator. The
manipulator stops its motion relative to the manipulator base with a smooth braking pattern.

The automatic sequence ends with the braking mode.

(7) Escape

If the predetermined conditions are not satisfied in the automatic mode transition, the manipulator
automatically exits to the predefined position where the manipulator will not contact the HST. The manipulator
exits under any of the following conditions:

-Loss of the visual marker
-Departure of target from the range
-Trouble of the manipulator and/or the HDV
Once the process enters into the capture mode, the manipulator will not exit even if the contingency above

.
i

The transition of escape can be executed from the ground.

oeet 1?‘8
uLurs.

(8) Berthing

The manipulator moves HST to the berthing point by preprogrammed joint servo control.

-32.
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4.2.2 Clearance and capturing envelopes

(1) HST Capture Range

The configuration of HST capture is shown in Fig.4.2.2-1. The precondition of HST capture range analysis is as

follows.

- HDV approaches to HST from the -V3 side.

- The size of HDV manipulator is same as JEMRMS main manipulator.

The hatched area in the figure shows the end-effector’s reachable envelope which is analyzed under the
condition that the X-axis of the end-effector coordinate system and the X-axis of the manipulator coordinate
system is same direction.

As the result of above analysis, the maximum reachable length is 9.6m from the manipulator base. In case that
orientation error of 30 degree around Y-axis and Z-axis is taken account into above analysis, the maximum
reachable length becomes 8.7m.

In case that the HST Capture range is 7.7m, manipulator-tip reach envelope is enough to capture the HST as

shown in Fig.4.2.2-2.

(2) HST Berthing Clearance

The configuration of HST berthing is shown in Fig.4.2.2-3. As shown in the figure, the clearance between
manipulator base and aft bulkhead is about 1.5 m (max.). That is enough for the envelopes of docking
mechanism and the clearance of manipulator berthing motion.

Fig.4.2.2-4 shows the analysis result of the clearance between the HST and the manipulator which is berthing
the HST to the docking mechanism. As shown in the figure, there are no interferences between manipulator and

HST, and the berthing can be performed in the manipulator reach envelope.

(3) Launch Configuration

Fig.4.2.2-5 shows manipulator launch configuration and the HST docking mechanism envelopes. As shown in
the figure, there are no interferences between manipulator and docking mechanism envelope. And it was also
confirmed by the analysis that there are no interferences between the manipulator and the docking mechanism
envelopes when the manipulator is deployed. Fig.4.2.2-6 shows deployment of the manipulator and clearance

between the manipulator and the docking mechanism.
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Reach Envelope

(with 30 degree orientation manipulator-tip

from Standard Posture)

}
Manipulator Standard \ i
Capture posture

Manipulator Base
Coordinate system
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Ngv o1 Kee
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< >

HST Capture range: 7.7m

Manipulator Standard
Capture posture

b

Manipulator Base
Coordinate system

< >

HST Capture range: 7.7m

Fig.4.2.2-2 HST Capture Range
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nvelope of HST
®180inch)

(a) Case of Capturing theGPF1

(b) Case of Capturing theGPF2
Figure 4.2.2-4 the Clearance Analysis Result at the HST Berthing
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Manipulator Launch
onfiguration

Manipulator Base

Envelopes of the

Docking Mechanism

Fig.4.2.2-6 Deployment of manipulator and clearance from Docking Mech.
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4.2 3 Required modification from JEMRMS

(1) Manipulator length
According to HST capturing configuration, if required, manipulator length will be longer than the main
manipulator length of JEMRMS to have larger capturing envelope for HST. As described in 4.2.2, for current

capturing configuration, the manipulator length is same as the length of the main manipulator of JEMRMS.

(2) Control system

Autonomous HST capturing capability by visual feedback of the wrist camera, based upon the on-orbit
successful experiment of ETS-VII, will be added to the control system of JEMRMS. Estimation algorithm for
position and orientation of HST with the grapple target will be prepared based upon the ranging algorithm of

JEMRMS.
(3) Avionics
Avionics of JEMRMS, used in pressurized environment, will be modified for usages in exposed environment.

The crew interface such as GUI and switches of JEMRMS will be changed to autonomous control or ground

commanding.
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4.3 Capturing uncontrolled HST using RMS

In the case where HST has lost the functional capability to maintain its attitude, it is assumed that it could be
performing attitude motion with worst estimated attitude rate for each axis of 0.22 deg/sec (TBR). The +V-bar
approach from —V3 axis of HST should be adopted other than R-bar approach in such a situation for rendezvous

by HDV.

After the ordinary rendezvous using FRS to the relative distance of approximately 100m, HDV keeps the
constant distance measuring it using image data of the HST taken by onboard cameras. During this “station

keeping” phase, HDV tries to estimate attitude motion of HST using sequentially captured image data.

Strategies for capturing the Grapple Fixture on HST by RMS are different depending on the attitude rate of
HST.

Ifit is low enough for RMS to follow GPF, the procedure is almost the same as that of the previous section “4.2
capturing {attitude controlled) HST” and such autonomous satellite capturing by a satellite mounted manipulator
was demonstrated by NASDA’s ETS-VII satellite in 1999.

If it is too high to follow GPF for RMS, attitude and position control maneuver (6-DOF maneuver) of HDV

will be necessary in combination with RMS motion control. Details of it are given in 7.1.

4.3.1 Station keeping and motion measurement using image data

Since no information relating the attitude motion is given from HST on orbit, it is necessary to collect such sort
of information using NRS (Near-range Rendezvous Sensor) in the range of less than 100m. Hlumination by the
Sunlight and the Earth albedo plays important role for this purpose. The portion of HST where can be viewed

from HDV varies according to the relative distance such as

A) the full view image of HST (50m~100m)
B) the part view image of HST (10m~50m)

C) 1mage of the target marker at Grapple Fixture (0m~10m)
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Fig.4.3-1 Star Tracker’s ducts as Visual Marker

In the case of B, Star Tracker’s ducts shown in Fig.4.3-1 could be used as Visual Maker. These ducts look white
and black marks, so it is easy to identify them as feature part in the image and relative position and attitude are
expected to be estimated using the size and shape of the triangle formed by median points of each black mark.

There could be suggested several motion estimation algorithms using sequentially captured stereo color images

for case A.

(1) calculate 3D optical flow vector of common feature points in both images and estimate attitude rate
from them (relative attitude rate estimation)

(2) extract silhouette of HST for both stereo images, apply stereo vision for these silhouettes to give 3D
position of dots on the silhouette and estimate attitude rate by differentiating of position of each dot
(relative attitude rate estimation)

(3) extract particular parts of the image using color information such as orange rails on the surface of HST,
perform stereo vision to give 3D position of dots comprising each particular cluster and apply 3D
model matching between measured dots and dots given from CAD model data of HST to estimate

relative position and attitude (relative position and attitude estimation)

.
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Fig.4.3-2 Stereo Vision and 3D Model Matching applying ICP algorithm

measured points, aligned model points

Fig.4.3-3 An Example of The Result by ICP Algorithm

For the algorithm (2), ICP (Iterative Closed Point) algorithm can be applied for the 3D model matching between
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groups of point data (Fig.4.3-2, 4.3-3)
If the estimation algorithm is computationally intensive and unable to be performed by onboard computer,

estimation process will be done off-line using on ground computer and result of it could be uplinked.

Reference
F. Terui, H. Kamimura and S. Nishida, “Quick Motion Estimation of a Large Space Debris Object”,

Proceedings of 24th International Symposium on Space Technology and Science, Miyazaki, JAPAN, 2004.

Paul J. Besl and Neil D. McKay, “A Method for Registration of 3-D Shapes”, IEEE Transactions of Pattern
Analysis and Machine Intelligence, Vol.14, No.2, 1992
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4.4 Berthing HST

After the robot arm grasps HST, HST will be mated (berthed / docked) with HDV using the docking mechanism and

HST’s berthing pins. Analysis of robot arm’s capability for berthing / docking HST is shown in section 4.2.
4.4.1 Docking mechanism

Docking mechanism is described in section 5.1.6.
4.4.2 Docking sensor

Rendezvous sensor (Near-range Rendezvous Sensor : NRS) is used in Docking phase. NRS is described in
section 5.1.7. Because the distance between GPF and berthing pins is long, HDV’s manipulator position control
error makes large relative position error between the berthing pins and docking mechanisms. Then HDV’s

manipulator must be controlled based on measured relative position/attitude by NRS.

\;\

|

Angular misalignment:

0.5deg

& 5m

7

T 5
g

translational misalignment:44mm

Fig.4.4.2-1 Translational misalignment at HDV docking mechanism

4.4.3 Docking scenario

After grasping HST’s GPF by HDV’s manipulator, the manipulator moves HST in the position where HDV’s
docking mechanism can grasp HST’s berthing pins based on measurement of the relative position/attitude by
NRS, and consecutively the manipulator pushes HST berthing pins to docking mechanisms.

Then HDV’s docking mechanism will grasp HST’s berthing pins. Once the docking mechanisms capture the
berthing pins, the manipulator releases HST’s GPF. After the docking mechanisms close their latching levers, the

firm connection of HDV and HST is realized.

After docking of HDV and HST is made, attitude control of HDV is resumed and HDV gains TBD attitude.

Docking sequence after RMS capturing is shown in Fig.4.4.3-1.
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I
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RMS release HST
HDV Docking Mechanism fasten berthing pin

Fig.4.4.3-1 HST docking sequence after RMS capturing
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4.5 Direct Docking with HST

After rendezvous phase, HDV stops at VP (within 10 meters), and NRS image processing target is changed
into the berthing target on HST aft shroud bulkhead from HST body. When HDV arrives within TBD meters,
attitude control of HST and HDV is inhibited to avoid unpredictable attitude motion. At the same time, the
docking mechanism start to close their latching levers, then grasp berthing pins, and finally firm connection of

HDV and HST is realized.

Allowable maximum single misalignment {docking mechanism)

X(V1) < +30(TBD)[mm]
Y,Z 15s(V2,V3) = +45(TBD)[mm]
@ < +2.8(TBD)[deg]

A

0,yrss +2.5(TBD)[deg]

Here is allowable NRS error at docking point (ETS-VII PXS spec).

XV = £15(TBD)[mm]
Y,Z rss(V2,V3) S +6(TBD)[mm]
@ = +1.3(TBD)[deg]
B,yrss = +1.3(TBD)[deg]

Docking phase guidance accuracy must be better than allowable misalignment of the docking mechanism, but
it depends on the time from HDV thruster’s cut-off to initiation of the capture.
After docking of HDV and HST is made, attitude control of HDV is resumed and HDV gains TBD attitude.

Direct Docking sequence is shown Fig.4.5-1.
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Berthing Pin HST

Thruster Cut off

7

—>
Bl

Latch close start triggered by NRS data

Docking complete and attitude control start

Fig.4.5-1 HST Direct Docking Sequence
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4.6 Extending Life of HST

Designed mission life of HTV, a base spacecraft of HDV, is three months. Therefore the baseline mission life
of HDV will be 3 months. The life of HDV can extend up to one year by loading additional fuel. HDV’s fuel
tanks have enough volume for additional fuel.

However, attitude control accuracy of HDV is not good as HST, HST must control its attitude in a
configuration that HDV is attached to HST. HST’s capability for the attitude control in this configuration is
needed to be investigated.

Study results of the extending life of HST by replacing batteries and gyro or their lines are shown in section 7.
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4.7 Controlled Re-entry

Controlled re-entry mission scenario is shown in Fig.4.7-1. HST/HDV performs controlled re-entry through 4
maneuvers after adjusting de-orbit timing for splashdown. Because maximum maneuver time has restrictions, 4
maneuvers are needed for re-entry. HST/HSV is descended to 150km (perigee height) by 3 maneuvers and is
performed re-entry by the final maneuver into the target area planned in advance. Before and during the final
maneuver, the health status of HDV is checked as a part of re-entry flight safety operation. After re-entry,
HST/HDV will be broken into the several pieces and melted. The wreckages splash down into planned area in

ocean (near latitude —28deg).

DOM4

| Adjust de-orbit timing
/ on parking orbit

|
A
!\ V_/

4 maneuvers

150km

Splashdown area

. * :De-Orbi g
(atitude  near 28dcg) DOM Orbit Maneuver

Fig.4.7-1 Re-entry mission scenarios
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4.8 Mass

Mass of HTV based HDV is shown in Table 4.8-1. Propulsion module and avionics module are estimated

based on the mass of HTV. The changes from HTV are shown in Table 5.1.1-1.

Table 4.8-1 Estimated mass of HTV based HDV

ITEM MASS NOTE
(kg)
Propulsion Module 1,370 HTV based
Avionics Module 1,650 HTV based
Mission Module 1,620 Including  Manipulator, Docking mechanism,
Rendezvous Sensor, Communication System and so
on.
Propellant/Pressurized Gas 2,450 Maximum
Other 10 Fastener between module
Total (DRY) 4,650
Total (WET) 7,100 At lift off
-50 -
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4.9 Electric Power

Table 4.9-1 shows HDV electric power budget based on component heritage and some estimation.

Table 4.9-1 Power budget (Orbital average power for proximity operation)

Subsystem Power Remarks
Consumption
W)
GNC 340|*1. Redundant sensors are operating.
DTCS 20
10CS 150
DH 127
EPS 85
SPS 11{Paddle driving power
THR 660|Budget for heater power based on HTV
INT 105|Heater controlier, Harness loss
Vision System 100|Estimated value including 4 cameras and 2
illumination lights

RMS 400|JEM RMS base
DM 30|Budget for stand-by power
Total 2028

*1 ; Based on heritage except for FRS and NRS.
&  Power budeet for FRS and NRS are 50 W * 2 and 30 W * 2,

Target of power distribution capability is settled as 2 kW in accordance with this power budget.

Capability of electrical power system is evaluated as follows considering 52 deg of Sun angle to orbital plane;

- Two solar array paddle configuration

- Each solar array paddle is driven by a paddie drive mechanism in one axis.

- A paddle consists of 3 solar allay panels that JAXA developed GaAs triple junction cells are attached on.

Size of a solar allay panel is 2.61 m * 1.5 m.

- 100 Ahr Li-Ton Secondary battery.
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4.10 Fuel

Estimated mass of propellant (MON3, MMH) is shown in Table 4.10-1. In case of 3-month mission and

I-year mission, required propellant for both missions are within maximum loading fuel in the tanks.

Table 4.10-1 Estimated Mass of Propellant

No. Phase Thruster Delta-V | Propellant NOTE
{m/s) ke)
1 Rendezvous Main 65 148 Rocket insertion orbit
: 500x500km
RCS 32 90
2 | Proximity operation RCS 192 507 4 times attempt
3-1 Parking after RCS 11 97 Control dead band 10deg
docking (3-month) Not considered adjusting altitude
3-2 Parking after RCS 44 385
docking (1-year)
4 De-orbit Main 154 893 Re-entry flight path angle
RCS 26 190 -1.8deg at 120km(altitude)
5 Nuil propellant 111 Same as HTV
6 Margin (3%) For subtotal
Total (3 month) - 2097 < 2436 (Maximum loading)
Total (1 year) 2394 < 2436 (Maximum loading)
- 52 .
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4.11 Communication

HDV has Inter Orbit Communication Subsystem (ICCS) and Direct TTC Communication Subsystem. IOCS
provides S band forward/return and Ka band return link between HDV and TDRS. In this section, IOCS

communication capacity is described.

TDRSS forward and return service characteristics are shown in Table 4.11-1 and Table 4.11-2.

Table 4.11-1 TDRSS Forward Service

SSA KuSA KaSA
Customer service 2 2 2
links/satellite ‘
Space-to-Space Freq. 2025.8-2117.9 MHz 13.775 GHz 22.55-23.55 GHz
Bands
Max Data Rate 7 Mbps 25 Mbps 25 Mbps

* Ref., 450-SNUG, Space Network Users’ Guide, Revision 8.

Table 4.11-2 TDRSS Return Service

SSA KuSA KaSA
Customer service 2 2 2
links/satellite
Space-to-Space Freq. 2200-2300 MHz 15.0034 GHz 25.25-27.5 GHz
Bands
Max Data Rate 6 Mbps 300 Mbps 300 Mbps

(rate 1/2 coded) (uncoded) (uncoded)

* Ref., 450-SNUG, Space Network Users’ Guide, Revision 8.

Budget of HDV remote-operation command in the forward link;
- Vehicle velocity control
8 bit * 3 axis /0.5 sec = 0.05 kbps
{Note; vehicle attitude control is performed automatically)
- Manipulator translation velocity control
8 bit * 3 axis /0.5 sec = 0.05 kbps
- Manipulator angular rate control
8 bit * 3 axis /0.5 sec = 0.05 kbps

- Time equivalence for remote-operation commands; One virtual channel] is assigned.
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HDV forward link requirements are complied with TDRS I/F as shown in Table 4.11-3.

Table 4.11-3 Compliance of HDV forward link requirement to IOCS and TDRS I/F

Item Data Rate Required Total 10CS performance TDRS IVF
Vehicle position control 0.05 kbps

Manipulator translation 0.05 kbps 0.4 kbps 0.5 kbps 7 Mbps
velocity control

Manipulator angular 0.05 kbps

rate control

HK command 0.25 kbps

Budget of HDV video data on the return link;

Budget of HDV video signals in the return link;

n body);

- Video Cameras (one is attached on manipulator, the other one is attached on main
512 bit * 512 bit * 12 bit * 4 cameras / 0.5 sec =25 Mbps (Maximum rate)

(Some image compression technique may be used.)

- FRS monitor
256 bit * 256 bit * 8 bit * 2 cameras / 0.5 sec =2 Mbps

- FRS monitor
256 bit * 256 bit * 8 bit * 2 cameras / 0.5 sec = 2 Mbps

HDV return link requirements are complied with TDRS I/F as shown in Table 4.11-4.

Table 4.11-4 Compliance of HDV return link requirement to I0CS and TDRS I/F

Item Data Rate Required Total IOCS performance TDRS VF
Video Cameras data 25 Mbps
FRS monitor data 2 Mbps 29.01 Mbps 66 Mbps 300 Mbps
NRS monitor data 2 Mbps
HK data 8 kbps
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4.12 Timeline of Rendezvous and Docking Phase

It is very important to design a timeline of critical phases of the mission from final rendezvous to docking

described from section 4.1 to 4.5 considering lighting-condition on orbit and communication link.

(1) Communication link

It is highly desired tc have continuous communication link from final approaching to completion of berthing to
monitor the sequence of the procedure and to cope with contingencies. Since it seems to be difficult to complete
the whole critical procedure within a single TDRS communication path, appropriate TDRSS hand over timing

should be designed in the timeline.

(2) Lighting condition

Since the Near-range Rendezvous Sensor (NRS) works under ambient lighting, the final approach should be

started in orbital daytime. In addition to this, direct insertion of sunlight into NRS should be avoided.

(3) Approaching speed

Approaching speed limits should be decided such that collision is avoided by means of disabling of thrusters or

taking active collision avoidance maneuver.

(4) Berthing Process

The maximum tip velocity of the manipulator with loaded configuration gives us an approximate time needed to
move the HST from capturing position to the berthing. The time required to move the HST and complete the

berthing is approximately 15 minutes.

An example of final approaching procedure in +V bar approaching case is presented with the approaching speeds
in figure 4.12-1. An example of a timeline in the critical phase is depicted with conditions of lighting and

communication in figure 4.12-2.
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Fig 4.12-1 Final Approach Procedure (+V bar approach case)

3

Hold for TDRS H/O

TDRS#2

Berthing Start

TDRS#1

Fig 4.12-2 Timeline with Lighting and TDRSS visibility
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5. System Description

5.1 Spacecraft system

5.1.1 Spacecraft Configuration

HTV based HDV consists of following modules:
e Propulsion Module (HTV based)
e Avionics Module (HTV based)

e Mission Module

HTV based HDV configuration is shown in Fig.5.1.1-1, system block diagram is shown in Fig.5.1.1-2.

Changes of components from HTV are summarized in Table 5.1.1-1.

Avionics Module

-D

Propulsion Module

Fig.5.1.1-1 HTV based HDV

i Ty

Manipulator

Solar Array Paddle
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This figure is not for public distribution

Fig.5.1.1-2 HTV based HDV system block diagram
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Table 5.1.1-1 Changes of Components from HTV

Removed component from HTV Added component to HTV NOTE

Propulsion - Same as HTV
Module
Avionics Module | e Solar Array (Body mounted) Solar Array Paddle System (SAS)

e Primary Battery (P-BAT) e Solar Array Paddle (SAP)

e Power Distribution Control Unit s Solar Array Drive Mechanism

(PDCU) (PDM)

e ISSDC/DC e Solar Array Drive Electronics

e Proximity Link System (PLS) (PDE)

e Auto CAM Unit (ACU) Direct TTC Communication

s Valve Drive Unit 2 (VDE2) Subsystem (DTCS)

e Rendezvous Sensor (RVS)

e Inter-Orbit Link System (108)

e Heater Control Electronics2 (HCE2)

e Main Bus Unit 2 (MBU2)

o  SIGI-C
Pressurized ALL Not used
Logistics Carrier
Unpressurized ALL Not used

POpYSIN

T A o TCarrior
LOEISLICS Lalllvi

Mission Module

e Docking

Remote Manipulator System (RMS)
s Arm Driver Electronics (ADE)

e Mission Data Processor (MDP)
Docking Mechanism (DM)
Mechanism
Electronics (DMDE)
Vision System (VIS)

e Cameras (CAM)

e Illuminator (JLL)

s Video Signal Processor (VSP)

Driver

Inter Orbit Communication
Subsystem (I0CS)

Far-range  Rendezvous  Sensor
(FRS)

Near-range Rendezvous =~ Sensor
(NRS)
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5.1.2 Propulsion Module

(1) Configuration

HTV based HDV Propulsion Subsystem configuration is shown in Fig.5.1.2-1 and schematic is shown in

Fig.5.1.2-2

(2) Thrusters

Two types of thrusters are used in HTV based HDV Propulsion Subsystem.
One is 500N main thruster that is used for large orbit maneuver and collision avoidance maneuver (CAM). The
other is 120N RCS thruster that is used for attitude control, small orbit maneuver and CAM.

HDV has 2 strings of thruster set. And each string set consists of 2 main thrusters and 14 RCS thrusters (6
forward-RCS thrusters and 8 after-RCS thrusters).

Both thrusters are bi-propellant type and flight proven in other manned space vehicles.

GHe Tank

) ! - Backward (Bwd.)
Propellant Tank i X RCS thruster

Fig.5.1.2-1 HTV based HDV Propulsion Subsystem Configuration
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5.1.3 Avionics Module

The Avionics System of HDV consists of some subsystems as follows:
= Guidance Navigation and Control Subsystem (GNC)
- Direct TTC Communication Subsystem (DTCS)
- Inter Orbit Communication Subsystem  (IOCS)
= Data Handling (DH)
- Electric Power Subsystem  (EPS)
+ Communication Subsystem (COM)
» Harness and integration Subsystem (INT)
= Solar Array Paddie Subsystem  (SAS)

Major electric components and elements installed on the Avionics Module are identified in table 5.1.3-1.The
avionics system on the avionics module has some specific features for the unmanned mission,
- One power bus configuration (HTV has two power bus configuration and abort capability after one bus
failure)
- Twosensors (HTV has the additional third SIGI(gyro) )
- Two strings of thruster valve control (VDE-1A and 1B) to perform orbit control, attitude/position control,
and abort. (HTV has the third string for abort with VDE-2)

- Two strings to perform heater control (HTV has three strings)

GNC subsystem overview is described in section 5.2.1.
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The HDV has Faifure Detection Isolation and Recovery (FDIR) function based on the HTV that is reviewed in
the Independent Verification and Validation activity by the Charles Stark Draper Laboratory, Inc. Basic concept
of Failure Detection Isolation and Recovery (FDIR) of HDV is “One fail operative for mission”. This is a relaxed
system concept from “One fail operative for mission, 2 fail safe (abort)” on the HTV that has the third string for

abort control.
The typical FDIR functions of avionics system are as follows;

- Detection for GNC sensor failure by multiple sensor data and crossover information using other method
- Voting for outputs of three operating CPU

- Cross health check between CPU and IOC

- String exchange in case of propulsion subsystem failure

- Periodical heater ON/OFF check out by using heater current sensor data

And FDIR related functions are
- DTCS Antenna change after attitude contingency,

- Transition to power save mode after power source failure.
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5.1.4 Mission Module

In order to minimize design changes from HTV, additional equipment such as the remote manipulator system,
g g \ quip P y

docking mechanism, additional rendezvous sensors are mounted in an additional section named Mission module.

Details of these equipments are described in following sections.
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5.1.5 Remote Manipulator System (RMS)

(1) Overview of RMS

RMS consists of following assemblies and components
- RMS Avionics
- Manipulator
- Hold and Release Equipiment
- System Outfitting

RMS composition is shown in Fig.5.1.5-1, configuration is shown in Fig.5.1.5-2. Schematic diagram of the

RMS’s Data manegement system is shown in Fig.5.1.5-3.
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Subsystem Assembly Subassembly Component
RMS RMS Avionics E Mass Storage Devics
Arm Gontrol Unit
Power Distribution Box
Robot Arm i Robot Arm Boom1

Robot Arm Boom2

Robot Arm Boom3

Robot Arm Base Mechanism

Robot Arm End Effector

Robot Arm Outfitting

Robot Arm Joint Housing Unit2

Robot Arm Joint Housing Unit3

Robot Arm Joint Housing Unit4

Robot Arm Joint Housing Unitb

Robot Arm Joint Housing Unit6

Robot Arm Joint Mechanism Units(6)

|
|
|
|
|
|
|
1
|
|
I
|
|
|
[
1
} Robot Arm Thermal Blanket
|
]
|
1
I
|
J
|
|
I
I
|
I
i
|
I

rRobot Arm Joint Electronics Units(6)

P e o ap s - . s ra
| Wrist Vision Equipment Wrist TV Cameras(2)

|
|
|
|
|
|
|
|
|
|
Robot Arm Joint Housing Unit1 ]
|
|
|
|
|
|
l
|
|

WVE Outfitting

Hold and Reléease 1

) Hold and Release Electronics
Eouinment.

—fl HRM Assembly Hold and Release Mechanics1

Arm Support Structuret

—  HRM Assembly? Hold and Release Mechanics2

Arm Support Structure2

Hold and Release Mechanics3

H  HRM Assembly3

Arm Support Structure3

= o = |

E Hold and Release Equipment Outfitting

N [y SR SN [ AU (N VRN BN SO0 B UGN (5 AN [y SN R S 5

% System Outfitting

Fig.5.1.5-1 RMS compotision
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(2) Weight and Power consumption

RMS weight is shown in Table 5.1.5-1, Power consumption is shown in Table 5.1.5-2.

Table 5.1.5-1 RMS weight

Item Weight (kg)
RMS Avionics 300
Manipulator 750
Hold and Release Equipment 195
System Qutfitting 40
RMS Total 1285

Table 5.1.5-2 RMS Power consumption

Mode Power consumption (W)
Stand-by 400
Operation 840

heater 200
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5.1.6 Docking Mechanism

HST has three berthing pins on Aft shroud bulkhead, then the docking mechanism shall consist of three
latching mechanism just like ETS-VII Docking Mechanism (DM). Therefore, it is most efficient and
cost-effective to modity EST-VII DM according to HDV’s docking condition.

5.1.6.1 ETS-VII Docking Mechanism (DM)

ETS-VII docking mechanism is shown in Fig.5.1.6.1-1. Its main performance is as follows.
(1) Large relative allowable misalignment

Capturing area: 130mmx150mm

(2) Contact shock absorption ability
Acceleration(X axis):0.04G

(3) High stiffness after docking
Axial :7.0x10°[N/m]
Lateral :7.0x 105[N/1'n]

Roll  :7.0x10°[Nm/rad]
Pitch,Yaw : 7.0x10°[Nm/rad]

(4) Low electric power

129[W](max)

(5) Launch Lock

DM has a launch lock mechanism to protect itself from vibration at launch phase.

Fig.5.1.6.1-1 ETS-VII Docking Mechanism
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5.1.6.2 ETS-VII BM Modification
ETS-VII DM must be modified according to HDV’s docking condition.

(1) Berthing pin configuration and latching lever length

. 250mm

- _ _ 171.45mm |
§T\ L ] ]
¢ 20mm
% =

¢ 38.1mm i Nt g

210mm ;:Li Amm
[ ] 5 I i
ETS-VII DM Handle HST Berthing Pin

Fig.5.1.6.2-1 Comparison between ETS-VII DM handle and HST berthing pin
HST berthing pin length and height is about two-thirds of ETS-VII DM handle. Then latching lever length
must be about two-thirds of ETS-VII DM claw length. Short latching lever makes allowable misalignment small

and stiffness after docking high. And HST berthing pin diameter is about as twice as ETS-VII DM handle. Then

latching lever closing motion pattern must be changed according to the large size pin.
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Fig.5.1.6.2-2 Comparison between ETS-VII DM latch and HDV docking mechanism
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ETS-VII DM capturing method is non-contact capture, it means that contact doesn’t occur before capturing.
Then it had to have long claws and large capturing area. However, HDV docking mechanism laching lever must
be shorter than ETS-VII DM because of small berthing pin length and height. Then, if HDV docking mechanism
is actuated as a same pattern as ETS-VII DM, its capturing ability becomes lower than ETS-VII
DM.Consequently, HDV docking mechanism has to be modified to be actuated with tolarating contact befor

capturing.

(2) Shock absorption ability

ETS-VII chaser satellite weight is about 2,200[Kgl(EOM), and target satellite weight is about 400[Kg]. On the
other hand, HST weight is about 12,000[Kg] and HDV weight is 6,500[Kg], then kinetic energy to be absorbed is
larger than ETS-VII when approach speed is the same. The shock absorption mechanism is modified according

to large energy.

(3) Stiffness after docking

Required HDV stiffness after docking depends on the loads affected on orbit. The largest load is the de-orbit
thrust load (890[N1]). But this load affects HDV docking mechanism as an axial compression load, then it doesn’t
affect HDV docking mechanism critically. Critical loads for HDV docking mechanism is assumed as a pitch/yaw

moments with the same stiffness as ETS-VII, because axial distance from HDV to HST center of mass is long.

(4) Actuator

A Stepping motor was used for ETS-VII DM. However, brushless DC motor is better for HDV docking
mechanism. DMDE(Docking Mechanism Drive Electronics) must be changed to drive brushless DC motor, but

micro switch interface must not to be modified.

(5) Docking mechanism mounted configuration

Firstly, docking mechanism consist of three latches, and they must be mounted at every 120{deg] apart from

each other.
Secondly, in order to avid an interference between HDV Remote Manipulator Subsystem (RMS) mount and

HST aft bulkhead during docking phase, docking mechanism must be mounted at protruding position apart from
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HDV surface.

Thirdly, HDV RMS shall not contact docking mechanism and its mount during deploying motion before HST
capture.

Fig.5.1.6.2-3 shows the docking mechanism mounted configuration on HDV. In this figure, RMS end effecter
contacts a docking mechanism mount, then end effecter must be positioned near the edge of HDV. If #4 joint is
rotated 5[deg], end effecter RMS configuration becomes a figure in section 4.2.2, then interference between end

effecter and docking mechanism doesn’t occur.

RMS mount #4 Joint

Fig.5.1.6.2-3 Docking mechanism mounted configuration
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Based on RMS deployment analysis(section 4.2.2), RMS don’t contact docking mechanism during deploying

motion.

As the docking mechanism is mounted at higher position than that of RMS, then HST bulkhead doesn’t contact

HDV.
In RMS contingency case, we must conduct direct docking with RMS folded. Following studies(2 types of

options) must be done.
1) Extend docking mechanism mount in the direction of HST from launch position

2) Lengthen RMS booms

(6) System Block

HDV docking mechanism system block diagram is shown in Fig.5.1.6.2-4.

DM Latch #1

MP(GCC) ! DMDE(*)

[

(*)DMDE :Docking Mechanism Drive Electronics

Fig.5.1.6.2-4 Docking mechanism system block diagram

(7) Weight, size and power

Docking mechanism specification is shown in Table 5.1.6.2-1.

Table 5.1.6.2-1 Docking Mechanism Size / Weight / Power consumption

Item Number Size(mm) Weighi(kg) consuz);;i;fn (W)
Docking mechanism 3 500x350x1300 25%3
latch (including mount) (TBD) 360
(TBD) (TBD)
DMDE 1 350x350%300 25
(TBD) (TBD)
total 100 360
-78 -
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5.1.6.3 Development test

Docking test must be conducted using JAXA Rendezvous and Docking Operation Test System (RDOTS).
Fig.5.1.6.3-1 shows RDOTS. Fig.5.1.6.3-2 shows detail of HDV docking mechanism side, and Fig.5.1.6.3-3
shows detail of HST aft shroud bulkhead side.

Fig.5.1.6.3-2 HDV side detail

RDOTS can simulate mass property of two spacecrafts, guidance program, and contact dynamics. And NRS
can be mounted on HDV side. Then we can simulate guidance and contact dynamics of HDV and HST at direct

docking phaSe.
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5.1.7 Rendezvous sensors

Three types of sensors, GPS receivers, Far-range Rendezvous Sensors (FRS) and Near-range Rendezvous
sensors (NRS) are used for rendezvous operation of HDV depending on the distance between HST and HDV,
while two types of sensors, GPSR and Rendezvous Sensors (RVS) are used in HTV.

The FRS can easily be realized by modifying HTV’s RVS or Rendezvous Laser Sensor that JAXA is currently
developing. The NRS is developed based on ETS-VII’s video sensor. Following section shows FRS based on
Rendezvous Laser Sensor that JAXA is developing.

5.1.7.1 FRS (Far-range Rendezvous Sensor)

5.1.7.1.1 Sensor System Overview

FRS is a relative navigation sensor which is used to detect and track HST when HDV is too far from HST to

use NRS.

After the launch, HDV maneuvers to HST by absolute navigation using on-board GPS receivers. Then
detection of HST is performed by FRS. FRS has wide FOV and long measurement range. HDV approaches to
HST while tracking it in the center of FRS scan area. When HDV reaches close enough, the main rendezvous

sensor is switched to NRS.

JAXA has developed a rendezvous laser sensor for ETS-VII (Fig.5.1.7.1.1-1), and succeeded to perform

autonomous rendezvous-docking experiments.

Fig.5.1.7.1.1-1 ETS-VII Rendezvous Laser Rader

Based on this heritage, JAXA studies about a new rendezvous sensor with wide FOV. It is designed for the
target with laser reflectors. However, it has a potential that it can be used to the target without laser reflectors by

slight modification.
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Fig. 5.1.7.1.1-2 shows the illustration of the rendezvous sensor which is under development. It has a near
infrared pulsed-laser transmitter, and a two-axis (Azimuth and Elevation) mirror scanning mechanism. The laser
scans rectangle area, and APD (Avalanche Photo Diode) detects its return light from the target. Then we can

know range and LOS (Line Of Sight) angle of the target from the FRS.

Fig.5.1.7.1.1-2 Rendezvous Laser Sensor being developed in JAXA

5.1.7.1.2 FRS operation overview

5.1.7.1.2.1 Prior Conditions of this investigation

(1) HST orbit determination accuracy

HST is tracked using TDRSS. Orbit determination accuracy is estimated as follows:

In-Track :+0.15[km] (TBR)
Cross-Track :+0.15[km] (TBR)
Radial :+0.15[km] (TBR)

(2) HDV maneuver accuracy

Position error of HDV when it maneuvers to the substantial point on V-BAR of HST by CW
(Clohessy-Wiltshire) guidance method is estimated. Navigation error of GPSR is assumed to be 100[m] in the
worst case. And AV error is 0.1[m/s] also in the worst case. When HDV performs mid-course maneuver at the
one-twelfth point of the whole one orbit, the position error of the maneuver is estimated as follows:

In-Track : + 1.00[km] (TBR)
Cross-Track : +0.40[km] (TBR)
Radial : +0.40[km] (TBR)

e
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(3) VI point

HDYV maneuvers to the substantial point on V-BAR of HST. The point is called "VI point". Position of the VI
point should be determined considering about orbit determination accuracy of HST, HDV maneuver accuracy,

and FRS measurement range. In this study, the point is determined that it is 4[km](TBR) from HST.
5.1.7.1.2.2 FRS operation scenario
Fig.5.1.7.1.2.2-1 shows the operation scenario of FRS.

FRS 4+1.2 [kml(TBR)

SCAN
START ‘\

Fig. 5.1.7.1.2.2-1 FRS Operation Scenario

(1) HDV is on the phasing orbit. Then it maneuvers to the VI point on V-BAR of HST.

(2)HST detection phase

At VI point, FRS scanning starts. In this phase, FRS scans the widest area, and scanning pattern is set very

tight not to miss HST. So it takes long time (about two minutes) to detect HST, but in this phase it is not critical.

(3)HST tracking and approach phase

After successful detection of HST, FRS changes its mode to "tracking mode”. FSR narrow the scan area to the
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peripheral region of HST, and realizes high-frame rate.

HDV approaches to HST while controlling its attitude so that LOS of FRS is directed to HST. The nearer HDV
approaches to HST, the apparent diameter of HST in the FOV of FRS is getting larger. To keep sufficient
frame-rate, FRS has to change its scanning area and scanning pattern as the change of the distarnice between HDV

and HST.

" (4)Change main rendezvous sensor to NRS

When HDV reaches to the substantial point on V-BAR (distance:100{m] (TBR)), the main rendezvous sensor
is switched to NRS.

5.1.7.1.3 Study on FRS detection phase

5.1.7.1.3.1 Measurement Range Design

Considering about orbit determination accuracy of HST and HDV maneuver accuracy, the maximum distance

between HDV and HST is as follows: «\/(4.00 +1.00+0.15)* + (0.15+0.40)" + (0.15+ 0.40)* = 5.20[km]

5.1.7.1.3.2 Scanning Arca Design

When FRS starts scanning to detect HST, it must be within the FOV of FRS. Considering about orbit

determination accuracy of HST and HDV maneuver accuracy, the worst case is shown in Fig. 5.1.7.1.3.2-1.

2.85[km]

-
e
o
e
—

+/~ 0.55[km]

e
e
—
P
o,
—
P
e
o
o
o
P
P
o
w—
.
.
o
.
-
—

Fig.5.1.7.1.3.2-1 FRS Scanning Area Worst Case

To manage this worst case, the scanning area should be more than 11.0[deg].
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5.1.7.1.3.3 Scanning Pattern and Laser Link Budget

(1) Measurement range and scanning area specification

With respect to the study of previous sections, the specification of the FRS is determined as follows:
FRS Measurement Range:  5.2[km]
FRS Scanning Area: 24 * 24 [deg] rectangle area (+ 12[deg])

(2) Evaluation of Laser Return from HST

JAXA performed a basic experiment to evaluate the laser return from the panel covered with MLI (Multi Layer
Insulator). The external coating of HST is not a typical MLI, but its characteristic of reflectivity may be similar
to it. Fig.5.1.7.1.3.3-1 shows the target panel with MLI (right figure) and the reference target panel which has

nearly perfect diffusion characteristics (left figure).

Reference Target Panel MLI Target Panel

Perfect Diffusion Surface

Fig. 5.1.7.1.3.3-1Target Panel for Laser Return Evaluation Experiment

Laser return power from the panel was measured while changing the angle of incidence from 0[deg] to 50[deg].
MLI has a similar characteristic to mirrors. When the angle of incidence is 0[deg], the laser return is almost one
hundred times as strong as that of the reference panel. On the contrary, when the angle of incidence is 30[deg], it

returns only 4[%] laser return relative to the reference one.

In the following study, we consider only the area of which the angle of incidence is less than 30[deg]. Because
the reflectivity of the panel with more than 30[deg] is small and negligible.

From the area with less than 30[deg] angle of incidence, we can get at least 4[%] laser return. For simplicity, in
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the following study we estimate that all area with less than 30[deg] angle of incidence returns the same laser

power: 4[%] relative to perfect diffusion.

This is very severe assumption. Because the reflectivity of the area where the angle of incidence is less than
30[deg] is expected to be 4~10000 [%] relative to the reference perfect diffusion panel. Then the following

analysis is based on the extreme worst case.

(3) Estimation of HST Effective Laser Return Area

The target is the cylinder shaped structure of HST. Its height is about 13[m] and its diameter is about 4.25[m].
The effective laser return area, which means that the angle of incidence is less than 30[deg], is shown in Fig.

5.1.7.1.3.3-2 {center)

30deg

/\\

T

N 2 FAN 13m ]
SN S0 NI TN
/ : / o
\\ // ﬁ |
| hva \ /
4.25m \\ ; § //

S —

4.25m
Fig. 5.1.7.1.3.3-2 Effective Laser Return Area of HST cylinder shaped structure

HST may be divided in two or three laser spots. As shown in Fig. 5.1.7.1.3.3-2 (right), the effective laser return

area is at least a half of the whole area: 2.12[m]*13.0[m]}/2 = }3.8[m2] in the worst case.

(4) Scanning Pattern Design

Scanning area is 24[deg]*24[deg]. Necessary time to scan this one frame area: 75 can be calculated by a

following numerical formula.
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T OO 11
’ o B Ny Ny fp

Azimuth Scan Range 0.419 rad (24deg)
6, : FElevation Scan Range  0.419 rad (24deg)

o Azimuth Step Angle

B : Elevation Step Angle

N, . Azimuth Scanning Efficiency 0.8
Mg : Elevation Scanning Efficiency 0.8
f, Laser Pulse Frequency

Specification of laser is determined as follows:

Laser Pulse Power: 1[MW]
Pulse Width 10[ns]
Laser Pulse Frequency 100]pps]

Bearing this specification in mind, and determining 75 to be 110[sec], o and B is calculated: o, B =

0.0050[rad]

Then, step angle is to be 0.005][rad], laser spot diameter is to be 0.005%4/3 = 0.0067. Scanning pattern is shown in

Fig. 5.1.7.1.3.3-3.

>

c > 0.0067rad

0.0050rad

Fig. 5.1.7.1.3.3-3 Scanning Pattern of FRS (detection phase)

(5) Laser Link Budget

With respect to the study of previous sections, the laser link budget is calculated. The assumptions are listed in

- 86 -

This document is provided by JAXA.



Table5.1.7.1.3.3-1, and the calculation result is shown in Fig. 5.1.7.1.3.3-4. An avalanche photo diode is

assumed as a detector device.

10000

1000

S/N

J—
<D

Table5.1.7.1.3.3-1 Assumptions of Link Budget Calculation

100 |-

Laser Pulse Power 1060000 W
Reflectivity Factor 4 %
Lens Diameter of Detector 006 m
Pulse Laser Frequency 106 Hz
Beam Spread Angle 0.00667 rad
Azimuth scanning angle range 24 deg
Elevatin scanning angle range 24 deg
Step Angle 0.005 rad
Scanning Time 110 sec
1000 2000 3000 4000 5000
Distance[m]

Fig. 5.1.7.1.3.3-4 Distance and S/N

6000

From Fig. 5.1.7.1.3.3-4, it is clear that we can guarantee sufficient S/N:10 even if the distance between HDV and

HST is the maximum range: 5.2[km].
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5.1.7.1.4 Study on FRS Tracking Phase Design

5.1.7.1.4.1 Measurement Range Design

After FRS detects HST, scanning area is narrowed to the peripheral region of HST, and much high frame-rate
can be achieved. HDV approaches to HST controlling its attitude so that the LOS of FRS is at the center of the
FOV of FRS.

On this study, measurement range of FRS is between 100[m] and 5.2[km]. Hence, when HDV reaches to the

point with 100[m] distance from HST, its main rendezvous sensor is switched to NRS.

5.1.7.1.4.2 Scanning Area and Scanning Pattern Design

Tt is difficult to track HST using the same scanning area and scanning pattern.

As the scanning area is getting smaller, the more high-speed frame rate can be achieved. Otherwise, as HDV

approaches closer, an apparent diameter of HST is getting bigger, and scanning area must be also larger.

Also, when the distance between HDV and HST is long, it's necessary to scan the scanning area tightly not to
lost HST. Otherwise, at near region from HST, an apparent diameter is so big that interlaced scanning can be

adopted.

Considering these factors, to keep practical frame-rate through long measurement range, the size of scanning

area and densitu of scanning pattern should be chosen properly as the distance from HDV to HST.

On this study, scanning pattern is designed according to the following criteria.
1) At far range, when the number of expected laser return is less than one, select tight scanning pattern (not
interlaced).
2) The apparent size of HST should be less than 10[%] of the whole scanning area.

3) At near range, less than 300[m], the number of expected laser return should be more than two.

Fig.5.1.7.1.4.2-1 shows the result of the scanning pattern design. Fig.5.1.7.1.4.2-2 shows scanning pattern

change design with respect to the distance.
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Scan pattern 2
Step Angle = 00107[rad]

Scan pattern 1
Step Angle = 0.0040[rad]

Fig. 5.1.7.1.4.2-1 Scanning Pattern

SCAN PATTERN 2
SCAN PATTERN 3

=

SCAN PATTERN 1

Scan pattern 3
Step Angle = 0.0213[rad]

Scan Area Width [deg]
=

4
'+
---@ - - Scan Area Width[ddg]
[}
| | —&——Scan Periodfsec] ! |

= 28
r

‘

Scan Period[sec]

10 100 1000

Range[m]

Fig.5.1.7.1.4.2-2 Scanning Pattern Change Design

According to the results of this study, we know that it is possible to keep practical frame-rate (about 1 - 3 [sec])

throughout all distance necessary for FRS, which from 5.2[km] to 100[m].
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5.1.7.2 Near Rendezvous Sensor (NRS)

Near Rendezvous Sensor (NRS) is used for final approach of rendezvous.

(1) NRS system

Fig.5.1.7.2-1 shows the layout of the NRS. Cameras for recognition of Aft Bulkhead’s form is attached and
arranged to each Docking Mechanism. The camera for recognition of HST’s berthing target is arranged so that it

may come to the position of the front of the berthing target at the time of docking.

/ NRS Head (for Aft Bulkhead) : 3EA

!
1
!

/ 1 =

/ i Docking Mechanism : 3EA
| \

i ! |

| | i

i d :

: e !

\ |

- . !

@

7 25

NRS Head (for Berthing Target)

Fig.5.1.7.2-1 NRS Layout

NRS will be built based on heritage of ETS-VII’s Proximity Sensor (PXS) which was used by ETS-VII's
docking operations . Fig.5.1.7.2-2 shows ETS-VII’s PXS.

Fig.5.1.7.2-2 Proximity Sensor of ETS-VII
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Fig.5.1.7.2-3 shows system block diagram. The image of each camera is processed by each CPU. HST’s

3D-positions and attitudes are calculated by main MPU based on results of each camera’s CPS.

Camera for AB 1 @ Video Signal (Analog) MPU Module 1 —
1deo oignal Naiog, .

Gamera for AB 2 _ ‘ 8 Main MPU Module
Video Signal (Analog) | MPU Module 2 3
Camera for AB 3 ©\ Video Signal (Analog) . “ ~
4:4 3:2
_{
Gamera for BT e ——# MPU Module 3 F ﬁ N>

+ LED module ~_Video Signal (Analog) CCU 1/0 Control & IF Module
t N @
L. MPU Module 4 !
LED Control - T ‘ ‘

i

‘ -
1 Guidance & Control
| Computer

Fig.5.1.7.2-3 System Block Diagram
(2) Weight, Size and Power consumption
Specifications of composition apparatus is shown in Table 5.1.7.2-1,5.1.7.2-2 and 5.1.7.2-3.
Table 5.1.7.2-1 Size / Weight / Power consumption
. Power
Item Number Size(mm) Weight(kg) .
HIDet AR 1ghtlke) consumption (W)
Camera unit 4 ¢100x150 x4 2x4
LED-module 1 0150%40 1 10
Processing unit 1 250x320x300 25 100
Harness 5 -
35 118
Table 5.1.7.2-2 Camera Specification
Ttem CCD Resolution FOV Lens Focal
(WxH) (AZxEL, deg) Length{mm)
Camera for AB 640x480 29.8%22.6 12
Camera for BT 1600x1200 29.8x22.6 12
Table 5.1.7.2-3 LED-module Specification
Item
Number 250
Luminous Intensity {cd) 100(TBD)
Angle (deg) 30 (TBD)
Power consumption (W) 10

-01 -

This document is provided by JAXA.



oureuads yoeoaddy -7 16814

< &

(A9.L)39P $T AOd: (ALL)W 01~ (AL.L)W 09
am_twucwm AO4d : (dd9l) w80~ (ddl) wol

jusuRINSEaW aguel Je,

-92 .-

1981,
Buiyueg
BaIE Y2IBas 1a3Ie],
erowes 400 selawed (D) Jo
JO M3IA 91} UT IoyIeU S JoSIe) SUIYIIaq WOl (10818 Suryuraq 10]) peay MITA JY) Ul dUIINO peayng-yJy woi
sopmme pue suomsod (J§ SOINSBAW SYN SN Jo BIdWED (]D)) Y} JO MIIA ) sepmye pue suonisod- ¢ pamseaw SYN

ul 1031e) SUIyEaq Y} $19219p AN

$-7°L°1°S T4 ur umoys s1 sapnyiie pue suonisod (feuoisuawip 221y1) (¢ S, LSH JO juswamseawr 10} poyjawt pasodoad ay

(oseo yoeoadde T A - 10]) YN Y orreudos yoeoxdde oy ()

This document is provided by JAXA.



'$0§2IOUT PO SUISS0001d
“JUOLISINSBAL PUB UOTIUS000 JUSUHOIMS LT
PUE UOTIUSOIL
"SseaIoul A19]eS uogersdo 1001105Ul JO OXE)SIW UONO31ap 198.1100UL
"y 3urssoooxd-oFeuI JO Uononpay joqe juoSm Jo  SUONSII(] 2 Jo Aj1iqeqoxd o) 901par 03 I9pIo U 30 ﬁ@@g@@@w@ S
j08ae)
1081e) Suryireq 10818} B UO JOMIBW Y} uoNIuS0001 0[gE)s N —
Oy} UO MJRW 9y} JO UOIIUI0sar 9lqeIy J0 vonisod oy} JO SUONDAII(] I} 10§ soS2OIOUI oW SuIsseooid-oFeuy 3Y) JO UOLINII( .
"19310] SUIYII9q QU3 JO UONTUS0001 9[quIS oZeuLr oUf} Ul 10518] 20U} uonIUZ00a1 9]qeIS pdiey  Sunpaeq -
oy Fuissoooxd-oSewr Jo TONONPIY Jo wonisod oyy jo suonoei] oY} JOJ S9sBaIOUl oW Fursseooid-ofenr] U Jo WO € @
28wyt o1 “UOIUZ003I
‘peang YV Jo uoriudonar o[qeig WO QUIfINO ue Jo suonisod pue o3uer o3re; o pue uonuS0oar SjqE)s SUING S, LSH
“ouur urssoooid-eSewn Jo nononpay 9718 IBdU 9OY) JO SUONIII(] O1]) 10] SOSBIIOUT JUN) SuIssoooid-oFeur] 3 @@@@w@@@ 7
‘ssauy8Liq rodoxd ym omsodxs
o Sursseoosd-c8ewl Jo uonInpay aInsodxe Jo jusunsnipy U3S 9 A[1IBSSOOU JOUURD 995 O} 1BM 10 Jusunsnlpy I
ULOTSAS
JLBUIOINBUISS SUJ JO IGBIUBADE D], uonelsdo pnuBp] UOTIBLUOINE [[IL) [0 WIB[QOL] VOIS UM, oN

This document is provided by JAXA.

WSISAS ONBWIOCINRIIIIS B JO JLIOW 9L, $-7°L'1°C S[qBL

"SOBRIUBAPE WINISAS ONBIIOINEIWIOS PUe JIom s Jojerodo ‘woyqoid waisAs uonewone

110 SMOYS $-7°L "G 9]qe], ‘punois oty wox uonerado £q pejuswalduiod st Jey) “O[qelIsop s WolsAS ONBWOINEIWIOS U} ‘SYN JO $20uonbas oy [ SIBWOINE 0} JNOLJIP S1 1]

WoISAS onewoNenag (1)



(5) Optical environment

The optical precondition for measuring HST’s 3D-positions and attitudes is shown Table 5.1.7.2-5.

Table 5.1.7.2-5 Optical environment

Measurement
Range target Prerequisite Problem
The sun must not go into The approach scenario
All the view of the CCD that the sun does not go
(~0.8m) 1 target cameras in the NRS into a view needs to be
systems (Fig.5.1.7.2-5) inquired.
~50m HST’s outline - ;
(TBD)
S50m~ The whole bulkhead side Study of the angle and
10m must be under sunlight or intensity of the incidence
(TBD) Aft Bulkhead albedo light. light to Aft Bulkhead is
outline Sunlight must not reflect in required.
Aft Bulkhead within a
view of the CCD cameras.
10m~ The image of the Berthing The lighting system needs
0.8m target is acquired using to be improved, in order to
(TBD) Berthing target NRS’s light in the shadow obtain the contrast.of the
of the earth. marker on a target from
the 10m(TBD) away
position.

No good

Fig.5.1.7.2-5 The sun exists within the view area of the camera
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(6) Measurement accuracy of the NRS

Table 5.1.7.2-6 and Table 5.1.7.2-7 show the specifications of the PXS used in ETS-VIL The specifications are
verified in a ground examination and the examination on orbit. In order to use PXS as the NRS head (for
Berthing Target), examination of two items shown below is required.

1. Influence on the measurement accuracy by using a berthing target instead of the reflector of exclusive use.

2. Improvement of the measurement accuracy in distance 3m or more

Table 5.1.7.2-8 shows the target value of measurement accuracy of 3D-positions and attitudes of Aft Bulkhead

of 10m beyond.

The target values are calculated based on the result of a measurement experiment of a similar structure using

Rendezvous and Docking Operations Test System (RDOTS) in Tsukuba Space Center of JAXA..

Table 5.1.7.2-6 Measurement accuracy of PXS (ETS — VII: Specification value)

Range R{m) 0.35~2 2~3 3~1¢
(C/PXSH-T/PXSM) -

three X{m) Max(0.005,0.005R) 0.015+0.02(R-3)

dimensional Y{(m) Max(0.001,0.001R) 0.006+0.01(R-3)
Random positions Z{m) Max{0.001,0.001R) 0.006+0.01(R-3)
error ®(deg) 0.2 0.4

Three 6(deg) 0.2 0.4

dimensional w(deg) 0.2 0.4

attitudes

% « + - X-axis (Approach direction)

Table 5.1.7.2-7 Measurement accuracy of PXS (ETS — VII: Specification value)

Range R(m) 8.35~2 2~3 3~10
(C/PXSH-T/PXSM)
X(m) Max(0.005,0.005R) 0.015+0.02(R-3)
Three Y(m) Max(0.001,0.001R) 0.006+0.01(R-3)
Bias dimensional Z{m) Max(0.001,0.001R) 0.006+0.01(R-3)
error positiens
®(deg) 0.2 0.4
Three B(deg) 0.2 0.4
dimensional y{deg) 0.2 0.4
attitudes

% o + - X-axis (Approach direction)
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Table 5.1.7.2-8 The target value of measurement accuracy of 10m(TBD) beyond

Range R(m) 10m ~ 20m 20m~60m
(between Aft Bulkhead (TBD) (TBD)
and NRS)
X{m) 0.005R(TBD) 0.01R(TBD)
Three Y{m) 0.004R(TBD) 0.004R(TBD)
Error dimensional Z(m) 0.004R(TBD) 0.004R(TBD)
( Bias and positiens
random both D(deg) — —
are included) Attitudes 0(deg) 0.7(TBD) _
y{deg) 0.7(TBD) -

% « - - X-axis (Approach direction)

(7 Experiment

shown in Fig.5.1.7.2-6.

Model scale must be changed for several measurement ranges.

laxis motion table

The 1/3(TBD) scale model of

Aft Bulkhead

i {r\\\ 2axis motion table

control equipment

Fig.5.1.7.2-6 Measurement test image using RDOTS
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5.1.7.3 NRS (for —V3 axis approach)

A Near-range Rendezvous Sensor (NRS) to realize —V3 axis of HST is described in this section. As depicted
in Fig.4.1.3-3 and 4.1.3-6, -V3 axis approach has a merit to realize a safe capture of HST by maximizing the
benefit of wide range of manipulator’s dynamic envelope comparing —V1 axis approach.

The camera sensor described in 5.1.7.2 is used for —V3 approach. In a distance approximately 100m to 50m,
binocular stereo vision is used by making correspondence between the images of camera-ABI1 to AB3.

In a final approaching phase from 50m to berthing point, some templates from which features for measurements
of relative position and orientation can be easily extracted. One candidate for the templates is ducts of star
sensors on —V3 side of HST. Since ducts of the star sensors are painted by matted black, they can be easily
recognized in contrast with other HST’s shining surface. As the physical dimension of the ducts is known,
measurements of relative distance and orientation for approaching and holding at the berthing point are feasible.
An example of NRS’s image processing is shown in Fig.5.1.7.3-1 and -2. Active lighting at the berthing point is

effective to improve the sensor’s S/N ratio and accuracy.

Fig.5.1.7.3-1 Using Ducts of Star Sensor for NRS Image Templates

-97 -

This document is provided by JAXA.



20deg
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, gy
! .
@--mmmmmmmfmmmee |
osm| & @1 Vo 10m >
| ! L d
<>
~1.5m
Camera FOV

Fig.5.1.7.3-2 Example of NRS’s Field of View
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5.1.8 Other sensor

(1) Camera on HDV manipulator

The HD'V manipulator is equipped with a camera at the wrist. The wrist camera is attached so as to agree with

the center of the T-bar target of the grapple fixture when the end effecter is aligned with the center of the grapple

fixture. At the last stage of the HST capturing operation the grapple fixture can no longer be seen from the

camera since the end effecter blocks the camera's view. Instead, the manipulator will be controlled with the

visual feedback loop using the extracted image of the T-bar target which is attached to the grapple fixture.

(2) Specification of camera on HDV manipulator

Type of image sensor: color CCD / CMOS image sensor
Field of view: 44 deg(W) x 33 deg{H)

Number of effective pixels: 640(W) x 480(H), or beyond
Frame rate: larger than 4 Hz

Focus length: 14 mm

Volume/Weight: less than half the camera for JEMRMS

Lighting system for the wrist camera: a flash light or LED

This document is provided by JAXA.



5.1.9 On-ground System

5.1.9.1 Total operational system based on HTV operational system

Basically, the ground operation system to be used for HTV can be used for HDV operation (figure 5.1.9.1-1).
Small additional interface may be added between NASA/GSFC, NASA/JSC and JAXA/TKSC to perform
coordinated operations between HST and HDV.

5.1.9.2 Ground teleoperation system for rendezvous and manipulator

A part of rendezvous and manipulator operation may be conducted by teleoperation from ground. The same
teleoperation system which was used for ETS-VII teleoperation via TDRSS will be integrated into the above
HTYV based operation system for those operations. More than two years safe operations of ETS-VII imply high

reliability of the system. The teleoperation system is shown in Fig.5.1.9.2-1.

Fig.5.1.9.2-1 ETS-VII's teleoperation system

5.1.9.3 Ground support equipment for image processing

In a case that HST capturing operation is conducted in remote operation, images captured on orbit are sent down
to the ground and are processed with on-ground system. The on-ground system consists of an image processing
computer system, a controller, and a simulator. The image processing computer system mainly takes charge of
the target detection, the stereo image processing, ICP (lterative Closest Point Method), and HST motion
estimation. The simulator receives simulation parameters from the controller and keeps visually showing the
result of simulation in pseudo real time. In the controller the results of the image processing and the simulation
are analyzed and the up-linked commands are determined with the help of operator’s judgment. The block

diagram of the system is illustrated in Fig.5.1.9.3-1.
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Fig.5.1.9.3-1 Block diagram of ground support equipment for image processing
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5.2 Dynamics and control systems

5.2.1 Guidance, Navigation & Control (GN&C) subsystem

5.2.1.1 Configuration of GNC

Guidance, Navigation and Control (GN&C) subsystem is designed to control the trajectory and attitude

through all flight phase. It consists of Guidance and Control Computer (GCC), Earth Sensor Assemblies (ESA),
Space Integrated GPS/INS (SIGI), Far-range Rendezvous Sensor (FRS), Near-range Rendezvous Sensor (NRS),
and Valve Drive Electronics-1 (VDE-1). Fig.5.2.1.1-1shows the block diagram of GN&C subsystem.

CPUI

RVFS |
.
CPU OS

CrPU2

RVES
CPU OS

CPU3

RVES

Cruos

GCC

SIGI-A
GPSR
Gyro
Accelerometer |
{ SR GPSA-B
oo [GPSIN-B
Accelerometer |
ESE-A ESH-A
- ESE-B ESH-B
FRSE-A FRSH-A
FRSE-B FRSH-B
NRSE-A NRSH-A
NRSE-B NRSH-B | | Propulsion system
VDEI-A
VDEI-B

Fig.5.2.1.1-1 Block diagram of GN&C subsystem
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Table 5.2.1.1-1 shows the component list of GNC subsystem. Table 5.2.1.1-2 shows the major functions of

GNC components.

Table 5.2.1.1-1 Component List of GNC Subsystem

Component Abbreviation Quantity Remarks

Guidance and Control GCC 1 GCC consists of 3 CPUs and 2 10Cs.

Computer HTV GNC has abort control unit (ACU) in addition
for safety.

Rendezvous Flight Sofiware RVEFES 1 set

Space Integrated GPS/INS SIGI 2 set A SIGI includes a GPS receiver, a set of 3-axis gyro

and accelerometer.

A set of SIGI includes a SIGI, a GPS Antenna
(GPSA) and a GPS Low noise amp (GPSL).

HTV GNC has the third SIGI(Gyro) in addition for

safety.

Earth Sensor Assembly ESA 2 set A set of ESA includes an ESA Electronics (ESA-E)
and an ESA optical head (ESA-H).

Far-range Rendezvous Sensor FRS 2 set A set of FRS includes FRS Electronics (FRS-E) and
a FRS optical head (FRS-H).

Near-range Rendezvous Sensor | NRS 2 set A set of NRS includes a NRS Electronics (NRS -E)
and a NRS optical head (NRS -H).

Valve Drive Electronics-1 VDE-1 2 HTV GNC has the third VDE in addition for safety.

Table 5.2.1.1-2 Major Functions of GNC Components

Component Major Functions

GCC (Guidance Control Computer) Sensor Interface, actuator interface, GNC
component  power  ON/OFF, guidance,
navigation, control, CMD/TLM processing,

. FDIR functions

Rendezvous Flight Software (RVES) Data processing for guidance, navigation, control
and FDIR. RVFS is installed on the GCC CPU

SIGI Gyro Roll/Pitch/Yaw angular rate detection

( Space Integrated Accelerometer Three axes acceleration detection

GPS /INS) GPSR (GPS Receiver) GPS data receive, absolute navigation

ESA (Earth Sensor Assembly) Roll/Pitch attitude detection

FRS (Far-range Rendezvous Sensor) Target line of sight angle and relative position
detection and their derivatives in the far area.

NRS (Near-range Rendezvous Sensor) Relative attitude and position detection, relative

‘ attitude rate and velocity detection in the near

area.

VDE (Valve Drive Electronics) Valve drive to operate propulsion subsystem

-104 -
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5.2.1.2 Abort Functions

HDV has two types of abort methods. One is Passive Abort (PA), the other is Collision Avoidance Maneuver
(CAM). PA is performed by disabling translation control and HDV is controlled by orbit dynamics. CAM is
performed by generating delta-V. In CAM there are three types (small delta-V CAM, medium delta-V CAM and
large delta-V CAM). The small delta-V CAM is executed to check out CAM function. Other CAM type depends
on the position where CAM is executed.

HDV has two controllers (CPU, and IOC) for abort. And all controllers have the capability to execute PA and
CAM. When CPUs or I0C execute abort, HDV can maintain attitude control.

5.2.1.3 Option for attitude determination

HDV has ESA and Gyro (SIGI) to determine absolute 3-axis attitude. Optional sensor configuration for the
attitude determination is Star Tracker (STT) and Gyro (SIGD). JAXA/MELCO has flight heritage of this
configuration by using

- Onboard star matching for all star catalog,
- Autonomous 3-axis attitude determination from STT output data,

- Gyro data calibration.

JAXA would select alternative one or both (ESA/STT/Gyro) in accordance with attitude requirements from

mission operation in the proximity area.

5.2.1.4 Dynamic Closed Test

Verification strategy for GNC functions and performance is a very important part of this kind of mission.
JAXA has confirmed effective verification in the Dynamic Closed Test (DCLT) that actual GCC controls
relative motion using by actual sensors in the real 3D space on the Rendezvous and Docking Operation Test

System (RDOTS). Fig.5.2.1.4-1 shows DCLT concept in the RDOTS middle range test facility.

- 105 -
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5.2.2 Manipulator control

The Manipulator control system consists of the following.

(1) Visual Servo Control

The functional block diagram of visual servo control is shown in Fig.5.2.2-1.

Visual servo control is used for capture of moving HST. Arm Drive Electronics (ADE) measures the range,
range rate, and orientation of the HST GPF using the GPF target marker image of wrist cameras on real time.
Then ADE generates the manipulator tip commands to the position the tip within the GPF capture envelope. The
commands are transformed to motor angle commands of manipulator joints. And the motors of manipulator joint
are driven by motor angle feedback control.

The process cycle of the measurement is 250 ms in ETS-VIL

(2) Manipulator-tip Auto Control

The functional block diagram of Manipulator-tip Auto control is shown in Fig.5.2.2-2.

Manipulator-tip Auto Control is used for control of manipulator tip trajectory, such as insertion the HST
runnion into the capture envelope of the docking mechanism. The motion profiles of manipulator tip are
programmed before manipulator motion by ADE. The parameters of the motion profile are inputted from the
ground. ADE calculates the trajectory of the manipulator tip position and orientation according to the program
on real time. The trajectory is transformed to motor angle commands of manipulator joints. And the motors of

manipulator joints are driven by motor angle feedback control.

(3) Joint Auto Control

The functional block diagram of Joint Auto control is shown in Fig.5.2.2-3.

Joint Auto Control is used for big transformation of the manipulator posture, such as the deployment motion.
The motion profiles of joint angles are programmed before manipulator motion by ADE. The parameters of the
motion profile are inputted from the ground. ADE calculates the commands of the joint angles according to the

program on real time. The motors of manipulator joints are driven by motor angle feedback control.

(4) Remote Control

The functional block diagram of Remote control is shown in Fig.5.2.2-4.
Remote Control is used for the support of the visual servo control, such as initial marker acquisition, or for

backup of the visual servo control, such as capturing the HST moving with slow rate. The commands of

- 107 -
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manipulator-tip position and orientation are transmitted from the ground system monitoring the manipulator
motion on real time. The commands are transformed to motor angle commands of manipulator joints. And the

motors of manipulator joints are driven by motor angle feedback control.
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5.2.3 Capturing Dynamics and Control

There seems to be no major difficulty to capture the HST by the manipulator in a case that HST's attitude
control system is fine. The attitude control of both vehicles will be disabled during the final phase of capturing.

Relative motion in terms of position and attitude will remain very small in a time frame of one minute or so.

On the other hand, it is very difficult to predict natural attitude motion of HST in a case that HST s aftitude
control function is lost.

For example, a strange natural attitude motion in orbit was observed in a Japanese satellite when it lost attitude
control. The satellite began natural attitude motion by rotating its pitch axis at the orbit rate without
any residual angular moments in its reaction wheels. After chaotic motion for several weeks,
angular velocity around the pitch axis (i.e., the minimum principle axis) strangely increased
linearly up to ten times the orbit rate in two months. This strange motion was caused mainly by an
unbalance of radiation torques arising from the large difference of optical characteristics of the front and the back
of the solar panel, which was attached to the satellite asymmetrically. Analysis of the natural motion,

conducted considering shape and physical characteristics of the satellite, clarified this strange

It seems that optical characteristics of the front and the back of the latest HST’s solar panel are different and
the center of pressure is apart from the center of gravity as shown in Fig.5.2.3-1. Therefore, there is a possibility
that HST will rotate in its V2 axis in relatively fast rate (up to one degree per second or s0) in a long run. Direct
capturing will be extremely difficult in such a case as described in 4.3. Precise analysis is mandatory using

precise optical parameters and inertial properties.

Reference
[1] N. Inaba, S. Taniwaki and Y. Ohkami: ANALYSIS AND PREDICTION OF NATURAL ATTITUDE
MOTION OF SPACECRAFT IN LOW-EARTH ORBIT, AAS Advances in the astronautical sciences vol. 117,

10™ International Space Conference of Pacific-Basin Societies on Dec. 10- 12, 2003 at Tokyo, Japan.
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5.2.4 De-orbit

(1) Acceleration

In the re-entry phase, HDV performs de-orbit maneuvers using two main thrusters. Maximum and minimum

acceleration are estimated as follows and satisfies the requirement, smaller than 0.98[m/sz] 0.1G).

o MAX: 0.063 [mv/s’] < 0.98[m/s?](0.1G)
- Minimum mass: 16,779.3[kg] (HST: 12,129.3[kg], HDV: 4,650[kg])
- Maximum thrust: 530[N] x2 {(Main thruster)

e MIN: 0.046 [m/s?]
- Maximum mass: 19,229.3[kg] (HST: 12,129.3{kg], HDV: 7,100[kg])
- Minimum thrust: 445[N] x2 (Main thruster)

Delta-V for de-orbit is 153m/s in case of re-entry flight path angle —1.5deg at 120km altitude. Therefore, the
total maneuver time for de-orbit is 3300sec in the minimum acceleration case. As the maximum maneuver time

is limited to 1000 sec, de-orbit needs 4 maneuvers.

(2) Control torque

In case of maneuver using main thruster for de-orbit, the controllability is estimated as following.
The result of estimated about control torque and disturbance torque is shown in Table 5.2.4-1 Estimated
HST/HDV center of mass is shown in Fig.5.2.4-1. Mass center offset of V2/V3 axis was assumed to be 0.3[m].
Since the ratio of disturbance torque and after-RCS control torque is 0.75 and the ratio of disturbance torque

and total control torque is 0.38, it would be controllable.

-115-

This document is provided by JAXA.



Table 5.2.4-1 Estimated Control torque / Disturbance Torque

Item Value NOTE
After-RCS control torque 537 Nominal thrust (RCS) 122[N] (See Fig.5.2.4-1)
[Nm]
Forward-RCS control torque 329 Nominal thrust (RCS) 122[N] (See Fig.5.2.4-1)
[Nm]
Total control torque 866
[Nm]
Main thruster alignment error torque 77 [Nm] | Nominal thrust(Main) 475[N]x2, alignment error 1.5deg
(See Fig.5.2.4-1)
CG offset torque 285 Nominal thrust(Main) 475[N]x2, V2/V3 axis CG offset
[Nm] 0.3[m] (assumption)
Thrust unbalance torque 92 [Nm] | Nominal thrust(Main) 475[N], Thrust error +/-5%
Arm length between main thrusters 3.84m
Total disturbance torque 332 RSS for main thruster alignment error torque and thruster
[Nm} unbalance torque
(Total disturbance torque) / 0.75
(After-RCS control torque aft-RCS)
(Total disturbance torque) / 0.38
(Total Control torque)

Main thruster 1.5~2m 3.92m
/ <
[—
HST/HDV CG
........ = ._._._._,__.__._.l/._ e Vi
‘ HDV C( @T’ HST Cq
=
[ 5l
L o
After-RCS thruster
Forward RCS thruster
Im
<>
2.7m 17~2.4m
3.5m 12.82m
<HDV> <HST>

Fig.5.2.4-1 HST/HDV center of mass (assumption)
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5.3 Mission Operation

5.3.1 Launch phase

The HDV will be launched by the H-ITA or other expendable launch vehicle and injected into an orbit
(500x500km, i = 28.45deg). The launch window opens when the ground track of HST orbit (i = 28.45deg) path

through the launch point.

Separation of HDV from the launch vehicle needs to satisty a couple of conditions. First of all, the HTV
attitude immediately after separation must be such that the X-axis in the HTV body axis coordinate is
constrained in the direction of the velocity vector and the Z-axis is aligned with the nadir direction. The error
about each axis must be less than 10 degrees. Also, the attitude rate about each axis of roll, pitch, and yaw after

separation must not exceed 1 deg/sec.

After separation from the launch vehicle, HDV will deploy the folded solar paddles and TDRS communication

antenna. The manipulator is also deployed and initial check of major HDV’s functions will be conducted.
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5.3.2 Rendezvous, Final approach

5.3.2.1 Rendezvous Phase

At rendezvous phase, rendezvous maneuvers raise the HDV altitude, adjust the phase gap between the HDV
and the HST. The HDV automatically executes maneuvers based on the predetermined flight pian. To generate
maneuvering commands, the HDV uses the HDV GPS navigation data and HST navigation data (non real time).
The HDV Operation Control System receives HST latest navigation data and sends it to the HDV. Fig.5.3.2.1-1

shows major sequence of events by ground commanding and automatic control.

I AN AT

The proximity operation starts from AT departure maneuver that is executed by ground command. After the Al
maneuver the HDV automatically approach to the VI point which is 3 km (TBD) forward from HST with
absolute GPS navigation. On the VI point, the HDV finds the HST in Far-range Rendezvous Sensor (FRS) FOV.
HDV starts relative navigation using the FRS, and approaches to the HST on the V-bar in accordance with
pre-programmed velocity profile. HDV stops at 10 m (TBD) to HST, changing main navigation sensor to NRS.
HDV re-stars to capturing box to perform capture HST or soft docking. Fig.5.3.2.2-2 shows major sequence of

events by ground commanding and automatic control in this phase.

5.3.2.3 Task Allocation in the Operation

Table 5.3.2.3-1 shows task allocation for HDV autonomy and ground control in the final approach capture and

docking.
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5.3.3 Capturing

Fig.5.3.3-1 shows the mode transition of the final approach for HST capture. Before the final approach, HDV’s

manipulator shall be deployed to initial capture posture. The contents of each mode are as follows.

Marker
Acquisition

-

— Hovering
:
Escape .¢——— High -Speed o
} approaching Autonomous
% ! Motion by Visual
v Servo Control
}— Low-Speed
approaching
Capturing
|
Braking
Berthing

Fig.5.3.3-1 The mode transition of the final approach for HST capture
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(1) Marker Acquisition

When HDV arrives within HST capture range, the Arm Drive Electronics (ADE) starts to measure the range,
range rate, and orientation of the HST GPF using the GPF target marker image of wrist camera. When the target
marker image cannot be seen with the wrist camera, the manipulator shall be operated from the ground until
target marker image into the camera’s field of view. Then, if necessary, the position of the marker in the image
data taken by video data processor is instructed from the ground for initial marker acquisition. When normal
tracking is confirmed, the mode transits to the next mode by the trigger from the ground.

The sequence from next hovering mode to braking mode is executed automatically by visual servo control.

(2) Hovering

Visual servo control is used to hold the marker in the center of the camera’s field of view, while keeping the
distance between the camera and the marker. When the manipulator reaches a position right above the marker,

the automatic sequencer enters the control mode to the next mode.

(3) High Speed Approach

The approaching phase starts in a high-speed approach mode. The manipulator tip position and orientation are
controlled to reach an intermediate point right above the grapple fixture. The maximum manipulator-tip rate is

maximum rate (60[mm/s]) with respect to manipulator base coordinate system in this mode.

(4) Low-Speed Approach

Once the manipulator reaches the intermediate point, the low-speed approach phase starts. The maximum

manipulator-tip rate relative to the marker is limited to 10 [mm/s] in this mode for fine tracking.

(5) Capture

Capturing sequence starts automatically by closing the snare wire of the end effector after confirming that the
manipulator reached the aiming point relative to the marker. When the end-effector completes the GPF capture,

the automatic sequencer enters the control mode to the next mode.

(6) Braking

The automatic sequence ends with the braking mode. The manipulator stops its motion relative to the

manipulator base with a smooth braking pattern.
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(7) Escape

If the predetermined conditions are not satisfied in the automatic mode transition, the manipulator
automatically exits to the predefined position where the manipulator will not contact the HST. The manipulator
exits under any of the following conditions:

-Loss of visual marker,
-Departure of target from the range, or
-Trouble of the manipulator and/or the HDV
Once the process enters into the capture mode, the manipulator will not exit even if the contingency above

occurs. The transition of escape can be executed from the ground.

(8) Berthing

The manipulator moves HST to the berthing point by preprogrammed joint servo control.
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5.3.4 Direct Docking

HDV has a capability for direct docking with HST in case berthing by its manipulator can not be conducted by
some reason. In this case, HDV approach HST’s Aft Bulkhead and capture HST’s berthing pins using HDV’s
docking mechanism. In this case, two types of final approach, +V-bar and R-bar can be used. These flight

maneuvers for final approach were already demonstrated by ETS-VIL.

e+V-bar approach

Using the V-bar approach procedure depicted in Fig. 4.1.3-1, HDV performs the +V-bar approach towards
HST. The imaging sensor measure relative distance and relative attitude { 6DOF) between HST and HDV. When
HDV comes within TBD centimeters from HST, HDV’s Docking Mechanism hook HST’s three Berthing Pin.

&R-bar approach

Using the R-bar approach procedure depicted in Fig. 4.1.3-5, HDV performs the R-bar approach towards HST.
NRS measure relative distance and relative attitude ( 6DOF) between HST and HDV. When HDV comes within
TBD centimeters from HST, HDV’s Docking Mechanism hock HST’s three Berthing Pin.

(1) Mission Operations Requirement

e+V-bar approach
* It is performed during the sun doesn’t exist in the image sensor’s visual field.
« HST faced Aft Bulkhead toward the flight direction.
> HDV is controlled same attitude as HST.

&R-bar approach
+ HST faced Aft Bulkhead toward the earth ( LVLH Attitude ).
- Lighting condition is steady-state by albedo of the earth.
» HDV is controlled same LVLH Attitude as HST.
* The approach from 10 meters is conducted in a phase of the eclipse to keep

lighting condition constant under illuminating by HDV’s lighting.

Common requirements for +V-bar & R-bar approach.
 Both automatically approach and tele-operating approach are feasible.
+ Downlink of the image sensing data is available for tele-operating approach.
+ Automatic safety function is necessary to stop the approach when irregular
action happens.
» It has a mode of emergency abeyance.

+- Communications with HDV will be realized via NASA’s Data Relay Satellite (TDRS).
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» HDV’s manipulator is folded or ducked for not to obstruct direct docking.
{2) Overview of Direct Docking Mission

e+V-bar approach

The approach trajectory is designed based on the following concepts.

HDV
+V-bar approach HST
Py T | —1
<— [gjo
flight
Final Decision Point
NR > TBDcm
3m (TBD)
< 10m - 10mm/sec
(TBD)
S0mm/sec~

G 100m (IBDy———®

Fig.5.3.4-1 DIRECT DOCKING +V-bar APPRCACH
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sR-bar approach

The approach trajectory is designed based on the following concepts.

Fig. 5.3.4-2 DIRECT DOCKING R-bar APPROACH
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S
il l inal Decision Point

u TBDcm
HST ,.L

/\ _—%? 32 (TBD)

10mm/sec

]

| 50mm/sec~

; Start direct docking

VicinityPoint ( VP)

Fig.5.3.4-3 Direct Docking Approach from VP to Docking
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(3) Mission Scenario

(a) +V-bar approach

[From PP (Parking Point) to VP (Vicinity Point)]
~100 meters(TBD) from HST. : PP
Approach from PP to VP.

- Approach by Continuous Control.

» NRS(Near-range Rendezvous Sensor) measure the shape of over HST.

> High-precision Navigation by NRS data.
* Approach to HST Aft Bulkhead.
» Lighting for NRS.

[From VP to DOCKING poin{
10 meters(TBD) front toward HST Aft Bulkhead. : VP
Approach from VP to 3m(TBD) distance.
» Stop at VP.
- Measure the Relative Position/Attitude. to HST continuously.
Object:  The Contour circle line of HST Aft Bulkhead
The Berthing Target on HST Aft Bulkhead.
The Berthing Pin on HST Aft Bulkhead.
« Approach to HST at S0mm/sec(TBD)~ .
* Relative 6 DOF Control.
From 3m{TBD) distance to Final Decision Point (TBDcm).
- Approach to HST at 10mm/sec(TBD).
- Measure the Relative Position/Attitude. to HST continuously.
Object:  The Berthing Target on HST Aft Bulkhead.
The Berthing Pin on HST Aft Bulkhead.

- Adjust the position of Docking Mechanism.
At the Final Decision Point (TBDcm).
- Final check of the condition and decide GO/NOGO.
* Thruster(AOCS) cut off
> Docking Mechanism hook the Berthing Pin.
¢ Latch the Docking Mechanism.
o Thruster(AOCS) on
NOGO,
+ Abort.

- 128 -

This document is provided by JAXA.



(b) R-bar approach

[From VP to DOCKING poin

10 meters(TBD) front toward HST Aft Bulkhead. ; VP (Vicinity Point)

Approach from VP to 3m(TBD) distance.
* Stop at VP.

« Measure the Relative Position/Attitude. to HST continuously.

Object:  The Contour circle line of HST Aft Bulkhead
The Berthing Target on HST Aft Bulkhead.
The Berthing Pin on HST Aft Bulkhead.
= Approach to HST at 50mm/sec(TBD)~.
> Relative 6 DOF Control.
From 3m(TBD) to Final Decision Point (TBDem).
* Approach to HST at 10mm/sec(TBD).

- Measure the Relative Position/Attitude. to HST continuously.

Object: The Berthing Target on HST Aft Bulkhead.
The Berthing Pin on HST Aft Bulkhead.
+ Adjust the position of Docking Mechanism.
At the Final Decision Point (TBDcm). |
» Final check of the condition and decide GO/NOGO.
* Thruster(AOCS) cut off
» Docking Mechanism hook the Berthing Pin.
¢ Latch the Docking Mechanism.
* Thruster(AOCS) on.
I NGGO,
> Abort.

(c) Abort

It is necessary to decide GO/NOGO before the Docking (placed in the hooking pose), and abort and revenge

will be conducted if condition is not complete for docking.
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5.3.5 Extending Life of HST

Designed mission life of HTV, a base spacecraft of HDV, is three months. Therefore the baseline mission life
of HDV will be 3 months. Life of HDV can extend up to one year by loading additional fuel and replacing high
reliability equipments. HDV’s fuel tanks have enough volume for additional fuel. However attitude control
accuracy of HDV will not be enough for HST’s mission operation, and HST’s capability of attitude control when
HDV is attached to HST is not known.

Therefore it is not advisable to extend mission life of HST in a condition that HDV is docked to HST. It is
advised to conduct the de-orbit maneuvers soon after HDV is docked to HST.

Feasibility and strategy for extending Life for up to I year or more are described in the chapter 7 as an optional

system.
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5.3.6 De-orbit

De-orbit is performed by 4 maneuvers. TDRS communication is needed for HDV health check before and
during the last maneuver. After de-orbit, HST/HDV will be broken due to aerodynamic heating and load. After
the atmospheric re-entry, wreckage of some portion of HST/HDV will splashdown on ocean.

TDRS communication zone (TSRS-ZOE, TDRS-WEST, TDRS-EAST) and candidate of splashdown area are
shown in Fig.5.3.6-1. TDRS communication zone show the visibility from HDV on LVLH to TDRS. Candidate
of splashdown area is on the Pacific Ocean, the Atlantic Ocean, and the Indian Ocean near latitude —28deg. The
ground track moves west by 25 degrees in every revolution. And HST/HDV goes the earth 15 times around in
one day. De-orbit window opens in orbits whose ground track path through the planned splashdown arca. The
splashdown area of the Pacific Ocean is wider than other area, so the area of the Pacific Ocean will be planned
for splashdown area. And HDV health status will be checked as a part of flight safety operations via TDRS-ZOE
link.

Result of Monte-Carlo simulation of the wreckage splashdown area is shown in Fig.5.3.6-2. The ballistic
coefficient range of the wreckages for estimation is as follow:

e 10-500kg/m”.
e 10-1000kg/m’

In case of 10—500kg/m2 , the downrange of splashdown area is estimated as 2,300km. And in case of
10-1000kg/m?, the downrange of splashdown area is estimated as 2,600km. There is no much difference in two
cases. Re-entry flight path angle at 120km altitude is chosen —1.5deg.

De-orbit flight plan considering TDRS communication and splashdown area are shown in Fig.5.3.6-3. HDV
health status will be checked as a part of flight safety operations 5 minutes before the last maneuver at least via

TDRS link.
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5.4 Reliability

HTV based HDV’s reliability is shown in Table 5.4-1. Propulsion module, Avionics module and Remote
Manipulator Subsystem (RMS) reliability are estimated based on HTV and JEMRMS.

In the 3 months case, the reliability is likely within 0.97 but not in the I-year case.

While JEMRMS is designed for 10 years mission life on the International Space Station, HTV is designed for

shorter mission life (up to 3 months). Therefore it is recommended to execute HDTV’s operation within 3

months. Extension of mission life of HDV will require replacing currently designed équipment / parts with

higher reliability ones. Extension of HST’s mission operation for more than one year will require additional

system that is shown in section 7 as an optional system.

Table 5.4-1 Estimated reliability of HTV based HDV

Ttem Reliability Reliability
(3 month) (1 year)
Propulsion Module (PM) 0.994 0.977
Avionics Module (AM) 0.995 0.984
Remote Manipulator Subsystem - 0.945
Total - 0.945
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6. Development Plan and Schedule

6.1 Basic policy

The HDV mission must be conducted before HST reaches the end of its healthy operation. In order to
minimize the cost and time necessary to prepare the spacecraft for this mission, the HDV will be based on the

H-T1 transfer Vehicle (HTV) that JAXA is currently developing.

The HTV’s development schedule has been revised several times to reflect the delayed launch schedule of
ISS’s elements. JAXA is currently developing the engineering models for the HTV’s major equipment. In order
to save time and money, HDV development should make the best use of the HTV efforts. In order to reduce the
chance of errors associated with transferring the design from the HTV to the HDV, modifications of the design

from the HTV will be minimized.

6.2 Development Schedule

A proposed development plan and schedule for the HDV are shown in Fig. 6-1. If JAXA’s H-IIA rocket can be
used as the launcher for the HDV, a few months that would normally be required for transportation and other

work will be saved.

-137 -

This document is provided by JAXA.



(@g.1) smpayps uswdorprsd AQH 1-9°814

This document is provided by JAXA.

-138 -

=" | TANLONALS
1Sl \%SEOmW,,w HToEo.Eoo.E JUSUOUWI0 _ Vd-DH/VOH
oL bc_Eomw< _«_soEu.:Gm& sl ddA/NVD
TS /ATUassY u._zoc,_&:om.i weuodwory _ HAWNA/NA
1597, \\A_@Eomﬂw Hﬂ:ogo‘_:om:m Eo:anoU_ DOW/HAV/SIWA
A
1591 /A[qUIASS V| U01359§ UOISSIIA
1891 /A[qQUIOSS Y _ JUSWRINIOL ] JUSUOUUO _ IMPOIN ﬁommﬁbﬁwﬁﬁm
1S9 /AIqUUDSS Y _ THOMIAIND0) JUSUOU0, ) # SINPOIA] SOTUCIAY
bnEo%W
upnerndQ ag youne
' OMsH ! DdSD @ [ 1s9L waysAg
‘ WoISAS AQH
HonEIsdc dil Ao[]0y US1sa(] [ OSSN | UBEa Aol SUOISS[IA JolejA]
A AR R B %
youne] OdSO 01 10AIRQfESd ¥ 3 D ¥a ;
i 01 L] ¥ 1] 01 L] v 1] 01 L] v 1] ol L] v
LOOTAL 900TAd SO0TAA Y00CTAd




6.3 Cost of the HDV and its operation

The cost of the HDV and its operation depends on how the HTV and HDV development projects are to be
coordinated. Due to the re-scheduling of the HTV launch schedule, which in turn was caused by the
re-scheduling of the launch for ISS’s elements, the HDV will be launched before the launch of the first HTV. As
a result, if the HDV requires engineering models for key subsystems and components, these must be specially
prepared for the HDV. How to share the cost of development work for HTV and HDV will be discussed. The
HTV’s on-ground operation system will also be utilized by the HDV through the addition of certain functions,

such as remote operation of the manipulator.

If the experience of HTV development work and the HTV’s on-ground operation system are properly utilized,
then the total mission cost for the HDV will be considerably lower than the cost of sending the space shuttle to

HST to conduct a similar mission.

6.4 Risk management

The HDV will be developed based on the design of the HTV and JEMRMS, as well as on our experience with
ETS-VIIL However, since the HDV will be launched earlier than the HTV and JEMRMS, we must be prepared
for unforeseen malfunctions. The ETS-VII satellite was built in a very short time because ETS-VII was to be
launched together with the Tropical Rainfall Measurement Mission (TRMM) satellite, whose launch schedule
was fixed. ETS-VII was quite a new satellite, with no history of successfully conducting autonomous
rendezvous docking and Remote Manipulator operations in space. Therefore, we were prepared to cope with
unforeseen malfunctions in orbit. The most critical event involved the malfunction of the gas jet thrusters, which
are indispensable to the docking operation. This malfunction occurred just as the chaser satellite was conducting
the rendezvous docking operation. The malfunction was overcome by modifying the onboard control software
so as to use the remaining thrusters instead of the faulty ones. Remote rendezvous operation directed from the
on-ground control station was also tested to prepare for any failures of the autonomous rendezvous docking. The
operations involved in HDV’s rendezvous with and capturing of HST are basically autonomous. We should

establish a similar procedure for the HDV to test ground-based remote piloting of the HDV and its manipulator.
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7. Optional system's description

7.1 Basic Strategy

The composition of HST is not suitable for the service work by the robot in the attachment method of a
component, the connection method of an electric connector, etc. For this reason, at present, it is in a difficult
situation that equipment exchange, connector combination, etc. operated by the robot arm, can be worked and
guaranteed certainly. Although considering and the best efforts which were turned to completion of service by
robot work in the period to a launch of HST service missions were paid, the option supposing the case where it
does not result in the situation that implementation of service work can be guaranteed in a predetermined period
was also studied.

Two kinds of mission forms as follows were studied.

- option A: The life extension module, which performs the power supply via an umbilical connector and
attitude control, is attached to HST for the life extension of HST.

- option B: By the dual-arm dexterous robot, the full repair work, such as "diode box connection of a new
battery" and "exchange work of WEC", is done. |

The composition of option B includes the composition of option A. Then, option A is chosen, when

development towards option B is furthered and the prospect of repair by the robot does not stand enough.

7.1.1 Option A

(1) Composition

A spacecraft is taken as the following 2 module composition.
a. HDV
b. Life Extension Module (LEM )
In the state that it connected with LEM, HDV performs inter orbital flight and reaches to HST. Then, LEM is
comnected with HST by capture and berthing. After a prolongation-of-life function works is confirmed, the

reentry to the earth atmosphere of the HDV is carried out and it is burned out.
(2) Missions sequence

The flow of the missions of option A is shown in Fig.7.1.1-1. The sequence of a rendezvous, capture, and
berthing is the same as nominal HDV. The concept of HST capture is shown in Fig.7.1.1-2.

After carrying out the berthing (Fig.7.1.1-3) of the HST with the capture arm, solar arrays are unfolded
promptly and electric power is obtained. Next, it is confirmed that the function of the electric power supply from
LEM to HST and the attitude control function by LEM work normally. Then, HDV is separated and carries outa

reentry to the earth atmosphere.
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Astronomical observation is continued while the gyroscope of HST is working normally.

After being in the state that it does not work normally by failure of the gyroscope of HST etc., LEM substitutes
for attitude control, and the attitude control of an earth-oriented or a sun-oriented is performed so that it may not
lapse into a tumbling state (Fig.7.1.1-4}.

However, in this state, the highly precise inertial reference attitude control for astronomical observation is
difficult.

Mounting star tracker (STT) and dealing with highly precise inertial reference attitude control as an option,
also deserves considering, attitude control accuracy and stability are secured by the system that connected to
HST.

Moreover, it has LEM, when serving HST repair etc. for later by another spacecrafts, such as a space shuttle,
and itis equipped with cooperative equipments, such as CCR, a capture handle, a color marker, and GPS receiver,

for rendezvous and capture.

7.1.2 Option B

(1) Composition

A spacecraft is RSM which mounted a dual-arm robot arm and the equipment for exchange in LEM although
set as 2 module composition like option A.
a. HDV
b. Robotic Service Module (RSM)

The inter orbital flight is performed in the state that it connected with RSM and it reaches to HST, it connects
with HST and the work by the robot is completed. After it is confirmed that HST works, it separates, and the
reentry to the earth aimosphere of the HDV is carried out, and it is burned out.

When HST does not work normally after doing service work, it is possible to carry out the de-orbit of the HST

by HDV.
(2) Missions sequence

The flow of missions is shown in Fig.7.1.2-1. The sequence of a rendezvous, capture, and a berthing is the
same as nominal HDV. After carrying out the berthing of the HST with a capture arm, a solar cell paddle is
unfolded promptly and electric power is obtained.

The fundamental flow of HST repair work using a Dexterous arm is shown in Fig.7.1.2-2.

After grasping of the GPF, attached to the base of Dexterous arm, by the capture arm is carried out, a Dexterous
arm is taken out from a RSM body. (Fig.7.1.2-3) Then, the equipment on HST exchanged is removed and it is
fixed to the temporary holder on RSM by the Dexterous arm. In addition, the new equipment for HST is taken
out by the Dexterous arm, and attachment to HST is performed. Many robot tools are required for repair work of

HST. The holder of robotic tools is set on the RSM or the central box of Dexterous arm.
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After the equipment exchange of WFC by Dexterous arm is completed, it is confirmed that the electric power
supply from RSM to HST works normally, and HDV carries out a reentry to the earth atmosphere.

It has the following functions in order to conduct the repair work of HST, in addition to the function of option
A.

- Dexterous arm (dual arm)

- Dexterous robot holding / release mechanism

- Removal equipment temporary holder

- Tool holder

- Robotic tools
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Capture of HST

S .

Berthing of HST to LEM

{

Deployment of LEM solar arrays

Checking out of LEM functions

{

Release of HDV from LEM

L]
HDV reentry to the earth

; = ol

LEM supports life of HST

Fig.7.1.1-1 Mission flow of option A

Fig.7.1.1-2 Artist concept of HST capture

Fig.7.1.1-3 Artist concept of HST berthing
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Fig.7.1.1-4 LEM supporting HST life
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| Capture of HST
. v
| Berthing of HST to RSM
I ¥ -
Deployment of RSM solar srrays
_ v
Dexterous arm does HST repairing
¥ El B
Checking out of HST functions
v
Release of HDV from RSM
; —

HDV reentry to the earth ‘
v

HST operation with RSM

Fig.7.1.2-1 Mission flow of option B

Grasping and taking out of DA

V=

DA removes an HST equipment

DA places it in temporary holder
¥
DA taking out a new equipment
from RSM storage
DA attaches it to HST

Checking out of HST equipment function ‘
k- J

Note: DA is Dexterous Arm

Fig.7.1.2-2 Fundamental work flow of HST repair work using Dexterous arm

Fig.7.1.2-3 Artist concept of taking out of the Dexterous arm from RSM
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7.2 Proximity flight and capturing un-controlled HST using RMS

If attitude rate of HST is too high (e.g. more than 0.22 deg/sec) to follow GPF, attitude and position control
maneuver (6-degrees of freedom maneuver) of HDV will be necessary in combination with RMS motion
control.

Such maneuver will be performed in the phase of “flying around” and “final approach” where HDV performs
proximity flight and gets closer to the HST within the range of RMS.

In these phases, HDV has to control its position and attitude simultaneously. If HST is doing attitude motion
like nutation, 6-DOF control becomes more difficult. The information required as feedback signal for such sort
of controller is relative- position, velocity, attitude, and angular velocity. These information are expected to be
measured or estimated from motion estimation, as described in 4.3.1.

Since the equation of motion of a rigid body that performs attitude and translational motion is a nonlinear
equation (Euler's equation of motion), it is not easy to apply linear control theory for the controller design. One
of the solution for this is an application of sliding mode control that can handle a nonlinear system. Fig.7.2-1

shows one of the examples of the maneuver by this controller. (Detail of the algorithm is given in the paper of

reference) The characteristics of this controller is as follows

® it has astonishing robustness against dynamical parameter uncertainty (these uncertainty satisfies so called

13 c : L 2 1 Fald : * ) & PN | L3 ‘ n 1
matching condition”) such as mass, moment of inertia, etc. This means the controller does not go unstable even

after the capturing, for example, HST+HDYV configuration

® position control without overshoot can be achieved and it can avoid collision to the HST in the final

approach phase

Numerical simulation is underway to confirm the performance of the controller with the combination of
motion measurement using image data, and the hardware-in-the-loop DCLT of the maneuver using simulated
image data is also to be necessary. :
Reference

F. Terui : Position and Attitude Control of a Spacecraft by Sliding Mode Control ;

Proceedings of the American Control Conference, pp.217-221 (1998)
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=40 sec =50 sec

Fig.7.2-1 : An example of the 6-DOF proximity flight
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7.3 Extending life of HST

Although research of the onboard servicing by the space robot is advanced eagerly, there is no basis which can
be referred to as surely being able to perform repair service of HST by the robot. Thus, in this proposal document,

it is proposed the simple option (option A) for planning only the life extension of HST.

7.3.1 Option A

7.3.1.1 Configuration

This service vehicle consists of HDV and LEM. HDV has orbital transformation and a de-orbit function, and
LEM has the function to perform on-orbit maintenance of HST. The configuration of the servicing vehicle is
shown in Fig.7.3.1-1. It will be launched in the configuration that LEM is connected with HDV, and LEM can be
separated from HDV by holding / release mechanism on-orbit.

Since LEM is located in front of a service vehicle during rendezvous and capture phase to HST, the sensor for
rendezvous, a berthing mechanism are mounted on LEM.

Moreover, in order to perform an electric power supply to HST, it has a solar cell paddle.

mechanism

High gain antenna

Fig.7.3.1-1 Configuration of the servicing vehicle (HDV&LEM)

7.3.1.2 Power system

As a countermeasure of secular degradation of the battery of HST, an electric power supply is performed via an
umbilical connector from LEM. Since the diode is contained in the power supply line, electric power flows only
to one side, which means that the electric power generated in the solar cell array of HST cannot be charged in the
battery of LEM. For this reason, in order to carry out an electric power supply to HST, a solar cell paddle is

required for LEM.
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In the daytime of HST, the electric power generated in the solar cell paddle of HST is applied for HST, and the
battery in LEM is simultaneously charged by the solar cell paddle of LEM. In the night, the electric power
charged to the battery of LEM is applied for the electric power supply to HST. Therefore, the solar array of LEM
is located in the same direction as that of HST. In addition, an electric power supply is performed also to HDV

from LEM, in the state that HDV is connected.

7.3.1.3 Structure

The solar cell paddle of LEM is located in the position greatly offset from the center of gravity of HST.
Therefore, the solar cell paddle of LEM must be a rigid panel from a viewpoint of attitude control.

If receipt of such a rigid solar array panel is considered, the shape of the LEM will serve as square box structure

fundamentally. Holding/release mechanism for connection to HDV is located on the hard point by the side of the

base of square box structure, and a berthing mechanism is located on the hard point by the side of a tip.

7.3.1.4 Attitude control

LEM performs attitude control by the actuator in the state that it connected with HST. An attitude sensor and
rate gyroscopes, such as an earth sensor and a solar sensor, are applied. Although it needs a star sensor similar as
the sensor used in the observation missions of HST, a star sensor is not mounted considering of survival missions
here.

Four sets of reaction wheels are used for an attitude control actuator.
Magnetic torquer is mounted for the unloading of the accumulation momentum by disturbance torque.

The composition of the attitude control system of LEM is shown in Fig.7.3.1-2.

Rate Gyro Package )
A ‘ / / ‘c/ Reaction |
S Wheel |
‘Rate Gyro Package
B
Earth Sensor Array ACE
A
) — Magnetic
Earth Sensor Array T - Torquer
B
Fine Sun Sensor Star Tracker
“““““ (Optional)
es |
Reciever

Fig.7.3.1-2 Composition of the attitude control system of the LEM
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7.3.1.5 Communication

A communication system is constituted independently of HST like the basic composition of HDV described in
the section 5.1.3. A high gain communication system is mounted in LEM for transmission of a camera image. A
fundamental telemetory / command communication system is also mounted in the both of HDV and LEM,

respectively

7316 GN&C

In order to perform guidance and navigation of the orbital transformation and rendezvous to HST, the GN&C

equipments shown in Table 5.1.3-1 are mounted in LEM.

7.3.2 Option B

7.3.2.1 Configuration

This vehicle consists of RSM(s) that has the function to offer repair servicing of equipment exchange of HST,
and HDV that has orbital transformation and a de-orbit function.

Configuration of the vehicle is shown in Fig.7.3.2-1.

It is launched in the state that it was connected on HDV, and RSM can be separated from HDV by the holding
/ release mechanism by the on-orbit.

RSM has robot equipments, such as an arm for capture, and a dexterous work arm.
Furthermore, since it is located on the front side of a vehicle during a rendezvous and capture of HST phase, 2
navigation sensor, guidance sensor, a berthing mechanism are mounted on RSM.

When the repair work by the robot is not successful enough, RSM separates HDV and operates the on-orbit
life extension of HST, for example, performing an electric power supply and attitude control in case that it is

needed as option A of LEM.
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Equipment for exch
(1

Fig.7.3.2-1 Configuration of HDV & RSM

7.3.2.2 Dexterous robot

A dexterous robot is taken as the dual-arm configuration which constituted from two arms designed base on
ETS-VII robot arm. The external view of the dexterous arm is shown in Fig.7.3.2-2. This dexterous arm does
service work in the state that it was connected at the tip of a capture arm. For this reason, it has a GPF on the base
of the dexterous arm.

This configuration can be considered as the parents / child arm of JEMRMS. DOF allocation of an arm is
shown in Fig.7.3.2-3.

Offset of joints of each arm are as symmetrical composition.

A dexterous robot's system block diagram is shown in Fig.7.3.2-4.
The main changed parts from an ETS-VII arm are the followings.
a. To reduce the cables of arms
b. To change the end-effecter into micro-fixture correspondence.
c. To change a hand-eye camera into a small color camera.
These changed parts have established technology by trial productions and testing, and these application are not
difficult. An prototype end-effecter corresponding to micro-fixture is shown in Fig.7.3.2-5

A dexterous robot's principal performances are shown in Table 7.3.2-1.
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Fig.7.3.2-2 Composition of the dexterous robot

Grapple
fixture #

End-effecter

O OO Wrist

Shoulder Shoulder Wrist Roll
; Elbow 9
Pitch Yaw Pitch Yaw @.(

Shoulder Shoulder EPlbol\;v Wrist \ =
Pitch Yaw i Yaw Wrist 3
@ Roll Tl
N Wrist
Pitch
I
P 870 . 630 | 520 |

Fig.7.3.2-3 Layout of degrees of freedom of the dexterous arm

L MAN

 PROCESSOR |
[ RMS AVIONICS BUS 1
1
15538 RT
ACU
15538 BG
ARM BUS
.
]
| | 1s53BRT | | 15538 RT
LEFT ARM RIGHT ARM
| GONTROLLER CONTROLLER

Fig.7.2.2-4 Block diagram of the dexterous arm system
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Fig.7.3.2-5 A prototype end-effecter for grappling micro-fixture
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Table 7.3.2-1 Principal performances of the dexterous robot

Ttems Performance Remarks
Maximum tip force | 40N, 10Nm
Maximum tip rate 50mm/s, 5deg/s

Positioning 1.3mm Repeatable
accuracy
Mass 240kg Dual arm

In the work of equipment exchange etc., the robot arm will be in a closed link state frequently.

In order not to damage object equipment and the arm itself, in such a situation, a force/torque control function is
very important. Active compliance robot motion using force/torque control is useful for guiding the robot arm
tool to target work. And groping function using force/torque control is also useful to access to targlet work.
Various on-orbit experiments and evaluations of force/torque control function were conducted in MFD or
ETS-VII, and effectiveness and the validity of the force/torque control system was verified.

The dexterous tasks proved in robotic experiments of ETS-VII are listed in Table 7.3.2-2.

Table 7.3.2-2 The dexterous tasks proved oﬁ ETS-VII robot flight experiments

0OS tasks Remarks
Autonomous satellite capture | Corporative target capture by visual feed-back control
Berthing of target satellite Compliant motion

Docked inspection of target | Stereo image processing
Replacement / maintenance | ORU, pushing button, pulling ball, peg-in-hole, toggle switch
operation, curved surface tracking, linear-slider operation

Deploy / stow Deployable truss
Fuel transfer transferring of water after tank module detachment/attachment
Non-coordinated tasks Manual tele-operation from the ground

The robot experiment of ETS-VII is the one and only mission which could demonstrate and evaluate many

kinds of force controlled dexterous robot tasks in space.(Fig.7.3.2-6, Fig.7.3.2-7 )

ool 0.5311

Fig.7.3.2-7 ETS-VII robot flight experiment
Fig.7.3.2-6 ETS-VII robot arm ( PFM stowed ) (Curved surface tracking experiment with a peg tool)
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In addition, cooperation and optimization of control / operation procedure and tools are indispensable for
equipment exchange or attachment-/-detachment work of electric connectors.
Experimental investigation of autonomous dual arm operation which substitutes for EVA tasks of JEM

equipment exchange have been conducted using the ground test bed of the ETS-VI arm. (Fig.7.3.2-8)

g

Fig.7.3.2-8 Autonomous EVR experiment using ETS-VII ground test bed

7.3.2.3 Replaceable equipments

It is combined on RSM and the equipment exchanged by a dextercus robot's work, such as WFC-II and Costa,
is launched, by the on-orbit, is used as a dexterous robot choice outside, is used as him, and is attached in a
predetermined part.

First, the equipment for exchange on HST is removed.

Temporary fixation of the removed equipment is carried out in the place for the temporary fixation on RSM.

7.3.2.4 Power system

During the repair work pericd by the dexterous robot, the solar cell paddle and a battery of RSM perform the
electric power supply to HDV or a robot arm.

As a countermeasure of secular degradation of the battery of HST, an electric power supply is performed via an
umbilical connector.
If installation of the bypass wiring from the diode box by the dexterous robot is completed, it will become
possible to charge the electric power generated by solar array of HST in the battery of RSM via this bypass line.
However, in the state that this wiring is not installed, the electric power, which the solar array of HST generates ,
cannot be charged to the battery of LEM because of the diode that contained in the power supply line of the HST

umbilical connector.
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Since it corresponds to such a situation, a pair of solar array is equipped with RSM to supply eleciric power to

HST.

7.3.2.5 Structure

Although the structure of RSM is square box shape similar as that of LEM, the onboard space of a dual-arm
robot and the equipment for exchange task of HST is secured, and it has the holding mechanism of these

equipment.

7.3.2.6 Attitude control

The attitude control after HST capture is carried out by RSM and HDV.
If a high gain antenna is removed, high attitude accuracy is not required.

A high gain antenna maintains high inclination accuracy by cooperation control with attitude control.

1125 183

7.3.2.7 Communication

The communication function of RSM is the same as that of HDV, and it has an image transfer function by the

high gain antenna.

7328CN&C

Since RSM works as a head module of navigation while flying by connecting with HDV, it has the same

navigation and guidance function as the aviation subsystem of HDV.
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Appendix-1 NASA’s RFP

National Aeronautics and
Space Administration

Goddard Space Flight Center
Greenbelt, MD 20771

Reply to Atin of: 210.S June 1, 2004
TO: POTENTIAL OFFERORS

SUBJECT: NNG9%461779R for the Hubble Space Telescope (HST) Robotic Vehicle Deorbit
Module (HRVDM)/Hubble Disposal Vehicle (HDV) Solicitation.

You are invited to submit proposals to NASA/GSFC for the above solicitation, which will result in
award of either of the following efforts in accordance with the provision contained in Section L.2 of

this solicitation:
e HST Robotic Vehicle Deorbit Module (HRVDM): This is a component of a larger vehicle
whose combined purpose is to provide robotic servicing and life extension of the HST, and

ultimately end-of-life controlled re-entry or other safe disposal of HST.

e Hubble Disposal Vehicle (HDV): This is a stand-alone vehicle whose purpose is to only
provide end-of-life controlled re-entry or other safe disposal of the HST.

For either the HRVDM or HDV efforts, offerors are free to propose any method of HST disposal
that complies with NASA Program Directive (NPD) 8710.3B.

The above efforts will be unrestricted (full and open) competition. The North American Industry
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Classification System (NAICS) code for this acquisition is 336414 and the Small Business size
standard is 1,000.

Due to schedule constraints created by the condition of the Hubble Space Telescope, it is necessary
for the agency to release this Request for Proposal (RFP) prior to the final decision by the agency on
which of the above mission efforts will be awarded a final contract. Offerors are invited to submit
proposals for either vehicle, however offerors who propose a vehicle for the servicing and deorbit
mission shall also propose a vehicle for the disposal-only mission. Offerors submitting only a
proposal for the servicing and deorbit mission will be determined to be non-responsive to this
request for propesals and their proposal will not be evaluated.

Source selection procedures will be utilized to select a proposal for each vehicle effort. The agency
will then select one of these two proposals for contract award, based upon the agency's ultimate
programmatic mission profile determination. However, the agency reserves the right to not make
any award from this solicitation. The award of a contract resulting from this solicitation is
contingent upon the availability of appropriated funds from which payment for contract purposes

can be made.

contained in Sections L and M. In addition to the consolidated sections K, L, and M that apply to
both efforts, offerors should take note that there are additional attachments (see Section L.18) that
provide proposal instructions and evaluation criteria that are specific to each effort. Failure to

Please read the enclosed documents carefully, particularly the instructions and evaluation criteria

comply with these instructions could result in your proposal being considered unacceptable.

Your offer must have an acceptance period of not less than 180 days.

Offerors are requested to pay particular attention to all fill-ins required in the model contract to
ensure that the copies submitted with the proposal(s) provide the Government the ability to award
based on initial proposals.

A preproposal conference will be held as indicated below

Date: June 10, 2004

Time: 10: 00 am — 12:00 PM (HRVDM); 1:00 pm — 3:00 pm (HDV)
Location: GSFC Conference Room/Bldg. 8, Auditorium
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Government personnel will discuss the requirements and answer questions regarding the solicitation.
If you have questions, it is helpful if you submit them in writing to the Government representative
at least two (2) calendar days prior to the conference. Additionally, attendance is limited as
described in section L.7. Written comments and questions to be addressed at the pre-proposal

conference shall be sent to:

Carlos R. McKenzie

NASA/GSFC

Mail Code 464

Greenbelt, MD 20771

Phone: (301)286-0599

Fax: (301)286-0214

E-mail: Carlos.R.McKenzie@nasa.gov

As stated in Section L.12 of this selicitation, the Mission Suitability and Cost Proposal
Volumes must be received at the designated receiving office by July 16, 2004, at 2:006 PM

EST. However, the Business Volume of the propesal must be received by July 2, 2604, at 2:00
PM EST. Offerors are advised that the HRVDM/HDYV acquisition schedule has several external
factors that limit schedule extensions or delays. The proposal due date will not be extended based

on routine issues or requests.

As of this date, the procurement is in an official “Black-out.” The undersigned is the sole
point of contact concerning this solicitation. The contracting officer may contacted by electronic
mail at Carlos.R.McKenzie@nasa.gov or by telephone at (301) 286-0599 with any inquiries. For
identification purposes, all communications regarding this solicitation should include the above-

referenced solicitation number.

Your interest in NASA requirements is appreciated.

/s/
Carlos R. McKenzie, Jr.
Contracting Officer

Enclosures
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Appendix-2

Members of the HDV study team

Japan Aerospace Exploration Agency (JAXA)
Mitsushige Oda  (Leader)
Shin-ichiro Nishida
Heihachiro Kamimura
Fuyuto Terui
Noriyasu Inaba (Sub Leader)
Hiroshi Ueno
Toru Yamamoto
Tatsuya Endo
Shinji Mitani

Hirotaka Sawada

Mitsubishi Heavy Industries, Ltd (MHI)
Naohiko Abe

Kazumi Masuda

Katsushi Shibata

Mitsubishi Electric Corporation (Melco)
Kuniharu Yasuda

Jun Tsukui

NEC Toshiba Space Systems, Ltd (NTSpace)
Masato Hayashi
Tsuguhiko Okamoto
Tatsuya Yoshida

Fumihiro Kuwao

Kawasaki Heavy Industries, Ltd (KHI)
Nobuyuki Kubota
Nobuyoshi Muroi
Masayuki Enomoto
Atsushi Yokoo
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Appendix-3 Compliance Matrix

The compliance matrix that is requested by NASA’s RFP is prepared in following pages.
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Appendix-4

Al
C&DH
ETS-VII
FOV
FRS
GPF
GPS
GN&C
HDV
HRVDM
HST
HIV
ISS
JAXA
JEM
JEMRMS
MFD
NASA
NASDA
NRS
ORU
RCS
RFP
RMS
TBD
TBR
TDRS

Abbreviations

Approach Initiation

Command and Data Handling

Engineering Test Satellite VII(7)

Field of View

Far-range Rendezvous Sensor

Grapple Fixture

(lobal Positioning System

Guidance, Navigation and Control

HST De-orbit Vehicle

HST Robotic Vehicle De-orbit Module

Hubble Space Telescope

H-II Transfer Vehicle

International Space Station

Japan Aerospace Exploration Agency

Japanese Experiment Module of the International Space Station
Japanese Experiment Module Remote Manipulator System

Manipulator Flight Demonstration

National Space Development Agency of Japan
Near-range Rendezvous Sensor

Orbital Replacement Unit

Reaction Control System

Request for Proposal

Remote Manipulator System

To be defined

to be revised

Tracking and Data Relay Satellite

- 186 -

This document is provided by JAXA.



JAXA Research and Development Memorandum (JAXA-RM-04-001E)

Date of Issue: July 15, 2004

Edited and Published by:

Japan Aerospace Exploration Agency
7-44-1 Jindaiji-higashimachi, Chofu-shi
Tokyo 182-8522 Japan

(c) 2004 JAXA, All Right Reserved

Inquiries about copyright and question should be addressed to the Aerospace
Information Archive Center, Information Systems Department JAXA,
2-1-1 Sengen, Tsukuba-shi, Ibaraki 305-8505 Japan

This document is provided by JAXA.



This document is provi

Japan Aerospace Exploration Agency



