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[bookmark: _Toc104058889]Project Aim
The aim of this project is to submit a proposal for the final year project; an investigation into the merits of multi-axis vibration testing for defence materiel. This project will require extensive research into vibration theory, environmental test and instrumentation, and the use of suitable single-axis and multi-axis vibration test facilities and the equipment that entails. Data will be collected from the two test facilities and the results compared. Industry professionals will be interviewed and their advice and input shall be considered when making conclusions. The conclusions made could have significant cost and time savings for the defence environmental test industry.
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[bookmark: _Toc104058890]Introduction
[bookmark: _Toc104058891]Vibration Testing
When qualifying new technologies for service, be it a car, laptop, aeroplane, or ballistic missile, external dynamic excitation – shock, vibration, and noise - must be applied to ensure that the product will be robust enough to survive the dynamic environment of its intended service life [1]. In the case of vibration testing, excitation has historically been carried out with one large shaker in one spatial axis at a time. This involves the design, build, qualification, and use of three separate test setups and thus can take months or years to complete the qualification testing for a given item, as well as a large financial outlay for a powerful enough shaker system that can drive the mass to the required levels. While this method is robust and has been proven to be capable of meeting test requirements time and time again, it has come to a point the technology available nowadays can facilitate multi-axis vibration testing.
[bookmark: _Toc104058892]Multi-Axis Vibration Testing
Multi-axis vibration testing has huge cost and time saving implications. By exciting all three spatial axes at once, the typical vibration test time for a given item can, in theory, be cut in three. Also, multiple, smaller shakers can be used to drive the same mass. These smaller shakers typically cost in the tens of thousands of pounds as opposed to several hundred thousand pounds.
Multi-axis testing is built upon the existing MIMO (multi-in, multi-out) vibration test methodology. MIMO requires the coupling of two or more shakers so that the shakers drive the test asset in unison rather than asynchronously, whereby the shakers and/or the asset would be catastrophically damaged. The shakers may use differing control positions on the asset or rig, but must at all times remain in phase. This is accomplished using complex vibration controllers in tandem with cross-coupled interlocks the mean the system will fail safe. The use of multiple shakers in the fashion allows for the delivery of greater forces across a given frequency range, where a single shaker may not be able to meet the force requirements due to the payload exceeding the single shaker’s load capacity. The limitations of MIMO, however, include even more complex, time-consuming setups, a financial outlay to cover two (or more) large shaker systems, and a limited frequency range given the lower resonance of the shaker armatures (inverse relationship between mass of object and natural frequency [2]); an 89kN shaker with armature of 59kg has armature resonance of approximately 2200Hz [3], but a 1kN shaker with armature of 0.77kg has armature resonance of 6850Hz [4] meaning that the usable frequency range for the smaller shaker is more than twice as broad as that of the larger shaker.
True multi-axis vibration, then, relies on the same shaker cross-coupling employed in MIMO testing. The challenge here is that it must work across the three axes. This can be accomplished in a number of ways, but is best left to the vibration controller. 
For multi-axis control, it is required that:
· Tri-axial accelerometers are used for all control positions
· A vibration specification must be written for each axis of each control accelerometer (e.g. for a system with 4 control positions, there would be 12 vibration specifications in total)
· The vibration controller has MIMO functionality
Then, once the specifications have been assigned to each axis of each accelerometer, the shakers will, at a very low level (typically -12dB), run to compute the inter-shaker relationships and cross-axial influences. It will then compute how much of a given specification is driven by another shaker and adjust the shaker outputs accordingly so that all the vibration specifications are met, but that no shaker is working against another by always considering the impact that other shakers have on one another. Then, once these relationships have been computed, the shakers can be run up to full level and the vibration controller will use a closed control loop to maintain inter-shaker relationships and the vibration specification, and account for any resonances or other vibration-induced effects that may arise.
Multi-axis vibration systems can be set up in a few different ways, but the focus of this project will be using multiple small 1kN shakers per spatial axis mounted to an adjustable metal frame so that the setup shall be as modular and modifiable as possible. This will allow for assets of different sizes and masses to be tested in the same facility, although different test fixtures will have to be made. For larger assets, it may be required that another facility be set up with larger shakers, so for now only assets up to approximately 50kg shall be considered. An adjustable and modifiable setup should mean that the setups are relatively straightforward and do not take much longer to configure than single-axis test setups. This is to account for the fact that the vibration work-up procedure and getting the specifications to run well will take a lot longer than for single shaker systems, so the physical set up must be as simple as possible so that time savings are still made.
[bookmark: _Toc104058893]Defence Application
Multi-axis vibration testing has huge implications for the defence industry, where materiel needs to be certified safe-for-service after undergoing an extensive environmental test regime. Part of this regime includes lengthy vibration testing to simulate the hours spent in transit aboard trucks, lorries, tanks, boats, planes, fighter aircraft, helicopters etc. With such long test durations spanning months of man-hours, it would be highly beneficial to be able to employ multi-axis methodologies to save time.
The author’s employment at the Environmental Test Centre (ETC) at MoD Shoeburyness (run by QinetiQ) and experience working with large and small shaker systems qualifies them to analyse the performance of the multi-axis system and grants them access to world-class vibration test facilities.
[bookmark: _Toc104058894]Aim & Objectives
[bookmark: _Toc104058895]Study Aim
To assess the viability of multi-axis vibration testing by critically analysing whether, for a given test asset, a multi-axis vibration system will be able to deliver the same performance as a single-axis vibration system in meeting a given vibration specification. Then, a cost-benefit analysis to determine the cost-effectiveness of both test methodologies to see which is better and which should be the focus of further development.
[bookmark: _Toc104058896]Study Objectives
· Design an experiment in which the two elected vibration test methods can be compared in controlled environments
· Gather accurate and reliable data that can be used to assess the performance of the two systems
· Collate data regarding time and cost savings from various industries presently using multi-axis vibration systems
· Speak with technical experts and gather expertise and opinions on the performance of the two systems
· Develop an educated conclusion on the viability of multi-axis vibration
[bookmark: _Toc104058897]Experimental Design
[bookmark: _Toc104058898]Procedure
· Test asset will be designated
· Vibration specification will be designated
· Test asset will be run on single-axis system
· Test asset will be run on multi-axis system
· Data from two systems will be compared
[bookmark: _Toc104058899]Data Collection
Data shall be collected using PCB 354C10 ICP triaxial accelerometers and stored in the Siemens TestLab LMS software to allow for manipulation after the runs.
Opinions and other such qualitative data shall be collected from other industries and facilities to further evaluate the system’s performance on a macro scale.
[bookmark: _Toc104058900]Data Evaluation
Data will be compared quantitatively and qualitatively. It will be possible to see which system met the specification best and was easier to control in the LMS software. Opinions from technical experts will also be used to qualify the systems from a more human perspective: ease of operation, ease of obtaining desired results etc.
[bookmark: _Toc104058901]Risks & Limitations
The study will be carried out following QinetiQ’s rules and regulations in place at the ETC, which largely follow HSE guidance and DEFSTAN 00-035. Data will be collected in a safe environment to mitigate risk with considerations for the following:
· Policy
· Planning
· Risk Control Measures
· Competency and Training
Of course, and experimental trial of this nature will NOT use any explosive materiel. All test assets will be inert and clearly labelled as such. Still, for a trial to be carried out at the ETC, certain documentation must always be at hand:
· Trial Instruction
· Trial Specification
· Instrumentation Plan
· Hazardous Activity Risk Assessment (including related general risk assessments)
· Movement Plan
· Technology Control Plan
Again, operating at the ETC, approval must also be granted by the following senior personnel:
· ETC Head of Site
· Operations Manager
· Senior Trials Manager
· Operational Safety Manager
· Delivery Leads
[bookmark: _Toc104058902]Ethical Issues
While no explosives shall be present in this experiment, it will, out of necessity, take place in an explosives area where there will always be an element of risk. Also, the technology may in future be used to assist the development of new weapons which will be used in warfare.
[bookmark: _Toc104058903]Resourcing & Planning
[bookmark: _Toc104058904]Resource Requirements
To conduct this experiment, these are the resources that shall be required:
· Access to two vibration test facilities at QinetiQ’s ETC
· 1x Test Asset
· 1x LDS V964LS electromagnetic shaker and associated equipment
· 12x Data Physics V100 electromagnetic shakers and associated equipment
· 4x PCB 354C10 ICP triaxial accelerometers and associated equipment
· Vibration specifications
· Test rigs and fixtures
· Appropriate trials paperwork
· Competent trials personnel
Please note that this list has been generated at a very early stage and may be subject to change as the experiment develops.
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Please note all these timings are estimations; the experiment’s actual timings are entirely subject to change as it will have to be a fluid procedure entirely dependent on resourcing availability, personnel workload, equipment availability, maintenance regimes, and weather conditions. Timings will be adjusted throughout the experiment process to account for such variation.
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