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Abstract





This paper describes ideas for the navigation of mine-detonating vehicles from a safe distance so that they cover all of a designated area with the least overlap.  The methods may be useful to designers of other remotely-operated ground-scanning vehicles used for mine detection and radiation surveys.





Background





The Dervish mine-detonating vehicles are designed to apply ground loads a little higher than that of a human foot to every point in their 8 metre wide path so as to fire all pressure-operated anti-personnel mines but no normal anti-tank ones.  They combine a rotary scan with a slow advance.  They have very thin wheels made from a tough steel which are fitted with internal shock absorbers. The machine structure is an open tetrahedral frame of easily-replaced scaffolding poles which lie oblique to explosion shock fronts.  The wheels are driven by hydraulic motors fed by an oil pump driven by a small petrol engine.  The same hardware can also be reconfigured for a reversing scan for clearing narrow gaps between obstructions and, in particular, for road verges, which are favoured sites for anti-personnel mines.  It is hoped that the mass production cost will be low enough for the machines to be regarded as disposable items.  The clearance reliability will not be known until many mines have been detonated but we are advised that there is an urgent need for a mine reconnaissance vehicle to reveal the pattern and extent of minefields and so avoid hundreds of man-months wasted on manual clearance of unmined areas.  The Dervish coverage rate would be about one thousand times faster than manual probing and in open areas it may be possible for machines to work through 24 hour shifts.





The survival of wheels, bearings, axles and frame has been demonstrated up to 500 gm charge weights.  Freeze-frame video recordings of the detonation sequence show that all the debris from mines laid at or below the ground surface is thrown at angles more than 45 degrees to the horizontal and so would be clear of engine and control pack.   Tests with a 10 kg charge showed that the scaffolding poles were badly deformed for about 0.5 metres but that the axle, its housing and bearings could be reused.  The wheel was not found.  Radio control of all the engine and hydraulic systems functions correctly.  Parts for three units can be moved in a Thames Transit and can be quickly assembled in the field.  





The critical remaining problems are the development of a navigation system which can give accurate rates of advance in any combination of slope and ground softness so as to remove any chance of ground not being properly swept.  





Previous designs





The first conceptual vehicle used three driven wheels, each with shaft encoders and a cyclical variation of wheel speed to control both the rate of advance and the course.  The machine was not built because of the possibility of wheel slippage greater than the required track separation.  





The second configuration used wheels at two corners of the triangular base and two close spikes at the third corner.  The plan was that one spike would be driven into the ground and the machine would rotate around it for 180 degrees. Then the first spike would be withdrawn and the second inserted to define the centre for a new arc offset from the previous one by the separation of the spikes.  In hard, level ground the spike system would give a single, well-defined track separation.  There would be some uncertainty about the course caused by wheel slippage which would have to be corrected by the operator.  This over-simple idea had shortcomings.   Two wheels plus two spikes do not allow rapid traverse nor remote alteration of track separation.  Furthermore it is difficult to set the spikes close enough for the very small advance rates needed for the 10 mm pressure-plate of the Belgian PRB M35 mine. (Slingsby 1996.)





Tests of the two wheel plus two spike scheme also revealed a problem which should have been, but was not, obvious to us or to critics of the Dervish.  It turned out to be very difficult to steer a vehicle which has no identifiable front back or sides even when the driver was far closer than the distances desirable for mine clearance.  It was easy to forget which way the machine was meant to be advancing and it would have been almost impossible to drive along a second path neatly parallel to a previous one.   





Tests on soft ground revealed the worst feature of the two spike idea. The wheels cut ruts about 20 mm deep.  The amount of force needed to get a wheel out of a rut rises as the ground softness increases while at the same time the amount of force available from a spike reduces.  The machine would advance properly for ten or twenty rotations and then some variation would break up the earth between spike holes and all the spike grip would be lost.  Successive rotations would make things worse as the spikes churned the earth between them.   If we are to work in any ground conditions we must not rely on large ground forces.


 


New specifications





Some very useful discussions with mine clearers (Slingsby 1996)  (Banks and Banks 1997) produced  the following targets :





operation in very soft, uneven, steeply sloped ground, marsh or river bed





a rate of advance which can be set remotely so that the gaps between wheel tracks can be between zero (for very small mines) and 100 mm, with an error of only 5 mm





long term repeatability of tracking and computer logging of areas covered 





remote setting of the smallest overlap between adjacent 8-metre paths without relying on skilled steering or continuous line of sight 





unattended operation in darkness, within unobstructed areas designated by aerial photography





no problems from intervening vegetation  





high speed movement of the machine to and from the middle of a field for refuelling or recovery.





New Navigation Solutions





The new mechanical design reverts to the previous three-wheel Dervish, which we expect to have excellent performance on slopes, a 33% increase in clearance speed and rapid-traverse capability.  Because of the very wide range of conditions, we would like two independent complementary navigation techniques.  One should be a short range method using a local ground reference for precise control of advance rate, but with the minimum or no ground contact force.  The second, long range method should give absolute position control for path overlap.  Ideally the two methods should be usable alone to rescue the Dervish after the failure of the other.  





The preferred long range method discussed here uses a modified high-frequency version of the Decca navigator system to fix the position relative to a set of three local points outside the mine field. 





Before the widespread use of satellite navigation systems, ships used Loran and Decca.  Loran (a British invention mainly used in America and the Pacific) is based on the measurement of the time intervals between pulsed signals from widely separated base stations.  Decca (an American invention mainly used in European waters) uses phase comparison of continuous, unmodulated broadcast waves.   Decca uses all the information all the time and so is in principle extremely accurate.  However it suffers from ambiguities which can be described as like being “in the right pew but the wrong church”.  Resolving these ambiguities makes it rather slow for aircraft use.  Loran suffers less from ambiguities, is fast enough for aircraft use but, being intermittent, is more sensitive to interference and so can sometimes be less accurate.  It needs a wider bandwidth of the radio spectrum and more powerful transmissions.  





The speed of propagation of radio waves in vacuum is an absolute universal constant at just under 300 million metres per second� and so 300 megahertz radio transmission has a wavelength just under one metre. The speed of propagation in air is very nearly constant.  Quite cheap crystal oscillators have a frequency accuracy of a few parts per million and it is not expensive to put a crystal into a temperature-controlled oven and get a stability of well below one part per million. This would be comparable to one millimetre variation at a range of a kilometre. 





A radio receiver with an omnidirectional  aerial cannot distinguish between two radio signals at the same frequency but it is easy to double the frequency of one signal, transmit it and divide the received signal by two so as to get  two separate signals at the same frequency but from two different places.  The phase difference between the two signals can provide accurate information about small changes in the distances to the two transmitters.  





A phase-sensitive detector is a circuit which takes two signals of the same, or two close frequencies and gives an output which depends on their phase difference.  Figure 1 shows some wave forms.  It works best if the amplitudes of the two signals are adjusted to be the same convenient size by an automatic gain control. The circuit multiplies one signal by the other and takes an average of the result.  If the signals are in phase, the positive parts produce a positive output, as also do the negative parts, and so the result is a sine wave at twice the frequency with a steady positive offset.  If one signal is the inverse of the other, ie with a 180 degree phase shift, the circuit multiplies positives by negatives and then negatives by positives so the result is a negatively offset signal, again at twice the frequency.  A low pass filter can block all the high frequency components of the signal to leave the average value of the offset.  If the signals are not at exactly the same frequency then they will run into and out of phase and produce an alternating output from the low-pass filter.  This is used to carry the sound information in a frequency-modulated transmission.  





Figure 2 shows the instantaneous wave fronts from a control and a relay transmitter.  One should imagine the circles continuously expanding, with new ones generated at the transmitters.  Figure 3 shows a second set of lines along which the phase differences of the signals from the two transmitters are constant.  One of these, shown as AA, will be the perpendicular bisector of the line joining the two transmitters, but in general the curves will be hyperbolic.  Figure 4 shows a second set of hyperbolic curves which are the constant phase lines for the transmission between the control and a second relay transmitter.





For navigation the greatest phase precision occurs if the two signals are 90 degrees of phase apart when the output from the low pass filter is zero, independently of errors in the amplitude of the incoming signals.  Small changes of phase caused by movements of the Dervish will produce positive or negative outputs from the low-pass filter. 





For ship navigation we want to keep the signals from the shore-based transmitters as steady as possible and calculate the position of the ship from phase differences.  For the Dervish application we do things the other way around.  We control the Dervish motors to keep the sharply-defined 90 degree phase difference between a signal from, say, the west with respect to a signal from the south. It is necessary to do this twice over to drive the Dervish wherever we want in any direction.  Figure 5 shows the simplified block diagram.  The frequencies shown are purely indicative and will be chosen to comply with the legal requirements of available frequency allocations.





All the control takes place at one point at the edge of the mined area.  This sends two omnidirectional transmissions at say 299 and 301 megaHertz.  These signals are also led to a circuit which adds or subtracts a very small offset of the order of 0.01 Hertz.  There are several ways to do this, suitable for both manual and computer control.  The resulting deviated signals are divided by two and transmitted to the two relay stations at say 149.5 and 150.5 centre frequencies plus or minus 0.005 Hertz deviation for the command.  These lower frequency transmissions can be over a directional link or even a long cable.  The relay stations then multiply the frequencies by four and transmit them to cover the mined area.  This means that the Dervish can separately distinguish four incoming signals at 299, 301, 598, and 602 MHz.  It is important that the secondary transmission from a relay stations should be at a frequency above rather than below the one it is receiving so that we avoid getting a feedback loop from a harmonic of the output getting back into its own receiver. 





Circuitry in the Dervish divides the frequency of the two higher signals by two to bring them back down to the original 299 and 301 MHz but with phase-shifts which depend on the lengths of the transmission paths plus or minus the command phase shift. The final error information comes from low-pass filters driven by the two phase-sensitive detectors.      





The church-pew ambiguity in ship navigation can be turned to advantage in the mine-clearing one. At every crossing point on the two hyperbolic meshes the phase differences are the same and a Dervish will be equally happy.  Other Dervishes placed at other meshes will move in accurate formation in response to the same signals  and so the cost of the transmission equipment can be shared by the whole group.   Most of the required functions of the receiver system are available at very low cost (a few pounds sterling) as complex integrated circuits.  The only difference is that FM discriminators for audio signals do not have to go right down to zero frequency and so do not have to have low-drift outputs.   Neither do they have to be quite so accurate about phase noise at low frequencies.  The broadcast transmission demands a very linear output from the phase-sensitive detector but the Dervish should always be close to the sharply-defined 90 degree positions and so can tolerate non-linearity.   If a Dervish gets stuck or damaged then the increasing error signal from the phase-sensitive detector can be used to send an alarm message back to the operator.





What can go wrong?





Interference





Any of the transmission paths can suffer from interference from lightning or other transmissions which will produce an incorrect error signal to which the Dervish may try to respond.  The paths between the control and the relay stations are static and can use highly directional aerials or even cables.  We could also use directional aerials for the paths to the Dervish provided that the direction can be reset from time to time. The best noise interference rejection feature is that the Dervish cannot respond quickly and so the effective bandwidth of the system is extremely narrow, perhaps only 1 Hz compared to the 3 kHz needed for telephone quality signals or the 20 kHz needed for high-fidelity systems.  The signal-to-noise ratio should fall with the square root of the bandwidth.   The crucial quantity is the measurement of phase noise within the 1 Hz band width. 





Tilt





A navigation system which gives accurate control of the position of an aerial at the highest point of a vehicle will run into trouble when one wheel goes over a hump in the ground because this will move the aerial and introduce a false error signal.  Unfortunately we want a high aerial to get the best signal.  It may be necessary to include a tilt sensor and subtract its output from the error signal.  The model 900 from Inertial Aerosystems resolves to 0.01 degree and costs £220. 





Reflections





The next problem arises from the possible presence of reflecting objects such as metal-clad buildings, abandoned vehicles or even parts of the Dervish structure.  Good electrical conductors act like mirrors for radio waves.  These may distort the phase pattern and so bend the swept path.  This will not matter if adjacent paths are also bent in the same way.   If the reflectors are flat and much larger than the wave length of the radio signal they can produce images of the transmitter, just like an optical mirror.  Some special shapes like parabolas could concentrate energy so that it is locally greater than the incident ray.  Some resonant objects can intercept and retransmit a very large amount of the incident energy.  But, in general, a rough shape which is the same size or smaller than a wave length will reflect energy in proportion to its cross-sectional area.  The parallel incoming rays will reflect as diverging ones with complicated lobes but on average, a fairly even distribution over a wide solid angle.  The radiated power will fall with the square of distance from the reflecting object.  It might be helpful to imagine a person standing in the middle of a large room with dark walls, illuminated by a searchlight which also falls on a sheet of crumpled white paper to one side.  We want the reflections from the paper to be much dimmer than the direct incident beam.  


�
Reflections from many random objects with many random phases will have some chance of cancelling one another with the statistics known to mathematicians as the ‘drunkard’s walk’.  The probable centre of many remains at the desired place but the possible deviation rises with the square root of the number of reflections.   Figure 6  shows the results of adding 20 randomly-phased and randomly-sized reflection vectors with an average amplitude of 5% of the true signal. 





In open agricultural country the reflections from the Dervish itself are the most likely source of trouble.  Most of the structural members are horizontal, or nearly so.  If we use a vertical aerial on the transmitter the horizontal members should reflect only a little and of that the receiver should see only a little.  However the wheels are vertical and may be the worst problem.  We should arrange that none of the Dervish structural members have lengths which match wavelengths or half wavelengths of the radio signals. It may also be possible to borrow Stealth techniques and paint the structure or wrap it in material with a conductivity of 377 ohms per square which greatly reduces reflections by presenting the same electromagnetic impedance as free space.  We are investigating the use of circularly polarised aerials which should reject signals with an odd number of reflections.





The radio wavelengths likely to be of interest are similar to those used for water wave tests in model tanks and it may be helpful to visualise parts of a Dervish frame with incident water waves.  





Frequency availability





In western countries there is stiff competition from many tens of thousands of users for the limited radio bandwidth and there are strict regulations designed to prevent conflict between different transmitters. The problem will not arise in mined regions but we have to use UK air bands during development.  Some frequencies, with low maximum power restrictions, are reserved for such things as cordless telephones, alarms and remote car locks.  These can be used without a license but it may not be easy to find six frequencies in the right relationship.  The UK Scanning Directory (1996) lists over 40,000 VHF and UHF transmitting channels and is an invaluable document for anyone planning pirate transmissions.  We can see which frequencies might merely annoy taxi-firms and which might cause aircraft to land beside their proper runway.  





A surprisingly large amount of the band is reserved for military purposes and as our very narrow bandwidth could fit between their channels we might be able to get honorary military status for Dervish tests, especially as we can reduce power for short ranges.  Experts on the regulations are being consulted.  It seems at present that we should use frequencies a little lower that the ones suggested above so as to avoid the television frequencies, which start at 470 MHz.  A test and development licence can be obtained for use in the UK for £150 provided that no objections are raised by other users.





More problems from radio experts here please…….





  �
Orientation





Even professional engineers and mathematicians find it much harder to understand rotating mechanisms than translating ones.  The Dervish is a particularly difficult case because everything is rotating and, unlike any other wheeled vehicle, it can move sideways just as easily as forwards.  It is a help to postulate the existence of a central, non-rotating body with an identifiable front and heading direction which can be a reference for rotations of the main structure.  This might be a real part such as a hinged trailing boom with a castor wheel or a virtual body consisting of data in a computer register.  The front of the central body points in the direction of movement of the Dervish, which may or not be the one intended.  Information about translation errors must ‘go through’ this central body before the Dervish can tell which wheel needs more or less drive.





Mathematicians and navigators have adopted opposite conventions for defining angles and headings.  In this paper we use the navigators’ convention and define the normal direction of rotation as being clockwise, seen from above with North being zero degrees.  Anti-clockwise rotation may be needed for extricating a Dervish from an awkward situation.





Figure 7 is a polar plot summarising the wheel functions through the cycle.  At any one time there must always be two wheels ‘on duty’ for control of the translation errors.  One will be in charge of the advance rate along the intended track and one in charge of cross track left/right position.  A wheel will assume control of advance when the frame rotation brings it to within 30 degrees of the normal to the track line and give up control when it has moved 60 degrees.  If it is in the left sector then extra advance will need more oil sent to the wheel motor.  If it is in the right sector, extra advance will need less oil.  Similarly more oil sent to whichever wheel is in the forward sector will move the machine to the right.  Each wheel will therefore serve four tours of duty per revolution each lasting for 60 degrees, two for advance rate and two for cross-track correction.   The sensitivity of the control is at a maximum value when the wheel is in the centre of its duty cycle but, as the cosine of 30 is 0.866, the effect is only 13% less at the beginning and end.  





To change course it will be necessary to imagine that the central body has been lifted from the ground and rotated to point in the new direction so that all the future sector allocations of the drive wheels are rotated too.  If the central body is a virtual one consisting of a number in a computer register then this will just be an addition or subtraction of the new angle.  Navigation therefore requires knowledge of two azimuth angles, one the chosen course of the Dervish and the other the instantaneous angle of the frame relative to that course.  Both angles have to be updated.  Errors of even 10 degrees are acceptable because they will soon show up as a translation error.





The problems of getting this angle information in rough and ill-defined terrain are easier than those of getting absolute translation information but are still non-trivial.  Shaft encoders can be built into each wheel axle housing.  Most commercial ones are intended for more gentle conditions than the Dervish axles but we can use eddy current sensors close to saw cuts in the rim of a steel washer on the axle shaft.  The RS 633-458  at £45 worked well in the two-spike tests with 60 counts per wheel revolution giving 2400 counts from three wheels for a Dervish frame rotation.  This is more than sufficient for sector allocation.





The information may be corrupted by wheel slippage, ground undulations and mine craters, all of which give extra counts but the toothed wheels seem to behave fairly well even in soft ground and the data may be usable for crude course setting if translation correction is available to correct the errors.  Wheel slippage would be lower if we fitted shaft encoders to three extra unpowered wheels  on compliant mountings between the three driving wheels.   These could also increase the clearing rate, perhaps by a factor of two, without a doubling of the cost but with a slight increase of the chance of getting a wheel stuck in a crater.





Another possible method also measures wheel travel but uses an X band radar Doppler module mounted on the sloping top of the axle body sending a beam of microwaves down to the ground at an angle of 45 degrees.  Some of the microwave energy is reflected back with a Doppler shift depending on wheel velocity.  If this is mixed with the outgoing signal the difference will be an audio signal measuring the component velocity.  A possible microwave module, available from RS at £50, is the RS 8960 which has a nominal frequency of 10.7 GHz.  At 2 metres per second and 45 degrees depression angle the Doppler frequency for reflections from straight ahead would be just over 100 Hz.  We can usefully double this by fitting a second unit looking backwards and double it again by counting both positive and negative-going crossovers.  With both techniques in use, three wheels should count about 12000 pulses in a revolution.  Unfortunately the width of the 8960 beam is rather large and so there will be some returns from the side lobes.  We have to expect a messy spectrum of audio containing lower frequencies with quite a lot of amplitude variation.  It may be possible to process this so as to highlight the highest frequency spike.  An alternative horn aerial can produce a narrower beam but presents a larger blast target.  Doppler radar is used very successfully for navigating aircraft and makes them entirely independent of ground transmissions.  It has also been used for agricultural applications.





There is also a range of affordable electronic compasses which give a frequency output related to the earth’s magnetic field.  This may be distorted locally by the steel of the structure which may retain some permanent magnetism after the shock of an explosion, and so they would have to be mounted rather high above the structure at greater risk from blast debris.   





We can get an absolute angular fix relative to any of our own or other radio transmitters either by looking for a null in the output of a loop aerial rotating with the Dervish frame or by looking for a phase difference between two aerials.  This would be subject to reflections just like the Decca system but with less damaging effects.





Static light beacons with characteristic modulation frequencies are used for industrial robots.  A narrow-angle optical receiver revolves about a vertical axis and gets signals from each beacon once per revolution.  With two beacons it is possible to get position and angle.   Unfortunately the sensors may lose signal from trees and dips in the ground.





Finally there are some exotic techniques using interference between light beams which have gone opposite ways round fibre optic loops.  These were initially very expensive but are attractively rugged.  They would work well in a totally isolated compartment sealed from water and explosions.  It may be possible to produce much cheaper versions.





Any of the absolute angle settings can be used to reset the calibration of a local ground-based angle sensor to improve its performance.





�
Making use of the navigation data





The hydraulic motors used for Dervish wheel drive are admirably compact and have enough torque to climb up a vertical cliff or out of a mine crater.  However there are some complications about conrtolling them with the precision needed for fine advance rates and with the small cyclical variation of speed needed by the Dervish. 





If we connect hydraulic motors in parallel to a single hydraulic pump then the oil will flow to whichever wheel is doing the least work.  This means that the speeds will be widely different.





If we connect three motors in series to a single pump, leakage of the upstream motor will divert oil and so reduce the speed of the later ones.  There may also be problems if all motors have to exert maximum torque at the same instant, because their pressures are additive.  





If we connect each motor to its own pump we still cannot ensure exact speed matching because of variations of volumetric efficiency and also we have to pay for two extra pumps.  There are pump designs which can change their displacements by the mechanical variation of the angle of a swash plate but these are all far more expensive than plain gear pumps and very inconvenient to interface to electronic systems.  A new design of electronically controllable pump is under development but will not be ready for the first Dervishes.





The final problem is that we have to take data from two error signals (advance and left/right) and use these to control three motors which are sequentially swapping their functions as shown in figure 7    above.  





The preferred system uses hydraulic valves which can split the flow from one oil pump into two accurate fractions or combine two flows so as to keep them in chosen proportions. (See for example the 2CFD range from Integrated Hydraulics.)  The proportions of flow are maintained over a reasonable range of total flow and are most accurate if the loads are at similar pressures and the valves near the top of their flow rate.  They work by passing each flow fraction through an orifice chosen to produce a pressure drop of about 20 bar and applying the two resulting pressure drops to opposite ends of a spool valve.  If the pressures on the spool ends are different, it moves so as to correct the difference and this movement varies the size of the outlet ports.  By changing the orifice or the diameter of the ends of the spool we can get any chosen ratio of flow splitting.  The Dervish needs one valve with equal fractions and two valves, labelled M and N, which have a 2:1 splitting ratio.





In figure 8 we see oil going from one pump to three motors A B and C.  The outlet from B goes to the combining port of the 50:50 splitter from where the two fractions go to the smaller of the fractional ports of two other splitters, M and N.  The outputs of motors A and C go to the larger fractional ports of M and N and their combined flows are returned to tank.   If all the valves are accurately made, all motors will get the same flow of oil and the Dervish would rotate about one point with no advance.





However it is possible to make minor changes in the dividing ratio of M and N by applying a force to the control spool in addition to the pressure-force from the orifice flow-sensors.  From the Integrated Hydraulics data we can see that the 20 bar pressure drop across the splitter valve is acting on a spool of about 10 mm diameter, giving a maximum force of 157 Newtons.   We need to tweek the dividing ratios by quite small fractions, only 1 to 5 %, so the forces are well within the range of moving coil actuators.





Let us now examine how the three motors can be controlled by two error signals.   All the oil delivered by the pump must go somewhere so if one motor gets more others must get less.  We define a positive current in M or N as increasing the larger fraction.  If we do this to M but leave N unaffected then motor A will get more and so motor B will be able to send less through valve M.  However because the 50:50 splitting ratio is constant the amount that B sends to valve Q will also be less.  Further, as M has to keep to its 2:1 ratio the flow it will accept from motor C will be less.  The effects are as follows :





A 1% increase in M gives a 2% increase in the flow of A and 1% reductions in both B and C. 





A 1% increase in both M and N gives a 1% increase in both A and C but a 2% reduction in B.





A 1% error in the splitting ratio of the 50:50 valve on the outlet of B has no effect on B but changes A and C by 1% in opposite directions. 





The speeds of the motors times the diameters of their wheels will be in proportion to their individual distances from the centre of rotation.  Any initial error in splitting ratios of the flow control valves merely changes the nominal rotation point of the Dervish. 





Clearly we can use these results to achieve the desired cyclical speed variations.  Because the costs  of electronic logic are so far below those of hydraulic switching we can perform all the changes on the electronic side of the amplifiers driving the coils of M and N.  These amplifier inputs have to change both their polarity and source through the rotation cycle as shown in figure 9.  





The circuit diagram to achieve this is shown in figure 10. This has 3 electronic switches each with 12 positions which are advanced together by one step for each 30 degree rotation of the Dervish as measured by the orientation sensor.  The drive coils of the flow splitters are connected in sequence to either positive or negative versions of the error signals ADV and L/R.  The central switch controls the B motor so it sends inverted versions to both M and N flow splitters.





We can achieve a rapid traverse by adding three more valves which connect any two motors directly to the return line.  The action of the splitter valves will shut off the flow to the third motor and so the Dervish will rotate about the contact point of the locked wheel.   After 180 degrees of Dervish rotation we would change motor pairs so as to rotate about the next wheel.


�
Loran Control


 


If the reflection problem is too bad for the Decca system it might be possible to use a miniature version of a modified Loran.  The geography of the control and relay transmitters could be the same  as the Decca system.  The control transmitter would choose times for the transmission of pulses to the relay transmitters and directly to the Dervish so that all pulses arrived simultaneously if the Dervish was in the required place.  Decisions would be made on the basis of the first pulses to be received.  Signals arriving from more distant reflecting objects would be ignored.  





Each pulse would consist of  a burst of some tens of cycles of the highest convenient frequency. The receivers would have to decide when the rather ill-determined front of the pulse arrives before reflections reach the aerial.  The instantaneous power from the transmitters would have to be much higher than for Decca and the pulse spreads energy across a wider part of the radio spectrum than the Decca transmission so that signals would be much more of a nuisance to users of nearby frequencies.  In the full scale Loran C, which works over nearly 2000 km, the peak power is one megawatt later increased to five.  To achieve the resolution of one metre, just acceptable for track-width control, we need to measure times to 3 nanoseconds which is possible but not cheap.  However there seems to be no chance of  affording the millimetre resolution needed to control advance.  Furthermore we cannot use the same master control signal to drive a formation of machines. 





Loran comments here please……………





Satellite Global Position Systems





Global positioning systems (GPS) take a complex coded signal from several satellites.  The original military version was designed for artillery fire control and is accurate to about 5 or 10 metres anywhere in the world.   The signals can also be used freely by civilians but are deliberately scrambled to increase the error to between 100 to 300 metres according to the mood of the US Defence Department.  Only authorised military sets can decode the scrambled signal.  However if we have a second static GPS receiver we can measure the current scrambled signal and send a correction to other nearby receivers so as to give them an improved accuracy relative to the stationary one.  This corrects for tidal effects and vibrations of the earth caused by seismic activity.  





Telecom Designs (1997), a UK distributor of GPS equipment, claim that this differential method can give a resolution down to 20 mm, much better than needed for cross-track settings and nearly good enough for controlling advance rates. Their claims are far better than the results of an evaluation of five GPS systems done by Byrne and  reported by Borenstein (1996).  They also claim that their equipment has been used on racing cars and would not be disturbed by the Dervish velocity.  However a system to do this would, in June 1977, cost £17,000 which is too much.  However the cost of GPS equipment is falling rapidly and an unboxed, low-precision board is available now for only £132. 





The drive commands to the Dervishes could in principle be included in the differential correction signal but this would be much more difficult than phase additions in the Decca system.  The absolute position data generated will be very useful for keeping records of areas swept.








�
Conclusions





Despite the ground softness problem we learnt a great deal from the two-spike machine and it was fortunate that we ran into very soft ground as early as we did.  However it will be necessary to extend the range of ground softness and slope.





Rotating vehicles with no obvious orientation marks are very difficult to control by line of sight to the precision needed for parallel sweep paths.  We must reduce the level of operator skill. 





The blast tests with electrically fired charges show that we have good designs for wheels, shock absorbers, bearings, axle bodies and frame structure.  All fast debris from the explosion of ground-laid mines is thrown above the vulnerable parts of a Dervish.





The Decca system may be accurate to a few millimetres provided that phase noise is low enough and that there are no problems from reflections. The high-frequency Decca system will give absolute control over large distances and time scales and will also allow many units to operate in formation from a single control transmission.   





Loran is less affected by reflections but is less accurate and more obtrusive.  It would be considerably more expensive than Decca, especially if the latter can use the mass-produced FM receiver chips.





The most accurate satellite-based GPS systems are at present not quite accurate enough for controlling advance and at present are much too expensive.  However, given the precision they can achieve from 20,000 km, the prospects for a local Decca method are quite encouraging.   Lower precision GPS will give a valuable record of the areas swept and resolve the church-pew ambiguities of the Decca system. 





A practical combination would be a local Decca system using shaft encoders in the axle housings for the relatively crude orientation needed for valve sequencing, backed up by a low ground-force trailing wheel for setting advance rate.  
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