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Presenter
Presentation Notes
Hello everyone, my name is chris and I am here with a group of TU Delft students to present SPECTRE. SPECTRE is an architecture level study of the power system meant to feed the transmission system of an SSPS.
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Presenter
Presentation Notes
The presentation will be structured as follows: A brief introduction will be provided, along with the problem statement and solution. The design and its sustainability will be discussed, after which the conclusion, along with recommendations, will be given. 
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LR: Jamie – Lars – Chris – Berend
Joshua – Dylan – Bart – Kasper - Rik

Presenter
Presentation Notes
This projected originated over a year ago, when for our BSc thesis project we were tasked to design a space based solar power system, namely to design the power collecting system. For this, we worked for 10 weeks with a group of 9 students, to realize the conceptual design of SPECTRE. Since then, 5 of us, Joshua, Dylan, Bart, Kasper and myself, embarked to improve the design and enter this competition.
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Problem Statement

Presenter
Presentation Notes
Due to the exponential growth for the demand for energy, there is a need to reduce our reliance on fossil fuels. Unfortunately, sustainable energy sources are unreliable due to their reliance on weather patterns. Therefore, another sustainable source to supplement the growing demand for energy is required.
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Presenter
Presentation Notes
In order to achieve this, space based solar power was investigated as an option, to eliminate the reliance on weather patterns. 
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Design Case

1 Gigawatt 
of power

Economically 
Viable

Environmentally 
Sustainable

30 
years

Presenter
Presentation Notes
Therefore, we came down to a realistic design case that the system has to generate 1 GW of power in space for 30 years, has to be economically viable, and environmentally sustainable when compared to unsustainable energy sources. 

Furthermore, a target for operation deadline was set at 2030. Hence, we were limited only to technology which either currently exists or would likely exists before that deadline.
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Solution: SPECTRE
Primary 
Mirror

Secondary 
Mirror

Power Production
Module

Subsystems 
Module

Structure

Presenter
Presentation Notes
This design case resulted in our solution, SPECTRE.
It consists of a primary and secondary mirror, which concentrate light into the ‘power collector’ which holds the solar cells. On top of this, a subsystem module in the back contains the necessary systems that are found on most other satellites. 
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SPECTRE Cluster

Presenter
Presentation Notes
Of course to generate 1 GW of power, a very large system would be required. Therefore, in order to decrease the complexity of constructing this system, the entire system was split into a cluster of 20 idental spacecraft. These will all be placed in geostationary orbit to allow for constant transmission to Earth. 
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Power Collection

Presenter
Presentation Notes
Since it is the most important aspect of this design, I will dive deeper into the power collection system. Current power systems mostly use single or multi junction solar cells which are heavy and only have a 35% efficiency at best. This is not optimal as this would require a relatively heavy and large system. 

 https://eol.jsc.nasa.gov/SearchPhotos/photo.pl?mission=ISS017&roll=E&frame=12652
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Spectral Splitting

Solar Cells

Filters
70% Efficiency

Presenter
Presentation Notes
Solar cells are most efficient with light closest to their band gap. Frequencies of light not within this bandgap are wasted. By having multiple different solar cells optimised for a different part of the frequency spectrum a much higher efficiency can be achieved. Should these be physically separated and not sandwiched as with multi-junctions, then there would be no interface losses.
This issue was fixed with dichroic filters, which allow for the spectral splitting of light. 
Therefore, the light will be split by dichroic filter which reflect the light with the right frequency onto the relevant solar cells. With this method, an efficiency of at least 70% can be reached.
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Power Collection

Presenter
Presentation Notes
With specter, the power collection happens as follows.
The light is concentrated through a very simple and easy to steer concentrator array consisting of a large primary mirror and a smaller secondary mirror.
The light is then concentrated on the dichroic filters
The filters reflect the relevant wavelengths of light onto the solar cells

This method allows for minimal filter size and solar cell area which in turn decreases the weight and cost of the project while increasing the technological feasibility.
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Power Collection

Presenter
Presentation Notes
The integration of these filters in the final design will be along the concentrated beam of light in an optical filter train as shown here, placed along a central structural beam.
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Production

Presenter
Presentation Notes
The integration of these filters in the final design will be along the concentrated beam of light in an optical filter train as shown here, placed along a central structural beam.
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Scale!
20x

Presenter
Presentation Notes
However, a single spacecraft from this cluster is still quite large. Here you see the beloved EWI building from our campus here, which stands 90 metres tall and is the tallest building around here. And here you see one SPECTRE spacecraft next to it. And as you can see, it is actually still really large. 
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In-orbit construction: 
- High packing efficiency
- No launch loads on structure
> Large and light S/C

Presenter
Presentation Notes
This is where our in-orbit production techniques come in. In-orbit production basically means that, instead of assembling a spacecraft on earth and then launching it to space, you launch raw materials to space and then build your spacecraft once you get there. This enables larger S/C to be build, as the packing efficiencies of these raw materials can be way higher than actual S/C assemblies. You could compare this to a butterfly emerging from its cocoon. Furthermore, because an in-orbit produced structure does not have to survive the high launch loads and vibrations, it can be a designed lot lighter (or larger) than its earth-produced counterpart. 
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Integration Animation

Presenter
Presentation Notes
[Trusselators = truss making module] To illustrate our different production concepts to you we rendered a little animation. Production commences with the docking of the so called production and materials modules, after which trusselators (truss manufacturing modules) start to converse PEEK/carbon fibre composite filament into actual trusses. A robotic system that travels over these trusses then joins these into an actual structure. Functional elements such as the dichroic filters and photovoltaics are applied before the production and materials modules decouple, and a subsystems module docks to spin up the SPECTRE structure. A space web will be centrifugally deployed and tensioned in a parabolic shape, over which web crawling robots apply aluminium reflecting thin film which is produced in-situ using a process called chemical vapor deposition - completing a SPECTRE spacecraft. This process is repeated to expand the cluster. 

*models in animation not entirely to scale, just for illustration. 
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Sustainability

Environmental Economical 

Presenter
Presentation Notes

Additive manufacturing implies little waste

Complementary and reliable base powerstation to a renewable energy grid
Additive manufacturing implies little waste

Complementary and reliable base powerstation to a renewable energy grid

Low weight means less material
Low weight means less material
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Environmental Sustainability

Presenter
Presentation Notes
[Assuming 15%]As you can see, when comparing CO2 emitted per kWh, SPECTRE outperforms all the traditional fossil fuels. As Chris noted, the goal of space solar power is to find a more sustainable, less polluting source of energy for the future, so this has been achieved. The supply of this source is also “unlimited” unlike that of fossil fuels. 
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Economical Sustainability

Presenter
Presentation Notes
In the long term, these projects should be economically viable in order to be implemented on a large scale and provide humanity with a new power source. Based on estimations we made and an emission efficiency of 15%, you can see the revenue we expect to make here. The best case scenario shows a break even after around 15 years of service and a profit of 1 billion Euros at the end of life. If the government incentivises this type of energy this would mean it could be an interesting investment for energy suppliers or the space industry. 
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Mass: 11,795 MT
Power: 500 MW @Earth 

(70% WPT efficiency)

Mass: 290 MT
Power: 150 MW @Earth 

(15% WPT efficiency)

SPECTRE vs. SPS-ALPHA

Low TRL at subsystem level
0.09 USD/kWh

In-orbit production, assembly, maintenance

Spinning spaceweb, thin films

Spectral splitting tailored bandgap PV
2 concentrators

Low TRL at architecture level
0.09 USD/kWh

In-orbit assembly

Hard joined modular structural components

High eff. MBG PV
1 concentrator

GEO cluster scalable in numbers
200 gr. CO2/kWh

GEO monolith (multiple configs) scalable in size
??? gr. CO2/kWh (likely higher than 200)

Source: John C. Mankins - SPS-ALPHA
Final report to NIAC/NASA (2012)

Presenter
Presentation Notes
Speak about the list.

After the list:

Our design is simpler and allows the collector system to be very large while remaining very light. Furthermore, flexible in orbit manufacturing gives great new market opportunities and future mission flexibilities.


Source: John C. Mankins - SPS-ALPHA final report ti NIAC/NASA (2012). 

transmission efficiency sps-alpha: page 81
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1 GW

Conclusion

1 GW

Economically 
Viable

Environmentally 
Sustainable

30
yrs

30 Years 

Environmentally Sustainable

Economically Feasible

Presenter
Presentation Notes
To conclude, we found that it is indeed feasible to collect 1 GW of solar power over 30 years, while doing this in an economically and environmentally sustainable manner. 
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Recommendations
Transmission Module
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Recommendations
Filter Development
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Recommendations
In-Orbit Production
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Thank You!
Contact: 

J.J.Spaander@student.tudelft.nl
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Backup Slides



2727

General
Backup Slides
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Further Recommendations

- Power transmitter

- Thermal control

- In-orbit production

Presenter
Presentation Notes
And like this we were able to scale our last hurdle to arrive at a functioning SPECTRE system in space. 

Before we conclude this presentation… Identified three key areas where further research is required:
-   Power transmission to earth (laser/microwave) and ground station
Thermal control system, huge challenge due to concentrated light and power reqs
In-Orbit production, very advanced concepts. LEO production pilot? 

We believe it would be really worthwhile to continue on our findings, for example, during the next DSE. 
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Conclusion

1 GW

20 S/C

2 km²

289 Tonnes

Spectral Splitting

In-Orbit Production

70% Efficiency

90%+ Availability

€1B Profit

Presenter
Presentation Notes
We proposed SPECTRE as a viable solution: 
It collects 1 GW of power through a cluster of 20 S/C with a total surface area of 2 km^2 and weighing less than 300 Tonnes. 
It uses innovations such as spectral splitting and advanced in-orbit production techniques to arrive at a space system that not only boosts 70% efficiency at over 90% availability, but which will also result 1 billion euros in profit at end of life. 

SLAGZIN
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Mass Budget Overview
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Mass Iterations
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Optimal Number of Spacecraft
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Concept 
Overview

Backup Slides
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Primary 
Mirror

Secondary 
Mirror

Power Collector: 
the 
‘Knikkerbaan’ 

Subsystems 
Module

Connecting
Structure

System Overview
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Primary 
Mirror

Secondary 
Mirror

Power Collector: 
the 
‘Knikkerbaan’ 
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Power Collector: 
the 
‘Knikkerbaan’ 

High Voltage
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Primary 
Mirror

Secondary 
Mirror

Power Collector: 
the 
‘Knikkerbaan’ 

Heat
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Primary 
Mirror

Secondary 
Mirror

Power Collector: 
the 
‘Knikkerbaan’ 
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Bandgaps
Backup Slides
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Power Collection Efficiency
Choices:

Spectral Splitting Photovoltaic
Cells

Thermoelectric
Generators

Mass ✔
Cost ✔
Area ✔
Technology
Readiness Level

✔

Efficiency ✔
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BANDGAP: SOLAR SPECTRUM

Source: Solar Energy (Book)
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BANDGAP: SUN MODEL
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BANDGAP: OPTIMISED SINGLE GAP
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BANDGAP: ADVANCEMENTS IN SOLAR TECHNOLOGY
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Spectral Splitting

Solar Cells

Filters
70% Efficiency
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BANDGAP: GAPS OPTIMISATION
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BANDGAP: CHOSEN GAPS
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BANDGAP: BANDGAP DESIGN



5252

Transmitter 
Backup Slides
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Laser Transmission: Possible Configuration 1

2 transmitters
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Laser Transmission: Possible Configuration 1

2 transmitters
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Laser Transmission: Possible Configuration 2

1 transmitter on boom
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Laser Transmission: Possible Configuration 3

High wavelength transmitter
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Filters Backup 
Slides



5858

Filters

nm range
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Filters
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Filters
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Truss cross section
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Mirrors
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Power Collection System: Dimensions
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Filter #5
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Filter Schematic View #1
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Filter Schematic View #2
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Solar Array and Filter Schematic
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Production
Backup Slides
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Modular Production

Presenter
Presentation Notes
The first of these chosen concepts is a modular approach for production. We will launch three types of modules: five production modules which house all the tools required to produce a SPECTRE spacecraft, ten materials modules which contain the required parts and materials to produce two SPECTRE spacecraft, and twenty subsystems modules which contain earth-produced subsystems of the SPECTRE spacecraft. 
 
Sequence: production module berths with materials module, a SPECTRE structure is produced and functional elements are integrated. This combination detaches from the structure, after which a subsystems module is docked to complete the final SPECTRE configuration. 
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Additive Manufacturing of Trusses

© Tethers Unlimited, Inc. 

Presenter
Presentation Notes
One of the machines present on the production modules are so-called trusselators. This is a concept developed by Tethers Unlimited, Inc. that effectively combines pultrusion and 3D printing processes to convert PEEK/carbon fibre composite filament spools into trusses. As you can see on the right picture, it can be seen as a magic box that spits out a continuous length of truss. 
 
Two trusselators will be present on each production module. This speeds up production, but is mainly for redundancy. 
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Robotic Assembly: 
ISS

© MacDonald, Dettwiler and Associates 
Ltd

Presenter
Presentation Notes
These trusses will then need manipulation to be joined into an actual structure. The robotic system present on the production module will take care of this. We based this of the robotic system currently present on the ISS, which consists of a Mobile Base System that can slide on rails along the length of the ISS, the long Canadarm2 robot arm and the smaller but much more precise Dextre robot. It was assumed that by 2030 a robotic system with similar specifications will be able to perform the required tasks, for example, that the Mobile Base System can be adapted to move over the trusses rather than actual rails. 
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Robotic Assembly: 
Joining Trusses

© Tethers Unlimited, Inc. 

Presenter
Presentation Notes
However, one specific capability missing from the ISS robotics is the ability to join trusses from the trusselators into structures. Here we were inspired by Tethers Unlimited again, as in their SpiderFab concept they propose a special spinneret that uses Fused Filament Fabrication to print optimized joints around meeting trusses. We are planning on installing such a spinneret on the precise, Dextre like robot. It is located on the end of a kind of finger, such that it can reach through trusses meeting at a sharp angle. 
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Primary 
Mirror

Secondary 
Mirror

Production of Large Mirrors 

Presenter
Presentation Notes
The mirrors will form the largest part of our SPECTRE system in terms of surface area and we came up with an advanced concept to produce them while keeping them very light. 
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Production of Large Mirrors (1/4) 
Centrifugal Space Web

Presenter
Presentation Notes
First, an earth produced space web will be centrifugally deployed to create a large but very light structure loaded in tension. 
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Production of Large Mirrors (2/4) 
Tensioning of Guy-Wires

Presenter
Presentation Notes
Then, guy-wires attached to different points on the space web and the SPECTRE structure will be tensioned to attain the required parabolic shape of our concentrators. This mechanism can later also be used to actively maintain, correct and control the exact shape and thus for example focal length of our mirrors. 
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Production of Large Mirrors (3/4) 
Chemical Vapor Deposition

Reflective film

Substrate

Presenter
Presentation Notes
At this point a chemical vapor deposition process will be used to produce an aluminium reflective thin film. Of this film was deposited on a plastic substrate, we would end up with what in the industry is known as a solar sail. However, we will be depositing it on a conveyor belt substrate and separating the metallic film from it again once cooled. Producing in-situ, this allow the heavy substrate layer to be omitted, saving weight (more than 22 tones for the entire SPECTRE system or 80% of surface mass). Furthermore, the same process can be used to maintain the mirror surface at regular intervals. 

At beginning of life: 0,0005 mm
At 10 & 20 yrs: +0,00025
> EOL: 0,001 mm (295 kg primary, 21 kg secondary)
�Vaporizing aluminium, this condenses on a substrate. Think of water condensing onto the mirror in you bathroom when you take a hot shower. However, the aluminium will form a film that we separate from the substrate again once cooled. 
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Production of Large Mirrors (4/4) 
Robotic Web Crawlers

© ESA

Presenter
Presentation Notes
This process will be integrated in web crawling robots. These will apply the thin film to the space web using UV-curing adhesives. On the primary mirror two robots will be working in parallel to maintain symmetry around the spin axis. These robots are carrying a lifetime supply of raw materials and provide in their own power. It will take the robots around 0,5 years to completely apply the initial reflective layer, arriving at a functional mirror in space. 

The concept of space web crawling robots has recently been demonstrated in space on the Japanese Furoshiki satellite, over which ESA’s Roby Space robot crawled. 




7878

Large Earth Produced Parts

Photovoltaics Filters

Presenter
Presentation Notes
Before moving on to the integration of these concepts I would also like to quickly address the production of filters and photovoltaics. Because these require very precise production processes, we opted to produce these parts on earth in light of in-orbit complexity limitation. However, these components are too large to fit the launcher fairing. Therefore the thin-film solar cells will be launched in a furled configuration before being unfurled again to be installed onto our structure, and the filters will be split up, launched and then assembled again around a central structure once in orbit. 
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Web crawlers: 
- 0.5 years of application time
- Speed: 3.22 mm/s (primary crawlers); 
0.528 mm/s (secondary crawler)
- CVD power: 6.2 W (each); 0.88 W
- Crawler power: 19 W (each); 2.6 W
- Lifetime aluminium: 147.6 kg (each); 10.5 kg

Robotics specs
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Aluminium/Zylon characteristics
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PEEK characteristics
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Cable harness (incl. connections)
Web crawling robots
Primary space web
Secondary space web
Docking interface
Filter parts
Furled photovoltaics
Sensors and cameras
Thrusters, fuel lines, valves, filters
Heat pipes
EPS parts (capacitators, inductors, controllers, switches etc.)
Raw materials (PEEK/CF and PEEK filament, aluminium powder, 
adhesives)

Parts produced on earth
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Sustainability 
Backup Slides
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Sustainability
Challenge:

Low Scrap Non-Toxic
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Sustainability: Scrap
Additive Manufacturing

On Earth vs. In Space:

No Scrap!

Source: trumpf
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Sustainability: Toxicity

Raptor Engines

Source: Space.com

European Union
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Sustainability: Toxicity

Source: trumpf

(Mostly) Non-Toxic Materials
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SUSTAINABILITY: SUBSYSTEM
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SUSTAINABILITY: ENERGY BALANCE

Energy Production in Space 286276869803 kWh

Estimated Transmitter Efficiency 0.15

Energy Production on Earth 42941530470 kWh

EOL Energy balance 42937916472 kWh

CO2 tonnes/kWh 0.000160 Tonne/kWh
CO2 kg/kWh 0.160 kg/kWh
CO2 g/kWh 160 g/kWh

Europe average 293 g/kWh



9090

SUSTAINABILITY: SUMMARY

● Net energy produced in space: 286 TWh

● Net energy on Earth: 42.9 TWh

● Net energy adjusted: 42.8 TWh
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SUSTAINABILITY: ENERGY 
SOURCE COMPARISON
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REQUIREMENTS: EXTRA SLIDES

SUSTAINABILITY: ENERGY 
SOURCE COMPARISON
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Sustainability: Approach

Principles:

● What goes in goes out
○ Mass conservation
○ Energy conservation● High level

○ Country and continent level● Detailed
○ Different energy sources
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Source: Ausenco

Sustainability: Approach
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Sustainability: Approach
Source: Stiavelli Irio
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Sustainability: Approach
Source: The New Economy
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Energy in

Conversion Consumption
Energy After Transformation

Total Available Energy for the Economy
Distribution Losses

Energy Available for Industry

Energy used to produce 
product or transport product

Sustainability: Approach
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Sustainability: Approach
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Sustainability: Approach
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Potential CO2 in

CO2 from Conversion 
Consumption CO2 After Transformation (Re-distributed)

Total CO2 produced by economy
CO2 from Distribution 
Losses

CO2 produced by industry

Emissions used to produce 
product or transport product

Sustainability: Approach
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Sustainability: Approach

Material: kWh/tonne CO2tonne/tonne kWh/m³ CO2tonne/m³
Steel 2713 4629 21784 37173
Non ferous metals 29199 59665 133736 273272
Aluminium 4632 9465 12243 25017
Copper 4632 9465 41254 84297
Composites (CFRP based) 15278 32660 35139 75118
Plastics 2706 5785 6224 13306
Non-ferrous minerals 1386 3490 3866 9733
Cement and lime 1386 3490 3881 9771
Ceramics 1386 3490 2953 7433
Quartz assumed same as glass 1386 3490 3881 9771
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Sustainability: Approach

STRUCTURAL SUSTAINABILITY

Material: Coefficient Production Energy Coef Production Scrap Coef Production Viability Final Score

Steel 2 0.2 0.1 1 0.04

Non ferous metals 0 0.3 0.1 1 0.00

Aluminium 6 0.4 0.2 1 0.48

Copper 0 0.2 0.1 0.5 0.00

Composites (CFRP based) 2 1 1 1 1.52

Plastics 1 1 1 1 0.62

Non-ferrous minerals 26 1 1 0 0.00

Cement and lime 21 1 0.9 0 0.00

Ceramics 585 0 0.2 0 0.00

Quartz assumed same as glass 40 0 0.9 0 0.00
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Sustainability: Approach

EPSY
Material: Resistivity [Ohmm] Loss Adjusted Coef
Steel 0.00000016 0.06
Aluminium 0.000000029 0.34
Copper 0.0000000172 0.58
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Sustainability: Approach

POCO
Material: Coefficient Reflective Performance Final Score
Steel 1.78 0.4 0.71
Aluminium 4.71 1 4.71
Copper 0.42 0.2 0.08
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Sustainability: Launcher

● Toxicity
● Re-usability
● Specific fuel consumption
● Total tonnage
● Specific cost
● Reliability
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Sustainability: Launcher



107107

Launcher
Backup Slides
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How do we get this into space? 
- Launcher

- Focus on In-Orbit Production: 
- Modular production
- Additive manufacturing of trusses
- Robotic assembly
- Production of large mirrors
- Large earth produced parts

- Integration (animation)

So…

Conclusion

Q&A

?

Presenter
Presentation Notes
So,,, how do we get this intro space? This is our last but big hurdle. 

To solve this problem, we will have a look at the following points of interest: �- Our launcher, a rocket that can take us to geostationary orbit, �- In-orbit production, or construction in space. �> We will use different in-orbit production concepts which we would like to introduce to you, �> before moving on to the integration of these concepts in an actual production plan. �- We will end with a conclusion to this presentation and time for Q&A. 
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Launcher

Presenter
Presentation Notes
By now we all understand that we are dealing with an exceptionally large system in space. This means we will need a big launcher to get us there. Here you see a Russian Soyuz rocket, the American Space Shuttle and SpaceX Falcon 9 and Heavy rockets. However, we are planning on using a maximum of 15 BFR launches, the upcoming rocket of SpaceX. BFR stands for Big Falcon Rocket, but as you can see this is indeed a very large rocket and that’s why some people have been referring to it with a different name. 

Payload to LEO: �Soyuz = < 8 000 kg�Falcon 9 = 22 800 kg�Falcon Heavy = 63 800 kg�BFR = 150 000 kg
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Launching = limits on volume and mass

In-orbit construction: 
- High packing efficiency
- No launch loads on structure
> Large and light S/C

On Earth vs. In-Orbit

But… In-orbit production = complex!

Presenter
Presentation Notes
But even the BFR introduces certain limits on volume and mass we can take up to orbit, and this is exactly where in-orbit production comes in. 

In-orbit production basically means that, instead of assembling a spacecraft on earth and then launching it to space, you launch raw materials to space and then build your spacecraft once you get there. This enables larger S/C to be build, as the packing efficiencies of these raw materials can be way higher than actual S/C assemblies. You could compare this to a butterfly emerging from its cocoon. Furthermore, because an in-orbit produced structure does not have to survive the high launch loads and vibrations, it can be a designed lot lighter (or larger) than its earth-produced counterpart. 
 
But, there is a but. Advanced, novel in-orbit production techniques are complex and thus introduce costs and risk into the project. Therefore the limitation of complexity was an important criteria when deciding on the exact production techniques. 




111111

EPS
Backup Slides
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Electric Power System
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Electric Power System

100,000 V 
Only 1300 kg
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EPS: BLOCK DIAGRAM
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EPS: BLOCK DIAGRAM
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EPS: LV SOURCE
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EPS: LV SOURCE

LV Source Design Challenges:
• Solar Cells Output Low Voltage (mV range)
• Solar Cells Tend not to Operate at Max Power Point
• Conductor Skin Losses
• Eddy Current Losses
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EPS: BLOCK DIAGRAM
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EPS: SUBSYSTEM INTEGRATION
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EPS: BLOCK DIAGRAM
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EPS: LV-HV DC-DC Converter
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EPS: EXTRA SLIDES

Transformer Design Challenges:
• Flux Leakage
• Hysteresis Losses
• Conductor Skin Losses
• Eddy Current Losses
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EPS: EXTRA SLIDES

Transformer Design Challenges:
• Flux Leakage
• Hysteresis Losses
• Conductor Skin Losses
• Eddy Current Losses

Transformer Design Solutions:
• Toroidal
• Silicon Steel Alloy
• Transformer Stack
• Micro Laminations
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EPS: BLOCK DIAGRAM
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EPS: STATS

• High Power Density (172 kW/kg)
• High Efficiency (95%+)
• Compatible
• Modular
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Thermal Control
Backup Slides
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Thermal Control System

Secondary mirror heat pipes

Primary mirror heat pipes

‘Knikkerbaan’ heat pipes

Thermal Energy Storage Container



129129

Thermal Control System
Thermal Energy Storage
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SPECTRE temperatures without thermal control measures

Thermal Control System

Full Sun Eclipse
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SPECTRE temperatures in full Sun with thermal control

Thermal Control System
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SPECTRE temperatures before and after thermal control is applied

Thermal Control System



133133

Secondary mirror heat pipes

Primary mirror heat pipes

‘Knikkerbaan’ heat pipes

Thermal Energy Storage Container

Thermal Control System
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Standard Heat Pipe operation

Thermal Control System
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Loop Heat Pipe operation

Thermal Control System
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Radiator operation

Thermal Control System

Mirror Film

Heat Pipe

High Emissivity Coating

Heat Radiated away 
to free space
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Thermal Energy Storage operation

Thermal Control System



138138

Component temperature due to heat 

𝑇𝑇 =
𝑄𝑄𝑟𝑟 + 𝑄𝑄𝑐𝑐 + 𝑄𝑄𝑖𝑖𝑖𝑖

𝐻𝐻𝑐𝑐
� 𝑡𝑡

Thermal Control Theory

Radiative Thermal Coupling

𝑄𝑄𝑟𝑟 = 𝜎𝜎 � 𝜀𝜀 � 𝐴𝐴1 � 𝐹𝐹1→2 � (𝑇𝑇14 − 𝑇𝑇24)

Conductive Thermal Coupling

𝑄𝑄𝑐𝑐 = ℎ𝑡𝑡 � 𝐴𝐴𝑐𝑐 � (𝑇𝑇1 − 𝑇𝑇2)
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Thermal Control Design Option Tree

Thermal Control System
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ADCS
Backup Slides
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ADCS: Actuators

Attitude Control:
• Control Moment Gyroscopes
• Stability & Control
• 9 CMGs per satellite



142142

ADCS: Disturbances

Solar radiation pressure:

𝑇𝑇𝑠𝑠 =
𝛷𝛷
𝑐𝑐
� 𝐴𝐴𝑠𝑠 � 𝑐𝑐𝑝𝑝,𝑠𝑠 − 𝑐𝑐𝑚𝑚 � 1 + 𝑞𝑞 � cos(𝜑𝜑)

𝑇𝑇𝑠𝑠 = 0.0364 𝑁𝑁𝑁𝑁

Magnetic disturbance torque:

𝑇𝑇𝑚𝑚 = 𝐷𝐷𝑚𝑚 �
𝑀𝑀𝑚𝑚
𝑅𝑅3 � 𝜆𝜆𝑚𝑚

𝑇𝑇𝑚𝑚 = 2.08 � 10−6 𝑁𝑁𝑁𝑁

Safety factor of 1.25 to account for 
other smaller disturbances leads to:
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 0.04555 𝑁𝑁𝑁𝑁
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ADCS: Sensors

Attitude Determination:
• 3 Sun sensors
• 8 Earth sensors
• 4 Star trackers
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Astrodynamics
Backup Slides
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Astrodynamics: ΔV Budget

Trajectory ΔV  [m/s]

Launch 7759

GTO 2442

GEO 1779

Station Keeping 47 x 32 years

Disposal 186

Contingency Factor 1.25

Total 17089
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Astrodynamics: Trajectory
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Astrodynamics: Cluster Flying

• 20 Spacecraft
• Orbit around  GEO belt ‘axis’
• 1 km separation
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C&DH
Backup Slides
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Command and Data Handling System

Communication Flow
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Market, 
Operations and 
Contingencies
Backup Slides
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Economics: Profitability

Source: trumpf

Market:
Fast developing Asian countries
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Economics: Profitability

Source: trumpf

Profit: €1B!
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Cash Flow into SPECTRE
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Continued Investment into 
System
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Monte Carlo Simulation
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Monte Carlo Specifications

• Three Normal Distributions and one Logarithmic Distribution for 
Randomisation

• Mirror and Solar Cell Degradation
• Partial Mirror Failure, Partial Failure, Ultimate Failure and ADCS Failure
• Debris Impacts on Solar Cells and Mirrors
• Partial Mirror Repair, Partial Repair, ADCS Repair
• Integration of Eclipse Periods
• One Minute Resolution for 30 Years
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Sensitivity Analysis
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Sensitivity Analysis
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Communication Operations
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Maintenance Operations
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Production Operations and Logistics
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Post DSE Gantt Chart Simplified
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QFD Structure and Method
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Risk Contingencies

* 

• 14 Developed Contingency Plans that Encapsulate all Risks
• Launcher Failure
• Transport Failure
• Schedule Delay
• Maintenance Failures
• In-Orbit Production Failure
• Harsh Environment
• +8 More
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Risk Contingencies

* 

• Launcher Failure
• Transport Failure
• Schedule Delay
• Maintenance Failures
• In-Orbit Production Failure
• Harsh Environment
• Unsatisfied Investors/Workforce
• Maintenance Resupply Failure

• Improper System Design
• Production/Integration Delays
• Payload Failure
• Improper Design/Production On-

Earth
• Improper Design/Production In-

Orbit
• Stakeholder Requirement 

Failure
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Subsystems Module
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Subsystems Module
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Propulsion 
Backup Slides
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Propulsion:Thruster Specifications

Parameter Value

Thrust 11 mN

Isp 3300 s

Power 460 W

5x Busek BIT-7 Ion Thruster
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Propulsion:Thruster Specifications

Parameter Value

Prop. mass 1450 kg

Volume 1.01 m3

Pressure 250 bar

Xenon Propellant Tank
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Backup Slides
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REQUIREMENTS: DRIVING

• M-ST-S-ECON-000- The total cost of constructing such a system shall be less than 1.5 billion 
Euros (FY2018),including manufacturing, launching and assembling adjusted for inflation.

• M-ST-S-ECON-001- The system shall be operational before 2030.

• D-ST-S-ECON-002- The break-even point will occur before the end of 30 years in service, 
adjusted for inflation.

• M-SY-S-ECON-000- The system shall be operational for at least 30 years in space.

• D-SY-S-ECON-000- The mass of the space segment should be no more than 1000 tonnes.

• M-SY-P-POCO-000- The space-based solar collection system shall produce at least 1 
Gigawatt of electrical power at end of life
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REQUIREMENTS: DRIVING

• Priority: Mandatory, Desirable and Optional

• Subdivisions include: Performance, Sustainability and Life

• Performance: Subsystems

• Sustainability: Environmental, Economic and Social

• Life: Production, Operations and Disposal
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REQUIREMENTS: DRIVING

• Priority: Mandatory, Desirable and Optional

• Subdivisions include: Performance, Sustainability and Life

• Performance: Subsystems

• Sustainability: Environmental, Economic and Social

• Life: Production, Operations and Disposal
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REQUIREMENTS: TREE
Start

M D O

S
Y

S
T

P S L

PRO
PADCS
THER
TT&
CPOC
OEPS
YPOTR
POST
MAI
NSTRU

ENVI
ECO
NSOCI

PRO
DOPE
RDISP

…

Example: M-SY-S-ECON-001
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REQUIREMENTS: TREE
Start

M D O

S
Y

S
T

P S L

PRO
PADCS
THER
TT&
CPOC
OEPS
YPOTR
POST
MAI
NSTRU

ENVI
ECO
NSOCI

PRO
DOPE
RDISP

…

Example: M-SY-S-ECON-001

There are over 100!
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Risk Backup 
Slides
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Technical Risk Assessment

30 years
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Technical Risk Mitigation

30 years
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Primary structure with modelled masses

Spacecraft Structure – Primary Structure
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Primary structure critical load case

Spacecraft Structure – Primary Structure
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Primary Structure deformation before iteration

Spacecraft Structure – Primary Structure
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Primary Structure deformation after iteration

Spacecraft Structure – Primary Structure
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Axial forces in Primary Structure

Spacecraft Structure – Primary Structure
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Bending forces in Primary Structure

Spacecraft Structure – Primary Structure
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Shear forces in Primary Structure

Spacecraft Structure – Primary Structure
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Torsional forces in Primary Structure

Spacecraft Structure – Primary Structure
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Space web critical load case

Spacecraft Structure – Space Web
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Space web deformation

Spacecraft Structure – Space Web
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Spacecraft structure results

Spacecraft Structure
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TT&C: Architecture
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TT&C: Link Budget
Downlink Budget

Parameter Value Unit
Tx Power (RF 
Output) 10 dBW
Tx Antenna 
Loss

-
0.9691001301 dB

Tx Gain 36.29695501 dB
Path Losses -0.3 dB
Rx Antenna 
Loss

-
0.9691001301 dB

Rx Antenna 
Gain 56.29669884
Space Loss -202.0087911 dB
Pointing Loss 
Tx -1.92 dB
Pointing Loss 
Rx -0.12 dB
Reception 
Feeder Loss

-
0.9691001301 dB

Data Rate -78.4509804 dB
System 
Temperature -24.98310554 dB
Coding Gain 4 dB
Boltzmann 228.6012091 dB
SNR 24.50468556 dB
Link Margin 14.19097706 dB

Uplink Budget
Parameter Value Unit
Tx Power 26.98970004 dBW
Tx Antenna 
Loss -0.9691001301 dB
Tx Gain 44.33783033 dB

Path Losses 0.02999280216 dB
Rx Antenna 
Loss -0.7058107429 dB
Rx Antenna 
Gain 24.33783033
Space Loss -190.0496664 dB
Pointing Loss 
Tx -3.057414966 dB

Pointing Loss 
Rx

-
0.00764353741

5 dB
Coding Gain 4 dB
Data Rate -36.98970004 dB
System 
Temperature -24.98310554 dB
Boltzmann 228.6012091 dB
SNR 71.53412127 dB
Link Margin 40.53412127 dB



196196

V&V Backup 
Slides
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Verification & Validation

Requirement Validation
• Verifiable
• Achievable
• Logical
• Integral
• Definitive

Model Verification
• Analytical Calculations
• Unit Tests
• Inspection
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Product V&V: Stages

Qualification
• Assembly, Integration and Test

• Electrical integration
• Mechanical integration
• Hardware-software integration

• Production testing

Acceptance
• Workmanship errors
• Vacuum testing (including thermal)
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Product V&V: Stages

Pre-Flight
• Vibration testing

In-Orbit
• Production and Assembly in Space
• Electrical Power System
• Transmission System
• Prototype Test  in LEO
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