


Formation Flight Mission of two 2U-CubeSats
» Ground controlled Helix formation

« Autonomously controlled Helix, In-Track,
Along-Track and PCO

* 50m closest approach
Technology Demonstration
» Deployable solar panels

« Star Tracker

« S-Band Up/Downlink
Payload

« Camera system with four spectral channels

NanoFF CAD model
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The NanoFF Tea

Dr. -Ing. Sascha Weil3 Project Leader
M.Sc. Sascha Kapitola Software, Camera System
Dipl. -Ing. Frank Baumann Hardware, Electronics, Communication System
Dr. -Ing. Nikolas Korn Hardware, Camera System, Star Tracker System
M.Sc. Felix Kubler Software, Communication System
Phd Yeerang Lim Autonomous Formation Flight
M.Sc Jose Diez Software, Hardware, Electronics
M.Sc Debdeep Roychowdhury Separation Strategy, Recovery Operations, Navigation, AOCS
B.Sc. Fynn Boyer Software, AOCS
B.Sc. Julian Lindemeier Software
B.Sc. Yagmur Denizler Reaction Wheel System
PhD Ben Palmer Software
Alan Lagenza Software
B.Sc. Aantas Kesten Software
a"'.'
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' System Overview

Payload Communication On-board Computer Navigation Power supply Attitude and Orbit Control Propulsion
Solar panels 4 Reaction wheels 220
sensors
- - - - - - - - - - 1 Y [ L
1 1 1 :
I | |
1
: X-band X-band : : S-band S—band GNSS- GNSS- : Battery Battery & Magnetorquers 5 Sun
|| transmitter transmitter | ' receiver receiver Receiver Receiver | sensors
1 | 1 )
e — 4 —
| i | T |
1 1 1 1 |
! 4 Cameras ' ! | UHF-band | | UHF-band S-band S-band GNSS- GNSS- || '| Charge Charge 4 Gyro 4Gyro || Star
: : : transceiver transceiver transmitter transmitter Receiver Receiver || ''| regulator regulator 4 MFS 4 MFS : tracker
| L , | | I I
I I I I | I
1 I I i | I
: Image Image ' Data Data Data Data Telemetry Telemetry Formation Flight Computer | : Power conditioning 2 ACC 2 ACC : Star
| storage storage |, \ storage storage storage storage storage storage l | and distribution | tracker
1
: i | a e —
1 1 1 1 |
1 1 | ! | |
\ 1 1 : ! X St
: PDHO PDH1 : : ucomo UCOM1 SCOMO SCOM1 OBCO OBCA1 FFCO FFC1 : : PCUO PCUA1 AOCS0 AOCS1 : X ir Aguajet
1 1 1 | | racker
1 I I i 1 I
I I I ! I
L-—b--k----- k--k--' -4 -4 ---- --4----- - -4----- -4 -4 ---- -4 - -4 ---- -4 -- k- A--d------—-d--dh----- -—4--- 1 1 IO}
Y v Y v i \ Y Y Y v Y Y Y \ Y CANO  y
] Y Y Y Y | 7 Y Y Y ) Y Y Y vy CAN Y
.’
}* <

Technische ' NOnOFF
Universitat

Berlin

29" August 2022 | Brijuni Conference | page 4



' Component Segmeéntation

Payload 0.7U Satbus 0.7U Propulsion 0.6U
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~ Attitude and t Control System Overview

ADCS operations on Reaction Wheels, GNSS receivers, MFS, . .
oBC ALl bl Gyroscopes, Accelerometers, Sun Sensors iz
Commanding SENAO . SENA1
* 2 x4 Gyroscopes Mode Control i .
Supervision ACCO eels Accl - )
o O o 0o agnetic
Coils
* 2 x4 Magnetometers
5xSS 555 i
X Y Y X+, Y, Y-, [€—
« 2 X 2 Accelerometers i S
e 2 X5 Sun Sensors 6Pso GPs1
(Side Panels) 5 £
* 4 Reaction wheels N . . s
ST1 ’ 1™ g & g ‘E ’ v Fawer Swilch
« 3 Star Trackers
Y
v v v v
< -
0BCO 0BC1 STO ST2 AOCS0 |« AOCS1 PCUD PCU1
A r A r Fy F F 3 Fy A 12 s & A ~ h r ~
T‘ UART j
¥ ¥ ¥ v Y v CANO A 4 v v
v v v v ¥ L CAN1 L3 y ¥
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Dimensions

Propellant mass

Working

Pressure (MEOP)
Vcce (nominal)

Electric power

Thrust

Delta v

Technische .
Universitat

© j3b)
(7))
(7))

Propulsion Syste‘; Aguajet

Al:
y | Aerospace Innovation

94x94x59mm3 (without connectors and cables)

ca. 580g (incl. electronics, without connectors and cables)

ca. 80g
fluid Water and antifreeze
ca. 5.8 bar

12V /5V/ 3.3V

Max. 7W

up to 700m/s

up to 4mN (average 1mN)

~ 15m/s

NanoFF EQM, FM1, FM2, FSM [Aerospace
Innovation GmbH]
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" Formation Flight i NanoFF

« Use of Relative Orbital Elements

oal (az —ai)/aq |
oA U, —uq + (Qy — Qq)cosiy
So & 5ex a €, CoOsw,; —eq Coswq
Tloey|[” e, sinw, — e sinw,
Ol i, — iq
160y, ]| L (Q, — Qq)/siniy |

» For collision safety, e TT §i or 6e Tl i

« Chaser satellite (the one with active control) is

considered as the reference satellite.

« Based on the work and experience gained in
DLR’s AVANTI mission.

Mormal (Positive) Radial (zenith)

Tangentia (Positive)

Representation of Radial-Tangential-
Normal (RTN) frame

C
'
i
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Separation Strategy

Launch from D-Orbit's ION
— Minimise collision risk (collision = relative distance < 0.5 m)
— Prevent formation evaporation (< 2000 km)

— Limit recovery operation duration (< 2 months)

— Limit delta-v usage for recovery operations (3 m/s)

Dwrift as a function of Relative Tangential Separation Delta-V

Ln
]
&
=

« Two approaches:

-E = Actual data
x Linear approximation .‘.__‘.--
— Using conventional approach: Launching the two satellites £ 4000 ol
In the same direction at a random location in orbit with an £ 2000 7
interval of 10 to 20 seconds (as done in the SNET mission). % Joo0 -
- USIng 6e/6| VeCtor Conflg u ratlon (ad apted from the é 1000 / Drift increnses linearly with incressing relative tangential
. . separathon delta-v.
AVANTI mission) o
;: DI; 0.05 0.1 015 0.2 0.25 0.3 C ol

Relative Tangential Separation Delta-V [m/s =
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A
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Post Deployment R

elative Orbital State

Commissioning - Relative Eccentricity/Inclination

600
500 E/I vector
— —Relative Eccentricity
E 400 —Re%ajcive Inclination
> + Origin
B
iy
. 300
P
)
'
« 200
100
0
-400 -200 0 200 400

adex — adix [m]

Distance [km]

0 2000

Distances

——Radial Separation

. —— Along-track separation
——Normal separation

----------- Relative distance

8000 10000 12000

Time [s]

4000 6000
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A
.

- Deployment Sequénce

Near North/South pole: NanoFF 1 =[-0.35; 0.1; 0.35;]; m/s delta-v (0.5 m/s absolute) in ION’s RTN frame.
Wait for 0.5, 1.5, 2.5,....orbital periods of ION.
Near South/North pole: NanoFF 2 =[ 0.35; 0.1; 0.35;]; m/s delta- v (0.5 m/s absolute) in ION’s RTN frame.

A\ =

Recovery operations will start after successful commissioning.

Commissioning - Relative Distance

Commissioning - Relative Eccentricity /Inclination 1
600 i ‘
E/I vector
: = & Il
—Relative Eccentricity ”H
500 |—Relative Inclination
+ Origin 5 Il m\MI\H\.H”IIHWH‘
=4 i
g 00
- {
2 | _
2 300 i 2 g il i
| \ : il
[ | <
) |
2200 | I
) | a Lo wLHHHHM “
([After [
launch/Bef
100 :'ciun:;ii;o?nrg T
| J
0 : 2 mm ”mwww wm\Hu\H\lJ
—\Q} | After 30 days
-200 0 200 400 600 0
. Jan 01 Jan 04 Jan 07 Jan 10 Jan 13 Jan 16 Jan 19 Jan 22 Jan 25 Jan 28 Jan 31
a&ex — aalx [l’l’l} Time [datetime] 2021 «
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=
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Recovery Operations

1. Formation control using the 4 Impulse maneuver group — 3 Tangential burns, 1 Normal burn
2. Example: Delta-V consumption 1.03 m/s in 1100 orbits

Recovery - Mean Relative Longitude Recovery - Relative Eccentricity /Inclination

3500 1500 ’[2. adi before recoveryi — | E/I véctor i
L — Relative Eccentricity
3000 —Relative Inclination
1000 =sl'inal Relative Eccentricity|-
2500 — =»l'inal Relative Inclination
g 2000 < 500 AN
= \ « 2. ade before recover‘y{
:é ‘ \04//
= 1500 \ Z ‘3. adi after recovery F/—"’/'
S
&
0
1000
‘3. ade after recovery‘
500 1‘4\
-500
OO 10 20 30 40 50 60 70 80 -2000 -1500 -1000 -500 0 500 1000 1500 2000
Time [day] adex — adix [m)]

-
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- Recovery Operati'ns: Passively Safe Helix Orbit

15 Recovery - Max. observability mode Post Recovery Phase
. Distances 20007, Distances
ol —Radial Separation —Radial Separation
1 — Along-track Separation — Along-track separation| =,
—Normal Separation 1500 - Normal separation
8- - Relative Distance - Relative distance
2 6 21000 -
Al z g
A Z 500 g g
A A i g 2
(ox
2F L
z /
oY A YA A A VAV VAV VAR AVAYAVAVAYAAVAYAVAVAYAAVAYAVAVAVAVAVAVAVAY Or /
0.5 71 71.5 72 72.5 73 73.5 500 | | |
' ' ' ) 73.22 73.24 73.26 73.28 73.3 73.32 73.34 73.36

Time |day
ime [day] Time [day]

ROEs a;5a [m] a;54 [m] a5, [m] as5e, [m] a8l [m] a;5i, [m]

ROEs after =350.4275 3046157.8753 137.6294 312.6268 =10.3324 1471.1643

commissioning

Desired ROEs 0 1000 0 -300 0 300 '54'4"
after recovery
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Relative NaVigati6 using GNSS Raw measurements

Objective: On-board relative position accuracy of less than 1 meter.

* Currently in on-board software implementation stage for two GNSS papp——
receivers: Ublox Neo M8T and SkyTraq Orion B16-C1. - @Mblox

NEO-MS8T

« Estimate the relative position, estimate the relative velocity, propagate them

during error scenarios.
* Planned order of experiments: GPS only, GPS + Galileo, GPS + Beidou, etc. [u-Blox]
Challenges:
* UHF based Intersatellite Link (ISL) has limited bandwidth.

« The Chaser satellite has to deal with infrequent and old ISL data Orion B16

M2036U01

« Limited on-board processing power

[Skytraq] -~
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Double Differenci

GPS Sagellite b
GPS Satellite a EPOCH ¢,

EPOCH ¢,

é
PN L N
A

da /
v (t p° (t)
/‘/(// Eqlty

Lﬁ:

&= Receiverq

Pi) p.(t)

x

Receiver r Jm

Carrier Beat Single Differences Double Differences
Phase Range.\‘ (benween Receivers) (between Receivers
and berween Satellites)
Satellite
)(/ /
/ q (/ ) Clock Pa ( )
/)1{ (// ) Errors 1 Satellite
4 Cancel and Receiver
Clock
— = P/
Errors P(/)
vl 1) Satellite Cancel
Lg\y Clock pll (t)
pe(t) Errors 7
i —

Cancel

[J. Van Sickle, GPS for land surveyors. CRC press, 2008]

Error source

lonosphere
Troposphere

Satellite clock
Recetver clock
Broadcast ephemeris

Ambiguity term

Noise level with respect
to one-way
measurement

g of Raw Measurements

Single-Difference

Reduced, depending on the
baseline length

Reduced, depending on the
baseline length

Eliminated

Present

Reduced, depending on the
baseline length

Present

Increased by /2

Double-Difference

Reduced, depending on the
baseline length

Reduced, depending on the
baseline length

Eliminated

Eliminated

Reduced, depending on the
baseline length

Present

Increased by 2

[D. Gebre-Egziabher and S. Gleason, GNSS applications and methods. Artech House, 2009]
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~Relative NaVigati using GNSS Raw measurements

Subscriber

[Target Navigation soluﬁonJ
Subscriber

)
H Chaser Navigation solutions| =

2]

GNSS Ephemens Data

LChaser
Chaser 3 VCha

SET

tMmoparget

2]

“H Target raw measurements

sdeurget
» canrge!

Double Difference
Calculator Module

1. Select 5 (ideally 7)
common satellites

2. Calculate double
differences, Y

3. Calculate
Geometry matrix, G

]

Y, G, nav
sol

—O]—-

z]

Core Module

. EKF with measurements

generation using LSQ

_ Estimate relative state, 7',

Urel (Optional)

. Estimate the

ambiguities, bq,....bp

. Store last 2 measurement

epochs' ambs as B1

. Store last 10 measurement

epochs' ambs as B2

Ny

Previous control cycle's Trel, Vrel

z]

“HChaser raw measurement

M Chaser

8 vidc-‘mssr
3 CPChaser

and Carrierphase data

Measurement epoch, satellites in view

Execution every 5 seconds

Accuracy Check Module

1. Check Covariance
matrix P
2. Check B1
3. Check B2
4. Recalculate Tpe
from Y, G and by....b,
5. Recalculate ¥,
from Y, G
6. Set accuracy flags

2]

Trels ﬁrei

Propagation Module

(o]

Propagate the relative state

Final

hsssssssssssssssssssssssssasEsassIaE s Es s SRS EESE NS S EE NS AE NS SE RS SS A AR S S A EE NS S ES S ES S A EESSSSSEESSSSSEEESSSSSEESS S S EESSSEAEESSSSSEESSSSSEENSSdESESS eSS ESSSSEEEESSSSEEESSaSSEEESdaSSEEASdASEESSsSsEEESSsESEEEsssEan sl ]
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Precise Relative "'avigation Test Setup and Results

* NavX-NCS GPS Simulator at L1 fregency = Ublox Neo M8T and GG ok asanBsATAGE
Skytraq Orion B16-C1 =28

* Sun synchronous orbit at 550 km with ROEs:
* Desired ROEs: a;6a = 0m,a;6A = 0m,a,6e, = 0m,a;6e, =
—300m, a,8i, = Om, a;6i, = 300 m
e Results
* Mean position estimation error: 10 —20 cm

e Accuracy less than 1 m: 95% of the time

[Ifen GmbH]

-
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- Relative Pos;ition'j esults

Estimation Error in Relative Position

10 —
Carrier Phase + Extended Kalman Filter J/“-'”-'
Carrier Phase + Extended Kalman Filter + Propagation / \
Very accurate ‘/ "<
Corrected GPS + EKF J |
9 — ,‘ ‘l
||; ll‘
e |
8-  Mean position error 0.09 m P
* Standard deviation 0.12 m. | ';
| « Accuracy less than 2 m: 100% of the time F |
« Accuracy less than 1 m: 99.4% of the time ; ‘.
* Accuracy less than 0.5 m: 98.8% of the time - ; '.
L i | |
_°  Accuracy less than 0.2 m: 94.3% of the time | |
£ '\ "" A A } '
] f f f\ \ |
= [\ .' (A A\ '
g i | I\‘ n'l L ’ \l | h)t \
:% | ‘4{\\ “" ‘I A |' .\‘ ‘ 11| / {u 5
& “‘ \\ e .“ “1 I I'\ ‘l
41— [ ',‘ l‘. ‘ \‘a ||
|' I / ll‘ Ill '
|’ \ ::/ IJ Il’
' j \
3 | \
1: 24 \.ﬂ“ b
| r ‘,\. ,',1 N
2+ : L
‘\"‘»w.,r“" /(i {“l
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.’
W-A\.hw'\.u e AARA A A et phameit ¥ - v . — el — »-\‘— . ‘.‘*'\,"’n{"-v—» N e ) —‘1,-"\'[“-*--"-‘\-'*-‘----s“»- it }"
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Time [s]
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- Relative Velocity

Estimation Error in Relative Velocity

0.9 —
Corrected GPS Error
Corrected GPS + EKF Error
Triple Differencing Carrier Phase + Prop
Mean error: 2 mm/s
0.8 —
0.7 —
0.6 —
i)
£ 0.5—
=
2
=
(7]
2
1%
L2 0.4 —
]
>
0.3 —
0.2 —
|
0.1
| | | A\l
v LAl 33 / 9
| L S L | / N X L o "
o I 2 I [ N S : Kol 52 | \/ N T . 'L | y'
500 2000 2500 3000 4000 4500 5000
Time [s]

NaonoFF
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. Planned Na'hoFF Helix Formation




Conclusion

* Fully redundant, highly miniaturized satellite bus
« Usable for 2U/3U-CubeSats
» Suited for formation flight missions
» Development of several technologies
« S-Band Transmitter
» Deployable Solar panels
« Star Tracker
« Camera System
NanoFF Launch in Q2 2023
NanoOQV (Nanosatellites for On-Orbit Verification)
Multi-band GNSS receivers for high-accuracy navigation
RADAR sensors for proximity operations
Deorbiting module
Fluid Dynamic actuator for attitude control
Visual relative navigation operations

-
=
=
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Gefordert durch:

% Bundesministerium
fiir Wirtschaft )
und Technologie Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV,

(o
aufgrund eines Beschlusses DLR Grant number NanoFF: 50 RU 1803 }’"

des Deutschen Bundestages
NanoFF
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Primary structura

» There are seven primary structural parts

« Two connecting structure including the
rails in +Z and -Z (1 and 6)

» The top and bottom plates (4 and 7)

* Intermediate plate in X-Axis between the
satellite bus and the payload (2)

* Side elements of the satellite bus in +Y
and -Y (3 und 5)

» The satellite bus itself has a bottom plate to
be separated from the propulsion system

i o .'E 29" August 2022 | Brijuni Conference | page 23
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 Satellite bus

* NanoFF's satellite bus was developed as a
self-contained, self-supporting, structural
unit

* The complete subsystem can be integrated
and tested prior to integration into the
satellite

« In addition to the two primary structural
elements in +Y and -Y, the subsystem has:

* An intermediate deck in X
« The battery housing

 The tetrahedron structure for the reaction
wheels
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The structural elements are both screwed
and secured by locating pins (between RW
structure and battery compartment).

The reaction wheels are electrically
connected to the BMS via a pluggable
cable connection

The BMS, the OBC-COM-NAYV board and
the PCU are connected via board-to-board
connectors.

The air coil is soldered to the PCU

The satellite bus also houses the central
joint of the solar panels

"E 29t August 2022 | Brijuni Conference | page 25
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Release mechanisms

 NanoFF has a total of four release
mechanisms, two each for the UHF
antennas and two for the solar panels

* For the UHF antennas, the release
mechanism is based on the system
developed during the S-NET mission

* The individual mechanisms are secured by
a taut nylon thread (2)

* A redundant fusible link (1) guarantees safe
triggering
* The nylon thread for the panel deployment

Is guided to the -Z side by means of a 3D
printed guide (6) (3)

-
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 Satellite bus elec(t‘; onics: OBC/COM/NAV

Combined PCB with several subsystems |~ ' | P ' Connector POHA _ Connector POHL
(O U © U O ETCI = | T S] ITITITTITITT, O\ i
Communication o e M T 4 T a
UCOM1 <HMCUD
. . 0o [T |2 Sogle g 00
« 2 Transceiver in UHF-Band (UCOM) 3 2 00T GBS [E 8
DT‘___:: ) [s o] o . |1 = | i E E w il o, 4
. . . :l bopealbsen T - ]._|I—'_'_TI e =] ] = E ] f
« 2 Transmitter and 2 Receiver in S-Band sttt 10 =LI+IE - borsm *| T
2ol dusasges UBCBI_I 0 e oy I — ] ; NAUL
ST Topect= S0z, HA —
(SCOM) S b i |Da3 | Bl
m 15 nel wDmald = . messsme ssaa ? o]l -
Data Handling ﬂ g e —
18 o v | fSCOM@_Transmitter I
« 2 On-Board Computer (OBC) 18 [ ) BelfEP sl 81 18
. u 5 L L] W = SEftlljhi Transmitter
« 2 Formation Flight Computer (FFC) i o — —
S I |CEDN| I : SCOM - Rscnpi
NaVI g atl O n Connector 16 PCU j Receliver ecelver I
A Place of aircoils H H H
. 4 GNSS Receiver (NAV) & \F#j( Qj \S \F %Oo ;( &
EGSE Connectaor EGSE Connector EGSE Connector EGSE Connector EGSE
. -~
* Access to all uCs of the satellite >
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satellite bus electronics: PCU/AOCS

Combined PCB for PCU/AOCS

AOCS

2x4 Gyroscopes

2x4 Magnetometers

2x2 Accelerometers

2x5 Sun Sensors (Side Panels)

4 Reaction wheels
3 Star Trackers

PCU

* Redundant System

« 12V, 5V, 3.3V

<
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Satellite bus

B z‘ﬁ”h e

<>x._.>m83oooac1 %
:O_um\mq\uc
1/LPP 503759 8HH

VKB : 56427 201 020
1400mAh 3.7V 5.2Wh
Assembled in Indonesia
020A
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~Camera system

* Multispectral camera system

2| mage | | rpa | mcu || DRAM
» Ground resolution of 30m 3 | sensor
1
@525km SSO PDHO PDH1
* MTFof04 _ Flash | | Hraw % Image L | epgA |4 McU || DRAM Flash | | praw
» Global Shutter sensor with a memory © | sensor — memory
pixel size of 2.74um and 12Mpx - —
. Swatrf: WIdI;[h of 131km 2oand MCU § ;::g; | FPGA |-{ MCU [ DRAM MCU o Trames
He|g t 96km mitter mitter
1
» Stripes of consecutive pictures H L‘ ’_, |_‘
. . CAN CAN 2 | |mage CAN CAN
* Filters chosen with another TRX TRX § Imag® || FPGA [ MCU [ DRAM TRX IRX
department of TU Berlin for i i = I I
forest surveillance (4 red v CANQ Y
channels), other satellite RGB L CANT Y
and near IR
"”‘4"
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Key Parameters

- leunNamoFF _ [3UNanoOOV |
Communlcatlon

Up to 9.6 kbit/s Up to 9.6 kbit/s

Up to 4 Mbit/s Up to 4 Mbit/s

Up to 9.6 kbit/s Up to 9.6 kbit/s

Up to 1 Mbit/s Up to 1 Mbit/s

36 W 55 W

47 Wh 47 Wh

30 arcsec 30 arcsec

0.5° 0.5°

5m 1m

0.1 m/s 0.01 m/s

~ 15 m/s ~ 11 m/s

0.7U (1.3U w/o propulsion) 1.6U (2.2U w/o propulsion)
30m GSD tbd
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