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This paper is intended to demonstrate the use of appropriate systems engineering toolkits & techniques on a system process and its functions that’s in current operation within a company. Therein the systems engineering toolkits will outline the current issues to where potential failures are assessed and the appropriate course of actions are defined in order to solve the potential faults.
The use of ‘Lean Tools’ are implemented within this paper & Annexes to an existing problem within the weapons T&E (Test & Evaluation) ranges, which is operated by QinetiQ plc. To that, the recommended courses of actions are prescribed to eradicate the root cause failures. 
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The Weibel tracking radar, model MSL600-34 is a portable, single frequency, 60 Watts continual power, 34dB gain, continuous wave (CW), tilting elevation and azimuth tracking radar that is in current service on QinetiQ MoD air and land ranges throughout the UK. Its primary use is to provide trajectory information from a variety of calibre projectiles.
As this tracking radar is a component in an engineering system, the current issues and faults that have the potential to arise and that are present are not brought to light until the commence of firing or post processing of the trajectory data. The following paper will not only uncover the root causes of the issues, but implement amendments to the system.
System engineering toolkits will be implemented to the following topics as Annexes to this paper. RCA (Root Cause Analysis), Critical Path Analysis (CPA), QFD (Quality Function Deployment), & FMEA (Failure Modes & Effect Analysis) will be the appropriate & selected analysis tools. FMEA will underline the current processes, standard operating procedures (SOP’s) & Instruction set to that it will grade against a risk factor. RCA will brainstorm the problem & highlight all the affiliated systems with it. CPA will map out the current processes from start to finish on a gun trial, from this, will analyse the most important task(s).  QFD will compare the quality of the system that QinetiQ provides as a service to a customer perspective and highlight areas of improvement.
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Pictured left is the Weibel MSL-60034 Doppler tracking radar. 
The Weibel MSL-60034 was purchased in 2009 as a pre-programmed tilting elevation & azimuth Radar and then underwent a mid-life upgrade programme in 2011 to a full tracking capability Radar with a more powerful signal amplifier, dedicated tracking software & the addition of a RTP (Real Time Processor).
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[bookmark: _Toc504427037][image: C:\Users\Chris\Desktop\Year 3 BEng\UWTSD Logo.png]Lean Thinking & Transformation
[bookmark: _Toc504427038]1.0 Failure Causes
With such utilities to underpin the true cause of failures, the most successful companies, such as Toyota use lean toolkits to continually improve on their processes and products. Like the aircraft industry, Toyota have recognised that the continual improvement, or ‘Kaizen’ used as their core fundamental is to keep up-to-date with customer views and needs that are continuously changing, as described in the book, ‘The Lean Toolbox’. Toyota recognises the respect for its people, in regards to their workers and customers; this is illustrated by ‘The Lean Enterprise House’ illustration in ‘The Lean Toolbox’ [1]. The employees are encouraged to challenge and given the right to stop a process if they see that a process isn’t right in their mind, and for this, they are rewarded for it. Toyota also uses the ‘Gemba’ approach, which is the hands-on method by the management so that the hierarchy can see the issues on the shop floor first hand [1]. These tools are only a part of ‘Lean Transformation’, as culture plays a huge part in becoming a successful company, as an example, in an automotive manufacturing industry, it is highly desirable to have solid communication between the design and engineering teams, for example; a potential design flaw, such as a component that could fail due to the improper materials selected, or the design constricts strengthening of a vital part. This stems from the ‘Open’ & ‘Closed Loop’ theory where a problem is discovered, but no one takes course of action to investigate and report it [2].
In the book ‘Black box thinking’ by Matthew Syed, the emphasis of the book focuses on the processes and the culture of three industries, aerospace, medical and law, in that the stories are critically analysed by comparing the advance of lean thinking and safe practices of the aeronautical procedures, because the aerospace industry have learnt to prevent failures from historical disasters. The main focus of the book is to flag up the actual root cause of the disasters and failures in each story told, and the main culprit for failure is ignorance and self-proclamation, and part of the ignorance induced in industries with high failure rates is because of the ‘closed loop’ theory, where an investigation is not considered to the fatal errors [2].
The following sections will investigate the root causes of failures with the Doppler Tracking Radar when used in the test and evaluation industry, like Toyota and the aeronautical industry follow.
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[bookmark: _Toc504427040]1.2 Trial Specification
[image: C:\Users\Chris\Desktop\Year 3 BEng\Systems Engineering\Qubec LOF 3.png]The planning of each dynamic artillery proof firing that requires trajectory data from point of firing to point of impact, or function of the projectile always involves the use of a medium to long range Doppler tracking radar with tilting elevation & azimuth antenna. The planning of each proof firing using the tracking Radar involves a team of people that engage with the customer in order to deploy the appropriate tracking capability. As a standard, the customer requires the T&E (Test and Evaluation) ranges to provide captured data from an instrumentation piece of equipment. This is then put forward to the planning team to whom consist of the T.M. (Trials Manager), P.M. (Project Manager), scheduler and from the Instrumentation team, the I.O. (Instrumentation Officer) which they supply the appropriate Radar for the trial. The major problem that arises frequently is the overestimation of the Radars capability, or employing the Radar system to a task that is was never designed by the manufacturer for.
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Figure 2 above is the L.O.F. (Line of Fire) trace for a standard 105mm proof firing. The grid bearing is 72°N and the maximum estimated range of 11km. The Weibel tracking radar can easily track this nature of projectile out to this distance, but for smaller sub-munitions at the same distance, the radar’s capability declines.

[bookmark: _Toc504427041]1.3 Instrumentation Requirements
Once the customer has discussed what information they require from the trial, the I.O. (Instrumentation Officer) extracts the specific fields of parameters that the customer would need from the tracking radar, the I.O. then publishes a document to the Instrumentation trials team, known as an Instrumentation detail, this document contains the requirements & basic set-up parameters the equipment is assigned for the trial. Documents such as SOP’s (Standard Operating Procedures), Operator competencies, equipment calibration and maintenance are annexes to the document.
[image: C:\Users\Chris\Desktop\Year 3 BEng\UWTSD Logo.png]This process concurs to that of the ‘Pull System’ as described by Womack and Jones In their book ‘Lean Thinking’[3]. The process above is essentially a service to the customer that is made to order, meaning that only specified operations and equipment are deployed in the trial that is only requested by the customer. Whereas a ‘Push system’ can be seen as deploying every available piece of equipment and operators for it, and only gaining a fraction of useful data [4].QinetiQ operates on the ‘Kanban’ approach, in that the planned trials and equipment needed can only be deployed if the available capacity can deal with the demands [5].
[bookmark: _Toc504427042]2.1 Trial Prep
The preparation of the artillery round proof firing is conducted as a trials team that are segregated into specific departments of speciality. Communication is key when working together in obtaining results from a live firing trial. For example, the gun firing crew are instructed to stay under cover until the tracking Radar has ceased tracking for non-ionizing RADHAZ (Radiation Hazard). When it comes to parameters of the guns trajectory or projectile mass, this plays an important role in the trials results. So during the preparation, the members of each department confirm the parameters that they are given to concur with each other.
[bookmark: _Toc504427043]2.2 Radar Deployment
The deployment of the Radar is the foundation of obtaining good results. If the Radar is positioned such that when the antenna follows the projectiles flight path, then the propagating transmitted beam is obstructed by a natural or man-made object, it hinders the results and is compromised. As a lesson learnt from failures in the past, the Radar is positioned as close as to the launchers L.O.F. (Line of fire).
[bookmark: _Toc504427044]3.1 Trial Conduct
[bookmark: _Toc504427045]3.2 Standard Operating Procedures
The Weibel tracking radar is required to capture all program rounds that are scheduled to commence on the trial. On a proof firing, a trial that tests a batch of manufactured ammunition for quality control, the trial normally has 20 program rounds and 2 to 3 warmer rounds to get the barrel up to temperature. So if the tracking radar fails to capture just one of these rounds, this is a 5% failure rate. And as QinetiQ use the ‘Pull system’ approach, only a required amount of ammunition is brought onto site for cost, storage and safety reasons.
All equipment used by staff in training and competent operators work in accordance with the SOP’s (standard operating procedures) document. This document is adhered to by authorised persons when setting up & carrying out trials. The SOP’s are written by the technical experts in that field & collectively agreed within that department. This document is available on the company’s operating framework and is forever improving.
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Early triggers, data comparison to other Radar systems, loss of Radar lock and irregular track results are the most common issues and failures when operating a tracking Radar. The root causes of these downfalls are reported as 80% failure of good practice, the other 20% as unexplained or lack of understanding. 
For example, during a live firing, in one instance, the Radar will receive a trigger from the Infra-Red trigger unit, an optical trigger device pointed at the weapons muzzle, and the Radar will begin to track the projectile, a common problem is that the Radar’s received signal strength would decrease to the point that the reflected signal is essentially ‘buried in the noise’, and this is a problem when the loss of signal at the current distance is shorter than the desired range that the Radar has to track to, as the fall of shot is already calculated dependant on the propellant charge mass, the mass of the projectile and the weapons elevation angle. But because of lack of funding & time, the unexplained failure occurrences are not investigated to find the root cause.
When the Radar is faulty, and the case of swapping modules around, such as the signal amplifier, cables & antenna panel etc. does not narrow down the fault, the Radar is sent off to a technical support and repair company based in the UK. If the technical support company cannot fix the issue directly, then the Radar is sent back to the manufacturer, which in the case of Weibel, is in Denmark. Due to the nature of the equipment, the repair costs are astronomical, because of shipping of such a large and heavy item plus the fact that that the Radar is a very complex piece of equipment to repair. A recent repair of the Radar carried out by Weibel of Denmark costed QinetiQ tens-of-thousands of pounds.
Not only does QinetiQ have to pay for the repairs, which in fact is costed to the Instrumentation budget, but this affects the system as a whole. Potentially the trial is either postponed until the problem with the Radar is rectified. This has a knock on effect with gaining interest for contract work from the customer, and if the occurrence happens frequently with the same customer, this then ruins QinetiQ’s reputation and the customer will seek work elsewhere.
[bookmark: _Toc504427047]4.1 Lean Tool Analysis
[bookmark: _Toc504427048]4.2 Root Cause Analysis (RCA)
The root cause analysis, or RCA tool is implemented for the potential failure of obtaining adequate and reliable Radar results, which being an uncertainty of the data produced by the Radar of the projectile in flight. One of the most common failures for not giving a quality service to the customer is not being able to produce accurate and confident data. There are other potential failures that can happen from the Radar, down to such things as a component failure; however, these are covered by other failure analysis tools in the following chapters. In this section, Annex A covers the RCA, or more commonly known as the fishbone diagram. The fishbone diagram or Ishikawa diagram was invented by Dr. Kaoru Ishikawa, who was a quality control expert that came up with the tool in order to discover the root causes of problems, rather than addressing the symptoms of it [6]. This tool is a part of the RCA (Root Cause Analysis) techniques. In Annex A, the focus of the issue is the lack of adequate Radar results, and surprisingly, there are a lot of relations that affect this, such as nature down to component level. The Root Cause Analysis (Fishbone Diagram) is essentially a mind map turned into one horizontal plane. Everything that is linked to the possible causes for lack of adequate data from the Radar is mapped out. The main downside to this is that there isn’t a ‘silver bullet’ to immediately solve the issue, the more of a complex system, such as this, the more variables that are involved make the irradication of the fault harder to achieve.
[bookmark: _Toc504427049][image: C:\Users\Chris\Desktop\Year 3 BEng\UWTSD Logo.png]4.3 Critical Path Analysis (CPA)
Annex B is the Critical Path Analysis on the trial conduction using the Weibel Tracking Radar. This ‘Lean Tool’ is appropriate to this operation because time is the critical part of a trial. In terms of project, CPA is best described as: ‘Any delay of an activity on the critical path directly impacts the planned project completion date’ [7], by this quote, a problem that arises in the trial ultimately pushes back the competition date. This is a major issue in for businesses such as QinetiQ that is time critical on trials, as a delay on one project has a knock on effect to the next project. This ‘Lean Tool’ is valuable to a production based company as departments can visually see from this path analysis when they can start & finish early or late, this has a benefit in the trials sector. As an example, the instrumentation team can set-up equipment prior to the start time for the trial preparation, as extra time can be allotted for more rigorous testing, hence faults can be caught before the trial starts. Due to the different departments involved, such as project managers, trial planners & trial managers, to whom the latter deal directly with customer requirements, the CPA differs that of a simple process because each stage cannot commence until that department has conducted & authorised that task. 
[bookmark: _Toc504427050]4.4 Quality Function Deployment (QFD)
The QFD shown in Annex C is the ‘House of Lean’ toolkit to compare the services that QinetiQ supplies using the Weibel Radar. This tool is the most appropriate for this application, because the quality of the service revolves around customer satisfaction. The aim of this application is to address areas that are lacking in quality before commence of the trial, and to avoid resolving the issues after, as past failures is aforementioned: ‘Prior quality control methods were primarily aimed at fixing a problem during or after manufacturing’ [8] This was the solution before the introduction of QFD in the late 1960’s. As QinetiQ have chosen a particular Radar system manufacturer, it is a joint quality performance, and not a direct product comparison. In this case, QinetiQ are using the Weibel 60W Tracking Radar, BAE Systems with the BAE manufactured DRX 120W and Dstl with the Terma Tracking Radar system. The downside to applying this tool to this industry is that certain data is kept confidential due to the nature of the Secrets Act 1989 (c. 6) [9], this is because companies such as QinetiQ, BAE & Dstl cannot publicly publish the capabilities they can carry out. Another downside is funding, although there are key areas to improve, politics & department budgets limit this capability.
[bookmark: _Toc504427051]4.5 Failure Modes & Effect Analysis (FMEA)
FMEA (Annex D) document is the most critical tool to the root cause of the Radar potential issues. Much like a Risk Assessment, this lists all the possible faults that have and can occur. Each risk is then graded numerically to a scale to ‘how possible’ that risk can occur with the current process controls. Then the risk is re-graded when an improvement or change has been made to that action, the purpose of this tool is to reduce every risk factor to a minimum, whilst surmising every negative possibility. The implementation of this tool is probably the most beneficial, as it essentially puts a spotlight on every process that the operator performs on the tracking radar and makes anyone involved aware. The downside to this analytical tool is the fact that it is based on the fundamentals of learning from previous mistakes or faults, and if we or others haven’t made the mistake yet, you cannot learn from it.
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The root causes of the Radar failures and inadequate result data is the training and maintenance/ calibration. As a technician that works on a UK firing range, the task of an Instrumentation Technician is to operate a vast selection of measuring equipment, and due to MoD funding to private contractors such as QinetiQ, training can be a ‘grey area’ when conducting trials, in that, most of the training is ‘on the job’. As the old saying goes, “Jack of all trades, master of none” [10] is a literal term for a worker that has gained several skill sets, but is not an expert in a specific type of field. In the past, the Shoeburyness Instrumentation department came up with a scheme to assign certain pieces of equipment to each technician for them to take charge of the upkeep, calibration maintenance. Due to the nature of trail work, segregated instrumentation areas and lengthy projects, the idea lost focus and as an end result, it didn’t materialise. It is now a shared effort to keep the equipment in service.

1. For the first improvement, we are to start at the beginning of the job contract from the customer, for the Weibel MSL-60034 Tracking Radar to be adequate for the trial, the Radar equation is to be calculated, which is dependant of the projectiles reflected area. These set of equations, although not accurate enough, (as the propagation of the electromagnetic wave through air is affected by the moisture in the air, surrounding RF transmissions etc.) will give a basic idea on the limitations of what the Radar can perform to. A problem that has occurred in the past was the Radar loosing signal earlier than the projectile wished to be tracked to, for example, fall of shot or to function, and this was down to the miscalculation of the maximum range because a smaller caliber projectile.
So, in short, for every medium to long range projectile, a table is to be fabricated to give the maximum distances for every caliber projectile for the Weibel MSL-60034 Tracking Radar and all subsequent Radar systems.
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Where:  [11]

= Power Received (Watts)
 = Transmitted Power (Watts)
 = Gain of Transmitter (dB)
 = Gain of Receiver (dB)
 = Radar Cross-Sectional Area (m²)
 = Wavelength (m)
 = Monostatic configuration (Distance from Tx to Rx)
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Where: 
 = Maximum Range (m)[12]

 = Transmitted Power (Watts)
 = Gain of Transmitter (dB) 
 = Gain of Receiver (dB)
 = Radar Cross-Sectional Area (m²)
 = Wavelength (m)
= Power Received (Watts)
2. The next continual improvement is to implement a history log of the Radar Antenna’s output power on a scheduled time interval. Alternatively, an extra step procedure could be added to the Radar’s set-up operation, in that, a test-oscillator is placed at a remote distance away that the Radar can visually align onto this test-oscillator that reflects and shifts the CW signal back to the radar. Then the received signal is measured in dBW and recorded as a pre-check.
3. As discussed in the Issues & Fails Section the continual repair costs to the Tracking Radar costs far more in the long run when compared to purchasing an up-to-date spec Radar system. As Henry Ford once quoted “If you need a machine and don’t buy it, then you will ultimately find that you have paid for it and don’t have it” Quote: Henry Ford [13]By this definition, in the case of the Radar system, a more powerful and up-to-date spec Radar is needed to keep up with customer specifications and to future proof the service, if we were to just keep repairing the Radar and maintaining it every time there is a fault or issue, the total cost in the long run could equate to an entire new Radar system.
4.  Another improvement that is to be considered is that on a hierarchy level, with an Instrumentation section that is constantly dealing with trying to keep an uneconomically viable system afloat, due to self-dignity and fear of failure, help is needed on a financial & morale level. The T&E ranges have a history of working around problems ‘on a shoe string’ but inevitably once failure occurs more often, a drastic change is required. And to a system that ultimately needs replacing, the hierarchy must invest in up-to-date equipment to protect the interest of the company.
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· A problem within complex system, such as a weapons trial is harder to find the root cause of the problem when there are many parties involved in a project
· Human errors can be narrowed down to attitude, lack of understanding or unintentional mistakes, these can be rectified, as stated in the FMEA with additional training and applied control measures.
· As with all systems, if a system constantly breaks down, and tremendous amounts of time, energy and finance have been invested into reinstating that system, the cost Vs performance effectiveness is to essentially replace with new.
[bookmark: _Toc504427054]Conclusion
With an ageing system that is uneconomical and unsustainable to constantly repair, investment is needed to keep the interest of the company and its customers.
There is currently a contingency plan undergoing to replace the existing Weibel tracking Radar currently in service with a multiple frequency tracking Radar, known as MFTR. This document, proprietary to QinetiQ outlines the issues reported and discloses the urgency for a replacement and user needs. This new version of Radar has the revolutionary benefit of using more than one transmitted frequency. The MFTR is also considerably more powerful, transmitting at 640W is 10 times more powerful than the current version [14].
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[bookmark: _GoBack]Pictured Left: Weibel’s new MFTR (Multiple Frequency Tracking Radar)
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[bookmark: _Toc504427058]Glossary
BAE		British Aerospace Engineering
CPA		Critical Path Analysis
CW		Continuous Wave
dBW		decibel watt
DRX		Doppler Radar X-Band
Dstl		Defence Science & Technology Laboratory
FMEA		Failure Modes & Effects Analysis
I.O.		Instrumentation Officer
L.O.F.		Line of Fire
MFTR		Multiple Frequency Tracking Radar
MoD		Ministry of Defence
P.M.		Project Manager
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RADHAZ	Radiation Hazard
RCA		Root Cause Analysis
RTP		Real Time Processor
SOP		Standard Operating Procedure
T&E		Test & Evaluation
T.M.		Trials Manager
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Annex A	RCA (Fishbone Diagram)
Annex B	CPA (Critical Path Analysis) 
Annex C	QFD (Quality Function Deployment)
Annex D	FMEA_1 (Failure Modes & Effects Analysis)
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