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1 Introduction & Background
1.1 Introduction
The M4 machine (Moored, Multi-float, Multi-Mode) has been developed as a three-float system with float sizes
optimised through experiment in Manchester and Plymouth (6 weeks basin time between 2013 and 2016) and
modelling (Stansby et al 2015). The system has been extended from 3 up to 8 floats through mathematical model
analysis, (Stansby et al 2017). This has reduced LCOE and increased capacity to be similar or greater than offshore
wind. The multi-float system however requires experimental validation including multi-directional waves and
variable heading. This is one purpose of these tests. Another is to test in extreme, including breaking, waves to
further test the analysis of Santo et al (2017). The 6 float system is chosen as this gave marginally the lowest LCOE.
This referred to as M4 WEC (wave energy converter)
This system may also support a wind turbine on the central mid float (see photo in Fig.1) – a hybrid wind wave
system. Now the supporting floats should have minimal motion for optimal turbine performance. The inertia of
supporting floats is changed to include the mass/inertia characteristics of the NREL 5MW turbine at 1:50 scale and
float added mass and drag damping may be increased with flat-based floats with damping plates. This will be tested
without wind to assess hydrodynamic modelling. Loading (with aerodynamic damping) due to turbine motion in
steady wind flow has been undertaken independently and will subsequently be added to the system model.
However the turbine platform is first tested alone (without wave energy floats) and is referred to as TP. The hybrid
system with wave energy floats is referred to as TP-WEC.
The aim of these Marinet2 tests is thus to provide a high quality dataset for hydrodynamic model validation. The
MaREI Ocean Basin is ideal for 1:50 scale lab testing. The broader strategy is to demonstrate the practical and
commercial viability of large floating offshore wave and hybrid wind wave systems.
The Manchester team at MaREI is shown with the M4 WEC in the photo in Fig1

Fig.1 Photo of the Manchester team, from left to right Bob Brown (senior electronics technician), Peter Stansby
(leader), Efrain Carpintero Moreno (researcher), with the M4 WEC sitting on the raised ocean basin floor.

1.2 Development So Far
1.2.1 Stage Gate Progress
Previously completed: 
Planned for this project:

STAGE GATE CRITERIA
Stage 1 – Concept Validation
Linear monochromatic waves to validate or calibrate numerical models of the system (25 – 100
waves)
Finite monochromatic waves to include higher order effects (25 –100 waves)
Hull(s) sea worthiness in real seas (scaled duration at 3 hours)
Restricted degrees of freedom (DofF) if required by the early mathematical models
Provide the empirical hydrodynamic co-efficient associated with the device (for mathematical
modelling tuning)
Investigate physical process governing device response. May not be well defined theoretically or
numerically solvable
Real seaway productivity (scaled duration at 20-30 minutes)
Initially 2-D (flume) test programme
Short crested seas need only be run at this early stage if the devices anticipated performance
would be significantly affected by them
Evidence of the device seaworthiness
Initial indication of the full system load regimes
Stage 2 – Design Validation
Accurately simulated PTO characteristics
Performance in real seaways (long and short crested)
Survival loading and extreme motion behaviour.
Active damping control (may be deferred to Stage 3)
Device design changes and modifications
Mooring arrangements and effects on motion
Data for proposed PTO design and bench testing (Stage 3)
Engineering Design (Prototype), feasibility and costing
Site Review for Stage 3 and Stage 4 deployments
Over topping rates
Stage 3 – Sub-Systems Validation
To investigate physical properties not well scaled & validate performance figures
To employ a realistic/actual PTO and generating system & develop control strategies
To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine
growth, corrosion, windage and current drag
To validate electrical supply quality and power electronic requirements.
To quantify survival conditions, mooring behaviour and hull seaworthiness
Manufacturing, deployment, recovery and O&M (component reliability)
Project planning and management, including licensing, certification, insurance etc.
Stage 4 – Solo Device Validation
Hull seaworthiness and survival strategies
Mooring and cable connection issues, including failure modes
PTO performance and reliability
Component and assembly longevity
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STAGE GATE CRITERIA
Electricity supply quality (absorbed/pneumatic power-converted/electrical power)
Application in local wave climate conditions
Project management, manufacturing, deployment, recovery, etc
Service, maintenance and operational experience [O&M]
Accepted EIA
Stage 5 – Multi-Device Demonstration
Economic Feasibility/Profitability
Multiple units performance
Device array interactions
Power supply interaction & quality
Environmental impact issues
Full technical and economic due diligence
Compliance of all operations with existing legal requirements

Status














1.2.2 Plan For This Access
The access may be divided into 3 parts: the M4 WEC (wave energy converter) with 6 floats (132 formation as
shown in Fig.2), the turbine platform (TP) alone shown in Fig.4, the turbine platform with two wave energy
generation floats (TP-WEC) as for M4 WEC shown in Fig.6. The plan was to test all aspects including the wave
basin in one week and return a month later for two weeks for more comprehensive testing with any problems
identified and remedied.
1.2.2.1 M4 WEC
The power generation modelled by linear diffraction theory is to be validated through experiment. The 132
configuration below was chosen as this gives marginally lowest LCOE (for a range of configurations with up to 8
floats) with reasonable capacity similar to wind depending on site.

Figure 2 M4 WEC plan , elevation and 3-D view

Figure 3 photo of M4 WEC
In operational conditions the power from two pneumatic, almost linear, dampers and the relative angular motion
between the 4 bow floats (effectively a rigid body) and the 2 stern floats will be measured. The pneumatic dampers
are shown in Fig.2 with a photo in Fig.3. The damper/PTO at full scale will be hinged at the deck; the lab
arrangement is for convenience fitting readily available cylinders. Mooring forces are always measured. Tests will
be for a range of peak periods (Tp) of 5-14 s full scale and two significant wave heights (Hs) of 2 and 3 m which cover
the range of average values on the west coasts of Europe. The effect of multi-directional waves with two different
spreading factors and the effect of two heading angles in uni-drectional waves will be tested. The average power is
normalised as capture width ratio (CWR), defined as the average power absorbed/wave power per metre
crest/wavelength for energy period. In this way comparisons may be made with theoretical maxima for multi-mode
point absorbers. CWR is also convenient to convert a scatter diagram into energy yield (Stansby et al 2017).
Extreme conditions will be tested with a range of Hs (2,4,7 m) and Tp (7,10,14 s) up the maximum Hs possible in the
facility, including breaking waves. The dampers will be removed giving a worst case response.
In addition a series of focussed waves will be tested for both operational and extreme conditions. Focussed waves
are of short duration so are free of reflections which inevtiably occur to some degree in a wave basin. They are ideal
for system identification. They may be crest focussed,most common, and also trough focussed enabling harmonic
content to be identified (Santo et al 2017). This analysis has not been undertaken by the time of writing this report.
1.2.2.2 TP
The turbine platform (TP) is a 4 float device as shown in Fig.4 with a photo in Fig.5, originally set up to allow a hybrid
system with wave floats on the stern. However this is interesting in its own right. The floats all have the diameter of
the mid row and a flat base with damping plates with diameter 50% larger than that of the column. The bow float
has a larger draft to balance the overturning moment on the wind turbine. Only the mass and inertia of the turbine
and column are represented so that the hydrodynamic model may be validated. The plate with arched top at the top
of the column was conveniently available with the required mass. Accelerations are measured in two directions
(surge and sway) near the base and top of the column. Extreme conditions are of principal interest including two
headings at approximately 45o and 90o; one series across the Tp range (5-14 s) was also run for a moderate Hs (3m
full scale).

Figure 4 TP plan , elevation and 3-D view

Figure 5 TP photo
Again focussed waves (crest and trough) are run for system identification and harmonic analysis.
1.2.2.3 TP-WEC
This combination of TP and WEC has the bow/mid floats of the TP and the two stern WEC floats, as shown in
Fig.6 with a photo in Fig.7. Operational and extreme conditions are run as before with accelerations, relative
angular response and power measured.
Some focussed waves are again run.

Figure 6 TP-WEC plan, elevation and 3-D view

Figure 7 TP-WEC photo

2 Outline of Work Carried Out
2.1 Setup
The devices are simply moored from a light sphere tethered to the bed; at basin scale the ball is 0.2m diameter
on a tether 1.3 m long, the tether from buoy to bow float is 0.4 m. The tethers are non-elastic and the system is
thus simply defined. The mid point of the device was 8.3 m from the main line of paddles and approximately on
the centreline of the moveable floor. A sketch for the WEC in the basin is shown in Fig.8 below.

Figure 8 sketch of WEC with mooring in the ocean basin
For most cases the device heads directly into the waves due to drift force as intended in the design. However
currents can cause misalignment and while this cannot be represented directly in the basin different headings
were effected by tethering the centre float from the basin side. The force is essentially horizontal and so does
not influence vertical motion.
Only irregular waves were investigated since regular waves have reflection problems even in large basins as
waves do not decay (Stansby et al 2015). Regular waves are also an unrealistic representation of real sea states
and can artificially overestimate energy capture.

a)

b)

c)

Fig.9 schematic diagrams of ocean basin: a) with device at 0o b) 63o, c) dimensions in metres, provided by UCC.
In the first week (January) results were obtained for the M4 WEC and TP with waves normal to the main
wavemaker line as shown in Fig.9a – 0 deg direction. All waves were calibrated without the devices in position
but analysis by Thiebaut of MaREI showed reflections of 20-30% which is remarkably high indicating that the
beaches were ineffective absorbers. The curved line of wavemakers does however allow waves at oblique angles
to be generated. Based on simple internal reflection an attempt was made to determine an angle such that
reflected waves would only reach the working area after a second reflection, hopefully reducing reflection at the
device to less than 10%; a 30% reflection becoming 9% after the second reflection. The direction of 63o to the
normal as shown in Fig.9b appeared optimum but some single reflection was inevitable from the bottom left
wavemakers shown in Fig.9c with dimensions and simple internal reflection does not take into account refraction
of waves on the beach and diffraction around the concrete block at the top right corner, both causing the waves
to approach the beach more normally. The latter appeared to be a more significant effect. Theoretical analysis
of waves from different directions is not straightforward but a simple qualitative impression may be obtained by
generating a group of regular waves (with about 10 waves) and measuring wave elevations at the working area
for about 100 s. This showed the passage of the original group and small reflections thereafter, generally less
than 10% after the original passage. Some sample results for Tp=1s are shown in Fig.10. However some
evidence of greater reflection due to diffracted waves around the top right corner (Fig.9c), relatively close to the
working section, was observed for the longer waves with probes nearest the beach. This diffraction effect may
be mitigated in future by modifying the shape of the rectangular concrete block.

Fig.10 wave elevation time series for Tp=1s for six wave probe positions (WG1 – WG6)
For the estimation of power generation and platform response, results can be compared in uni-directional waves
with relatively high reflection (20-30%) and relatively low reflection (less than 10%) so that the influence may
be estimated.
The devices were instrumented to measure:
Relative angle between bow and stern floats by an encoder for each stern float (WEC and TP-WEC)
Force in each pneumatic actuator through a load cell. The moment is obtained from the actuator attachment
hinge positions and the angle. Power is simply moment times relative angular velocity (WEC and TP-WEC).
Accelerations at base and top of the turbine mast in surge and sway directions (TP and TP-WEC)
Horizontal mooring load was always measured by a load cell.
Qualisys measurement of platform position was always made.
NOTE: The pneumatic actuator specification was chosen to approximately optimise power from previous
experience. However the damping factor could not be controlled and was obtained from post processing for
input into mathematical modelling.

2.2 Tests
2.2.1 Test Plan
Notes:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

All waves measured ahead of and alongside device and without device present
Accelerations measured at top and base of mast, in surge and sway directions
Qualysis measurements also available
Wave angle is relative to normal to long line of wave paddles
Heading angle is relative to wave direction , see Fig.9.
Hs values are target values, Tp values are precise (actual measured spectra were close to target
JONSWAP spectra)
All waves are unidirectional unless stated
PTO or damper is switched on for operational waves (Hs=0.04,0.06m), off for extreme waves
(Hs=0.04,0.08, max)
Capture width ratio (CWR) is normalised by wavelength for energy period
Mooring force was measured for all cases

Notation: P – power; θr – relative angle; accn – acceleration.
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2.3 Results

Free decay
Pitch, roll
Free decay
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θ decay, period
θ decay, period

Only experimental measurements are presented. Comparisons with model will be shown in future publications.
2.3.1 M4 WEC
Capture width ratio is a key characteristic normalised by the wavelength for energy period (NOT body width).
Some sample results are shown below.

Figure 11 CWR v Tp; Hs=0.04 and 0.06 m, γ=1, unidirectional

Figure 12 CWR v. Tp; Hs=0.04 m, γ=1, s=20, and s=5

Figure 13 relative θmax v Tp, Hs=0.04 and 0.06 m, γ=1, unidirectional

Figure 14 θrms and θmax v Hs for extreme values

2.3.2 TP

Figure 15 rms and maximum top accelerations v Hs for extreme values
2.3.3 TP-WEC

Figure 16 CWR v Hs (γ =1) for Hs=0.04 and 0.06 m

Figure 17 maximum acceleration (at top and base of mast) v Hs (γ =3.3) for extreme conditions with no PTO

2.4 Analysis & Conclusions
Only preliminary analysis has been made to date in time scale available. The experimental analysis has been
completed for irregular wave runs apart from Qualisys which is needed for an accurate determination of heading

angle. The damping moment was linear with high correlation, always greater than 0.9, giving damping
coefficients for each case. One disappointment was that the damping force could be different on the two
actuators although they were of identical type. This was the case in February while damping on each was
almost identical in January. The power generation was not very sensitive to damping factor for smaller Hs (0.04
m) but more so for the larger Hs (0.06 m). The measured damping coefficients may of course be input into the
mathematical model for validation but it does mean that power directly measured will be underestimated.
The analysis for the focussed waves has yet to be undertaken and requires more detailed analysis. System
identification will be undertaken with electrical/control engineering colleagues as well as direct linear diffraction
modelling.
Some high level conclusions may be made:
1. The M4 WEC power generation from linear diffraction modelling slightly underestimated energy capture
(surprisingly). This means the LCOE estimates for various sites in Stansby et al (2017) will be slightly
lower. More work is needed to investigate the difference between model and basin tests.
2. Greater energy capture may be obtained by refining the configuration geometry and by PTO control
which will be pursued in 2018. The target LCOE is less than 10p/kWh. At present LCOE for west coast of
Ireland is estimated to be less than 10p/kWh and about 16p/kWh for Wavehub, west coast of Cornwall.
3. The turbine platform with damping plates had hub accelerations less than 4 m/s2 for all extreme
conditions (note magnitudes same at lab and full scale) and this will be reduced with damping from an
operational wind turbine. The worst case could well be with turbine parked in extreme winds.
4. Further investigation on the trade-off between reducing draft and increasing damping plate diameter is
merited.
5. Linear diffraction modelling without 2nd order drift effects with a general drag coefficient of 1-2 gave
approximate acceleration predictions. This requires further investigation.
6. With the hybrid WEC and wind platform (with damping plates) the wave energy capture was about half
that for WEC alone.
7. The hybrid WEC wind configuration may be optimised further now the behaviour is better understood
and of course control will be of benefit also.
8. The benefit in terms of uniformity of supply from combined wind and wave requires careful analysis, e.g.
based on fully arisen seas wave power becomes significant for wind speeds below rated but wind power
dominates for wind speeds above rated.
9. Optimisation may be relatively fast with linear diffraction modelling for wave energy combined with
blade element momentum theory for the wind turbine.

3 Main Learning Outcomes
3.1 Progress Made
3.1.1 Progress Made: For This User-Group or Technology
Progress has been made in validating the multi-float WEC M4 of 132 formation. This has high capture widths,
more than one wavelength for some periods, and slightly higher than linear diffraction modelling (about 20%).
This means previous LCOE cost estimates for various sites will be reduced accordingly, bringing close to offshore
wind and below for some locations. This is encouraging since PTO control will increase energy capture further
and hence reduce costs further. Results have also been obtained with multidirectional waves and various
headings showing some reductions in energy capture, typically by about 20%. The next stage is to apply control
methods to increase energy capture. The effect of moorings is thought to be small but needs to be modelled.
PTO hardware needs to be designed, both of hydraulic and direct drive form.
Ocean trials at 1/3 scale are planned for 2019.

For the turbine platform alone the aim was to obtain results to validate numerical modelling, particularly to
account for the effect of damping plates (drag and added mass). Appropriate drag coefficients may be obtained
to tune model response/acceleration to experimental measurement. While this is a step towards a hybrid windwave platform it is useful in its own right showing that relatively small drafts with damping plates can provide
sufficient stability for turbine operation.
For the hybrid platform, it was shown that wave energy capture is approximately halved by floats stabilised by
damping plates for a wind energy turbine. The results are intended to validate modelling and the configuration
may be optimised further through modelling.

3.1.2 Progress Made: For Marine Renewable Energy Industry
For the marine energy industry wave basin testing has actually been advanced by minimising the effect of
reflections. The design of the MaREI ocean basin is good with a curved line of paddles, similar to Salter’s original
curved tank, and beaches on two sides. Cross waves should be removed with absorbing wave makers. However
the beaches themselves were not effective absorbers and could be improved; diffraction around concrete blocks
at the corners could also be reduced to enable an almost reflection-free working area. Clearly more work on this
promising arrangement is justified.
The wave energy industry has had too many false dawns due to suspect hydrodynamics, e.g. Pelamis,
Aquamarine who somehow secured considerable funding and did not deliver. The funding councils/agencies
must carry blame here due to incompetent appraisal and reviewing. The M4 approach is to optimise
hydrodynamic performance with simple damping which has led to multi-float systems with multiple PTOs.
Efficient linear diffraction modelling is key to progress and here this has been partially validated through basin
testing. The capture widths are unprecedentedly high in part due to multi-modes acting additively. However
further development is needed in control to bring costs below offshore wind and restore damaged investor
confidence. PTO systems need to be designed incorporating this control and the best option needs to be
established, whether hydraulic or direct drive. The system will then be ready for full scale ocean testing.
Intermediate scale ocean testing will be valuable to assess structural integrity and survivability and support
energy capture estimates (planned at 1/3 scale for 2019).
The wind turbine platform has provided interesting data for model validation and raises the possibility of
shallower drafts than presently used through the use of large damping plates. Shallow drafts are desirable for
tow out from a wider range of ports. Typically hub accelerations less than 4 m/s 2 are required for operation.
These results only validate hydrodynamic modelling without damping from a wind turbine which will further
reduce response. This is available and will be added to the model.
The hybrid wind-wave system has to be explored further. The wave energy capture is roughly halved as a result
of the floats stabilised by damping plates for the wind turbine. The net energy capture due to wind and wave
combined needs to be assessed in terms of magnitude and improved uniformity of power generation. The actual
configurations maybe improved further through modelling. However these results will provide a useful baseline
for development; this is very much a first attempt and is certainly encouraging. There appear important
questions in extreme non-operational conditions when the turbine is parked. The integrity of the stationary
blades in extreme motion could be a limiting design factor.

3.2 Key Lessons Learned






Benefit of use of a new facility with innovative features
Wave basin reflections need to be further assessed and quantified
Multi-float multi-mode systems such as M4 can have high capture widths bringing LCOE similar to
offshore wind (without environmental intrusion)
For a semi-sub platform supporting a wind turbine, low drafts with damping plates enable stability for
wind turbine operation
Hybrid wind-wave systems have complex interactions which need carful optimisation with stability for
wind turbine and energy capture for wave energy conversion – further extensive scoping is necessary



Although WEC capture widths may be unprecedentedly large bringing LCOE close to, possibly less than,
offshore wind this needs to be much improved to provide investor interest. Further optimisation through
control is necessary and hybrid approaches need scoping.

4 Further Information
4.1 Scientific Publications
List of any scientific publications made (already or planned) as a result of this work:






Stansby,P., Carpintero Moreno,E., Stallard,T., 2015 Capture width of the three-float multi-mode multiresonance broad-band wave energy line absorber M4 from laboratory studies with irregular waves of
different spectral shape and directional spread, J. Ocean Engineering and Marine Energy, 1(3), 287-298
Santo,H., Taylor, P.H., Carpintero Moreno, E., Stansby,P., Eatock Taylor, R., Sun,L., Zang,J, 2017 Extreme
motion and response statistics for survival of the three-float wave energy converter M4 in intermediate
water depth, J. Fluid Mech., 81, 175-204.
Stansby,P., Carpintero Moreno,E., Stallard,T., 2017 Large capacity multi-float configurations for the wave
energy converter M4 using a time-domain linear diffraction model, Applied Ocean Research , 68 (2017)
53–64.
Carpintero Moreno,E., Stansby,P. 2018 Experimental validation of the multi-float M4 wave energy
converter, planned for RENEW2018
Stansby,P., Carpintero Moreno,E., 2018 Hydrodynamics of a four-float semi-sub wind turbine platform with
damping plates: experiments and linear diffraction modelling, planned for RENEW2018

4.2 Website & Social Media
Website: to be set up
YouTube Link(s): n/a
LinkedIn/Twitter/Facebook Links: n/a
Online Photographs Link: to be in web site

5 references
Energy Technologies Institute: Offshore Wind Floating Wind Technology, an Insights Report by Stuart Bradley
(2015)

6 Appendices
6.1 Stage Development Summary Table
The table following offers an overview of the test programmes recommended by IEA-OES for each Technology
Readiness Level. This is only offered as a guide and is in no way extensive of the full test programme that
should be committed to at each TRL.

NASA Technology Readiness Levels1

1

https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion1.html

NASA TRL Definition Hardware Description Software Description Exit Criteria
TRL Definition
Hardware Description
Software Description
1
Basic principles
Scientific knowledge generated
Scientific knowledge generated
observed and
underpinning hardware technology
underpinning basic properties of software
reported.
concepts/applications.
architecture and mathematical formulation.

Exit Criteria
Peer reviewed publication
of research underlying the
proposed
concept/application.
Documented description
of the application/concept
that addresses feasibility
and benefit.

2

Technology
concept and/or
application
formulated.

Invention begins, practical application is
identified but is speculative, no
experimental proof or detailed analysis is
available to support the conjecture.

Practical application is identified but is
speculative, no experimental proof or
detailed analysis is available to support the
conjecture. Basic properties of algorithms,
representations and concepts defined.
Basic principles coded. Experiments
performed with synthetic data.

3

Analytical and
experimental
critical function
and/or
characteristic
proof of concept.

Analytical studies place the technology
in an appropriate context and laboratory
demonstrations, modelling and
simulation validate analytical prediction.

Development of limited functionality to
validate critical properties and predictions
using non-integrated software
components.

Documented
analytical/experimental
results validating
predictions of key
parameters.

4

Component
and/or
breadboard
validation in
laboratory
environment.

A low fidelity system/component
breadboard is built and operated to
demonstrate basic functionality and
critical test environments, and
associated performance predictions are
defined relative to the final operating
environment.

Key, functionally critical, software
components are integrated, and
functionally validated, to establish
interoperability and begin architecture
development.
Relevant Environments defined and
performance in this environment predicted.

Documented test
Performance
demonstrating agreement
with analytical predictions.
Documented definition of
relevant environment.

5

Component
and/or
breadboard
validation in
relevant
environment.

A medium fidelity system/component
brassboard is built and operated to
demonstrate overall performance in a
simulated operational environment with
realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions
are made for subsequent development
phases.

End-to-end software elements
implemented and interfaced with existing
systems/simulations conforming to target
environment. End-to-end software system,
tested in relevant environment, meeting
predicted performance. Operational
environment performance predicted.
Prototype implementations developed.

Documented test
performance
demonstrating agreement
with analytical predictions.
Documented definition of
scaling requirements.

6

System/subsystem model or
prototype
demonstration in
an operational
environment.

A high fidelity system/component
prototype that adequately addresses all
critical scaling issues is built and
operated in a relevant environment to
demonstrate operations under critical
environmental conditions.

Prototype implementations of the software
demonstrated on full-scale realistic
problems. Partially integrate with existing
hardware/software systems. Limited
documentation available. Engineering
feasibility fully demonstrated.

Documented test
performance
demonstrating agreement
with analytical predictions.

7

System
prototype
demonstration in
an operational
environment.

A high fidelity engineering unit that
adequately addresses all critical scaling
issues is built and operated in a relevant
environment to demonstrate
performance in the actual operational
environment and platform (ground,
airborne, or space).

Prototype software exists having all key
functionality available for demonstration
and test. Well integrated with operational
hardware/software systems demonstrating
operational feasibility. Most software bugs
removed. Limited documentation available.

Documented test
Performance
demonstrating agreement
with analytical predictions.

8

Actual system
completed and
"flight qualified"
through test and
demonstration.

The final product in its final configuration
is successfully demonstrated through
test
and analysis for its intended operational
environment and platform (ground,
airborne, or space).

All software has been thoroughly
debugged and fully integrated with all
operational hardware and software
systems. All user documentation, training
documentation, and maintenance
documentation completed. All functionality
successfully demonstrated in simulated
operational scenarios. Verification and
Validation (V&V) completed.

Documented test
performance verifying
analytical predictions.

9

Actual system
flight proven
through
successful
mission
operations.

The final product is successfully
operated in an actual mission.

All software has been thoroughly
debugged and fully integrated with all
operational hardware/software systems.
All documentation has been completed.
Sustaining software engineering support is
in place. System has been successfully
operated in the operational environment.

Documented mission
operational results

6.2 Any Other Appendices
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