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ABSTRACT

An active model control for high performances helicopters in forward flight is presen-
ted in this study. A blade stall alleviation (B.S.A.) control strategy based on the
spectral dati computed from the flexible blade structursl mode ui vibratiin neasure-
ments is employed to suppress the blade torsional moiion asscciated with the stall
fiutter and to reduce the possibility of high angle of atizsck onset on the retreating
blade., The reastoring collective pitch commands are derived processing the outpui data
from an electro~optical laser (L.S.U.) sensor by means of a microprocessor performing
the power spectral density (P.5.D.) real time computations; these deia, obtained im—
plementing a fast fourier trasform {F.F.T.) algorithm and observed within a frequency
window centered at the dominant torsional mode frequency are employed as 8 measure of
the setual vibrational level existing on the blade. An optimsl control strategy is
implemented in order t¢ release the blade loads below the critical limits predicted
for the blade sitall onset. To reduce the helicopter rigid response sensitiviiy to the
B.S.A. control sctuations, ite driving mignals are applied to the longitudinal piich
decoupling (L.P.D.) unit making the helicopter aptitude and vertieal velocity compo-
nent decoupled. The effectiveness of ithe B.S.A. control system is inveatigated by
extensive digital simulations and its potential usefulness in widening the helicopter
flight envelop is emphasized.

I - INTRCDUCTION

An advenced helicopter must operetie in gevere serodynamic environments including the
atmespherie turbolence and reireating blade stall flutter. In reference / 107 a gust
alleviation system based on & modal spectral technigque has been advanced and in this
study this technique is extended to the active contrel of +the blade stall in forwerd
flight to alleviate the violent torsionsl mofion essocisted o the stall flutter af-
fecting seriously the helicopier flight mission envelop; this is particurarly a prow-
blem for the high performances combat helicopter which may ezcounter, during sharp
turn and abrupt pull-up maneuvere invelving high blede loads, severes blade stall.

The flutter steli appears, for high blade loading and advance ratic ratios,
ag & consequence of the high angle of attack on the retreating blade being affected
as well by the rapid angle of attack varistions experienced by the advancing blade
toward the 270° rotor azimuthal engle. This aercelastic instability involves a cou~
piing of a number of the blade mode of vibration but predominatly developed in proxi-
mity of the first torsionsl nstural frequency end implies large variations in the
aerodynamic lift and moment coefficients and high torsional moment on the retreating
blade, Tipically the stall flutter oscillations are unstable over a part of the blade
azimuth covering a critical sector through 270° and damping out rapidly as the blade
swings around toward the advancing side; however large amplitude torsional oscilla~-
tions may occur in the coritical arimmthal sector resulting in extreme loads on the
blade structure and affeciing significantly the helicopter dynamical behaviour. 4s
emphasized in Ref, /2 7, /[ 3_7 and / 4_/ the mercelastic instebility associated with
the blade stall may be thought as a loss of effecttive damping on the blade dynamics
in the time interval in which it is passing through the 270° azimuth causing a growing
of any small blade oscillations existing at that time slot and in perticular +those
induced by a low frequency gust inputs; froz the last point of view, a2 blade stall al-
leviation control implementaiion associated with a blade ust slieviaztion control, =as
that treated in Ref. é-10_7 seems to be the most convenient choice in the design of
an integrated modal control system based on the single blade contrel concept where
& number of blade degrees of freedom may be involved,

The individual blade control (I.B.C.) concepis, proposed by various authors
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and experimented by M.I.T. researchers (Ref. 2 and 1} were applied iz Ref. 10 in whiech
2 new medal contrel sirategy implementing a gust alleviation cootrol (G.A.0.) system

was formuilated. The Blade stall alleviation (B.5.4.) control sysiem freated in present
study can be comsidered, although involved in different control strategy, 2s a patural
extension of the G.A.C. system sharing with it the Spectral Processor playing a funda-
mental computing role in both comirel systems.

An electro-optical laser (IL.5,U.)} senser with chordwise apd flapwise multi-
reflectors errangement is employed to measure the blade bending end torsional displa-
cements in respect to a refence datuwm., The L.3.U., autput data are combined to yield a
time funection correlzted to the effeciive aerodynamic angle of attack veriations on the
retreating blade in the time interval in which it SWings through the "active sector",
extending for 459 hefore and T5° after {the Tlade 270° azimuth. The power spectral den-
sity (P.5.D.) of this time functiion, computed in a specified frequency window opened
in the rxange of the dominent first torsional natursl mode, yields a2 direct measure of
the actual vibrational energy existing on the blade. The actusl computed F.S5.D. value
is continously compared with a predicted eritical value giving an indication of the
abmormal torsionmal cscillations asscciated with the blade stall flutter phenomenon pre=
dicted for the particular blade and rotor configuration. If the actual P.5,D, will ex-
ceed the ecritical vaelue, the B.S.A. control system becomezactive actuating the blade
collective plich charmel relsxing the excessive airloads supported by the blade for an
amount strictly necessary to avoid the stall flutter full development on the blade.The
identification phase, the real %ime spectral process and the sctuaction phose take pla-
ce in the time irntervel in wilch the blade is crossing the active angular sector and
the B.S.A. process is excluded outside this sector where generally the stall flutter
oscillations are venishing. A mew B.S.A. process based on P.S.D. updated value will
stert at the beginning of the active angular sector for each blade revolution to keep
a continous stall flutter control.

An optimal gquadratic integral control strategy foreving the blade torsicnsl
angular displacement To be reduced to an established reference value in a given number
of sampling time, is employed to implement the B.S.A. conirol system which is designed
as an optimal regulator where all the elastic blade state variables are involved.

An important aspect in the B.S.4A. control design is the minimization of the
effects of B.B.A. control actuations on the helicopier dynamical behaviour, To achieve
this goal the B,S5.A. control system driving signals ere applied $o the longitudinel
pitch decoupling (L.P.D.) unit described in Ref, / 47; this device is a multi-feedback
control system processing all the observable helicopier state variables inm such a way
that, if a command signal is epplied to to ite "eyclic pitech channel" input, only the
helicopter attitude is varied not affecting the helicopter wertical wvelocity; instead,
the last siate varisble can be reached, without affecting the helicopter attitude, by
a command signal applied to the "collective pitch chmnnel", Serving the the L.P,D.
cyclic channel with a reference datum derived by an Inertial Attitude Reference Unit,
the B.S.A. control system is made capable, within the vaelidity limit of the lineer sta-
te variables decoupling theory, to control the stall flutter without affecting the he-
licopter attitude. Furthermore extending the opiimal control strategy to the rigid he-
licopter state variambles, the helicopter dynamical behaviour during the B.S.A. control
actuactions, can be forced to follow a specified response model implementing a model
following control structure as indicated in Fig. 1.

In the Section 2, the helicopter rotor configuration and the blede geometri-
cal and inertial characteristics assumed @3 an introductive model for this presenta-~
tion, are indicated. The results of the modal anzlysis for the blade lumped mass mo-
del are presented in Section 3. The linear mathematical model for the blade structural
model describing the coupled flatwise bending and torsional modes is discussed in Sec-
tion 4.

The spectrel modal control concepts and their implications in computing the
P.5.D. of the time furection derived by the electro-optical laser sensor measurements
are treated in Seciion 5; in that section the P.S.D. computing aspects involving &
real time, high speed dedicated F.F.T. microprocessor and some notes on the
routine employed to generate & frequency window through which the F.5.D. is evaluated,
are discussed. In Section & follows the desceription of the generzal configuration of
the B,S.4. contrel system including the spectral processor unit. The results of the
digital simulations considering the local blade 1ift coefficient distributions in the
active angular sector for the bare and B.S.A. controlled blade subjected to a severe
gust excitation effects are presented and discussed in the last concluding section.
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2. ROTOR AND BLADE CHARATERISTICS
The geometrical, inertial and aerodynamical characterigtics of the blade and rotor con-
figuration and the operating conditions taken into considerstion in present study are
indicated in Table I. The blade was supposed chordwise belanced, untapered, linesrly
twisted with uniform mass and stiffness radial distributions

TABLE ¥ - ELADE AND HOTCR CHARACTIERTISTICS AND KINEMATICS

Datum { Symb Dimension Value
Airfoil - - HACA 00112
Chord ¢ M. 0.4163
Lift Slope cpa I/rad. 573
Blade welght per unit
lenghth w /o 100.4374
Hinge offset ey 0,3048
Aerodynamic center offset X, 0.0837
Center of gravity offiset Ko . 0,115
Blade Inertia Ib Ego m 1552,.31
Mass moment of inertias
per unit length Im Kg. m/m Q.15767
Flapwise Berdling
stiffness BT, Eg.m 8,717 103
Torsional Rigidity Guds Egom® 5,8418 10°
Blade radius R m 8.53
Humber of blades Nb - 4
Rotationel freg. - Q rad/sgec 23.235
Sclidity v - 0.0622
Lock Number Y - 10.486
Blade twist B deg, ~8 {linear)

3. BLADE HODAL ANATLYSIS HESULTS

In this study essentially devoted t¢ investigate the vehicle dynamics affected by the
stall flutter induced disturbances, only the more involived degrees of freedom of the
elgstic blade, i.e, the flatwise bending and torsional modes, are considered. To make
anzlysis essential in terms of engineering accuracy reguested o anzlyze the effects
of the blade flexibility on the helicopter dymamics, a lumped mass structural model
has been assumed Lor the blade modal apalysis, In terms of normsl flatwise bending
and torsional modes, the solution of the eigenmode problem is given in the following
form: 0o

s(ryt) = ) () g (%) (1
=1
00

Wz, t) Y o) @ (%) (2)
kw1

where 7, (r) and &, (r) are respectively the mode shapes for the bending and torsio-
n2l normgl modes referred to the blade section 2t distance r from the bub hinge 2nd gk(t)
and ¢, {t} are respecthely the blade linear and angular displacement time function re—
lative %o the k-th bending and torsional mode. The results of the eigenvalue znd eigen~
modes problem relative to the non rotating blade modelled as S5-masses lumped mess model
with zero structural damping are given in Table 2 wheTre only the normalized shapes of
the first flatwise bending mode and the first torsional mode, which are essential in
the stall flutter effects analysis, are shown.
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TABLE 2 ~ RESULTS OF THE MODAL AWALYSIS FOR THE NON ROTATING 5 LUNMPED MASSES NON
ROTZATING BLADE MCDEL

x = r/R Pirst Pending mode First Torsional mode
(f-ub= 31.5. rad/sec) (cu_t= 140 rad/sec)

Q 0 ¢

0.2 ) 0.059886 0.3093
0.4 0.219028 0.5860
0.6 0.44659 0.8057
0.8 ' 0.71643 0.9493
1.0 T.000 1.000

The modes relative to non rotating blade are sssumed as a reasonable approximations
for the rotating blade modes. In the next section the mathematica] linear model of the
rotating elastic blade describing its bending deflection out of the rotational plane
and torsional roitation in respect 1o the elastic axls is described.

4, ELASTIC BLADE DYNAMICAL MODEL

The mathematical model for the rotating elastic blade associated with coupled flatwise
bending and torsional modes is formulated on the basis of the theory given in Ref. /2 7/,
The coupled blade bending - torslon equations of motion in terms of the blade fundamen-
tal normal modes are expressed by:

F (@) =B 8, (9) - By a(0) - Bye() + By(h) 9() +-‘E4 & (%)

i) =T 9, (8) - T 9(8) - B, (9)p- Ba(e) + B, & (3) (3)

In Table 3 and 4 the expression of the coefficients sppearing in the system eguation (3}
are given, In Table 4 the modal integrals and constants required as entries in Table 3
are defined.
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2. ROTOR AND BLADE CHARATERISTICS

The geometrical, inertial znd aerodynamical characteristics of the biade and rotor con-
figuration and the operating conditions taken into consideration in present study are
indicated in Table I. The blade was supposed chordwise balanced, untapered, linearly
tvwisted vith uniform mass and stiffness radisl distributions

TABLE I ~ BIADE AND ROTOR CHARACTERISTICS AND KINEMATICS

Datum Symb Dimension Value
Airfoil - - NacA 00112
Chord [ Me 0.4163
Lift Slope cpa I/rad. 3013
Blade weight per unit
lenghth w N/m 100.4374
Hinge offset e, m 0.3048
Aerodynamic center offset a 0.0837
Center of gravity offset X, » 0s115
Rlade Inertis Ib Kge. m 1552431
Mass moment of inertia
per wnit length Im Kg. o/m 0.15767
Flapwise Bending 2
stiffness E.I. Eg.m 8.77 10°
Torsional Bigidity Gods Kgem 5.8418 10°
Blade redius R m 8.53
Nomber of blades Nb - 4
Rotational freg. ' 2 rad/sec 23.235
Solidity g - 0.0622
Lock Number b - 10.486
Blade $wist B deg. ~8 {linear)

3. BLADE XODAL ANATYSIS RESULTS

In this study essentizlly devoted to investigute the vehicle dypamices affected by ihe
stall flutter induceéd disturbances, oply the more involved degrees of freedom of the
elastic blade, i.e. the flatwise bending and iorsional modes, are congidered. To make
anzlysis esseniial in terms of engineering accuracy requested to analyze the effects
of the blade flexibility on the helicopter dynamics, a lumped mass structursl model
hes been assumed for the blade modal analysis., In terms of normal flaiwise bending
and torsional modes, the ssclution of the eigenmode problem is given in the following
form: <]

a(r,t) = ) a(r) g (¥ (1)
kw1
[o]a)

w(r,t) ;;21 £(r) P (%) (2)

where %, (r}) and &, (r} are respectively the mode shapes for the bending snd torsio-
n2l normal modes referred to the blade section zt distznce r from the hub hinge and gk(t)
and @, {t} are respectiwely the blade linear and angular displacement time funciion re~
lative to the k-th bending and torsional mode. The results of the eigenvalue znd eigen-
modes problem relative to the non rotzating blade modelled as S-masses lumped mass model
with zero siructural damping are given in Teble 2 where only the normalized shapes of
the first flatwise bending mode and the first torsionmal mode, which are essential in
the stall flutier effects analysis, are shown.
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TABLE 2 -~ RESULTS OF THE MODAL ANALYSIS FOR THE NON ROTATING 5 LUMPED MASSES NON
ROTATING BLADE MODEL

x = /R First Bending mode First Torsional mode
(wb= 31,5 rai/sec) (wt= 140 rad/sec)

Q 0 )

0,2 0.059886 0.3093
0.4 o ) 0.219028 0.5860
0.6 0.44659 0.8057
0.8 0.71643 0.9493
I.0 I.000 I.000

The modes relative to non rotating blade are sgsumed as & reasonable approximations
for the rotating blade modes. In the next section the mathemstical linear model of the
roteiing elastic blade describing its bending deflection out of the rotational plane
and toreional rotation in respect 4o the elastic axis is described.

4. ELASTIC BLADE DYNAMICAL MODEL

The mathematical model for the rotating elastic blade associated with coupled flatwise
bending and torsional modes is formulated on the basis of the theory given in Ref. /2 7.
The coupled blade bepding - torsion equations of motion im terms of the blade fundamen-
tal normal modes are expressed by:

£ (6= B 0, (3) - By a(t) - Bye(t) + B, (1) $(+) + B, p(%)

P8y =T d, (1) - Tp 2(t) - T, (9)p- T,elt) + T, & (1) (3)

Tn Table 3 and 4 the expression of the coefficients appearing in the system equation (3)
are given. In Table 4 the modal integrels =and constanis required as entries in Table 3
are Gefined.
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TABILE 3 - COEFFICIENTS IN BLADE BENDING=TORSION DIFFERENTTAL EQUATIONE -~ UNIFORM

5e

BLADE
By =m0 o= omy G0
- w ® 2
B2 —wb T2 = @)
B, =y X 0 Ty = my Ipo
B = . = i
e T, i = T,
- 2 2
B = m, My O T, = o, I; 8
B I I
I = 3 5 =
- I I
I - I
I I
§4 = ..E..Bd T, ‘f4 = -3 T, By
- I = I (r -7 B)
B, = = ('Bc - 34 T, 3 I, = -5 . ¢ 4
4= I = m4 134

TABLE 4 -~ MODAL INTEGRALS AND CONSTANTS -~ UNIFOEM ELADE

- Generalized mass and inertia

I
MI = [ m{x)

o)

o ? {x) dex

I

M, =[ m(x} ﬁZ(XJ x dx

[+

Al
12 e ]‘ m(x) 32 (z) R3 X

I
MB m [ m(x) a(x) f(x) B ax
)
. 9]
o= Iy 5 M o= I/ g, = M/ My
2
MR = M/ ; = x ; M = -2
R L L S Y
a=  7(x)/R ; 8= E(x)/R :
- Mog¢al integrals Modal coefficients

I
Ky = [a2 (x)} =z ax

[
E. =
5
o}

inz f a(x) x° ax

L)

I
ﬁe (x) x é&
I

X

Y
Iy = 7 %
Bp =R/ O
4
Bp = Bp
Y =
mc = oo n
S

2

dx




6
Defining the state vector:
z (1) = [g(t) &(t) @(t) 9'9‘(1:):‘ {4)
The differential equaiions (3) cen be expressed in state varisbie form:
2() =ax(t)+B g (%) (5)
where the control variable ﬁc {t) is defined es the blade collective pitch angle employed

as the main effector in the B.S.4. active control.
The state matrix 4 and the control matrix B have the following form:

o I v o] o]
_§2 --EI 53 §4 ﬁc
A =
° S 0 E.' B = 0

Reglecting the small unsteady zerodynamic component, the blade incident free velocity
including the rotor rotational velocity will be expressed, for a blade seciion at di-
stance r from the hub, by:

Up = Qr +pQRB  siny (6)

and the unsteady flow perpendicular te the blade section assumed as a thin airfoil oscil-
lating in incompressible flow, will be given Dy:

O, = 7(r) & (%) +#QR£,E coa. g (n

The local angle of attack perturbation due to the bending mode, can be approximeted by
the ratio U, » Observing the angle ¢f attack perturbations in proximity of the 270°
azimutk at & sPecific blade section (r_) where the bernding modal shape sssumes & known
value 7 _, and summing up the bending and torsional contributions, it can De expressed
in the form: ' . o
a B H = = ————
() K, & () + o(%) ; K, 5Ty (8)
o o

where the denominator in the K, expression is the net relative sirspeed encountered by

the retreating blade passing through the 270° azimuth .Pmploying Eq. (8), the blade dyna-
mice and associated aerodynamic perturbations in respect to a stationary reference con-—

dition, can be obtained integrating simultaneously the BEquation (5) with the support of

the algebraic output equation:

yit) = C x(4) = I:O K, I Ojl = a{%) (9)

Since the all thelcomponents of the state vector (4) are measured at discrete time ine
tervals and the function at the input of system (5) is essemtially & stepwise constant
continuous function, the Eg. 5 and 9 must be discretized becoming:

x(k+ D) =a (D) x (k) +B(D) & (%) : (10)
y (%) =0 x (k) f {11)

where A(T) and B {T) are respectively the discrete state and comtrol matrices which are
impliecitly functioms of the sampling time assumed for the data information flow. The
equation (10) and (11) will be used as a first approximation for the B.3.A. control sy~

gtem analysige.

5 - THE BLADE STALL ALLEVIATION CONTROL CONCEPIS

As previously introduced, the blade stall zllevietion contrel system proposed in this
study has been conceived 25 an active modal control in which the actual vibrational
energy level existing in the retreating blade is continucusly observed and when it ex-
ceeds some criticzl velue predicted for the blade stall, the blade collective piich is
actuated in order to relax the existing overload supported by the blade avoiding con~
seguentely the full stell development., Since the flutter stall is characterized by &
violent torsional oscilletions at a freguency elmost coincident with the blede first
sorsionzl mode, the Power Spectral Density (P.5.D.) of a time function obizined by a
direct observation of the torsicmal angular displecements, is undoubtedly, the more



T
appropiate quantity to be correlated with the blade stzll onset. However considering
that the torsional vibration are strongly influenced by the Dending mode and that the
B.S.4. control actuactions must be performed in direct reference to the amount of the
angle of attack veriations, seeas to be more appropiate to assume, as index of the
blade vibrationmal state in relztion to the blade stall onset, the P.5.D. of the time
funetion (9) defined in the previous section.

The adventzge in performing the spectral analysis of such functionm which as
a matter of fact is the blade of aittack perturbation existing on the blade reference
section, 1s Trepresented by the possibility to evaluzte the angle of attack magnitude
in a freguency slot centered at the first torsionsl natural freguency where the most
stall flutter energy is concentrated. In wathematical terms, defining:

A (wt ) = DeFeTe [a(t)} = MA (‘Qt) + I& (m‘t)

the discrete Fourier transform of the angle of attack perturbation time function defi-
ned in {9) evaluated through a triangular (Barlett) freguency window centered at the
first natural torsional mode frequency (cot), its Power Spectral Density will be ex—
pressed Dy:

2
P, (o = (M, (a.))

- The actual value of the P.S.D. whick is comsidered in the B.S.A. control process will
be defined as the mean value of the P,S.D. defined in (13) evaluated in the time inter~
val in which the blade swings through the active angular sector:

ﬁA (wt) = E (PA (mt)] .
The function a(t) is observed in a pumber of discrete points dictated by the Fourier
analysis performed in the Spectral processor and i$ will be defined on the basis of
considerations regariing the frequency and time resclution, the frequency bendwidib to
be covered and the maxipmum time delay expecited for the B,S.A. control process. The da-
ta measured by an electro-optical eensor are temporarely siored in the Spectral Proces—
sor and employed for the P.S8.D. real time computation; for the time interval in which
thie process iz being carried out, the measured date are inhibited to enter in the pro-
ces50T R.A.M. area until a new active cycle is initiated, The actuaction stage is empo-
wered to staxt by the logic unit when the the actusl computed P.5.D. exceeds 2 predic-
ted eritical value; a thetd time the blade collective pitch is decreased teo an amount
strictly necessary to relax the blade airload below z ar established guard value at
which the blade stall flutier condifions vanish. This actuaction stage will last a time
interval necessary to the blade to complete the active angular sector and the last bla-
de piteh value, resulting at the time in which the blade has left this sector, will be
kept invariant until 2 new active c¢ycle is initiated. The process will be repeated at
the sucessive blade revoluiions, each performed in reference to an updated FP.S5.D. value.
In the zctuation stage the blade collective channel is operated as an optimal regula~
tor with feedback gmins adjusted to minimize an integral perfomance index involving
all the blade state variables; the adopted optimal contrel strategy allows the angle of
attack value, measured at the beginming of the active ¢ycle and stored in computer me~
mory,; to be reduced below 2 prescribed value in a number of sampling time interval pro-
perly chosen to satisfy the B.S.A. control requirements. As will be freat in next sec-
tion, the blade dynamics will be regulated by the control law:

By () = u o (W) =E ox (%)

where the 26 " is the opbimzl feedback gain vector obtained aolving the optimal regu—
latoer probleg with model response implicit in the state weighting matrix assumed in the
integral performsnce index, Matching properly the aerociynamic and kinematical parame—
4ers invadlved in B.S.A. conitrol design, the actual P.S5.D. value will be reduced below
the critical velue in a time interval depending essentially by the collective pitch
servomotor dominant time constant.

To 1imit the helicopter veloelity vector orientation in respect 4o the terre-
striel reference frame, the B.S.A. control command signels are applied to the collectis-
ve channel input of the longitudinzl pitch decoupling (L.P.D.) unit described in Ref,

5 , the function of which is to decouple the helicopter state and control variables in
ivio seis of properly chosen decoupled subsystems:
SC = (dc,‘a‘) SCQ = (dcc, w)
The first channel make the helicopter attitude {# ) controllable only by the eyclic pitch
command {d ) non affecting the helicopter vertical speed component, while the other chan-
nel is empSwerd to control, by means of the collective pitch command (4 _ )}, the vertical
velocity component {w) independently by the longitudinal attitude. 4s a8€cribed in
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Ref.D the L.P.D. unit is a multi-feedback structure, implemented by a feedback and pre-
filter controllers, involving all the measurable helicopter state variables in $he de-
coupling and regulating processes, the last one based on @ specified desidered respon-
se model., Driying the cyclic piteh decoupling chammel with & reference signal derived
by an Inertizl Reference Attitude Unit, the B.S.A. zctuactions can be developed maine
taining the helicopter attitude change within the tollerence reguired for the flight
Ml.E8105.

5. OPTINAL ACTIVE CONTROL PROCESS

As indicated in the prevuous sections, the blade stall relaxation is cbtained varying
the blade collective pitch at the time the computed P,S.De exceeds a predicted critical
value, In the actuaction stage the blade collective piteh is decreased from the value
relative to the reference stationary flight condition existing bpefore the blade stell
onset to a pitch angle &t which the blade serodynamie load is relaxed to an amount
strictly necessary to avoid the full develomment of the stall along the blades, For this
purpose the collective pitch servosystem is made operating as an optimal regulator dri-
ving the blades to assume the desidered pitch angle with & specified transient dynamics
in a time interval compatible with the servomotor characteristics and chosen on the
basis of norn stationary aerodynamical considerations involved in blade pitch metuactions.

' The optimal control problem is stated in discrete mathematical form which is
more appropiate to the B.S.A, comtrol digital implementstion., The state equation (10) is
taken into congideration in formulating the optimz]l process in which the performance
index: ’

NeI T
Jd = Z 1/2 E'._ . Q o x (12)
k=0
where Q iz a positive semidefinite matrix weghting the state variables invelved in the
gystem eguation, is minimized in an esteblished number of sampling time starting from
an arbvitrary initial state:

x (X = x (0 (13)
The solution of the optimal conirel problem yields the in an discrete control law:

(©) =8, (©) = & x (%)
k=0,1’oc' N—I (14)

In Eqe 14, K is & ‘time variant feedback matrix found with the application of the linear
Riceati transformation which can be found in advanced optimel conmtrol itexts:

k) = R [p - q] (15)

where P (k) is the discrete Riccati matrix obitained solving the recursive system equa-
tions:

uopt

P (k) = Q4 AT P (kD) + ® “T(keI) &
W (k) = T+«BRE B P (k+I) (16)
by a backward in time process starting from:
P{N)=0

to obitain the stationary feedback gazin matrix X {0) solving the minimization problem in
a given number (N) of sampling time intervals. The system tramsient behaviour is forced
40 obey a model following strategy with a response model implicit in the augmented 43~
serete state matrix A(T). Defining the augmented siate vector:

£, (k) = XI(k),xa(k),x3(k),x4(k)sx5(k)] =
e 1), 2w, 900, sizuc),,am(k)} ()
where x_ (k) is the local angle ¢f attack perturbation modelled as a first order discre-
te 4 ics:
2, (6) = ETx (k) (18)
The constant K in (18) is defined as the inverse of the time constant established for

the desidered expomnential angle of attack variation starting from a stationzaty value.
Reformulating the performance index (12) in the following form:
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2 - 2 2 4 - 2
J = a7y X3 * (Kg xz(k) + x3(k))+ %y ¥ - Xg (¥) =

=q(e2 -o® W) +q, §° W+ ay s @

the performance index J appears to be is invelved, beside the bending deflection and the
anguler torsional rate, by the error in the local angle of attack perturbatien in respect
+o a proposed medel., By an approprizte choice of the state weghting matrix elemerts, the
optimization process implemented with the feedback gein matrix indicated in (15) will for-
ce the system to minimize the local angle of attack error, or eguivalenily the local blade
loads, in respect to ithe established model. This strategy results very usefull in reguls-—
te the blade loading itransients when the the collective pitch im changed to relax the stall
onset on the blade. In the actual S.B.A. Conircl implementation a nimber of sets of initial
conditiong wlth the correspondent computed optimal feedback vectors are stored in the spec-
tral processor., When the B.S.A. Control becomes active the actual sei of imitial conditions
obaserved and memorized at the beginning of the B.S.4, acquisition phase is brought into
coincidence with the stored values malking the correspondent feedback vector available for
the automatic process allingning the opiimal controller gains with the computed refe-
rence values; as this time the feedback controller is ready for the collective actuaction
driving the blade pitech to the desidered wvalue,

6 -= THE B,S.4. CONTROL SYSTEM STHUCTUERE

The costituent parts of the proposed Blade Stall Aldeviation control system which are sha~
red with the Gust Alleviation control system presented in Ref. 10 , are the electro-optical
cal Laser Sensor Unit (L.S.U.), the Spectral Processor amd the Longitudinal Pitch Decou~
pling (Le.P.D.) unit, The two active control systems differ from each other eseentially

for the feedback cmtrollers and their electriczl comnections to the blade pitch servosy—
ster units. In the G.4.C. contrel system the spectral processor output is applied to =
function generater producing an harmonic sigoal driving, through the L.P.D., cyclic chan—
nel, the blade cyclic pitch servomotor to an amount proporiional +to the actual computed
2.8,0. value, In the Stall Alleviation conitrol systex the spectral processor output is ap~
plied to a logic unit which empowers the data relative 1o the difference beiween the P.S.D.
values computed in +two subsequent active cycles to be traslated, through the L.P.,D, cellec-
tive pitch chammel, to the collective pitch servomotor input for the stall alleviation pur-
poses. The overall topology of the B.S5.4., control system for the pert relative to the blade
feedback opiimal controller treated in this study is depicted in Fige 2, while the comple- -
te B.S.d. control system including the feedback helicopter conirol; which shall be presen~
ted in the next future paper, is sketched in Fig. I« The common consituent paris of the
B.S.A. and G.,A.C, control systems were discussed in Ref., 10 5 in the following further
technical informations relative to the B.S.A. control system azre given.

- The L.S5.U. Pakage
To measure the blade bending and torsional displacements described in the state equation
(5), respectively by the state variables g(t) and ¢@{t), an eleciro~optical Laser sensor,
which is a particular application of ithe laser Position Encoder employed for shape mea~
surements in the Large structure in space (Ref., 6,7) and presently in development sta-—
ge, 1l proposed as & structural sensor for the B.S.A., and G.4.C. aciive contrel systems.
-This device uses & coaxial trasmitier-receiver pulsed diode dicde laser employing a scan-
ning mirror to direct the emitted lmser beam to the blade supported reflectors within a
fixed anguler renge; in the same scenning range, the reflscted light beam from the Tre-
flectors are observed by the laser hesd and <then detected by a photosensitive device.The
operation of thia gystem consists of initiating a pulse from the laser emitter which is
pointed & the scanning mirror; the emitted pulse sirikes the scan mirror and it is sent
to one of the reflector targets located on the fence wall fixed on an established blade
section. Upon reflection from the target, the pulse returns to, the scanning mirrer to
be observed in a photosensitiv detector via an electronis circuity and fiber optic unit.
The detected pulse is amplified and used to irigger ancther emitted pulse and theprocss be
cores repetitive with a repetition rate uniguely determined by the distance travelled ‘o
the target and back; 2 meesure of the repetition rmte thus created provides the means
required for determining the range from the scanning mirror to the blade reflector. The
reflected light beam spot coordinates imaged on the photosensitive array sre resolved
by & microprocessor using an algorithm computing the numerical value of the imaged spot
coordinates which are convertend in a linear and anguler displacements of the blade re-
flector spot from an established reference datum,. One set of the reflector points is
located on the supporting fence in position aligned with the blade section chordwise elaw
stic axis while another of reflectors set is located in the same fance but forward the
elastic axis in order to make posszible to compute in one gcanning ¢ycle, the linear di-
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splacement due to bending at the elasiic axis and the angular displacement in respect
to the elastic axis due o the blade twist.

Applying the individuzl blede control technique, the Laser sensor unit head
is solidal with the rotating master blade frame and the position of the reflectors sup—
porting fence on the blade, which depends upon the rotor configuration and blade elastic
characteristics, hes been chosen, for ithe case ftreated, at & distance of 0,5 R from the
hbe In Fig. 3 a3 descriptive sketch of the basic L.5.U, principles is given.

The resolution expected from a 0.82 m diode laser operating with a pulsewidth
of 28 psec, is in the order of G.2 mm. znd 0. arc sec. respectively for the blade ben~
ding ard twist measurements.

Spectral proceasor
The same Spectral FProcessor proposed for the Gust Allevation Control System treated in
Ref. 10 may be sbhared, with an appropiate interrupt microprogram provision, with the
Blade Stall Alleviation Control System. It ie essentially implemented with an high speed
F.F.T. dedicated microprocesser computing, in each blade revolution and in the time slot
indicated in Table 5 as the "time interval" in the “computational stage", the averaged
convoluted wvalue of the actual Power Spetral Density value employed am +the basic infor-
mation in the stall slleviation process. In Table 5 and Fige. 4 the anguler arnd time bounds
fgr the constituents stages relative to the active operational B.S.A. cycle, as it has
been proposed in the system digital simulation, are shown.

In Table 6 and 7 the bamic data specifications for the spectral process carried
out in the Spectral Processor and some of the characteristic of the microprocessor em~
ployed in the laboratory experimentes are indicated.

TABLE 5 -~ ACTIVE B.S.A. CONTROL ~ PROCESS SPECIFICATIONS

Blade Revolution period ' . gec, 04270282
Active Conitrol sector:
Rotor azimuth covermnge (Y dege. 225~-345
time interval 8ec, 0.09074
Acquigition stage: :
Rotor azimuth coverage () - degs 225-284
Yime interval HeC, 0.044613
Computational stage:
Eotor azimuth coverage (1) deg. 2684-313
Time interval £88C, 0.021929
Actuaction stage:
Rotor azimuth coverage {y) -dege. 313345
Time jinterval : " Bec, 0.024197

TABIR 6 - ACTIVE B.S.A. CONTROL - SPFECTRAL PROCESS SFECIFICATIONS

; Signal bendwidth Hz 22,2929
F.F.T, freguency bandwidth " 4445829
Number of F.F,T, points i " 32
Sampling %time Bec, 0.014178
Freguency reseclution Hz . I.39321
Barlett window widih " I1.14568
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TABLE 7 - F.F,T., DEDICATED MICROPROCESSOR CHARACIEHISTICS

i
Data word lenght bits
Fachine time cycle 10"6 sec. I
Number of computing cycle N.D. &
" Number of butterfly bleocks N.D, 80
Time for F,F.T. batch sec, 0,005
B.3.A. operational cycles ’ N.D. 3
Totel computing time per
BuBeds contrel ope 8e0. 0.015

T - THE BLASE STALL ALIEZVIATION PERFORMANCES EVALUATION

To evaluate the rotor dynemical beheviour in proximity of the blade stall onset due to
local angle of atteck increase induced by the blade bending and torsional elastic defor-
mations and the effectiveness of the proposed B.S.A, active cwmtrol system in relaxing
the blade stall effects, extensive digital simuletions trials have been carried out; an
integrated digital computer program hased on the blade linear model described in  the
preceding sectiions, including the P.S5.D. computationzl slgorithms and logic, 25 they are
implemented in the proposed B.S5.A. configuration, was prepared and applied to the spe-
gific practical application in order o obilain a significant physical insight on the
blade dynamics when subjected to a severe environmental disturbance considered as an e-
nergetic source in the blade stall generation process. To simulate the stall flutier in-
stability causing the magnified torsional cscillations, & negative damping factor was
awitched into the blade bending—torsional coupled equations when the local blade loading
at the Dlede reference station, observed by the L.5.U. sensor, was falling inside a cri-
ticel specified range in which the blade stall is expected to initiate. However sipce
in this critical range the computed critical P.5.D. of the actusl vibration level exi-
sting on the blade is also expected to be exceeded, the B.S.A. active control is suppo-
sed to be, &t that time, operative and if the B.S.A. control system is properly designed,
only a low or moderate stall flutter instebility effects may appesr in the simulation re—
sults. Assuming the blade and rotor characteristics in Table I and i{s modal featuree gi-
ven Table 2, the state matrix A (T), the control matrix B(%) and the output matrix C (T)
appearing in the blede discrete equation (10) referred to the sampling time value (T =
0.0014178 sec.) assumed for the spectral computations, zre numerically expressed:

1

0,999 1.40077 1673 I.1402 107> 2,633 1077
~I.40543 0.99895 1.6084 I.14398 10°
a(T) = 4.8557 1074 I.80914 10‘8 0.979745 0,0014178
0.684952 5.11096 10~% ~28.573 0.979738
-3
4.57108 10
> o(r) = [o 0.057128 O 5.73]
B(T) I.7469 10
2.46TT 1073

In order to anzlyze the elastic behaviour in proximity of +the stall onset and, in parti-
cular, the local increase in blzde loading due to the elastic effects when the blade is
passing through the iderntification sector, 2 discrete (I-cosine} gust function has been
considered as the environmental disturbance; the period Tw and the megnitude K of

the this gust function expressed by:

ol 2”
w(t) = e (I - —— %)
T T

W w
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were chosen te contain the emplitude and frequency characteristics typical of the a
real atmospheric condition vhere 2 gust gradient, with e gradual build up through
the rotor disk, is experienced.

Assuming 2 mean gust velocity correspending to a severe turbolence (8 m/sec)
end a minimum wave length (100 m.) in the range of the predicted value of the gust gra-
dient in relation %o the rotor diameter, the gust frequency of 5.5075 radi/sec. corre-
sponding t¢ the spatial frequency of 0.0806% rad/m. with & relative wind velocity of 72
m/sec, has bPeen chosen, This gust function will be resolved in 4 blade revolutions at
the assumed revolution period {0.270470 sec.). The solution of the optimal control pro-
blem with implicit model following strategy yields, for the flight coritim cosidersi inthe
digital simulation, the feedback gain matrix indicated in Table 8

TABLE 8 - OPTIMAL FEEDBACK MATRIX
Collective Eitcﬁ control - B.S.A. Actuzction phase
Vo = 64 n/sec - 8 m/sec {I-cos) gusi function
State Initial conditions at = 2250

Gain Variable Sensor Value
hXI g(k) L.S.U, 8.89545
h12 é‘ (k) " - 20 545
h13 P (k) - 9.58276
h14 P (k) " - 0.02106

8 - STMULATION  RESULTS

Some of the simulation resulis are presented in the following diesgrams. In. Fig., 5 the
local 1lif% distribution on the rotor disk azimuthal plane relative to the undisturbed
reference flight condition is presented. In Fig, (f6-b) the blade load variations, ex-
pressed in terms of the local 1ift coefficients in the blade reference section due to
(I-cosine) disturbances plotted in Fig. (6=-a) are shown., Im Figure (6-c) the P.S.D.
levels computed by the Spectral Processor at the end of each active cyele and kept
constant until it becomes updated with a new value pertaining to the next cycle,sre
indicated as they are progressing through the subsequent four cycles; the critical
P.S.D. value appears %o be exceeded at the second rotor revolution and, at that time,
the B.S.A, active stage is initiated. The time behaviour of the local blade load due
to the B.S.4A. collective pitech actuation govermed through the optimal regulator pro-
cess ig given in Fig. 7. In Fig, & the local azimuthel 1ift distribution for the ri-
gid and elastic blade, both subjected to the same {J-cosine) disturbance, are shown
for compariscon purpose.

9 - CONCLUSION

4 Blade S5tall Alleviation Control system compatible with the a Gust Alleviation Cone-

- trol presented in Ref. 10 , both based on & new active modal speciral technique trea-
ted in previous papers (Ref. 4, 6, 7 and 8) has been investigated in the present work.
In this preliminary study in which verious overlapping research areas are involved,
the main authors aim is to obtain a phisical insight upon the dynamical blade behaw
viour related to the cantrol problems arising from the particular implementation of
the medal spectral process requiring advanced modal measurement techoigues and com—
puting capability. From this point of view, the linear model assumed for the the
blzde in the & irdividual blade conirol system has been considered acceptable for a
preliminary investigation oriented to obtain the zpproximate order of megmitule of
the stall flutier effects in order 1o prove the feasibility o a control process based
on & spectral process, as it hzs been proposed in this study, From the simulation re-~
sults presented in this pazper and others not shown for reason of its length, the
B.S.A. appears a feasible process the characteristics of which are suitable for fur-
ther significant improvements dependent on the struciural sensor resolution and on

the real time F.,P.7T. dedicated microprocessor features. Considering the sigpificant
improvements in the helicopter flight envelope obtainable with a ¢compound use of the
Gust Alleviation and Blade Stall Alleviation control systems which may be integra-—
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ted in = conventional autopilot without substantiel helicopter and blades structural mo-
difications, the proposed active modal strategy appears very promising for application
on high performances helicopterse.

LIST OF SYKBOLS/ACRONYSNS

A State matrix

B Control matrix

C Qutput matrix

dc Cyclic piteh command

dcc Collective pitch command

EI Blade bpending

E(~) Expected mean value

Fk Generalized force for K-th elastic mode

g Blade bending displacement

GJ Torsional stiffnesa

Im Blade section second moment of erea, flatwise bending
Ib Blade mass moment of inextia respect to flapping hinge
B, Generalized mass for the k-th elastic mode '
bl Number of discrete observations in #.F.T. camputations
Nf Humber of points in the Barlett window width

Kf Feedback gain vector or matrix

M {(~) Magnitude of complex function

P Power spectral density

r Blade section distance from rotor hub

Re Roter radius

Sc Cyelic decoupled subsystem

Scc Collective decoupled subsystem

TS Blade rotational period

T, &ust fumetion period

Tc Sampling time

u Long. velocity componrent in body axes

v Vert. velocity component in body axes

/Blade welght per unit length
/R ratio

Xy Blade gection aercdynamic center offset from elastic axis
X, Blade section center of gravity offset from elastic axis
Eb Blade state vector

gh Helicopter state vector
.oz Blade bending displacement

g Blade twist

4 Lock number

ﬂb Coliective pitch angle

7 Bending mode shape

P blade bending engular displacement

Y Blade anguiar torsionzal deflection

£ Torsional mode shape

4 Rotor solidity

g radius of gyraticn

w Rotor rotational frequency

w first bending mode freguency

w, first torsional mode freguency

Blade Stall Alleviation

Gust Alleviation Control

. Tast Fourier Zransfomm

., Inverse Fast Fourier Iransform

.

.
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T.B.C. Individual Blade control
I.R.4.G. Inertisl Reference Attitude Unit
L.5.0. Laaer Sensor uni+

P.5.D. Power Snectral Density
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