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PRESENTATION OUTLINE

Tape mechanical loads

Derived from numerical simulations and tape handling requirements

Mechanical testing of tapes

Servo-hydraulic machine MTS 858 Mini Bionix Il used to measure:
Mechanical strength
Axial stiffness

Two independent methods with Bose ElectroForce® machine and Laser Vibrometer utilized to measure:
Damping coefficients

Deployment test of photovoltaic tape

Used tape deployer drive-pulleys assembly to evaluate effects on cells power performance
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REQUIREMENT ON TAPE AXIAL LOAD

Requirement on tether axial force

The requirement of 10 N maximum axial load (BPT-P-0020) stems from the process of spooling the tape onto a
stable spool that is launch-load-resistant (as tested on shaker for the project E.T.PACK)

The maximum tension value during deorbiting from numerical simulations due to dynamicsis <1 N

Tether tension during deorbit from sim Tape spooling machine at UniPD
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TEST PLAN

Test items and test conditions

3x Aluminum tape-substrate samples of different lengths Ambient
3x Steel tape-substrate samples of different lengths (same Ambient
as aluminum)

Test plan for measuring mechanical characteristics

Test type Methodology Finality Conditions

Hysteresis 30 cycle at 0.5 Hz in a load range from Measure the Ambient
cycles TBD to TBD with force control damping coefficient

Pull test slow ramp with displacement control up Measure stiffness Ambient
to a moderate load

Pull test increase displacement up to breakage Measure yield & Ambient
break strengths
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PULL TESTS TO MEASURE STIFFNESS AND STRENGTH

Pull tests done on Aluminum and Stainless substrates with
servo-hydraulic machine controlled in displacement or pulling
force (MTS 858 Mini Bionix Il): max machine load 1.5 kN

Samples instrumented with 4 strain gauges to improve strain

measurement resolution
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MEASURED AXIAL STRENGTH

* Tape strength vs. axial force requirement

Stainless Steel 50pm x 1000-1100 N 1180 N 9.7
25mm
Aluminum 40pm x 25 | 15-140 N 200 N 2.7
mm
BPT-P-0020 BPT Axial Force

BPT shall withstand an axial force of, at least, |0 N.
Rationale: this is conservative value attained in non-stationary conditions

Added Note: the tape is spooled on a coil at ~8 N of tension

* Conclusions:
- both substrates satisfy the axial force requirement with very ample margins of safety
- Aluminum substrate is considerably lighter than Stainless Steel
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MEASUREMENT OF DAMPING COEFFICIENT

The Mini Bionix Il machine proved not to have enough displacement and force resolutions to
estimate reliably the damping coefficients of short samples

We adopted two alternative and independent measurements with different equipment:

Laser vibrometer: the tether sample is hanged vertically and put under tension with a weight. Other weights are then attached
at the bottom and held by an electromagnet. When the electromagnet is deactivated the mass falls forcing the tape to oscillate.

The oscillation amplitude is measured by a laser vibrometer. The damping coefficient is estimated from the analysis of the
oscillation amplitude decay

Bose ElectroForce® machine: this machine differs from the Mini-Bionix II because it uses electomagnetic forces as opposed

to hydraulics. The Bose has a smaller dynamic rangeof 400 N max, a position accuracy of 1 micron, and a force resolution
better than 0.1 N
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LASER VIBROMETER SETUP

The tape is hanged from a support at
one end and kept in tension by a set of
weights at the other end.

Through an electromagnet other weights
are attached at the bottom. The weights
can be suddenly released with a switch
putting the system into oscillation.

A laser vibrometer is used to measure
the oscillation of the plate after release

The damping of the oscillation follows an
exponential decay described by

x(t) = Xe~Yn! from which the damping
coefficient can be derived as

7 = e /EAm/L
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Supporting structure

Upper clamp

Tape tether

Lower clamp

Tip mass

Electromagnet
External power supply

Laser Vibrometer

Ballast mass




Tether longitudinal displacement x; (t)

ALUMINUM WITH PV CELLS — LASER VIBROMETER

Damping
coefficient C ratio
igth
Weigths [Ns/m]

143 1 4.04 0.00691
143 1 3.40 0.00586
143 1 3.63 0.00624
143 2 4.37 0.00754
143 2 431 0.00743
143 2 3.79 0.00653
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Damping coefficient estimated from oscillation decay

Damping Coefficient Aluminum with solar cells

2 kg release \

1 kg release 1

Number of weights

With this method the mean value of damping coefficient
is in the range 3.7 — 4.2 Ns/m




TESTS WITH BOSE ELECTROFORCE© MACHINE

Bose ElectroForce® machine utilizes electromagnetic
forces to generate very accurate displacement
profiles. The force dynamic range is 400 N with a
position accuracy of 1 micron and a force resolution
better than 0.1 N

This equipment was used to generate many hysteresis
cycles at the desired frequencies and compute the
damping from the energy dissipated in those cycles

Samples tested

I bare Aluminum tape, 30-cm long with loading at
frequencies of 0.25Hz, 0.5Hz and 1Hz

5 Aluminum tape with solar cells, 30-cm long with
loading at frequencies of 0.25Hz, 0.5Hz, 1Hz
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A SAMPLE OF HYSTERESIS CYCLES

Raw data from Bose ElectroForce©

Set of cycles of Aluminum tape with solar cells at 1Hz

after filterin
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ESTIMATION OF DAMPING COEFFICIENT FROM HYSTERESIS

Damping coefficient - no outliers
I

Dissipated energy per cycle 4" !
(with ¢ the damping coefficient) ol 3 E
3 3

Eg=TC " Ymax’ fzz E H
Results are well in line with Sl |
those obtained from the | i
technique with Laser Vibrometer o5 T

N

Mean value of damping A T
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DEPLOYMENT TEST AND

ESTIMATION OF CELLS PERFORMANCE

UNIVERSITY OF PADOVA - 19/01/2023

3-m-long pv tape sample

E.T.PACK deployer

A 3-m-long tape with pv cells
was deployed through the

drive pulleys of the deployer
breadboard

Tape was inspected for
damages (none detected)

Power produced by the
sample under controlled
illumination was measured



PHOTOVOLTAIC PERFORMANCE - SETUP

Beam profile

photodiode

light

Potentiometer
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Photovoltaic tether

UNIVERSITY OF PADOVA - 19/01/2023

.

o ®

Circuit schematic



RESULTS — POWER PRODUCED PRE & POST DEPLOYMENT

Results summary

Deployment through the drive
pulleys moderately affects the PTS
performance

In the case analyzed we detected a
maximum loss of peak power post-
deployment of 24% when compared
to the pre-deployment performance

Note that drive pulleys have a hard
metallic surface and were not
designed for handling the pv cells

Drive pulleys could be modified to
handle “more softly” the pv cells
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CONCLUSIONS

Performance of the photovoltaic tape is moderately influenced by deployment

A peak power reduction of 24% was measured between before and after the BPT
deployment through the drive pulleys

Tape with pv cells was not visually damaged after deployment
Note that drive pulleys could be redesigned to handle the tape “more softly”

The axial strength of either substrates — Aluminum and Stainless Steel — is well above
the required value of 10 N (with ample safety margin)

Aluminum substrate is preferable to Stainless Steel because of its lighter mass
Damping coefficient of the pv tape is low and of order 2-4 Ns/m

The system will require additional damping like for example a passive damper in series
to the tape as it is currently being developed for the E.T.PACK system
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The Bare-Photovoltaic Tether (BPT)

Goal of the Project

“demonstrate the feasibility of the BPT and assess its potential impact on
EDT technology”

Objective of the Project

* Identify the most promising pv technology and make an electrical and
mechanical design of the bare-pv tether.

* Perform a detailed electrical and mechanical characterization.

* Incorporate a bare-pv model into a mission analysis software and
study its performances.
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Coordination
WP Task Partner M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8 | M9 | M10 [ M11 | M12
PHASE A PHASE B

1100 User Requirements UC3M/TUD/UniPD/SENER
1200 Electrical Design UC3M/TUD

1000 1300 |Mechanical Design SENER/UniPD
2100 Solar cell trade-off TUD
2200 PV segment Procurement UC3M/TUD

2000 2300 PV-bare tether assembly SENER
3100 |[Test Plan TUD/UniPD
3200 Electrical and Thermal Testing TUD

3000 3300 Mechanical Testing UniPD
4100 Software Development UGM

4000 4200 ETPACK 10D application UC3M/UniPd
4300 Results summary and design update TUD/UC3M/UniPD/SENER
4400 PV development Roadmap UC3M/SENER

 The work plan was implemented following the Gantt chart with no major issue.
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Coordination

Code Name WP Type

D1.1 Requirements and preliminary design of a bare-pv | 1000 Document
tether

D2.1 Samples of PV tethers and PV-Bare Tefthers 2000 Hardware

D3.1 Electrical and mechanical characteristics of a bare- | 3000 Document
pv tether

D4.1 Performances, and Development Flan of a Bare-PV | 4000 Document
Tether.

Table 6. Technical Deliverables

Other information sent to ESA

« Final Report

19/1/2023

Executive Summary

Final Presentation slides

Illustration of the activity in one self standing image
5 min video summarizing the main results of the activity.




Coordination

Event Type Description Date Deliverable/
Output

KOM Kick Off Meeting Videoconference KO None

PM1 Progress Meeting | Videoconference KO+3 D1.1

MS1 Milestone End of PHASE A KO+4 None

MS2 Milestone Bare-PV Tether assembled KO+6 D2.1

PM2 Progress Meeting | Videoconference KO+6 None

MS3 Milestone Bare-PV tether model | KO+8 None
implemented in BETSMA v2.0

PM3 Progress Meeting | Videoconference KO+10 None

MS4 Milestone PV-Tether is Characterized | KO+11 D3.1
electrically and mechanically

FM Final Meeting Presential (ESA Premises) KO+12 D4.1

19/1/2023
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Coordination

Problem Areas and Risks identified in the proposal Solution implemented in the project

Procurement of the pv-cells Sunplugged was able to manufacture all the samples
order by the team

Personnel availability Young team members were hired and worked fully
focussed on the Project.

Resilience to Micrometeoroid impact of the pv- The new design allows to decouple the pv cells from

segment the EDT.

Joint between the pv tether and the bare tether SENER proposed a solution in case it is needed.

However, the BPT design does not require any joint
(pv cells are printed in the bare Al)

Endurance in space and storage on the ground of Testing activitiesshowed that the BPT is feasible.
the pv segments High vacuum has a regenerative effect.
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Conclusions of the project

 Design, manufacturing and testing activities
showed that the BPT conceptis feasible.

 Simulation work revealed that the pv segment
enhances EDT performances.

* The combination of thin-film solar cells and EDT
technology can be used to prepare compact
systems to provide in-space propellant-less
propulsionand power.

e The BPT is compatible with the ET.PACK-F 10D,
which is the perfect opportunity to increase the
TRL.

Sample of Bare Photovoltaic Tether.
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The Bare-Photovoltaic Tether (BPT)

Electrons
* The original design of the BPT proposed in [1] has some
drawbacks/issues: C
* A failure of the photovoltaic tether segment (PTS) make the i "
tether fail. : L
* Bypass diodes are needed to allow the current flow in | o §
shadowed cells. . 76
e 2 alternative configurations were proposed. | - B
P -
B —4-
[1] M. Tajmar and G. Sanchez-Arriaga, A bare-photovoltaic tether for A ™ =
consumable-less and autonomous space propulsion and power > \§
generation, Acta Astronautica 180, 2021. X 3]
/A \%
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BPT Design: Configuration 1

I!
side view

Pv Cells

pv

top view

|
Substrate/Isolator

cell

==
— —
j——

bare tether

S/C

Emitter

S/C
with
emitter

Electrical and
mechanical joint

Characteristics

The current collected by the bare tether
passes through the pv cells.

Fully electrical coupling between the pv-cells
and the bare tether.

High voltage gain and constant current.
Bypass diodes are needed.

The area used to harvest power is
maximized.



BPT Design: Configuration 2

side view

l;

PVcells

Power
Conversion
O+

Isolator [: - .

top view

bare tether

conductive substrate

Module

A

Electrical backpathing

Emitter

S/C with
emitter
»
Power
Comversion

Characteristics

The pv cells and the bare tether are
separated by a layer of insulation.

The pv cells are organized into
cell/submodules that are connected in
series.

The submodules are connected to one
electrical path.

The two poles are atthe S/C



BPT Design: Configuration 3

side view
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PVcells I

Isolator

Power
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conductive substrate
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Electrical pathing

Emitter

Characteristics

The pv cells and the bare tether are
separated by a layer of insulation.

The pv cells are organized into
cell/submodules that are connected in
parallel.

The submodules are connected to two
electrical paths.

The two poles are atthe S/C



BPT Design: Trade-off

Configuration 1

Configuration 2

Configuration 3

Characteristics

Series connection

Series connection

Parallel connection

Current collected
passes through the cells

Fully coupled bare/pv

Current collected passes
through the substrate

Switchable bare/pv
coupling

Ordered samples with and
without diodes

Current collected passes
through substrate

Switchable bare/pv coupling

Ordered samples with and
without diodes

Advantages

High voltage gain and

High voltage gain and

Can harvest power with pv

constant current constant current segment
Can harvest power with pv No diodes needed
segment
Drawbacks Use of diodes. System Use of diodes. Two extra backpathing

failure for a single
shaded module

Cannot harvest power

One extra backpathing
string

strings
Current limited (thermal

1ssues)

Conclusions

Samples of Configuration 2 and 3 were
manufactured and tested.

Configuration 3 was selected.

Configurations 2 and 3 are similar to a
conventional solar panels, but with a lower
efficiency (thin film solar cells).

However, the lower efficiency is largely
compensated by

The price of the thin film solar cells

Having two key subsystems (propulsion and
power) integrated in the same device.

No additional support structure -> good
specific power (W/kg)
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Schedule of the Activities at UC3M

Phase A: BPT Design  Phase B: Modelling, Software Development, and Performance

< > < =
January March May July September November January
< >
BPT Modelling
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1. BPT Modelling: Passive and Active Mode

Assumptions:

Straight tether with High-bias Orbital-Motion-
Limited (OML) current collectionin bare segment

No electron collectionin the tether face that has
the pv-cells.

The power harvested by the pv cells inserted in the
model as a power supply between the tether and
the EE

|ldeal Cathode: emit any current for a given V.<0

Methodology:

Compute semi-analytical solutions of the profiles.
Verify the code
Integrate the code in BETsMAv2.0

(a)

EE

A T P
A T P

EE

B Bare® PVcells Insulated

Figure 1. Sketch of a BPT in the Passive Mode



1. BPT Modelling: Passive and Active Mode

Assumptions:

Straight tether with High-bias Orbital-Motion-
Limited (OML) current collectionin bare segment

No electron collectionin the tether face that has
the pv-cells.

The power harvested by the pv cells inserted in the
model as a power supply between the tether and
the EE

|ldeal Cathode: emit any current for a given V.<0

Methodology:

Compute semi-analytical solutions of the profiles.
Verify the code
Integrate the code in BETsMAv2.0

(a)

(b)

(c)

(d)

EE

A I T p

EE

-
-
a~l

EE

EE

M Bare @ PV cells Insulated

Figure 2. Sketch of a BPT in the Active Mode




1. BPT Model in the Passive Mode

Following standard methods in bare tether analysis we
introduced the following dimensionless variables:

V/Vi &=x/L;

i=1/1; ()

2/3 2 1/3
I*E Emo-bAb; V* = EmL* L* = <ﬂ> (977: meo-bEm>

Db 128e3N2

The profiles depend on the following dimensions-less parameters

_ Lb va _ _ va _ VC
REL L ERT WSETED %Sgg
o, A W,
o« =P p=—"2-2L We = ————
Pp O-pv Apv O-bEmAbL*

For a given tether segment, and after a
proper rescaling, the normalized current
(y) and voltage (u) are governed by

/ Parameter-Free ODE \

Valid for V¢ < & + &y

dy 0 if u<o0
27 3 _

ds ZL\/{L if u>0
1

ds_y

K u(sg) = ug; ¥(sg) = yo /




1. BPT Model in the Passive Mode

* BPTs profiles can explore any region in the current-voltage
plane.

* Two zero bias points (B, and B,) are possible.

* There are 4 solutionsin phase space (one of themis new ).

Conventional bare tether

— Bare tethers + power supply

-— - — Separatrix

-------- Tethers with different segments (like BPTs)




Schedule of the Activities at UC3M

Phase A: BPT Design  Phase B: Modelling, Software Development, and Performance

< > < =
January March May July September November January
< >
BPT Modelling >
Profiles and
Regimes
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2. BPT Profiles and Regimes
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Depending on the number and location of the zero-bias points, we identify four regimes.
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Operational Regimesas a function of

L

— pv
fp”_Lb + Ly
L, L
EtEL_+%E€b+€pv
for

a=05 B=2¢c=—0.1

Conclusions:

* Since L, depends on ambient
variables, different regimes can be

present for the same tether design.

* Qursoftware is robust and it works
for any regime.

f
pv

0.8

¢c =-0.1, w, = 0.01, a =05, =2

¢oc =-0.1, w, = 0.075, a = 0.5, B = 2
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— 3

125

oc =-0.1, w, = 0.05, « = 0.5, 3 =2

¢oc =-0.1, w. =01, =0.5, 3 =2

Regime
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25
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— 3
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Schedule of the Activities at UC3M

Phase A: BPT Design  Phase B: Modelling, Software Development, and Performance

< > < =
January March May July September November January
< >

BPT Modelling >
Profiles and

Regimes 0o

Optimal

Design
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3. Optimal Design

Take a fully autonomous system and fix tether thickness hy,, BPT with a Hollow Cathode
W, (fpv: &) = Npv Sg) X fpv X &, f bo=-01,a=058=1, 5, = 66.6981 fay
p opvEp hpy 0.8
0.7
BPT design involves3 parameters: Ly, f,;,, and wy. ”
To select these parameters optimally, we followed two -

approaches:

* Optimize the tether efficiency (i,,) for a given set of
ambient variables.




3. Optimal Design

Take a fully autonomous system and fix tether thickness hy,, BPT with a Hollow Cathode and optimum f,,,~0.6
Npv SO éo =-01,a =05 8=1,35, — 66.6981
We (fpv, Se) = X for X § CommA T IR m e Z R
e v 5t 2 v t
p p opvEp hpy p _ |
0.8_ ———-avlf ///_
pv,opt ///
. I N T R
BPT design involves3 parameters: Ly, f,;,, and wy. 0.7 T~ 7
. 06 e T
To select these parameters optimally, we followed two e T
approaches: 0.5 T
 Optimize the tether efficiency (i) for a given set of 0.47 T
ambient variables. 031 i
0.2 B /// /'/’/,/,
01 B ///:///
0 e 1 1 I
0 0.5 1 15 2 25 3



3. Optimal Design

Take a fully autonomous system and fix tether thickness hy,, BPT with a Electron Field Emitter and optimum f,,,,~0.9
Npv So o =-4, =05 3=1,85, = 66.6081
W 6 —_ X X € 0.8 | ) | ) | ) O. :
e(fpv' t) B Uva%zhpv fpv t B
07} N e
@ fpv,opt /’/
BPT design involves3 parameters: Ly, f,;,, and wy. 061 |-——avls - gl
To select these parameters optimally, we followed two 051 T
approaches: 04l 7
* Optimize the tether efficiency (i,,) for a given set of 03l
ambient variables. 7 P
0.2 7 gt
o1t .7
ol ' ' o
0 1 2 3 4 5 6



3. Optimal Design

Take a fully autonomous system and fix tether thickness hy,, Parameters of E.T.PACK-F IOD
_ Npv S ©) Parameter Value Parameter Value
pv=m'tpv B 80 kg/m? Cp 2
Hp 350 km hy 40um
o i 51° a 0.5
BPT design involves3 parameters: Ly, f,;,, and wy. Doy poe 2700 kg/m? 3 1
. , O 3.54-107 1/ ; 1
To select these parameters optimally, we followed two Ubvgp Caov fam I I

approaches: my 2 kg ma 22 kg

e Optimize the tether efficiency (i,,) for a given set of
ambient variables.

* Optimize a global figure of merit (deorbit time) for a
given mission

T (we, Ly, foo) / B mpb g
w? U v =~
PATE S Jp Hr. Bimy+ Rompp



3. Optimal Design

Take a fully autonomous system and fix tether thickness hy,, 60 ———
7 value:
Mmov SO0 L+ oe ] W, -
W ) X X 50 | B
e(fpv; $t) B OpyEf Rpy fpv St 2
— 8%
40 [ |==——— Optimum Curve

BPT design involves3 parameters: Ly, f,;,, and wy.

To select these parameters optimally, we followed two
approaches:

Deorbit Time [days]
w
o

* Optimize the tether efficiency (i,y) for a given set of o .-

ambient variables. Q\.\
“’k\ :

* Optimize a global figure of merit (deorbit time) for a
given mission

TD('wtavaa fpv) =~

Hy 0 01 02 03 04 05 06 07 08 09
mpp
/ dH va/Lt

Hr. Bimy+ Rompp



Schedule of the Activities at UC3M

Phase A: BPT Design  Phase B: Modelling, Software Development, and Performance

< > < =
January March May July September November January
< >
BPT Modelling >
Profiles and
Regimes 0,
Optimal
Desigh < >
BPT
Performances

19/1/2023
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4. BPT Performance: E.T.PACK-F |OD
BETsSMAV20
650 u | :
va =0m
600 T bp=3m o
Parameter Value Parameter Value ,=10m
m 24 kg BC 80kg/m?
wy 2.5cm hy 40um __ 550 ]
Qg 0.12 € 0.12 £
Hy 600km inc 51° -
8 500 -
Hp 350km Ve 30V =
Linert 25 m L, 525 m %
fi 1/m Npw 0.02
400
350 '
5 10 15 20 25
Time (days)

.

30
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4. BPT Performance: E.T.PACK-F IOD

BETsMA\W0

Capacity factor: percentage of time for a given orbit with current above 0.2 Am

No pv-segment

0 10 20 30 40 50 60

| ] 1c>0.2 A, llluminated
| ] 1c>0.2 A, Eclipse

1g<02A

T

Orbit Number

130 140 150 160 170 180
Orbit Number

T T T T T T

260 270 280 290 300 310
Orbit Number

50 1

100 100
50
0

70 80 90 100 110 120
Orbit Number

10 m of pv-segment

I ' >0-2 A, llluminated
I 1>0.2 A, Eclipse

Ig<02 A

0 5 10 15 20 25 30 35 40 45 50

Orbit Number

190 200 210 220 230 240 250 105 110 115 120 125 130 135 140 145 150
Orbit Number Orbit Number
100 T . : : - 100 [ T
50 ‘ 50
0 0
320 330 340 350 360 370 205 210 215 220 225 230 235 240 245 250 255

Orbit Number

Orbit Number

55 60 65 70 75 80 85 90 95 100

Orbit Number
100
50
0
155 160 165 170 175 180 185 190 195 200
Orbit Number

0
255 260 265 270 275 280 285 290 295 300 305
Orbit Number



4. BPT Performance: Commercial scenarios

BETsSMAV20
Parametric analysis for Deorbit Li  Linert Ly Lp, Mass V¢
e Three masses: 250, 500 and Device m) (m (m m (kg (V)
1000k Anaconda+EFE 500 50 0 450 11 -500

5 ‘ Anaconda+HC 500 50 225 225 16  -30

* Two altitudes: 600 and 800kg. % Boa+EFE 1500 150 0 1350 15  -500
R Boa+HC 1500 150 675 675 25  -30

* Twoinclinations @ Cobra+EFE 3000 300 0 2700 18  -500
. & different deorbit devices. Cobra+HC 3000 300 1350 1350 35  -30




4. BPT Performance: Commercial scenarios

M, Hy inclination DD N, Tp
(kg)  (km) (deg) Type (%)  (Days)
250 600 53 Anaconda+EFE 0.14 288
Anaconda+HC  0.05 96
250 600 98 Anaconda+HC  0.24 374
Boa+EFE 0.17 92
Boa+HC 0.08 45
250 800 53 Boa+EFE 0.19 79
Boa+HC 0.08 32
250 800 98 Boa+HC 0.56 175
Cobra+EFE 0.49 78
M Hy inclination DD N, 1o
(kg)  (km) (deg) Type (%)  (Days)
1000 600 53 Boa+EFE 0.18 125
Boa+HC 0.06 42
1000 600 98 Boa+HC 0.38 219
Cobra+EFE 0.39 110
1000 800 53 Boa+HC 0.31 127
Cobra+EFE 0.36 76
1000 800 98 Cobra+EFE 2.41 398
Cobra+HC  1.19 172

BETsMA\V20
M, Hy inclination DD N, Tp
(kg) (km) (deg) Type (%)  (Days)
500 600 53 Boa+EFE  0.08 58
500 600 98 Boa+EFE 0.37 207
Boa+HC 0.17 92
Cobra+EFE 0.19 53
500 800 53 Boa+EFE  0.38 166
Boa+HC 0.16 63
Cobra+EFE 0.19 37
500 800 98 Boa+HC 1.26 389
Cobra+EFE 1.06 179
Cobra+HC 0.5 63
Conclusions:

Fully autonomous deorbit within a few
months is perfectly possible thanks to the BPT



5. Conclusions

* Theoretical models for BPTs in the passive and the active modes have been prepared.
* Robust and efficient algorithms to compute the profiles have been developed.
* The code has been verified and integrated in BETsSMA v2.0.
* Atotal of four regimes for BPTs in the passive mode have been found (3 in the active mode).
* Two algorithms to make optimal sizing of BPTs have been constructed.
* The analysis highlighted the benefits of using BPTs:
 Performance improvement (~30%).
* Possibility of preparing autonomous DDs with expellant-less emitters
* Simulation campaign with BETsMAv2.0
 E.T.PACK-F: 10 m of pv-segment reduces the deorbit time a 30% and increases the capacity factor.

e Commercial scenarios: fully autonomous and light DD based on BPTs can deorbit within a few
months.
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l. Trade-off: solar cell technology

Thin-film solar cell technologies

technology n* [%] flexible manufacturers

substrates on flexible

substrates
a-Si:H 13.6 yes
CdTe 22.1 only

academic
CIGS 22.3 yes yes
GaAs multijunction | 37.75 in very limited
development

PSC 25.2 yes

ELO: Epitaxial Lift-OFF
* @GaAs solar cells as thin-film technology
« tf2 devices (Netherlands) + Fraunhofer ISE (also Airbus and Azurspace)

- ALFAMA-Project “Advanced Lightweight and Flexible Array with Mechanical Architecture”

TECHNISCHE
@ UNIVERSITAT
DRESDEN

scalability costs
for a PTS

yes low to
moderate

yes low to
moderate

yes low to
moderate

low to
moderate
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l. Trade-off: solar cell technology

Thin-film solar cell technologies

CIGS Copper-Indium-Gallium-Selenide
Moderate efficiencies

« Competitive market

« Low costs

 Good radiation hardness

TECHNISCHE
UNIVERSITAT
DRESDEN

technology n* [%] flexible manufacturers | scalability costs
substrates on flexible for a PTS
substrates
a-Si:H 13.6 yes yes low to
moderate
CdTe 22.1 only yes low to
academic moderate
CIGS 22.3 yes yes yes low to
moderate
GaAs multijunction | 37.75 in very limited
development
PSC 25.2 yes low to

moderate

Slide 5
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l. Trade-off: solar cell technology

CIGS Manufacturers

Polyimide

Manufacturer state substrate Nimodute [%0] thickness [um] | bend radius [cm]
Global Solar USA stainless steel
Midsummer SWE stainless steel
Miasolé USA stainless steel 5
Flisom CHE Polyimide 1
Ascent Solar USA stainless steel 3
Sunplugged AUT stainless steel, 9 60 4

Sunplugged

specialized on custom solutions
« main focus on Building Integrated Photovoltaics (BIPV)

« experiencein solar integrated products for vehicles and other electronic devices (also non-CIGS)

- they were interested in a collaboration

TECHNISCHE
@ UNIVERSITAT
DRESDEN
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Il. Manufacturing of the photovoltaic tether segment (PTS)

silver contact

PTS layering

= 1 Electron collecting grid —

1 [ —— 10um
= 2 Solar cell . O TCO — 0.4 um
« Transparent Conductive Oxide (TCO) as front contact 2 4 um

« CIGS absorber crystal (graded absorber)
+  Molybdenum back contact L+ 0O e 0.5 um
= 3 Substrate polyimide — 30 um
« Kapton (solar cell is directly deposited on top) 3 _ ~hosive L 1 um
« bare aluminum tether B
aluminum tether — 40 um

TECHNISCHE BPT Manufacturing and Electrical Testing
UNIVERSITAT Slide 7 Final Meeting // Thursday 19.01.2023
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Il. Manufacturing of the photovoltaic tether segment (PTS)

Rough description of the manufacturing process

1) Application of back contact

polyimide

4) Laser structuring of absorber

polyimide

TECHNISCHE
@ UNIVERSITAT
DRESDEN

2) Laser structuring

l l

polyimide

5) Application of TCO front contact

1CO

polyimide

3) Deposition of absorber material

polyimide

current flow

6) Laser structuring of TCO

cell

|—=l—

polyimide

Slide 8

Dimensions are not to scale!

BPT Manufacturing and Electrical Testing
Final Meeting // Thursday 19.01.2023
ESA Early Development Project



Il. Manufacturing of the photovoltaic tether segment (PTS)

Rough description of the manufacturing process

7) Printing of silver grid 8) Application on the aluminum tether
| | Ag | | | | Ag | |
polyimide polyimide
adhesive
aluminum tether

9) Application of busbars Isolated gap
N\

busbars

Dimensions are not to scale!
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Il. Manufacturing of the photovoltaic tether segment (PTS)

Pattern 1: many cells in parallel

Samples:

=  Submodules (25x250 mm?2)
« Pattern 1 on stainless-steel
« Pattern 3 on stainless-steel
« Pattern 3 on aluminum
= Assembled PTS (non-optimized)
« 1x3mPTS
«  6X1.5mPTS
= Material Demonstrators
¢ (40x40mm2)
* 7 material combinations Config. 1: Config. 2: Config. 3:

v
o Atomic Ooxygen ro bustness tests - modules in series - modules in series - modules in parallel m

- electric circuits coupled - electric circuits decoupled - electric circuits decoupled m e =

Silver grid + AZO Copper grid + AZO no grid + ITO
+ additional coatings (ceramic, polysilazane)

TECHNISCHE BPT Manufacturing and Electrical Testing
UNIVERSITAT Slide 10 Final Meeting // Thursday 19.01.2023
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Il. Manufacturing of the photovoltaic tether segment (PTS)

Submodule of pattern 1 Right: coiled-up submodule of pattern 3
Left: 1.5 m PTS sample made of 6 submodules of pattern 3

TECHNISCHE BPT Manufacturing and Electrical Testing
UNIVERSITAT Slide 11 Final Meeting // Thursday 19.01.2023
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l1l. Electrical characteristics of the PTS

General considerations and restrictions

= Appropriate testing of 1.5 m and 3 m PTS samples was not possible
« Establishing the solar constant in a test plane of 3 m x 25 mm was out of the scope of the project

« Assembled PTS samples were manufactured for mechanical testing and electrically unoptimized

= Only submodules of different patterns with length 25 cm were tested in detail
= Reference Measurement with commercial LED Sunbrick Solar Simulator (g2voptics) for each submodule

= Measurements under self-built LED Solar Simulator inside vacuum chamber
« Investigation of the influence of vacuum

« Investigation of the influence of temperature

TECHNISCHE BPT Manufacturing and Electrical Testing
UNIVERSITAT Slide 12 Final Meeting // Thursday 19.01.2023
DRESDEN ESA Early Development Project



l1l. Electrical characteristics of the PTS

Test-Setup

= LED-Based SoSi of class BCA in the wavelength range 400 nm to 1000 nm
« Class B spectral match
« Class C spatial uniformity
« Class A temporal stability

= Vacuum chamber
« p =1x10°> mbar with full SoSi inside

= Thermal plate
« Flushing with water or liquid nitrogen for cooling

« 20 W heating foil for heating

TECHNISCHE BPT Manufacturing and Electrical Testing
@ UNIVERSITAT Slide 13 Final Meeting // Thursday 19.01.2023
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l1l. Electrical characteristics of the PTS

Influence of Temperature: |-V characteristic
Exemplary submodule of pattern 3 on aluminum:

Al-3-Mod-43: 0 > 0 °C Al-3-Mod-43: 6 <0 °C

0.03 T T T | | T 0.03 T T T |
B 20°C _%— -100 °C
_HHA40°C _EFT-80°C
60°C -60 °C
~ 02y eFseec |1 002T CEFT 40 °C
iy _FT100°C < —
~
0.01 . 0.01
0 . - 0
0 5 10 15 20 25 30 35 40 45 50 0
V V]
- Voltage peaks, if spacecraft comes from eclipse
TECHNISCHE BPT Manufacturing and Electrical Testing
UNIVERSITAT Slide 14 Final Meeting // Thursday 19.01.2023
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l1l. Electrical characteristics of the PTS

Influence of Temperature: power conversion efficiency

= Nearly linear function n (8) with least square method relative efficiency vs. temperature
« Temperature coefficient: -0.508 %/K 2 T T T . .

+  measurement
quadratic fit
linear fit

«  But: gets unprecise above 150 °C

« For example Mod 43 (see slide before): 1.5
2> N =535%at 20 °C
2> nNnN=2.99 % at 100 °C

g Ir
=
= Estimated Operation temperature: 120 °C
«  low heat capacity 0.5T
« suboptimal thermo optical properties
O 1 1 1 1 1
. . . -150 -100 -50 0 50 100 150
- Temperature is the most influential parameter! 01°C]
TECHNISCHE BPT Manufacturing and Electrical Testing
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l1l. Electrical characteristics of the PTS

Influence of Vacuum: |-V characteristic

Al-3-Mod-43: Vacuum

= 1x10-> mbar for 72 hours at 100 °C 0.03 . . . . .
_EE20°C pre
_EF 100 °C pre
20 °C post
= Anincrease in current was observed for all samples _ooer _EF 100 °C post | |
< .

« Average increase of current by 5 %

= Anincrease in efficiency was observed for all samples
« Average increase of efficiency by 5.2 % before vs. after
« E.g.mod43at20°C: 535% > 5.67 %

- Vacuum has no detrimental effect
- Storage under inert atmosphere would be recommended pre-flight

TECHNISCHE BPT Manufacturing and Electrical Testing
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IV. Atomic oxygen robustness

Considerations

= Scenario: E.-T.PACK-F would be in a residual atmosphere, dominated by atomic oxygen
= BETSMA simulation: atomic oxygen fluence of 0.96x107° Atoms/cm2 to 1.45x10"° Atoms/cm?2 for IOD mission
= Two susceptible PTS materials:

« Silver of the electron grid > unprotected

« Polyimide of the solar cell substrate > protected by cell structure and aluminum tether

= Task: protect silver grid or find different materials
« change metal ink for the grid
« avoid using a metal grid

< use coatings as encapsulation

TECHNISCHE BPT Manufacturing and Electrical Testing
@ UNIVERSITAT Slide 17 Final Meeting // Thursday 19.01.2023
DRESDEN ESA Early Development Project



IV. Atomic oxygen robustness

Silver Ink + TCO (Al:ZnO) Copper Ink + TCO (Al:Zn0O) No Ink, only TCO (ITO)

no coating no coating no coating

; B l |

4 &

¥ I3

o b -
N e e s g R - s T

Standard Coating (Sol-gel)

TECHNISCHE BPT Manufacturing and Electrical Testing
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IV. Atomic oxygen robustness

Test Setup: micro wave plasma-based atomic oxygen source

= Flux: (2.43 £ 0.92)x10'4 Atoms/cm3s
- testing duration of 20 h for 1x107° Atoms/cm?

ATOXExpansion  QMS/Test Obect
= Vacuum quality: p = 1.1x10-> mbar
> LEO: p <107 mbar

= Sample temperature: 8 = (30 + 10) °C
- LEO: -100°C <8< 150 °C

= Particle kinetic energy: E;,, < 0.05 eV
> LEO: E;,=4.5eV

Oxygenlnket  MicroWawe Plasma Chamber Vacuum Lnex
Rescnator  (up to 10°T mbar) Chamber A‘ﬁt‘-ﬁm
TECHNISCHE BPT Manufacturing and Electrical Testing
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IV. Atomic oxygen robustness

Results: Silver electron collecting grid

=
~
0.01 .
> Ag electron collecting grid was visually degraded 0
- But: Degradation had no effect on I-V characteristic 4
vV [V]
TECHNISCHE BPT Manufacturing and Electrical Testing
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IV. Atomic oxygen robustness

Results: Silver electron collecting grid

= Optical microscopy revealed severe material change at the silver contacts
a) non-degraded
b) partially degraded
c) Completely degraded

ot _zr»‘;epw-sﬁ-’?.‘:{;t‘}‘,‘.

AT S

i e S A. & ‘-',"' B oML s it A 4

Images show different spots on onesample
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IV. Atomic oxygen robustness

Results: Silver electron collecting grid

= SEM: reveals oxidation and partial erosion of the silver
a) non-degraded
b) Completely degraded

= Darker appearance indicates loss of conductivity

= Lessvoluminous appearance indicates erosion

= Crystal grains are malformed in the degraded area

- loss of material constitutes a risk of contamination
- effects are expected to be much stronger in LEO

- Silver grid is not feasible for the use in space

o a L : S B -
XgAZOmF3001‘I 2022-12-02 13:10 NMMD4.5 x20k 3.0 um AgAZOmF30017 3.0 um
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IV. Atomic oxygen robustness

Results: Overview

= Only Ag/AZO with no encapsulation showed a visual degradation

material comb. robust to atomic oxygen? tested Nimean [%0]
Ag/AZO no encap. no yes 6.05
Ag/AZQO Sol encap. yes yes 6.62
Cu/AZO no encap. yes yes 7.93
Cu/AZ0O Sol encap. yes no 6.37
Cu/AZ0O CAG37 encap. yes yes 6.37
ITO no encap. yes yes _
ITO Sol encap. yes no 5.28
UNIVERSITAT Side 23
DRESDEN
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IV. Atomic oxygen robustness

Addition: Coatings as thermal control

= Measurement of temperature curve in radiatively dominated environment
a. Cu/AZO without coating
b. Cu/AZO with Sol-coating (silicate-based)
c. Cu/AZO with CAG37-coating (polysilozane)

a)

TECHNISCHE BPT Manufacturing and Electrical Testing
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IV. Atomic oxygen robustness

Addition: Coatings as thermal control

= Measurement of temperature curve in radiatively dominated environment
Heating up of samples under SoSi

- Experiment was repeated three times for each sample 140 F [ [ ' ' [ ' ' [ [
non-coated
Sol-coated
120 | CAG37-coated

= Steady state temperature (4 min <t <12 min)
 non-coated: 140+5.9°C 100 |-
« Sol-coated: 106+ 7.2°C
« CAG37-coated: 85 +5.4°C

80 I

T[°C]

60

40

- coatings have a significant positive influence on the thermal 207
budget of the PTS!

0 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18
t [min)]
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V. Conclusion

Summary and Conclusion:

= CIGS solar cells can be manufactured to be exploited for a photovoltaic tether segment (PTS)

= Different configurations of the PTS were manufactured to adapt to the partial shading problem of a non-
oriented tether-shaped photovoltaic module

= The temperature of the tether is the most influential parameter on the PTS performance

= Coatings reduced the temperature of the tether and increased the robustness to atomic oxygen

Future Prospects:

= The efficiency of the CIGS on aluminum will increase, once the manufacturing process gets optimized
= A fully assembled PTS will need optimization regarding its manufacturing and verification

= GaAs thin film solar cells and perovskite are future-candidates, once scaling and degradation effects are overcome

- The manufacturing of a photovoltaic tether segment based on thin film solar cells is feasible!
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1. Requirements Updates

.Mission Requirements [8]

The 25 BPT requirements proposed at the
beginning of the activity has been reviewed,
completed and focused to the development of a
demonstration photovoltaic segment to be flown
in the ETPACK 2025 demonstration mission.

The main changes affect the performance, |
interface and design requirements. .

. Functional Requirements [5]
\

/
. Operational Requirements [3]

SENER
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2. Prelimary
Design for the 10D
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2. Prelimary Design for the 10D

For the In Orbit Demonstration, it is
proposed to fly a 3m segment of BPT that
could potentially provide “fully lit” about
2.4W at 100°C in vacuum. The BPT
segment will have a width of 2.5 cm and
an overall thickness of less than 100um.

The BPT submodules will be designed to
have an open circuit voltage of 14 V at the

Bus Bar 10 pm «— il

Busbar 10 pm

. ’ at M T
operation ’gemperature of 20 °C. This will Copper Contact 10 pm e—— }Photovoltalc T
allow to directly connect the PBT to the Transp. Cond. Oxide 0.4 ym
ETPACK commercial Electric Power System Volyb denﬁf%gm Insulation layer 31 ym
(EPS) and perform testing at ambient Polymide 30 um =
temperature. Adhesive 1 pm _Metal substrate 40 ym

Aluminum 40 pm N

SESENER
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3. BPT Planning

© SENER AEROESPACIAL, S.A. / 2023



3. BPT PLanning

The BPT CDR and AR will be performed in parallel with the system CDR in order to allocate enough time to carry
out the BPT development and qualification activities.

ETPACK-F GANTT CHART Phase C

Phase D
1 2 3 44 506 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
S slRE8292,88282333333:s333338¢
5 s cl2 kB €5 T8 c I8 & B s L EL 85T c L SBT3 L2
wn 0 € Tlo® E ©® € 2 3 © o 6 € ©- o L £E @ € 3 32 & o 6 € © o 2
E.T.PACK|Project Milestones ~ Jcor | ER AR

Design Definition Activities Design Definition

Production & Integration Activities EQM FM

Verification Activities Qualification Acceptance

PBT Development Milestones BPT CDR BPT QR/AR

PBT Models BB : EQM FM

BPT Testing and design update activities BPT Design update f Y f

BPT Models Production BPT EQM BPT FM |

BPT qualification Activities BPT Qualification

No funding for the present development is available at the time of writing this document and potential delay in

getting a financial support could resultin a not feasible implementation of the PBT in the E.T.PACK In Orbit
Demonstration mission scheduled for 2025.

+®

=)
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4. Integration
Testing
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4. Integration Testing
BPT mechanical connection with aluminun tape

70

M Resitance [N] - quick load

UniPD performed the mechanical testing
of the selected transfer tape* used to
join together tether segments.

60

50

40

30

20

10

0
1.5 2 3 &

Overlap [cm]

Overlap from 1.5 to 4 cm of tape was
tested demonstrating resistance from 27N
to 57N that fulfils the operational
requirement maximum load of 10N.

Resistance [N]

Overlap of 3cm is selected as baseline.

Conductivity of the joint has also been
successfully tested.

(*) 3M Conductive Adhesive Transfer Tape 9703

SESENER
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4. Integration Testing
BPT electrical connection with ETPACK EPS

The test was conducted on the 5th of January
2023 at 13.00. The sun inclination was 36° and
the sky clear. The estimated solar irradiance was
about 500 W/m2. The EPS was correctly sensing
the voltage but was not able to charge the
batteries due to the low current. In particular,
the voltage of 11.5V was measured but only 3 mA
of currents, while current of about 80mA was
expected.

SESENER
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4. Integration Testing
BPT deployment

The test was conducted on the 13th of January
2023.

The BPT was coiled in the DMM and manually
deployed activating the gears.

The deployment produced few scratches on the
sample, but the extraction was smooth and no
cracking on the BPT photovoltaic layer was
observed after the test.
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5. Conclusions
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5. Conclusions

The BPT is a very promising solution for
generating the required power for tether
systems. Power is needed to feed the cathode

and can boost the electrodynamic tether
performances.

BPT is a very interesting solution to provide
power for the deorbiting of launcher upper
stages. Most upper stages use batteries and
cannot power subsystems for extended time.

In conclusion, the results of the current study
shows very good expectation for the BPT
technology for the SENER’s application.
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