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The d e sign and developm ent of th e MRCA Autopilot and Flight Dir ec tor Sy s te m (AFDS) is d e scribed. 
Particular r eference is made to the problem of e nsuring flight safe ty in th e low altitude autopilot modes. 
Included are discussions o f design philosophy, system confi guration and control tasks , together with 
hardwar e and software implementation . 

The work described is being carried out by a team comprising Marconi-Elliott A vionics (England) and 
Aeritalia C E A (Italy) p ersonnel; the companies ar e sharing both the dev elopme nt and manufacturing work 
on this project. 

Introduction 

The MRCA Autopilot and Flight Director System (AFDS) is designed to provide automatic control of the 
aircraft in the pitch and lateral planes in a variety of operating m o des. A flight director facility is 
included which provides s i gnals to the pilot's instruments to enable the pilot to monitor the autopilot 
performanc e and to use for flight path guidance if an autopilot malfunction occurs. 

Included in the autopilot facilities ar e an autothrottle which provide s airspeed hold by means of thrust 
control, and pitch auto-trim which continuously controls th e pilot's stick to the pitch trim position . 

The principal means by which th e autopilot co~trols the airc raft is by providing manoeuvre demand 
signals to the Command Stability Augmentation System (CSAS). This is a triple redundant, fly-by-wire 
primary flight control system and th e interface between the Autopilot and the CSAS is an important 
feature of the design. A simplified sch ematic of the system is shown in figure 1. 
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Figure 1 AFDS configuration 
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System Configuration 

The configuration of the AFDS has been l argely constrained by the following requirements: 

(a) It must be capable of providing safe automatic control of the aircraft especially in th e low altitude 
modes. 

(b) Th e flight dir ecto r facil ity should in gen e ral remain available after a s ingl e failure in th e AFDS or 
it s output to th e CSAS ha s caused autopilot control to be disconnected . 

Th e initial requi rement essentially i mplies a 100 % failure d e tec tion probability. Although this fi gure 
could possibly be approach e d in a s impl ex self monitored dig ital processor with an all digital interface, 
difficulties ari se in the area of the analog interfaces in particular with th e CSAS . Th erefore it was 
decided that s i m ilar redundant dupl ex lanes would be necessary for th e autopilot computing. 

The requirement for a fail survival flight director facility meant eith er that a further computing lane 
d e dicated to flight director be provided or , given a high self monitoring capability in t h e dupl ex 
a utopilot computing lanes, a fa ilure of one lane can result in the a u tomatic selection of the good 
a utopilot l ane for the reve rs ionary flight director facility . Figure 2 s how s thi s alternative in diagram
matic form. B y impleme nting this arrangernent with self monitored digital processors, a minimum 
ha r dware s olution has been achieved and thi s has been finally se l ected as the system to be developed. 
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F igure 2 Duplex autopilot with rever sionary flight dir ec tor. 

In addition to th e above-mentioned self m:mitoring capability which could be built into th e digital 
processors, the digital so l ution offered various other advantages com~ared with an anal og so l u tion , in 
particular it has given a flex i bility in con trol law desi gn; i e the possibility of a large d egr ee of indepen
denc e of hardwar e d evelopment and system d evelo pment; this has proved particularly beneficial due to 
th e tight tim e-scal es of the project. Al so, improved computa tional accuracy, has been achi eved 
especially w h en the compl e te temperature range airborne en vi ronment i s considered. 

System Development - Output R edundancy and Cross-monitoring Arrangements . 

Having decided upon th e use of dual redundant digita l processors for th e autopilot com ~uting , th e next 
ques tion was - how to consolidate the pitch and r oll rate demand outputs to th e CSAS and how to pro vide 
acceptabl e flight di r ector, a uto throt tl e and autotri m outputs. 

As regards th e pitc h and ro ll rat e outputs, thes e s ignals a r e nec essarily triplex analog in nature so as 
to be compatibl e wi th the CSAS computing and as the arguments in fa vour of dual redundancy for th e 
digita l processors applies equally to the digital to analog conversion, it was decided that each computer 
should provide analog outputs which c ould then be consolidated by analog crossfeeds to th e other 
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computer, a n d that AFDS Computer 1 should include the necessary tripl ex hardware to consolidate the 
signal s to th e CSAS. Figure 3 shows thi s ou tput con solida tion for the pitch channel; the roll c hannel i s 
i dentical except that triplex averagers are u se d in plac e of the more nose up units. 

AFDS COMPUTER I 

A F DS COMPUTER 2 

Figur e 3 Consolidation of triplex pitch demand outputs 
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In th e pitch channel the analog outputs from each AFDS Computer are taken to "more nose up" (MNU) 
circuits in order that th e d e mand signal to the CSAS will always be the more positive of the two computer 
outputs . This technique is used to effectively eliminate the possible aircraft nose down excursion due to 
failure in one of the computers, allowing fairly long comparison monitor time del ays to be impl emented 
so as to minimise nuisance disconnect problems. In the roll channel the analog outputs from each AFDS 
Computer are averaged b efo r e being taken to th e CSAS. This reduces the disengage m ent transient by a 
factor of two compared w ith the alternative simplex monitored configuration . 

The flight director output to the HUD has been specified as a simplex serial digital transmission channel. 
E ach AFDS Computer contains th e necessary di gital s erialiser hardware to be capable of provi ding the 
interface to th e HUD its elf . In the absence of faults the output to the HUD is taken from Computer 2 . 
Should a fault ,b e d e tected, and located to this com puter , th en th e digital output from Computer 1 is 
automatically selecte d to enable flight dir ector capability to be maintained. The digital output to the HUD 
is also paralleled by dc analog outputs to th e cross pointers of the attitude director indicator . 

The autothrottle system is essentially duplex, except that a single monitored actuator is used to drive 
th e pilots throttl e levers; its essential fea tures are shown in figure 4. 
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computation of the autothrottle control l aws is don e in each compu ter, together with servo model 
monitoring of the actuator output; the actuator consists of an e l ec tromechanical servo (driven from 
Computer 2), e l ectro-magne tic engage / dis engage clutc h , gear trains and th e s lip clutches whose outputs 
interface with th e pilots throttle l evers. 

All active failures are d e tec ted by thi s system and result in th e rapid dis engagement of th e actuator from 
the throttle l evers. 

Pitch a uto - trim is ope rated in all pitch modes of the autopilot, a drive signal generated in 
Computer 2 controlling th e auto-tr i m m.otor so as to maintain the control stick i n th e trimm ed position. 
Incor r ec t operation is d e tec te d by means of monitor ing logi c included in the computers. Figur e 5 shows 
th e dr ive and monitor i ng scheme adopted . 

A pitch s tick position feedbac k loop i s used to enabl e th e transfer of th e total a utopilot d emand s i gnal 
(point A in f i gu r e 5) to the CSAS (point B). It will be seen th a t this s i gnal transfer consists of a s teady 
sta te component prov ide d by th e contro l s tick pick-off vi a th e auto-trim loop, plus th e variations about the 
steady sta te provide d by the direct electric al output to the CSAS. When this output to th e CSAS exceeds 
th e trim drive non-linear ity th reshold, th e au to-trim operates in such a direc tion as to null the a u topilot 
output vi a the stick feedback loop. 

An important fea ture of th e configuration is that th e stick feedback loop not onl y keeps the a utopilot 
output nulled bu t als::> doe:3 not cause any net i r.put to th e CSAS during th e trimming proc es ,l. Therefore 
th e spe ed of the auto-tr im i s determine d only by th e stability of the a uto-trim drive/s tick feedback loo p 
with th e result tha t it can be much fas ter i n operation than, for example , a confi guration which keeps the 
autopilot output null e d by means of th e auto-tr im / CSAS / aircraft loop. Thi s arrangement has quite a 
number of benefits whic h inc l ude the capabili ty of rapid s tick trimming after a turn entr y, and during 
mano e uvres such as terrain following; th ere is also no effect on aircraft fli ght path due to auto-trim 
malfunctions, and inadv ertent s tick application in th e l ow l evel modes can be cancell e d. 
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The input signals to th e AFDS fall into three groups . Firs tly, signals associated with non-critical modes , 
such as barometric height hold, are not redundant or fully monitored and failur e protection is provided by 
mano euvre limits include d in the two comput ers. Th e second group comprises those signals which are 
f ully monitor ed at source, two correct s ignals being sent to the AFDS; exampl es of this type of signal are 
radar h eight signal for radar height hold mode and v er tical acceleration command for terrain following . 
F inally there are a number of inputs wh ere s i gnals from various sources are used and th e monitoring i s 
performed in the AF DS. 
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The fo llowing is a list of these AFDS monitored inputs. 

Input Parameter Form of MonitorinR R e marks 

Pitch Rate Redun.dant sources 
with low authority 

Yaw Rate Duplex synchronisation within 
CSAS. 

Roll Rate 

Bank Attitude Simplex Ine rtial platform data 
Monitored monitored by standby 

Pitch Attitude altitude reference data. 

Dynamic Pressure Duplex Consolidated w ithin CSAS. 

True Air Speed Simplex Air data system monitored 
Monitor ed by derived data from triple 

transducer unit . 

Wing Sweep Duplex From redundant sources, 
via CSAS . 

System D evel opment- Control Laws . 

The control law s defining the system operation of the autopilot and flight direc tor are in general 
implemented digitally, using the identical proces sors contained in Computers 1 and 2 , although certain 
functions, which require a degree of fail survivability , are implemented with tripl ex analog hardware. 
These relate to the interface with the CSAS and are associated partic ularly with the autopilot 
disengagement function . 

It is convenient to consider these control laws in terms of blocks w hich are split into functional sections. 
These functional sections are, in fact, clos ely related to th e computing blocks included in the time-shared 
processor programme cycles , which p erform repeat computations of the selected control laws at a 
fixed iteration rate of about 30 per second. Thes e sections, and their inter - relationship, are shown in 
figure 6 . 
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Figure 6 AF DS computing blocks. 
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The interface between the pitch channel mode computing and output sec tion is always characterised by a 
vertical acceleration demand signal, and the interface between the roll channel mode computing and 
output section is always characterised by a bank angle demand signal. The fo llowing is a brief 
discussion of th e significant featur es of the various control laws at their current state of development. 
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T h e pitch axis output section is shown in figure 7. This computing section includes the processing of the 
incremental vertical acceleration demand input signal into a suitable form for the pitch channel of the 
CSAS (autopilot m.ode), for the HUD and ADI displays (flight director steering and monitoring) and for 
the pitch auto -trim. 
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F igure 7 Block diagram of pitch axis output section 
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It will be not ed that th e incremental ve rtical accel era tion demand signal which is derived in th e mode 
computing sec tion i s r esol ve d into (absolute) normal accel eration demand. An upper normal accel eration 
limit i s introduced to keep the demanded normal acceleration with safe limits . In order to improve th e 
overall matching between th e two compu ting lanes , a small authority cross fee d synchronisation term has 
been introduced part way along the computing chain , at A':'. The auxiliary pitc h rate loop with propor
tional plus integral control of pitch rate e rror has been recen tly introduc e d in order to effecti vely 
e liminate the variation of steady sta te closed loop ga in of au topilo t /CSAS/ aircraft combination . This 
has proved necessary because of the difficulties experienced in trying to e stablish a CSAS pitch rate 
loop which would meet both the short period damping and handling qualities fo r manual flight , and the 
n ecessary performance for the autopilot. 

The fl i gh t dir ec tor pitch axis control laws are divid ed in to acquire modes (terrain fo llowi ng, auto
appr oach), and hold modes (all other mo d es) . In th e acquir e modes, a high bandwidth contro 1 i s used, 
bas e d on pitch rate error and this i s schedul ed with tru e airspeed in order to nominally represent 
normal accel eration error. Th e control l aws for th e flight dir ector pitch axis hold modes are based on 
th e provision of a ver tical acceleration demand display deflection to the HUD and AD!. As this vertical 
acc elera tion demand signal is i n turn d eri ved from outer loop errors, these outer loop errors will be 
elimina te d as the pilot keeps the display deflec tion nulled . 

Preliminary "man i n the loop" fixed base simulations have indicated that acceptabl e control will be 
achieve d with th e se display deflec tion algorithms . 

The function of th e mode computing sec tion i s, on rec ei p t of mode sel ec t instructions, to prov ide to the 
pitch chann el ou tput section th e appropriate vertical acceleration demand signal to enabl e the performan ce 
r equirement of that particular mode to be sa ti sfied. The features of the various pitch axi s mo des are 
discussed briefly below . 
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The radar height hold facility is achieved by storing the radar height at the instant of engagement and 
demanding a vertical acceleration proportional to the subsequent radar height error. The damping term 
used is "washed-out" pitch attitude (ie pitch attitude passed through a high pass filter). This term is 
scheduled with true airspeed to provide sensibly constant damping over th e speed range of the mode . 
The pitch attitude term has been chosen because it is availabl e from redundant sources. The alternative 
of iner tial height rate damping has also been considered, as such a damping te rm tends to result in 
impro ved response to turbulence or engagement transients; this however must be traded off against the 
problems associated with th e availability of redundant iner tial h e i ght rate sources. An alternative 
possibility of an optimised non-linear mix of the available damping terms is also under active 
consideration . 

Barometric altitude hold also uses a washed out pitch attitude damping term although inertial height 
rate and barometric altitude rate are being considered as alternatives . No te that dual redundancy of 
contr ol and damping t erms is not 2. prime requi rement in this mode, therefore one has a greater 
freedom of selection based largely on the likely dynamic characteristics. The barometric a ltitude hold 
includes a low authority datum a djust facility, which is implemented by updating the value of the stored 
datum a ltitude. 

Pitch attitude hold i s the simples t pitch axi s mode in terms of overall control l aws. The ver tical 
accel eration demand i s d e rived from the error betw een instantaneous pitch attitud e and th e stored pitch 
attitude datum. This pitch a ttitude e rror is sche dul e d with true airspeed to keep th e pitch attitude l oop 
gain nominally constant over the flight envelope. No damping te rms are needed other than the pitch rate 
loops already ·built into the pitch channel ou tput section and into the CSAS . 

In Mach number hold, the vertical acceleration demand is derived from Mach number error and a 
damping term of washed-out pitch attitude, both of which are schedul ed with true airspeed. This term is 
split into proportional pitch attitude and negative lagged pitch a ttitud e i n order to e nable hard limits to be 
implemen ted in the pitch a ttitude demand . 

Au to approach mode i s a coupl e d pitch-roll mode; on selection of this mode barometric a ltitude hold and 
heading acquire modes are initially engaged. Localise r captur e phase i s initiated a t a point depending 
on th e loc a liser beam e rror and th e approach cause deviation s i gnal (obtained from the pilot' s 
horizon ta l s itua tion indica tor). A drift angle correction term is used in order to alleviate the beam 
error due to crosswinds . \Nhen glideslope capture occurs th e ve rtical acceleration demand is d erived 
from glid eslope beam error with a washed-out pitch attitude damping term. This term is biassed to an 
appropriate offset value at the in s tant of glideslope captur e in order to prevent th e nose-up transient 
whi ch would otherwise occur. 

In order to alleviate the effec ts of " beam tightening " as th e descen t takes place, th e glideslope and 
localiser beam error signals are both scheduled as functions of radio height . 

The roll axi s output section is s hown in fi g ur e 8. 
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F igure 8 Block diagram of roll axis output section 

Amplitud e limits on th e input bank angl e d emand are included in order to implement a pitch axis 
priority by reducing the bank angle fo r large pitch axis demands a nd to limit the turn rate . The cross
feed consolidati on B~', whi ch is a low authority averaging synchroniser , has been intro duced to improve 
the overall lane matching . Roll rate limits, which d epend on mod e selected, are included in order to 
give the required performance i n both autopilot and flight director. A "stick cancel" loop, required to 
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prevent aircraft disturbance due to inadver t ent stick deflection in the low level modes, is included. 

The flight director control law is based on presentation on the head up display of a horizontal 
deflection proportional to bank angle error. This enables the various bank angle demand limits and the 
bank angle demand rate limit to be implemented as long as the pilot keeps his spot deflection nulled. 

The main f.eature of the various lateral AFDS modes are briefly discussed below. Bank angle and 
heading hold are th e basic lateral AFDS modes; normal autopilot and/or flight director selection results 
in the engagement of heading hold if bank attitude is within 7° of wings level, or bank attitude hold at 
higher bank angles. 

Bank attitude hold is the simplest AFDS lateral mode; the bank angle existing at engagement is stor ed, 
and provided as an input to the roll axis output section. In heading hold, the bank angle demand is 
derived from heading error and is scheduled with true airspeed. Compensation for the effect on the 
heading loop gain due to the instantaneous pitch ax is (demanded) manoeuvre, is also included. Heading 
acquire mode us es similar control laws to heading hold mode. In this case however the demanded 
heading is manually selected by the pilot on his horizontal situation indicator (HSI). 

In the track acquire mode information on the cross-track displacement and on the direction of the 
demanded track are provided by the aircraft's navigation system. The control law for this mode is such 
that the demanded bank angle depends on both the across-track displacement and the instantaneous 
angular error between the demanded track direction and the aircraft ground track. Thus an intercept 
angle effectively proportional to across-track displacement is achieved. 

The auto throttle provides calibrated airspeed hold; th e demanded autothrottle actuator displacement is a 
proportional plus integral of calibrated airspeed error. A pitch attitude control term is also included to 
provide a rapid throttle response to aircraft attitude changes. 

Digital Processor Description 

The digital processors in AFDS Computers 1 and 2 are identical to each other in all aspects, as are the 
analog and digital input and output interfaces to the processors. The differences are confined to the 
output interface conditioning sections which are required for the triplex outputs to the CSAS included in 
Computer 1 and the outputs to the HUD, auto-trim motor, and autothrottle actuator which are located in 
Computer 2. 

In order to keep the hardware content to th e minimum, 12 bit parallel operation has been adopted, and 
this gives adequate dynamic range for most of the computing operations involved. However it has been 
necessary to take particular care in scaling the var ious parameters, and in certain cases double length 
working has been used so as to eliminate the possibility of accumulator overflow while retaining the 
necessary resolution for good low amplitude system performance. For example, in the evaluation of 
control filters. it is necessary to use double length storage of integrator states and double length 
working for integrator update. 

The computation accuracy available with a 12 bit machine (of the order of 0.05 %) is better than that 
achievable with an analog machine, especially when one considers multiplication, divide , and non
linear function generation. 

Function generation in the AFDS is normally carried out as combinations of functions of single variables. 

where f1' f2' f3 are normally implemente d either by a polynomial s eries, a segmented straight line 
approximation of the function, or an arithmetic operation (say multiply, add) depending on the form of 
the sch e dule and its accuracy requirements. Trigonometrical functions are generally implemented by 
polynomial series. 

Despite the high accuracy of the digital processors, it is necessary to cross synchronise the output of 
those computing lanes which include integral control such as the pitch channel autopilot, and auto
throttle. Without such cross-feed synchronisation the integral control term would result in a gradual 
divergence of the computing lane outputs. This slight difference between the lanes is due to tolerances 
between redundant input signals such as dynamic pressure, and wing sweep, tolerances in the analog to 
digital conversion, and the effect of using asynchronous processors in time dependent functions such as 
control filters and datum adjust inputs. 

The processor performs all data input and output processing, program decoding, storing, and 
arithmetic functions. These operations are carried out under the control of the 32 ms : program cycle 
clock. An autonomous data transfer facility provides external access to the processor data store v ia an 
extension to the data store highway and may be used to input or output under interface (rather than 
program) control. Processor access to the data store has priority in the event of simultaneous access 
requests being made by the processor and interface. 
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Autonomous data allows very large amounts of information to be taken into and out of the data store with 
little loss of computing time . This is because the processor can operate simultaneously with an 
autonomous data transfer until the processor requires access to the data store. 

Figure 9 shows the relationship between the processor and the input and output interfaces of the computer. 

SERIAL oi;ES.~~~liJ 
DIGITAL LD~~~~I~:~-l INPUTS 

INPUT 
MULTlPLEXING 

ANALOG INPUTS 
DISCRETE INPUTS 

Figure 9 Simplified schematic: Digital processor and interfaces 

The work done to date confirms that the program iteration rate of about 30 cycles per second will give 
adequate performance for the control law being used. Tests have included the use of the company's 
hybrid computer facility which has been programmed so that the analog part represents the aircraft and 
CSAS while the digital part represents the autopilot / flight director. In order to do this it has been 
necessary to appropriately program the digital computer to prov ide 12 bit operation with the same 
scaling fac tors as the AFDS computing. The low level assembler language of the AFDS is closely 
matched by the assembler language available on the hybrid machine, hence the effects of resolution, 
rounding errors, sampling and time delays have been able to be investigated. The update period of 
32 ms: has been simply achieved by utilising the interrupt facility of the computer. 

The processor instruction code has been chosen to require minimum hardware consistent with program 
length. Fourteen instructions are used, and this number has been found to be quite adequate, as only 
about 50% of the availabl e processor cycle time is currently being employed. 

The computer program includes sections for control laws, mode logic, and BITE. Out of the 4096 words 
of program store, approximately 1200 are used for control laws , 1300 for model logic and 1000 for BI'IE, 
leaving a spare program store capacity of about 600 words. 

The BITE function, which i s of particular importance in detecting a failed lane and hence providing a 
failure survival flight director facility, consists of on- line (continuous interleaved ) and off-line 
(autopilot not engaged) checks. 

The on-line check includes an instruction sequence to produce a unique number by exercising all of the 
functions of the processor arithmetic unit. An analog interface check is also included; this involves an 
output to input digital-analog, analog- digital loop check. Al so , the scratchpad store includes parity bit 
locations in order to immediately detect any corruption of data. 

The off-line checks which are immediately initiated when the autopilot disconnects due to computer 
disparities include, in addition to the above on-line checks, a software controlled check of analog and 
digital interfaces and discrete input buffers. The analog loop check includes all 13 analog inputs; the 
digital loop check includes all words of all 5 digital data input channels, including checks of parity, 
control, and spare bits. It is expected that these off-line processor and interface checks will enable the 
reversionary flight director facility to be achieved with at l east 90 % confidence. Comprehensive tests 
are also carried out in the manually initiated pre-flight and first-line tests. 

System Hardware 

The AFDS comprises the following units: 

AFDS Computer 1 
AFDS Computer 2 
Pitch Force Sensor 

Roll Force Sensor 
Pilots Control Panel 
Autothrottl e Ac tuator 
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Figure 10 Typical logic and store cards 

Each computer is housed in an ARINC standard 
~ ATR short box, and includes power supplies at 
the rear and twenty electronic cards. 

Figure 11 shows one of the computer boxes . 
Approximate weight of the computers is 
29 lb. each. 

Figure 12 Force sensor unit 

The pilot's control panel shown in figure 13 
includes momentary contact push button switches 
for selecting the various modes of operation, a 
terrain following clearance height selector and 
ride control, and datum adjust switches for baro 
metric altitude hold, Mach number hold, and 
autothrottle. A spring loaded flap covers the pre
flight and first line test controls. 

The systern el ectronics , including power supplies 
and input / output interfaces , are housed in the two 
computers . The two processors, one in each 
computer box , are identical , but there are minor 
differences between the two computers in that 
Computer 1 contains the consolidated triplex 
outputs to the CSAS , and Computer 2 contains the 
servo drives for both the auto throttle actuator and 
the pitch auto-trim actuator. 

The processor lo gic i s based on TTL - type 
components which are mounted on double sided 
printed circuit boards. The store components 
will be bipolar type ROMs in th e production 
equipment but in order to provide the capability 
for rapid change during flight test , erasable 
PROMs will be used in the developmen t 
equipments. Typical interface and store cards 
are shown in figur e 10. 

Figure 11 Autopilot / flight director computer 

The Pitch and Roll Stick Force Sensors (figure 12) 
are mechanical spring- switch mechanisms which 
are installed in th e control runs and which detect 
fixed force levels for the automatic steering 
override facility and for emergency stick force 
cut-out required in the low level autopilot modes. 

Figure 13 Pilot's control panel 

Figure 14 Autothrottle actuator 
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The Autothrottle Actuator, shown in figure 14, 
contains a d. c. motor which drives a splined 
output shaft v ia a 30: 1 spur gear and an electro
magnetic engage clutch. A dual potentiometer 
geared to the clutch input provides feedback and 
monitoring information to the system. 

The major features of the MRCA Autopilot and Flight Director System have been described. The 
project is now well advanced and hardware is being delivered to the airframe manufacturers. 
Considering the complexity of the system, the development programme has gone well, and there is no 
doubt that the digital nature of the system has contributed significantly to this situation. 

The flexibility, accuracy and self test capability of the digital processor are major advantages which can 
now be obtained economically and it is clear that except for the simplest applications, all future 
automatic flight control systems will be digital. 
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