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The feasibility of a flight control system making the helicopter longitudinal 
attitude in forward flight to be changed without in~olving s~ultaneously vertical vel2 
city component variations, is afforded in this study. The proposed F.C.S. allows the 
helicopter decoupled attitude to be modified, as required Ln tracking a specified f~ght 
path, by use of a single control, the cyclic pitch, while the collective pitch is em­
pl.oyed to control the decoupled vertical vel.ocity component. The F.c.s. is conceived as 
a digital multifeedback structure where a microprocessor, on line with the servo units, 
is employed to compute the decoupling and control algorithms • 

The digital s£mulation proves cha~ the flight tracking precision can by sen­
sibly improved by the decoupling control strategy with a reasonable provision of pilot 
monitoring effort relaxation • 

Nomenclature 

A state ma'C:r-ix: 

B control matri.x 

C output matrix 

K feedback decoupling matrix 

K
5 

scalar or matr:L'C. forward. gain 

Kf feedback vector 

F 
0 

f.eedback matrix 

forward decoupling matrix 

de cy~lic displacement 

dec ,collective displacement 

f decoupling function 

g element of the forward decoupling matrL'C 

k element of the feedback matrix 

p roll rate 

r 

u 

v 

w 

y 

element oi the exeern al forcing function 
vector or yaw rate 

forward velocity component 

element of the input forcing fUnction vector 

element of the modified input forcing func'Cion 
vec~or 

vertical veloci~y component 

s~ate variable ...-ec'Cor 

output vector 

sideslip ang.le 

longitudinal attitude 

lateral attitude 
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1 • Ineroduction 

The requiremen~s to conform to precise flight profiles become a stringent 
necessity for boeh m.i~i.tary and commercial VTOL operations; a.l.l the aircraft maneuve­
~:i.ng capabi.lities suppo~ed by an adequate f.light control charac~eristics must be.consi 
dered to achieve <che required m:i.ssion objectives invo.lving often precise tracking of 
three d..imensional trajectories inc.lud.ing rapid and frequent... profile changes • One of 
the more representitive case at this regard is the VTOL operations in Microwave landing 
O(.L.S.) procedures \<."here spatial curvilinear trajectory has to be followed to comply 
l·:ith the Air Traffic Regcl.at:ions (A. T .R.) Category 3 (Zero visibility) takeoffs and 13£ 
dings. In such operations any difference between the des:idered and actual spatial coor­
dinates must be corrected to bring, within small acceptable errors under all possible 
operating cond:i.tions, the actual trajectory into coincidence with the desidei'ed one. 
the achievement of satisfactory conti'ol characteristic will require a flight control 
system capable of a direct and effective flight path control not involvingJ in manual 
or assisted pile~ actions, excessive demand upon human pilot capability. 

In for"·ard fli,i;ht the guidance errors are appearing as an heading error in ehe 
horizoneal plane and an a~ti.tude error i.n vertical plane. These errors can be controlled 
regulating the intensity and direction of the aircraft velocity vector. The flight path 
corrections in the vertical plane can be carried oqt performing changes in the aircraft 
orientation about its pit;ch axis ;.;hich produce changes of the orientation in respect to 
the flight path. 

The resulting incremental change in aerodynamic lift foi'ce, acting in the air­
craft plane of si.!::tm.etry a.nd di.rected normal to the flight pa'Ch, h'ill cause an accelera­
tion normal to the velocity vector and an angular velocity which continues unti.l the 
force equilibriu: Ln the vertical plane is reached. Finally as a result of changing of 
the aircraft a"Ctitude, an aititude I'ate and altitude variation, are obtained. In this 
study, apare free the collective-power coordination to compensate changes in aerodyna­
cic d.ragJ no change :in power or in po,.,erplant pei'formances are supposed to change on 
the hypod!lesis of relati..,.ely small altitude variations • 

In a flight control system p~ovid.ing essentially an atticude con'Crol, a step 
input cor:unand proportional to the desi'dered attitude change yields, in stationary condi­
tions, a constane .Pitch attitude propor-ci.onal to step forcing function and a proportio­
nal change in the lift force component ,,·ith a resulting linear velocity variation. Four 
helicopeer sta"Ce variables (u, w, q, {}) are essentia~J..y involved in guidance error cor­
rections in 'Che ,·ertical plane and analo.gous considera-eions show chat other four s-ea"te 
variables ( B, p, r, !p) :::ust be considered in controlling, in coord..ina'Ced maneuvers,the 
heading angie as ~equired to carry out che guidance error corrections in the horizontal 
plane. In concl~ion, fot!:I' degree of freedom, two angul.ar attitudes and two linear ve­
locity component.s must be measured and controlled by a flight control system in order 
to perform a precise tra:ee"Cory tracking. In ordei' to reduce the pilot fatigue and im­
proving his fligh"C path =onitoring in attaining the required precision in manual or as­
cis"Ced tracking ~ask, various fli~h~ con~rol system configurations have been proposed 
in the past, all tending to assist the pilot workload with a centralized or decenti'ali­
zed stability aug:m.en-eation systems for the helicopter fundamental modes, lea,·ing to the 
pilot the required authorithy in controlling the guidance errors in respect to the desi­
dered tr.iject::ory. 

To reduce che pilot burdening and impi'oYe the flight path tracking precision, 
a new conti'ol strategy is proposed in the present study; this is based on the availabi­
lity, as a part of a digi"t:al flight control system, of a real time, high sp~ed micropr.2, 
cesser as a compt.'l:ing uni'::j this is employed to solve, from the data measured by conveu 
tiona1 gyroscopic and ine:-tial au-eopil.ot sensors, a nwnerical algot·ithm decouplin_g some 
of the s'tate variables. directly involved in fl.igh path conerol. Fur;:;hermore employing 
the microprocessor output: data, the necessary informations to implement a direct flight 
paeh cont:~ol beco::1e avaiL;.ble to be used as well for a flight path Yisualiza'Eion in the 
cockpit. The com·entional longitudinal. flight control system conf.ig:uration is maintai­
ned as ehe basic 5eructure fur the proposed F.C.S., made po;,·erfull by the added on line 
computer capabilities which allO\•" to impi"OYe the flight path tracking precision and the 
pilot monieoring pi"oficiency, still main'taining i'Cs authorithy in the concrol loop. 

In Sec;:;ion 2 the- essent:.ial concepts on the proposed control strate-gy are des­
cribed. In Section 3 a sur..:o.ary on the state variables 'decoupling eheory .is 5ummarized. 
The result:s of the- theory .:r.re applied to a convcnt.ional. transport helicopter and the 
cornpueed dt!si.gn d~;.;;a for t:he proposed flight control system are shohn in SeC'tion 4· The 
digital inplement.l-cion and simul.1.tion results are tt•oated in the following .. sections. 

58-2 



2. The state variable decoupled control strategy 

The state variable vector: 

~ [ u, w, 

3 

( 1) 

describes the longitudinal behaviour of a rotary wing aircraft modeiled ~y a first order) 
constant coefficients system state equation: 

;1; (t) =A!£ (t) + B!! (t) ( 2) 

\>'here the elements of the state ma'Crix A and control matrix B are 
the kinematic, inertial and aerodynamic quantities characterizing 
red in the study. The longitudinal cyclic (d ) end the collective 
commands are the elements of the control vec£or ~: 

expressed in terms of 
the helicopter conside­
pitch (d ) control 

cc 

~ = [de ' dec] ( 3) 

To change the helicopter orientation in respect to the flight path, as required in 
tracking the desiderided trajectory in the vertical plane, an automatic attitude control 
system (A.c.s.) is commonly employed to provide, in stationary conditions, attitude chan­
ges proportional to the amount of the applied control command .. The primary state varia­
ble selected by the equation: 

y(t) = C !£ (t) = [ 0 0 0 0 I l ~ (t) = ( 4) 

is controlled by the A.c.s. applying a proportional plus 'derivative control law to the 
cyclic pitch channel: 

where K
5 

and Kf are 
regulated to obtain 

u(t) = d
0 

(t) = K
5 

[ r(t) - Ki !£ (t) l 
respectively the A.c.s. forward gain and the feedback 
a s'atysfactory attitude transient response. 

gain 

( 5) 

vector 

As shown by the equation ( 2) 1 the application of any one of the t\,·o controls 
will develop an helicopter dynamical behaviour where all the state variable ( 1) are in­
volved; specifically a commanded change in helicopter attitude \.,rill resul-c in not direct-
ly controlled changes in vertical velocity component which require corrective actions 

employing the collective-pitch control. To reduce the complexity of the s£multaneous 
control of the vari~us helicopter degrees of freedom both in manual and automatic flight 
operations, a decoupling process applied to the ft.Uldamental state variables involved in 
the flight path control, is proposed i.n this s-cudy; this process con::>ists in the solu­
tion of a decoupling algarlthm, di::>cussed in the next section, using a real t~e, high 
speed microprocessor at, the input bus of which have direct memory access the data infor­
mations of all helicopter state variables measured by the gyroscopic and inertial sen­
sors, commonly employed in advanced helicop'Cer flight control unit .In .order to assign to 
the cyclic and collective pitch channels the independent functions in con-crolling res­
pectively the helicopter atti-cude ( ~) and the ver-cical velocity component (\.-), a de­
coupling process transforming the original system ( 2) in t\,'0 decoupled subsystems: 

(de,{}) ( 6) 

( d w ) 
cc, 

is required. The decoupling process is obt.ained solving the algorithm ha..,-ing the gene­
ral expression: 

f(t)=K~(t)+Gy(t) (7) 

where K and G are the state and control decoupling matrices defined by the theory; all 
the measurable state variables included in -che state vector~ (t) defined in ( 1) are 
involved as input data informations needed in the algori-clun computational routine \'ihile 
the modified input vector Y. (t) is the external forcing fnnction vee-cor applied to the 
decoupled system. Assimilating the decoupling ft.UlC'C ion f ('C) to a control la"· applied 
to the original srstem ( 2)' this \dll be -cransformed .in the constituent decoupled sub­
system ( 6) the dyhamic of \\·hich, ,.,.hen evalua-ced in -che frequency domain, are represen­
ted by a nwnber of integrator poles at the complex plane origin. Since the s-cate ( K) 
and control (G) decoupling matrices in ( 7) are respC'cti vely' the feedback and for,,·ard 
matrices for the decoupling process developed in closed loop fashion around t:he control­
led system ( 2), eo.ch of the decoupled subsystems can. be modeled as a closed loop system 
in the form: 

~ (t) = Ad ~ (t) + Bd v (c) ( 8) 

Nhere the state (Ad) and the control ( Bd) matrices a.re the closed loop matrices deri\·ed 
in the next section; the e~~ernal control function applied to each of the decouPled sub­
systems is indicated as the scalar Y (t) • rhe output equations: 
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y l ( t) 

y 2 (t) 

c
1 

, (t) ~ [ o o o 1 J , (t) = "(t) 

c
2 

, (t) = [ o 1 o o J :!£ (t) = w (t) ( 9) 

....-ill select the decoupled s-eate variab~es at the subsystems output. The transient beha­
Yiour of t;he decoupled helicopter attitude and. vertical velocity component must be re­
gulated, for satisfa~tory responses, by a proper choose of the forward and feedback 
g-ains in the feedback loop enclosing the decoupled subsystems (6). The regulating con­
trol law: 

( !0) 

is applied to each decoupled subsystem, resu.lt.ing in the decoupled and regul.ated closed 
loop subsystems described by the state equation: 

:!£ ( t) Adr :!£ (t) + Bdr r (t) ( 1!) 

The equations (11) and (9) are modeling the helicopter states decoupled flight control 
system. 

Since the output variables ( 9) are directly correlated to the fl.ight path an­
gle in the longitudinal plane, a direct flight path control can be obtained, as indica­
ted in the bock represencat:ion in Fig .1. Comparing the attitude and vertical velocity 
component actual va~ues to the correspondent reference datum, i.e. fiXing the external 
forcing function r (t) in Eq. ( 11) to the values 

r
1 

(t) = ,. ref (t) r
2 

(t) = wref (t) ( !2) 

Ihese reference data, apPlied by the trajectory cOmpucer or, in manual operations, by 
-che pi.Iot, to the channel input summers, Jtr!Jiy be time variantJ as "'·ill be the case of the 
!-t.L...S. ... curvilinear trajec-cory tracking. The proposed flight control system. configura­
cion is structuraLly suited for bo-ch automatic and assisted manual actuactions with 
various authority levels of the pilot in the loco • tn the next section the basic theory 
far the formulation o,f the decoupling algorithm is summarized. 

3· The s"tate variable decouolin~ ale-orithm 

The theory on ~he state.variabled decoupled systems (Ref.I) has been applied 
to decouple the helicopter longitudinal attitude and vertical velocity component follo­
King the procedure indicated in the preced.ing section. A generalized compU"ter program 
has been prepat-ed to design a flight corttrol system with d.ecoupled state variables and 
the basic theoretical equations invol,ved in it are summarized in the follo1dng. 

The first step in decoupling the two subsystems ( 6) is to define the subsys-
tems order: 

pi "" 

the decoupling index: 

d. • !olin (j: C. Aj B); 
'- . '­

J 

d. + 1 
'-

i=t,2; j = 0,1,2,3 

( 13) 

( 1.1) 

The decoupling process applied to the system ( !) Nill be based on the con'trol law: 

f(t) = K :!£ (t) + G y (t) ( 15) 

.... -here .!,( t) is an imput vector applied externaly to the decoupled system. The ( 2x2) in­
put ~atri.....;: G and the ( ztc-l.) feedback matrix K are defined in the fallowing form: 

G 
- -I 

• B K-- B A - ( !6) 

-h di d 
TJ B A B cz A I B 

• [ CI 

d!+ I d r] 0 

A A cz A .. +I 

The cont:rol la.,.- ( 15) solYes -.:.he decoupling problem if and only if 'the matrix 
B is not singular. In Fig.2 is given the feedback structure of the control system allo­
.,.-ing 'the t:-...·a stat:e variable 1} and ,.,. to be regulated ind.ipf"nden-cly rf"specti\·ely by the 
cyclic and collecti,·e pi'tch controls. The closed loop representation of the de couples 
subsystems, in the form rl"ady giYen in ( S), is defined by the state and contt·ol matri-
ces: 

( l;) 

The in't.egrntor poles of the decoupled system must be now located to the desi.dered posi­
tions in '!:he compl~x plant:> saeysfying the transient response charact:.f'ristics proposed 
in the design. I'his objec-rive has been achieved in t,~·o ste-ps; in the firs'C one the sys-



5 

tern (6), by means of the linear transformation: 

~(t)~T!!_(t) ( 18) 

is transformed in a system having the following state matrix: 

At = diag ((All' A22) I Ar T] ( 19) 

where the submatrices A and A 2 ~, in fase variable forms, are respectively, the state 
II "ct d A . dd. t. 1 ul f h matrices of the subsystems S l an S ? an ~s an a ~ 1.0na row res ti.ng rom t e 

definition of the transformaJ1.on mat~ix T ha~ing the same dimension of the state matrix 
Ad in Eq.(S), 

T = [ r 1 l r
2
l rr)T; T1 = c 1 ; r

2 
= [ c

2 

The row T , not influencing the subsystem dynamic, is chosen to be linearly independent 
from the ~ther rows avoiding as well the matrix singularity; a subroutine in the compu­
ter program will generate the transformation matrix T with such additional row. The 
structure of the transformep system becomes: 

i (t) 

.z (t) 

·\ ~ { t) + Bt ~ { t) 

c ~ (t) 

( 20) 

The feedback process applied to the transfor'Oted system ( 20) make easy task to program 
the integrator poles shift into the desidered locations in the complex plane. As result 
of this computational treatment ,,·hich include the inverse transformation in the origi­
nal coordinate ~' the control la,,· for the decoupled system satysfying the desidered 
transient behaviour will be expressed by the equation: 

~(t) ~ K
5

[;:(t) + F
0 

!!_ (tl] ( 21) 

where the ( 2..'C:2) gain ma"Crix K
5 

and the 
les posicioning numerical process. 

feedback matrix F 
0 

are computed along '..;ith the po-

yielding 
gain and 

From the preceding equations it is apparent that the mathematical process 
the regulation .of the decoupled system modifies, as ind.ica"Ced in Fig.j, the 
feedback matriCes in Eq. ( 16) as follows: 

G' - [ g' l • K
5 

G = K + G F 

In terms of the new matrices G 1 and K 1 the con-crol law for the 
sys-eem can be written as follows: 

., v (t) = [v, v 1- G' r {t) + K' ~ (t) 
- 1 2 -

0 

decoupled 

( 22) 

and regula.:;ed 

( 23) 

which allows to keep the same block representation given in Fig.2. Equation (22) can be 
developed in the following numerical scalar for~: 

4 2 

J:k• . 
I,J "j {t) + .r g' 

j•l 

k' 
2,j 

crt r. {t) 
"" 2,i J.. 

i=l 

l,i 
r. 

' 
( t) 

( 24) 

Equation ( 2~) indicated the requested con.:;rol la...,·s can be implemented as a sum of the 
partial product$ including the constant gains appearing a$ elements of the computed ma­
trices G r and K 1 , the external forcing functions and the Khole set of the feedback sta­
te variables. As shown in Fig.J, a microprocessor is expected to generate che control 
function ( 24) processing the feedback and referep.ce set point data. The numerical va­
lues of the ·Constant coefficient g' and k' are stored in the microprocesso~ memories. 

4. Ba~ic Heliconter dvnamics 

For realistic e\·aluati_on of the dynamic characteristics ob-cainable 1.-ith che 
proposed flight control system, a conventional tranport helicopter of 'Che class of the 
Sikorsky 5.55 has been con$idered i.n the follo.,....ing: demons-crative nwnerical application. 
The chosen reference flight conditions are specified in a forward flight at sea level 
with an airpeed of 21.88 :n/sec in a sub-hor-izontal flight path. On che basi$ of the a­
vailable or predicted arodynamic derivatives, the state and 'Che control matrices in the 
linear, constant coefficients state equation ( 1) are assumed as follows: 



I - 0,0438 0,00513 30 -rJ l'·"" -··""] I 0,0638 -o.so 21,88 17.25 -88.69 
A l- 0.214 -0.056 -0.984 B~ 7 o35 0.902 

0 0 I 0 0 

The charae"t-.eri.stic polynomial. is: 

D(s) I· r -A I~ s 4 + 1,8278 s 3 + 0,988195 s
2 + 0.24786 s + 0,17,113 

showing a stable overdamped oscillatory motion and light instable oscillation developed 
in a longer time period. 

S· The decouo2ed subsvstems 

The resulting decoupled system consists of two subsystems, a second order sub-
system S 

1 
and a first order subsystem s

1 
, defined in ( 6). I'he forward and feeback . 

gains, iJvolved in the decoup2ing algorit~ expressed, neglecting the contribution of 
the regulating process, by the Eq. (24), are given in Table I, The prefilter and feed­
back controll.er structure are shown in Fig. 5. 

Gain. Vari.able 

• d 
"11 c 

• d 0 12 c<> 

g21 d 
c 

• d 
"22 cc 

kll u 

k12 w 

kl3 q 

kl4 {} 

k2l u 

k22 w 

k, -· 
q 

k {} 
34 

Trx = Trasm.; I.V .:-t.S. a 

TABLE I - Subsvsterns ga:ins: 

Helicopter Sikorsky s. 55 
IAS = 21,88 =/sec,- S.L. 

Sensor Subsystem 511 

Tr::c .. -0,139381 

" -1,4145 10-3 

" 
" 

I.V • .!-1.5;. 2,89283 10- 3 

". -1,9145 10-3 

R.G. -0,106135 

V .G. 0 

I.V.:Ot.'S. 

R.G. 

V .G. 

Inertia~ Syst.; R.G • =- rate gyro; y .. G. 

Subsystem 512 

-0.02711 

-0.011551 

-1.568 to- 4 

-9.39256 10-3 

0.22606 

o· 

~ vert.gyro 

The roots of the characteristic equat:i.on of the decoupled system expressed 
by the Eq • ( 8) are a real pole a.nd a pair of comp~ex conjugate po~es which are located 
prat:i.callr at the origin of the complex p~ane 1 representing 1;he dynamical beha'\"iour of 
tll~ subsystems S 

1 
and S ., and a real pole relative to the residual dynamic effects 

inherent t:o the decoupli.Jg process which has been neglected in the present analysis • 

6. Cvclic and collective channel re~ulation 

The variable gains in Eq. ( 10) applied to the t~o decoupled .subsystems, re­
fe-rred respectively as cyclic and collective channels, are regulated to obtain a sa­
tisfactory attitude and vertical velocity component time resp~nse to a step input for­
cing function • The attitude response \.;as modelled essentially as a second order system 
r<'::;ponse \.:ith a pair of complex conjugate poles yielding an ~!llderd.:~.mped oscillatory 
moe ion with a fairly fast initial raising and a small overshoot; the YCrt:.i.cal ,·eloci.­
ey component time behaviour 1.-as established as a aperiodic mode 1dth a dominanc time 
constant proper to the desi.dered long term .response. rhe main mode~ t.ime .response cha­
rcH.:teristics for the two channels are indicated in rable 2. 



Resp. Parameter 

Relative damp. 
Undamp.Freq. 
Time constant.\ ... 
Time resolution· 
Rise time ( 63%) 
Overshoot 
Bandwidth 

'. ' 

TABLE 2 - ~Iodel step 

Dim. 

N.D. 
rad/sec 
sec. 
sec,. 
sec • 
• ~ 

rad/sec. 

resnonses 

cvclic channel Collect .channel 

0,48 
2 
1, 11 2.5 
2.5 4o54 
1,0 0,9 

15 
6 

In Table 3 are shown the values of the final gains defined in Eq. (22) pro­
viding a compact flight control system representation where the processes to decouple 
the helicopter attitude and vertical velocity component controls and regulate, as de­
sidered, their transient behaviour, are combined. 

!'ABLE 3 - Final channel gains 

Gain Variable Gain value 

g' 11 d -0.558091 
c 

gl 12 d 
cc 

-0,14009 

g' 21 
d 

c 
-0. 113058 

g' 22 d -0,032889 cc 
k' 

11 
u -0.695289 

k' 12 " -0. 14005 

k' q -0,25448 13 

"' {} -o.ssso9 14 
k' 21 

u -0.1461 

k• 
22, 

w -0.04227 

k' 
23 

q -0.17289 

k' 
24 

{} -0.113058 

7. Flight control system implementation 

The flight control system block rept"esentation is depic<;ed in Fig.6 1.-here 

7 

it is evident its resemblance to the conventional autopilot configuration; the only re­
markable difference that may be observed is the presence of a digital processor as an 
on line controller wtiich may be employed as a conventional compensator to soh·e the 
common control laws, as the proportional - derivative - integral algorithr.t required 
for the attitude control.. 

The processor taken into consideration in this application is an 8 bit word, 
8K - PRON and 2K - R .. A.'l microprocessor 1.-ith a :?. ~Uiz internal clock,; thi:; microprocessoJ;> 
is capable to handle data from each buffered input at a sample rate of 4K-bits per se­
cond through a direct access channels and to execute an ADD/SrBSTRACT cycle in a time 
15 ,u sec • and a mult:iply time of 190 ,u sec. A real time, high speed .microprocessor of 
the new generation is expected to be employed for the specific case treated in that the 
drastic reduct:.ion in multiply time, predicted value iO-.l-0 , ,u sec and t:he increase in 
word lenght, allow to carry out the control process in considerably lo1.-er time and gt'e_! 
ter numerical resolution. The microprocessor considered in laboratory applications pro­
ves, he,,· ever, to have, i.n thi.s research feasibility stage, acceptable characte-ristic 
for satisfactory, results. 

The autopilot sensor output, together '"ith the reference see point ,·oltages 
are applied to a pat•allel-in-serial-out ( 8xl) analog ntult:.iplexer {~IPX). Each of the 
~IPX inputs are enabled to be tra.slated to the 8-bits .:~.nalog-to-digital converter ( ADC) 
under the adressing assignemcnt given by a 3-bits preset counter. The da'Ca transfer 
from the HPX to the AOC and from the converter to the microprocessor data bus is car-
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ried out interel.y under the con'Crol of the software i.:nplemented as a part of the micro­
processor interrupt program. Since the uncertainty in the control laws generation de­
pendes predominantly on the uncertainty in the control gains assignement, particular 
a'Ctention was paid in choosing the lenght of the word representing a coefficient ~n the 
control al~orithm. The criterion adopted at this regard was referred essentially to the 
ma~~um allowable percentage error {1%) in locating the integrator poles in the com-
plex plane, as requested in the decoupling and regulating processes; this error ~as cor­
related to the minimum number of bits in the numerical representation of the closed loop 
control gains. For the case treated the minimum word lenght for the requested accuracy 
was eva~uated in 13 bits • The coefficients in control algorithm are entered in the 8-bits 
microprocessor in two set of 8 bits each, represent~ng respect~vely the most and the 
least significant bits. Since the measured state variab~es have a direct memory access 
in the microprocessor as an 8-bits data, the software implementing the control algorithms 
yields product of 16-bits multipiicand, transferred temporarely in couples of 8 bits re­
gisters, by an 8-bits multimplicator; the 8-bits partial products are entered into an ac­
cumulator as the multiplicator bits are sh~fted out. By means of an appropiate use of 
the memory stack, the sum of the partial products are made available in sequence• in the 
accumula~or at the end of the multiplication. The final result is traslated to ~he out­
put port from the accumulator under the program control. The control algorithms required 
for each of the two subsystems constituent one channel, 6 multiplications and 6 addi­
~ions. To perform the arithmetic and miscellaneous operations which include the inter­
rupt and 1/0 sequences, a total time of 10 msec. is required. 

The sampling time for the digital process~g was chosen at the Value of 0,02 
sec .. 

The control signals governing the decoupled channels are traslated from the 
latch register at the microprocessor ou~put to the 8 bits-10 volts full scale voltage 
digital-to-analog converter (DAC}; the conversion is performed at the rate of its in­
ternal clock (10 MHz) with a resolution compatible with the maximum admissible error in 
rotor blades pitch angular positioning and well within the_precision capability of the 
overall digital system precision. 

The autopilot servosystem consists of hydrau.li.c actuators with servovah·es 
regulated by means of variable reluctance stepping motors. The pulse train to the Sta­
::.or -..·ir.dings 1 is generated by an elec-cronic con~roller 1.;hich es.sen~ially a rate multi­
plier Wlit t.,orking on piece-wise cons~ant analog voltages in the range from 10 "to 38 
:-:tvolts and generating, at its output, pUlse trains at a recurrence frequency varying 
between 100-1000 pulse per second; ~hese pulse ~rains are properly sequenced, t};.rcugh 
t.he control logic unit, to the motor stator 'dnd.ings· fo!'cing the stepping motor in the 
sle,.; range varying from 0.87 to B.i rad/sec. 

S. Sistem simulation 
• 

The purpose of .the system simulation was essentially devot.ed to test "the pro-
cess performed by the microprocessor employed in laboratory applications and prograM­
med in its assembler linguage to solve the algorithms proposed to decouple and regula­
te the sy~tem state variables • The overall digital system was simulated in a UXIYAC 
1100 computeir employing a mi.croassembler program allo1dng the contro.l algorithms to be 
en-cered,· for the part regarding the microprocessor simulation including all 1/0 opera­
tions, in assembler linguage while the Fortran programming was used for the discrete 
and continous part of the systern. · 

The system simula~ion resu.lta are discussed in the ne~~ section. 

9. Discussion of the simulation results 

The forced ti.me response to a longitudinal cyclic pitch step command of t.he 
helicopter 1dth automatic F.c.s. disconnected is given un Fig.i; in Fig.S the same ca­
se for a collective pitch step conunand is presen~ed. In F'ig.9 is ··shown the dynamical be­
had our of the helicop'Cer automatically controlled by t.he proposed fJ..ight control 
system with gains rcgula~ed as indicated in Table 3 in response to a step change in a 
sicnal ( u ) applied to the cyclic pitch channel Kith no command at the collecti ye 
pi~ch chaJnel input (u =0) • A similar simulation '"as carried out for the case of a 

" step actuaction of the-collective pitch channel with zero command to the cyclic 
chomnel and the correspondent time response is given in Fig.10. 

From these result is clearly apparent the sacisfactory effects of ~he de­
coupling process and the acceptable eppr-:)X::i.J:nation achieved in the reproduction of the 
de:::>irlered helicopter dynamical behaviour. In Fig.11 the capability of the helicopter 
unril.·r the automatic state variable decoupled F.C.S. to follow a general curvilinear 
trajl·ctory, as requested in performing ~I.L.s. guided landing approach, is sho .... n. 
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10. Conclusions and areas of future researches 

The present study indicates the feasibility of an helicopter flight control 
system capable to decouple and regulate the longitudinal cyclic and collective pitch 
channel.s. The advantages achievable with the proposed flight control system are the 
improvement in flight path tracking precision and the reduction of pilot workload in 
assisted manual operations particularly in mi.ssions w:i.th established rigid flight 
pa-ch invol.ving frequent and rapid profile changes • 

Further author work in this research area are in preparation; the subjects 
treated are the provision of a multi-axes decoupling process \Oo'ith unconventional ma­
nual controllers allowing the pilot to perform longitudinal and lateral flight path 
corrections by regulating singularly the primary state variables and the collection 
of all data made available at the microprocessor output to implement a flight path 
visualization in the cockpit integrated with the data flow involved in the automat~c 
control processes. 
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