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CHAPTER 5Sensors
 The primary autonomous sensing methods available to the modern civil airliner are:
 � Air data.� Magnetic.� Inertial.� Radar sensors.
 Each of the on-board sensor families have their own attributes, and associated strengthsand shortcomings. A modern system will take account of these attributes, matching thebenefits of one particular sensor type against the deficiencies of another. On-boardautonomous sensors are also used in conjunction with external navigation aids andsystems to achieve the optimum performance for the navigation system. As will beseen, the capabilities of modern integrated navigation systems blend the inputs ofmultisensor types to attain high levels of accuracy that permit new navigation andapproach procedures to be used. Indeed, in the crowded skies that prevail today, suchhighly integrated systems are becoming essential to assure safe and smooth traffic flow.
 Air dataAir data, as the name suggests, involve the sensing of the medium through which theaircraft is flying. Typical sensed parameters are dynamic pressure, static pressure, rateof change in pressure, and temperature. Derived data include barometric altitude(ALT), indicated airspeed (IAS), vertical speed (VS), Mach (M), Total Air Temperature(TAT), and True AirSpeed (TAS). Static Air Temperature (SAT) is derived. The simplestsystem provides ALT and IAS as a minimum, but modern jet aircraft require Mach, VS,maximum operating speed, Vmo, maximum operating Mach, Mmo, SAT, TAT, and TASto satisfy the aircraft requirements. The evolution of the high-performance commercialand business jet aircraft of today, together with an increase in traffic on congested
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routes, has significantly influenced the design of the air data system in the followingways:
 � By extending the dynamic range of the sensors involved with higher altitudes,higher airspeeds, and greater temperatures.
 � By increasing the use of air data on-board the aircraft, not just for navigation but forengine control, flight control, and a whole range of other aircraft subsystems.
 � The adoption of higher cruise altitudes has introduced a more severe environmentfor equipment located outside the pressurized cabin. Increasing complexity, density,and functional requirements have also led to more complexity within the cabin.
 � Demand for reduced vertical separation minima requires higher accuracy of heightsensing and methods of maintaining height within strict limits.
 Air data pressure parameters are sensed by means of pitot static probes and staticsensors as shown in Fig. 5.1. Dynamic pressure is the head of pressure created by theforward movement of the aircraft during flight. The dynamic pressure varies accordingto the square of the forward velocity of the aircraft. Static pressure is the local pressuresurrounding the aircraft at a given altitude and may be used to determine the aircraftaltitude. Static pressure may be measured by means of ports in the side of the pitotstatic probe or by means of static ports in the side of the aircraft skin. The exactrelationship between these parameters is shown later.
 There are several types of error that affect these static pressure sensors. To avoiderrors when the aircraft yaws and errors due to changes in the aircraft angle of attack,static ports are located on both sides of the aircraft. There is inevitably some errorassociated with the less than ideal positioning of the static ports � this is known as�static source error� and will need correction as described later.
 Temperature sensing involves positioning a probe in the airflow and sensing thechange in resistance associated with temperature (see Fig. 5.2). Outside AirTemperature (OAT) affects aircraft performance in a number of ways. During take-offit directly affects the thrust available from the engines and the lift due to air density,both of which can significantly affect the aircraft take-off distance and operational
 Civil Avionics Systems102
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margins. In the cruise, engine performance and fuel consumption are affected, and TATneeds to be calculated. In adverse weather, SAT indicates the potential for icing, whileTAT is closer to the leading edge temperature and is more indicative of icing accretion.The OAT has to be corrected to represent SAT or TAT.
 Both pitot and total temperature probes are susceptible to icing and so are equippedwith heating elements to prevent this from happening without affecting the accuracy ofthe sensing elements. Since the blockage of a pneumatic pipe will lead to erroneous airdata, the correct operation of the heating element needs to be continuously monitored.
 In a basic air data instrumentation system, the combination of sensed pitot and staticpressure may be used to derive aircraft data as shown in Fig. 5.3. By using the capsule
 Sensors 103
 Fig. 5.2 Totaltemperature probe
 Total
 Temperature
 Airflow
 Aircraft Skin
 Total Temperature
 Probe
 Heater
 Sensor
 Element[resistance proportional
 to temperature]
 Fig. 5.3 Use of pitotand static pressure toderive simpleindications
 Chapter 5 25/11/02 11:12 am Page 103

Page 6
                        

arrangement shown in Fig. 5.3, dynamic pressure is fed into the capsule while staticpressure is fed into the case surrounding the capsule. The difference between these twoparameters, represented by the deflection of the capsule, represents the aircraft airspeed.This permits airspeed to be measured.
 In the centre capsule configuration, static pressure is fed into the case of theinstrument while the capsule itself is sealed. Here, capsule deflection is proportional tochanges in static pressure and therefore aircraft altitude. This allows aircraft barometricaltitude to be measured. A typical aircraft altimeter is shown in Fig. 5.4. In thearrangement shown in the right of Fig. 5.3, static pressure is fed into the capsule. It isalso fed via a calibrated orifice into the sealed case surrounding the capsule. In thissituation the capsule deflection is proportional to the rate of change in altitude. Thispermits the aircraft rate of ascent or descent to be measured.
 Originally, the portrayal of aircraft airspeed, altitude, and rate of change in altitudewas accomplished using discrete instruments: airspeed indicator, altimeter, and VerticalSpeed Indicator (VSI). In these simple instruments any scaling required wasaccomplished by means of the mechanical linkages.
 Determination of altitude from pressure measurements is based upon a standardatmosphere in which pressure, density, and temperature are functions of altitude. Thealtitude resulting from these calculations is called the pressure altitude and representsthe altitude above sea level under these standard atmospheric conditions. As a standardatmosphere rarely exists, certain steps are necessary to establish other useful andreliable operating datums for aircraft altitude and height. The particular example of analtimeter shown in Fig. 5.4 has a combination of rolling digits in the centre of thedisplay, together with a pointer display, with increments of 100 ft, but there are manyother portrayals and many varied display profiles exist. The barometric set knob at thebottom right allows various static datums to be set; the reason for this is describedbelow.
 Figure 5.5. defines the basic criteria for the various altimeter and height settings:
 � Altitude or QNH is defined as the barometric height between the aircraft and meansea level (MSL). Therefore, an altimeter with a QNH setting indicates the heightabove mean sea level.
 � Elevation relates to the height of a particular feature � in this case the height of anairfield above sea level. This is geographically fixed such that the height of theairfield will be fixed in relation to sea level.
 � Height or QFE relates to the height of the aircraft above a particular feature
 Civil Avionics Systems104
 Fig. 5.4 Typicalmechanical altimeter
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(airport). An altimeter with the QFE correctly set will read zero at the appropriateairfield.
 � Above a transition altitude, which depends upon the country and the height of thelocal terrain, all aircraft altimeters are set to a nominal Standard Altimeter Setting(SAS) of 29.92 inHg/1013.2 mbar (see Fig. 5.5.), which ensures that all thealtimeters of aircraft in a locality are set to a common datum and therefore altitudeconflicts due to dissimilar datum settings may be avoided. Above the transitionalaltitude, all aircraft altitudes are referred to in terms of Flight Levels (FLs) to reducefurther ambiguity.
 The importance of these definitions will become more apparent in later sections whenReduced Vertical Separation Minima (RVSM) and autoland Decision Height (DH) andDecision Altitude (DA) criteria are described.
 As aircraft systems became more complex and more sophisticated propulsion andflight control laws were adopted, the number of systems that required air data increased.Therefore, the provision of air data in various aircraft navigation, flight control, andother subsystems required a more integrated approach. The computation tasks involvedthe following:
 � Conversion of the sensed parameters into a more useful form, e.g. static pressure interms of millibars or in inches of mercury into altitude (in feet), and dynamicpressure in inches of mercury into airspeed (in knots).
 � Combination of two or more parameters to obtain a third parameter, e.g. airspeedand altitude to obtain Mach, or Mach and temperature to obtain true airspeed.
 � To correct for known errors as far as possible.
 This led to the introduction of one or more Air Data Computers (ADCs), whichcentrally measured air data and provided corrected data to the recipient subsystems.
 Sensors 105
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This had the advantage that, while the pilot still had the necessary air data presented,more accurate and more relevant forms of the data could be provided to the aircraftsystems. Initially, this was achieved by analogue signalling means, but with theevolution of digital data buses in the late 1970s, data were provided to the aircraftsubsystems by this means, notably by the use of standard ARINC 429 data buses. Thefunction of an air data computer is to provide the outputs shown in Fig. 5.6. The unitcontains the capsules necessary to measure the raw air data parameters and thecomputing means to calculate the necessary corrections. In earlier implementations,analogue computing techniques were utilized. With the advent of cost-effective digitalprocessing, together with low-cost digital data buses, alternative methods ofimplementation became possible. The most effective combination of ADCs is theTriple Air Data System (TADS) which allows a majority voting technique to be used toisolate failures and use the best available information.
 Airspeed measurements in the ADC are derived according to the computationssummarized in Fig. 5.7 and described below:
 1. Indicated Airspeed. IAS is the parameter proportional to pitot minus static ordynamic pressure and is directly related to the aerodynamic forces acting on thewings (lift) and control surfaces. IAS is therefore very useful for defining aircraftaerodynamic performance and structural limitations. Mach number is derived froma combination of IAS and altitude and is expressed as a ratio of the aircraft speed tothe speed of sound at that particular altitude. Typical reference speeds based uponIAS or Mach are listed below:
 Civil Avionics Systems106
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Vstall = aircraft stall speed Vrotation = aircraft rotation speed Vgear extend = aircraft gear extension maximum Vflaps extend = aircraft flaps extension maximum Vmaximum operating = aircraft maximum operating speed Mmaximum operating = aircraft maximum operating Mach number
 These reference speeds are declared in the aircraft operating manual. They are usedby the aircrew to operate the aircraft within its structural and performancelimitations for continued safe operation. For crucial limiting speeds placards willbe placed at prominent positions on the flight deck.
 2. Computed airspeed. Computed airspeed is the IAS corrected for static pressureerrors. It is not used as a parameter in its own right but is used as a basis for furthercorrections and calculations.
 3. Calibrated airspeed (CAS). CAS is the computed airspeed with further correctionsapplied for non-linear/square law effects of the airspeed sensing module.
 4. Equivalent airspeed (EAS). EAS is achieved by modifying CAS to allow for theeffects of compressibility at the pitot probe, thereby obtaining corrected airspeed forvarying speeds and altitudes.
 5. True airspeed. The most meaningful parameter relating to navigation is TAS. TASrepresents the true velocity of the aircraft in relation to the air mass and in still air
 Sensors 107
 Fig. 5.7 Derivation ofairspeed parameters
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would be representative of the aircraft speed over the ground (groundspeed). TASis calculated from Mach using SAT. In practice, the air mass is seldom stationaryand is almost always moving with reference to the ground, and one of the primaryfunctions of the navigation system is to make the necessary allowances.
 Typical parameters provided by an ADC are:� Barometric correction.� Barometric corrected altitude.� Altitude rate.� Pressure altitude.� Computed airpeed.� Mach number.� True airspeed.� Static air temperature.� Total air temperature.� Impact pressure.� Total pressure.� Static pressure.� Indicated angle of attack.� Overspeed warnings.� Maximum operating speeds.� Maintenance information.
 Other air data parameters of interest included the Airstream Direction Detector (ADD).This measures the direction of the airflow relative to the aircraft and permits the angleof incidence � also referred to as angle of attack � to be detected. Typically, thisinformation is of use in the flight control system to modify the pitch control laws or ina stall warning system to warn the pilot of an impending stall. A typical airstreamdetection sensor is shown in Fig. 5.8.
 The small bore pneumatic sensing lines associated with routing the sensed pitot orstatic pressure throughout the aircraft posed significant engineering and maintenance
 Civil Avionics Systems108
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penalties. As the air data system is critical to the safe operation of the aircraft, it wastypical for 3 or 4 or more alternative systems to be provided. The narrow bore of thesensing lines necessitated the positioning of water drain traps at low points in thesystem where condensation could be drained off, avoiding the blockage of the lines asa result of moisture accumulation. Finally, following the replacement of an instrumentor disturbance of any section of tubing, pitot�static leak checks were mandated toensure that the sensing lines were intact and leak-free and that no correspondinginstrumentation sensing errors were likely to occur.
 Correct flight instrumentation interpretation relating to air data derived is paramountto safe flight, though a number of accidents have occurred where the flight crewmisinterpreted their instruments when erroneous data were presented. Reference (1)gives a good overview of how to understand and counter these effects. Angle of attackmeasurements and the associated display data have been used in the military fightercommunity for many years; reference (2) outlines how to get the best use of thisparameter in an air transport setting.
 The advent of digital computing and digital data buses such as ARINC 429 meantthat computation of the various air data parameters could be accomplished in Air DataModules (ADMs) closer to the pitot�static sensing points. Widespread use of theARINC 429 data buses enabled these data to be rapidly disseminated throughout all thenecessary aircraft systems. Now, virtually all civil transport aircraft designed within thelast 15 years or so have adopted the air data module implementation. Figure 5.9 showsa modern air data system for an Airbus aircraft, while Fig. 5.10 shows a typical ADM.
 The Airbus system comprises three pitot and six static sensors. Pitot sensors 1�3and static sensors 1 and 2 on each side of the aircraft are connected to their own air datamodule. Each of these seven air data modules provides pitot or static derived air datato the display, flight control, and navigation systems, among others. Static sensors 3 oneach side are connected to a common line and a further air data module. Pitot 3 and thecombination of the static 3 sensors are also used to provide pitot and static pressure tothe aircraft standby airspeed indicator and standby altimeter.
 Air data are generally regarded as accurate, but in the longer term rather than theshort term. The fact that air data sensing involves the use of relatively narrow boretubing and pneumatic capsules means that there are inherent delays in the measurementof air data as opposed to some other forms of air data. The use of ADMs situated closeto, or integrated into, the probes will reduce such errors, as well as eliminatingcondensation and icing with consequent maintenance benefits.
 Sensors 109
 Chapter 5 25/11/02 11:12 am Page 109

Page 12
                        

Magnetic sensingThe use of the Earth�s magnetic field to sense direction and the use of north-seekingdevices to establish the direction of magnetic north for the purposes of navigation is oneof the oldest forms of sensor. The location of a magnetic sensing device � called a fluxvalve � is usually in the outer section of one of the aircraft wings, well clear of anyaircraft-induced sources of spurious magnetism. As may be seen in Fig. 5.11, the axisof the Earth�s magnetic field may be considered to be analogous to a simple bar magnet.This magnetic dipole has its field lines originating at a point near the south pole andterminating at a point near the north pole, but the field is skewed from true geodeticnorth by ~11.5�.
 The Earth�s field lines enter the earth at a considerable angle to the local horizontalplane, and this angle is called the magnetic angle of inclination (magnetic dip). In theUnited States and Europe this angle is around 70�. The Earth�s magnetic field, H, is thevector sum of components Hx, Hy, Hz measured in the orthogonal axis set shown in Fig.5.12, where the angles of inclination and declination are shown.
 The Hx and Hy components, which are in the local horizontal plane, are used todetermine the compass heading with reference to the north magnetic pole. However,allowance has to be made for the fact that the magnetic and geodetic poles do not
 Civil Avionics Systems110
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coincide, and also for the fact that there are considerable variations in the Earth�smagnetic characteristics across the globe. These factors are measured and mappedacross the globe such that the necessary corrections may be applied. The correctionterm is called the angle of declination (magnetic variation) and is a corrective angle tobe added to/subtracted from the magnetic heading to give a true (geodetic) compassheading. Positive angular declinations represent easterly corrections, while negativeangles represent westerly corrections. These corrections are measured, charted, andperiodically updated. Figure 5.13 shows the variation in declination from the worldmagnetic model for 2000, published by the British Geological Survey in conjunctionwith The United States Geological Survey [see reference (3)].
 Perhaps easier to understand is a simplified North American map of declinationderived a few years previously (Fig. 5.14). In this figure it may be readily noted thatdeclination for the northeastern US seaboard in the vicinity of Boston would be in theregion of 14� west (minus 14�), and the corresponding correction for Seattle on thenorthwestern US seaboard would be 20� east (plus 20�). When the flight time of
 Sensors 111
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~ 4.5�5 h for a typical modern airliner between these points is considered, themagnitude of the change in declination (variation) may be appreciated.
 Early-generation flux valves were commonly gimballed in two axes to allow adegree of freedom in pitch and roll but were fixed in azimuth. More recently, three-dimensional solid-state magnetic sensors have become available, which offer astrapdown sensing capability that can fit within the footprint of the existing gimballeddesign. Figure 5.15 shows the Honeywell HMR2300 strapdown sensor which canresolve the magnetic field into X, Y, and Z components.
 Magnetic sensing therefore provides a very simple heading reference system thatmay be used by virtually all aircraft today, although, in transcontinental andtransoceanic aircraft, inertial and Global Navigation Satellite System (GNSS)navigation methods are likely to be preferred. In general aviation aircraft of limitedrange and performance it is likely to be the only heading reference available. This typeof system was commonly used for navigation until the late 1960s/early 1970s, wheninertial platforms became common, and it is still in use for many general aviationaircraft.
 Civil Avionics Systems112
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Magnetic Heading Reference System (MHRS)The magnetic sensor or flux valve described earlier will provide magnetic heading and,when combined with a Directional Gyro (DG), which provides an inertial headingreference, can provide a Magnetic Heading and Reference System (MHRS) as shownin Fig. 5.16. The flux valve and DG provide magnetic and inertial heading respectivelyto the magnetic heading and reference system. According to the heading mode ofnavigation being used, either magnetic or true (inertial) heading may be selected anddisplayed on the aircraft heading displays. The system includes a compensationelement to provide the necessary corrections as the system encounters differingmagnetic field conditions.
 The outputs from the MHRS may be fed to a Radio Magnetic Indicator (RMI), to aHorizontal Situation Indicator (HSI) to provide display of heading information, or to theaircraft autopilot/flight director system either by synchro or ARINC 429 data buses.
 The Collins AHS-3000A is a smaller, lighter, and more reliable Attitude HeadingReference System (AHRS). The advanced AHRS delivers greater reliability than
 Sensors 113
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conventional AHRS, with mean time between failures at greater than 10 000 h. Thesolid-state system has been selected for inclusion on many new airframes as well asretrofit application on existing aircraft.
 Inertial navigation
 Inertial sensingInertial sensors are associated with the detection of motion in a universal (non-earth)referenced set. Inertial sensors comprise:
 � Position gyroscopes.� Rate gyroscopes.� Accelerometers.
 Position gyroscopes
 Gyroscopes are most commonly implemented as spinning masses or wheels tending tohold their position in a space-referenced attitude set. Position gyroscopes or gyros usethis property to provide a positional or attitude reference � typically, aircraft pitchposition, roll position, or yaw position (heading). Position gyros are used in headingand reference systems to provide the aircraft with vital information regarding theaircraft attitude for a range of aircraft subsystems.
 A simple gyroscope may be represented by the simple spinning wheel in Fig. 5.18.The wheel is rotating in the direction shown around the X axis and, once it has beenspun up to its operating speed, will preserve that orientation in space. The degree of�stiffness� of the gyro will depend on its angular momentum, which in turn depends onmass and speed of rotation.In order to preserve the spatial position of a directional gyro, a gimballing system needsto be used as shown in Fig. 5.19. The simple system shown comprises an inner, centre,and outer gimbal mechanism. The vertical pivots between the inner and centre gimbalsallow freedom of movement in rotational direction A. The horizontal pivots betweenthe centre and outer gimbal allow freedom of movement in rotational direction B.
 Sensors 115
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Therefore, if the outer gimbal is fixed to the aircraft frame of axes, the gyroscope willremain fixed in space as the aircraft moves. Hence, pitch, roll, and yaw (heading)attitude may be measured.
 Rate gyroscopes
 The gyro also has the property of precession when an external force is applied.Referring back to Fig. 5.18, if a force is applied to the forward edge on the Y axis(shown by white arrow A), the actual force will not act, as might be imagined, byrotating the Z axes. Instead, owing to the properties of the gyro the force will actuallyact at the bottom of the wheel (shown by black arrow B). This force will cause the gyroX axis to tilt counterclockwise in the direction shown. This property of precessionallows body rates to be sensed.
 Gyroscopes can therefore be used to provide information relating to the aircraftbody rates: pitch rate, roll rate, and yaw rate. These rate gyros use the property of gyroprecession described. When a gyro is rotating and the frame of the gyro is moved, thegyro moves or precesses owing to the effects of the angular momentum of the gyro. Bybalancing and measuring this precession force, the applied angular rate of movementapplied to the gyroscope frame may be measured. This information, together with theattitude data provided by the position gyros, is crucial in the performance of modernflight control or Fly-By-Wire (FBW) systems, as is described in Chapter 9.
 In early systems, gyroscopes were air driven, but later electrically driven gyroscopesbecame the norm. As these were both rotating devices, bearing friction and wear weremajor factors in mitigating against high accuracies. In modern systems the gyroscopesused are likely to be fibre-optic devices. The principle of operation of a Ring LaserGyroscope (RLG) is depicted in Fig. 5.20. The LRG uses laser light in the visible ornear-infrared wavelength to sense angular motion. Using a coherent, highly stable lasersource and a series of mirrors to create a continuous light path, two travelling-wavelaser beams are formed independently, one moving in a clockwise and the other in acounterclockwise direction. When the sensor is stationary in inertial space, both beams
 Civil Avionics Systems116
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have the same optical frequency. When the sensor is rotated around the axisperpendicular to the plane containing the beams and mirrors (shown in the figure),differences occur in the frequency of the two beams. The frequency of each beam altersto maintain the resonance necessary for laser action. The path difference between thebeams is very small (~1 nm = 1 × 10-9 m), and therefore a source of high spectral purityand stability is required; typically, helium neon gas lasers are used.
 The rotational motion is sensed by allowing a small portion of light from each beamto �leak� through one of the mirrors, and the two beams are combined using a prism toform an interference pattern on a set of photodiodes. The frequency difference betweenthe two beams causes interference fringes to move across the detectors at a frequencyproportional to the frequency difference between the beams and hence proportional tothe input angular rate. At a very low angular rate the beams can effectively �lock in� tothe same frequency on account of optical backscattering within the device, and this cancause a dead band effect. This may be overcome by mechanically dithering orphysically vibrating the entire cavity to obviate the �lock-in� condition. Alternatively,four beams of differing frequencies may be used within the cavity, which enables the
 Sensors 117
 Fig. 5.20 Ring lasergyroscope � principle ofoperation
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�lock-in� effect to be overcome. RLGs can offer a performance in the region of 0.001�/hof drift; less complex and cheaper Fibre-Optic Gyroscopes (FOGs) can produce driftrates of the order of 10�/h or more. An example of an RLG produced by Litton is shownin Fig. 5.21.
 Accelerometers
 Accelerometers are devices that measure acceleration along a particular axis. Themeasurement of acceleration can be integrated using computers used to derive aircraftvelocity and position. All accelerometers use the principle of sensing the force on aloosely suspended mass, from which the acceleration may be calculated.
 A common accelerometer used today is the pendulous force feedback accelerometershown in Fig. 5.22. The device is fixed to the body structure whose acceleration is tobe taken (shown as the structure at the right). As the structure and the pendulous armmove, the pick-off at the end of the pendulous arm moves with respect to two excitationcoils. By sensing this movement, a corrective current is applied to the restoring coil thatbalances the pick-off to the null position. As the restoring coil is balanced between twopermanent magnets above and below, the resulting current in the restoring coil isproportional to the applied acceleration � in this example in the vertical direction.Typical accelerometer accuracies may vary from 50 mg (50 × 10-3 g) down to a few µg(1 µg = 1 × 10-6 g).
 Inertial navigationAs for the magnetic sensors, inertial sensors may be arranged such that inertial rates aresensed within an orthogonal axis set as shown in Fig. 5.23.
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Inertial platformsEarly inertial navigation systems used a gimballed and gyro-stabilized arrangement toprovide a stable platform on which the inertial sensors were located. The platform wasstabilized using rate information from the gyros to drive torque motors which stabilizedthe platform in its original frame of axes, independently of movement of the aircraft.Resolvers provided angular information about the aircraft in relation to the platform,and hence aircraft attitude could be determined. A diagram representing a gimballed,stabilized platform is shown in Fig. 5.24.
 The inertial sensors located on the stable platform preserve their orientation in spaceand are
 X accelerometer X gyroY accelerometer Y gyroZ accelerometer Z gyro
 The inertial platform uses a combination of gyros and accelerometers to provide aplatform with a fixed reference in space. By using the combined attributes of positionand rate gyros and accelerometers, a stabilized platform provides a fixed attitudereference in space and, when fitted in an aircraft, can provide information about aircraftbody rates and acceleration in all three axes. Suitable computation can also provideuseful information relating to velocity and distance travelled in all three axes.This is a significant achievement in establishing the movement of the aircraft, but itsuffers a major disadvantage. That is, the aircraft body data are derived relative to areference set in space, whereas to be useful in navigating on the Earth the system needsto be referenced to a global reference set. The development of the Inertial Navigation
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 Fig. 5.23 Inertialreference set
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System (INS) provided the additional computation to provide this essential capability(see Fig. 5.25).
 The inertial navigation system performs a series of transformations such that theinertial platform is referenced to a meaningful Earth reference set. To do this, itperforms the following operations:
 � Aligns the vertical axis (Z axis) with the local Earth vertical.
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� Aligns the horizontal (Y axis) with north: the X axis will now point east.� Calculates movement across the surface of the Earth.� Allows for the Earth�s rotation variation with longitude. To do this, it needs an Earth
 starting point in terms of latitude and longitude.
 The alignment of the INS platform follows power-up and usually takes several minutes.During this process, the orthogonal axis set is aligned with north and local vertical and,by implication, east. The platform initialization is undertaken by the flight crew byinserting the latitude and longitude coordinates provided at the aircraft departure gate.This process is completed before aircraft start-up, and the INS is therefore able toperform calculations deriving vital information regarding aircraft position, velocities,and accelerations throughout the flight. Typical information would include:
 � Three-axis accelerations.� Three-axis velocities.� Present position � latitude and longitude.� Distance along and across track.� Angle of drift.� Time to next waypoint and subsequent waypoints.� Calculated wind speed and direction, etc.
 Inertial systems have the advantage that they are very accurate in the short term � nosettling time is required as for air data. Conversely, inertial sensors have a tendency todrift with time and so become progressively less accurate as the flight continues. Often,the flight crew will use other navigation sensors to update the INS during flight andminimize the effects of this characteristic. As will be seen in other chapters, GPS orother satellite-based systems can be used to provide an automatic periodic correction ofhigh accuracy.
 The advent of digital computers greatly facilitated the ability to undertake thiscomputation. On an aircraft such as a Boeing 747 Classic, three INSs would beprovided and additional calculations performed to establish the best estimate of aircraftposition according to information provided by all three systems.
 Strapdown systemsMany modern inertial systems are strapdown, in other words, the inertial sensors aremounted directly to the aircraft structure and no gimballed platform is required. Theinertial signals are resolved mathematically using a computer prior to performing thenecessary navigation calculations. The removal of the stabilized platform with its manyhigh-precision, moving parts and the use of modern RLG sensor technologyconsiderably increase the system reliability. Strapdown systems are claimed to bearound five times more reliable than their stabilized platform predecessors.
 The Litton LTN-92 strapdown INS was designed to update aircraft from the earlierLTN-72 gyro-stabilized system. The system uses three RLGs, force rebalancedaccelerometers, and three high-speed digital microprocessors to provide an RNP-10(Required Navigation Performance � 95 per cent probability of being within 10 nauticalmiles of estimated position) navigation capability. The units comprising the LTN-92system are shown in Fig. 5.26.
 With the advent of Air Data Modules (ADMs), a combined unit called the Air Data
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and Inertial Reference System (ADIRS) performs all the necessary calculation on airdata and inertial data to provide the navigational information that the aircraft requires.Examples of modern ADIRS systems are addressed in Chapter 8. See reference (4) fora more detailed overview of inertial techniques.
 Radar sensorsCivil aircraft carry a number of radar sensors that permit the aircraft to derive dataconcerning the flight of the aircraft. The principle radar sensors in use on civil aircraftare:
 � Radar altimeter.� Doppler radar.� Weather radar.
 Radar altimeter The radar altimeter (rad alt) uses radar transmissions to reflect off the surface of the seaor the ground immediately below the aircraft. The radar altimeter therefore provides anabsolute reading of altitude with regard to the terrain directly beneath the aircraft �absolute distance above terrain. This contrasts with the barometric or air data altimeterwhere the altitude may be referenced to sea level (altitude) or some other datum suchas the local terrain (height). The radar altimeter is therefore of particular value inwarning pilots that they are close to the terrain and need to take corrective action.Alternatively, the radar altimeter may provide the flight crew with accurate altitude withrespect to terrain during the final stages of a precision approach. Comparison ofbarometric and radar altitude is shown in Fig. 5.27.
 The radar altimeter principle of operation is shown in Fig. 5.28. The oscillator andmodulator provide the necessary signals to the transmitter and transmit antennae whichdirect radar energy towards the terrain beneath the aircraft. Reflected energy is receivedby the receive antenna and received and passed to a frequency counter. The frequencycounter demodulates the received signal and provides a radar altimeter reading to adedicated display (see Fig. 5.29). Alternatively, the information may be presented onan Electronic Flight Instrument System (EFIS). In modern systems, radar altitude willbe provided to a range of systems such as the Flight Management System (FMS), theEnhanced Ground Proximity Warning System (EGPWS), autopilot, etc., as well asbeing displayed directly to the flight crew. Radar altimeters usually operate over amaximum range of 0�5000 ft; the display shown has a maximum reading of 2000 ft.
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Most radar altimeters use a triangular modulated frequency technique on thetransmitted energy as shown in Fig. 5.30. The transmitter/receiver generates aContinuous Wave (CW) signal varying from 4250 to 4350 MHz modulated at 100 MHz
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 Fig. 5.27 Radaraltimeter compared tobarometric altimeter
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(period = 0.01 s). Comparison of the frequency of the reflected energy with thetransmitted energy � F1 versus F2 in the figure � yields a frequency difference that isproportional to the time taken for the radiated energy to return, and hence radar altitudemay be calculated.
 Radar altimeter installations are calibrated to allow for the aircraft installation delay
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which varies from aircraft to aircraft. This allows compensation for the height of theantenna above the landing gear and any lengthy runs of coaxial cable in the aircraftelectrical installation. The zero reading of the radar altimeter is set so that it coincideswith the point at which the aircraft landing gear is just making contact with the runway.
 Doppler radarDoppler radar transmits energy in three or four beams skewed to the front and rear ofthe aircraft, as shown in Fig. 5.31. In this example, a three-beam system is depicted.The beams are also skewed laterally to the sides of the aircraft track. As with the radaraltimeter, Doppler radar depends upon the radiated energy being reflected from theterrain within the Doppler beams. As before, a frequency difference between theradiated and reflected energy carries vital information. Owing to the effects of theDoppler principle, energy reflected from beams facing forward will be returned with ahigher frequency than the radiated energy. Conversely, energy from a rearward facingbeam will have a lower frequency than that radiated.
 In Fig. 5.31, beams 2 and 3 will return higher frequencies where the frequencyincrease is proportional to the aircraft groundspeed, while beam 1 will detect a lowerfrequency where the frequency decrease is also proportional to groundspeed. Thisenables the aircraft groundspeed to be derived. If the aircraft is drifting across track onaccount of a crosswind, then the beams will also detect the lateral frequency differencecomponent, and the cross-track velocity may be measured. Finally, by usingcomputation within the radar, the aircraft Vx, Vy, and Vz velocity components may bedetermined, as may the overall aircraft velocity vector. Doppler radar velocity outputsmay be compared with those from the inertial navigation system, thereby makingpossible a more accurate estimate of aircraft velocities and position.
 Doppler has a number of significant advantages. Velocity is measured directly withrespect to the Earth�s surface, unlike air data systems which derive velocity relative tothe air mass, and inertial systems which are located in an abstract (inertial) referenceset. The equipment used is relatively inexpensive and accurate, and does not need aninfrastructure of ground stations. It does not undergo an alignment process, as needed
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 Fig. 5.31 Principles ofDoppler radar
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by an inertial system, and it can provide accurate data at low speeds, which is veryuseful in helicopter systems.
 Doppler radar suffers from one significant drawback. In certain circumstances theterrain over which the aircraft is flying may not reflect enough energy for the aircraftvelocities to be determined. Such conditions may be presented while flying over anexpanse of water where the surface is very smooth, giving a �millpond� effect.Similarly, flying over snow-covered or glacial terrain may cause the Doppler radar to�lose lock�, and readings may become unreliable. For autonomous dead reckoningnavigation, an external attitude reference source is needed such as an MHRS or theinertial system already described. As for inertial systems, velocity accuracy degradeswith time, and there are obvious consequences for long-term navigation.
 The choice of the depression angle of the Doppler beams is a compromise betweentwo major considerations. The first is high sensitivity to velocity � in terms of Hz perknot � in which lower values of depression give higher accuracy. This has to bebalanced against the fact that, as the depression angle decreases, particularly over wateror other terrain with low radar reflectivity, proportionately less energy is returned.Typical values of the depression angle vary from 65 to 80û depending upon the systemrequirements.
 For typical aircraft systems, the sensitivity of Doppler is 30 Hz per knot of speed.For the forward and aft beam geometries of the type shown in Fig. 5.31 � also knownas a Janus configuration � the horizontal velocity error is of the order of 0.015 per centper degree of error in pitch angle. Doppler may be used in either stabilized orstrapdown configuration, in which case the overall system error will dependrespectively on stabilization accuracy or computational accuracy available.
 Doppler radar was commonly used in the 1960s, but the advent of inertial systemsand more recently GPS means that this technique is little used in the civil transport andbusiness jet systems produced today. Doppler radar is still commonly used onhelicopters.
 Weather radarThe weather radar has been in use for over 40 years to alert the flight crew to thepresence of adverse weather or terrain in the aircraft�s flight path. The weather radarradiates energy in a narrow beam with a beamwidth of ~3� which may be reflected fromclouds or terrain ahead of the aircraft. The radar beam is scanned either side of theaircraft centre-line to give a radar picture of objects ahead of the aircraft. The antennamay also be tilted in elevation by around ±15� from the horizontal to scan areas aboveand below the aircraft.
 The principle of operation of a weather radar is shown in Fig. 5.32. This shows astorm cloud directly ahead of the aircraft, with some precipitation below, and alsosteadily rising terrain. Precipitation can be indicative of severe vertical wind shearwhich can cause a hazard to the aircraft.
 The radar beam (shown in grey) is pointing horizontally ahead of the aircraft withthe antenna in its mid- or datum position and will detect the storm cloud through whichthe aircraft is about to fly. By referring to the weather radar display, the pilot will beable to see if the storm cells can be avoided by altering course left or right. The use ofthe antenna tilt function is crucial. In the example given, if the antenna is fully raised,the crew will not gain any information relating to storm cloud, precipitation, or rising
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terrain. If the antenna is fully depressed, the radar will detect the rising terrain but notthe storm cloud or precipitation ahead. For this reason, many weather radarsincorporate an automatic tilt feature so that the radar returns are optimized for the flightcrew in terms of the returns that are received.
 Most modern weather radars can use Doppler processing to detect turbulence aheadof the aircraft. This is a very useful feature as maximum wind shear does notnecessarily occur coincidentally with the heaviest precipitation. In fact, some of themost dangerous wind shear can occur in clear air with the aircraft flying nowhere nearany clouds or precipitation.
 The radar picture may be displayed on a dedicated radar display or overlaid on thepilot or first officer�s navigation display. Displays are typically in colour, which helpsthe flight crew to interpret the radar data. Displays have various selectable rangemarkers and are usually referenced to the aircraft heading. Separate displays may beprovided for weather or turbulence modes.
 A block diagram of a typical weather radar system is shown in Fig. 5.33. Figure5.34 shows some typical components for the Honeywell RDR-4B weather radar. Thetransmitter operates at 9.345 GHz and the system has three basic modes of operation:
 � Weather and map with a maximum range of 320 nm.� Turbulence (TURB) mode out to 40 nm.� Wind shear detection out to 5 nm.
 The radar antenna is stabilized in pitch and roll using aircraft attitude data from anAttitude and Heading Reference System (AHRS) or inertial reference system. Thepulse width and pulse repetition frequency vary depending upon mode of operation.Useful though the weather radar may be, its usefulness does greatly depend uponinterpretation by the flight crew. As in other areas, the flight crew are unlikely todepend upon the information provided by the weather radar alone, but are likely toconfer with air traffic controllers and take account of status reports from aircraft thathave already flown through the area. Reference (5) gives a more detailed description ofthe operation of a modern weather radar.
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 Fig. 5.32 Operation ofweather radar
 Weather
 Radar
 Display
 Storm
 Cloud
 Terrain
 Antenna
 Tilt
 Chapter 5 25/11/02 11:12 am Page 127

Page 30
                        

References
 (1) Erroneous Flight Instruments, Boeing Aero 8, 1999.(2) Operational use of Angle of Attack, Boeing Aero 12, 2000. (3) The derivation of the World Magnetic Model 2000, January 2000, British
 Geological Survey � Technical Report WM/00/17R.(4) Modern Inertial Navigation Technology and its Application. IEE Electronics and
 Communication Engineering Journal, 2000.(5) Pilot�s Handbook � Honeywell Weather Radar RDR-4B.
 Civil Avionics Systems128
 Fig. 5.33 Typicalweather radar
 schematic
 Transmitter/
 Receiver
 Antenna
 Assembly
 Display
 Control
 Panel
 Transmit
 Receive
 Video
 Fig. 5.34 Weatherradar units �Honeywell
 RDR-4B (Honeywell)
 Chapter 5 25/11/02 11:12 am Page 128


                        

                                                    
LOAD MORE
                                            

                

            

        

                
            
                
                    
                        Related Documents
                        
                            
                        

                    

                    
                                                
                                                                                              
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            CHAPTER 14 ELECTRICAL AND AVIONICS SYSTEMS · ELECTRICAL...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Military Avionics Systems -

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            chapter 12. aircraft avionics systems

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                                                               
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Military Avionics Systems

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            'Digital Avionics Systems Conference ; 22 (Indianapolis...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Avionics-Embedded systems-basic

                                            
                                                
                                                    Category: 
                                                    Education
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                     

                                                
                                                                                              
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Avionics - Systems and Troubleshooting Cap. 6

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Open Systems Integrated Modular Avionics - The Real …...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Connecting Commercial Computers to Avionics Systems

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                                                               
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Integrated Avionics Unit Capabilities - Moog Inc. Avionics.....

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Thales Avionics Electrical Systems Catalog

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            ELEC4504/4906G AVIONICS SYSTEMS ENGINEERING. INTRODUCTION...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                     

                                            

                

            

        

            



    
        
            	Powered by Cupdf


            	Cookie Settings
	Privacy Policy
	Term Of Service
	About Us


        

    


    

    
    
    

    
    
    

    
    
        
    
    















