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Abstract

The algorithm was developed for active control of individual rotor blade in time
domain. The general blade computer code was adapted as the plant model.

Full identificability of system is assumed. Quadratic with respect to state and
control variables performance index was chosen. Differential Riccatti equations
were derived using matrices of blade equations of motion linearized for chosen
values of azimuth angle as well as steady state and control wvariables. Optimal
controls were obtained from solution of these egquations for the conditions given
at the end of the chosen time period. Controls, updated after each assumed
azimuth period, were applied to nonlinear case.

The results of numerical calculations show that algorithm converges and works
efficiently.

NOTATION 7({x) - blade natural modes
6, (%)~ blade pretwist angle
B(g) - inertia matrix 8,{(Y)~ blade additional pitch

C(g) - Coriolis loads matrix control angle:
D,(g) - gyroscopic loads matrix 8.cos (NW) +8,sin (N)
f.(g) - inertia loads due to 8,(¥)~ blade nominal pitch
centrifugal forces control angle:
J - performance index, 8,=8,+8,cos (Y) +6,5in ()
n - number of periods of 4 ~ advance ratio
integration Y — azimuth angle
N, - higher harmonic number (/) - derivation with respect
Q — weighting matrix of to blade lenght
state variables (*) - derivation with respect
0.~ aerodynamic loads to azimuth

Qu~ danping loads Matrices are writen bold.

Qn- nonconservative forces
in Hamilton’s principle 1. INTRODUCTION
q - vector of generalized
coordinates There are inherent sources of
R - welghting natrix of helicopter rotor blades excita-
controls tion: flow velocity changes in
8 - matrix of Riccatti forward flight, pitch contrel or
eguation atmospheric turbulence. These,
T,~ equation of motion and also different instabilities
period of blades, can cause excessive
T - blade kinetic energy vibrations of rotor system or/-
u - control variables and helicopter structure.
U - blade potential energy
W - work of nonconservative Concerning the broad spectrum
forces of excitation freguencies it is
X - coordinate along blade a challenging task te develop a
¥ - system state variables system which would cancel all



detrimental effects mentioned
above,

The first step for vibration
reduction is the proper aeroe-
lastic structure tailoring but
it could not ke a remedy for
all adverse phenomena. Passive
vibration suppression devices
(1], [2], like isclators, abso-
rbers or anti-resonant devices
have performance limited to
narrow frequency band, so they
can be tuned only to particular
flight conditions.

Since 1975, when [3] was publi=-
shed, the active contreol of
rotating aeroelastic structures
is being investigated extensi-
vely. New achievements in mic-
roprocessors and mechanical
technology allowed to adopt
this control technique to roto-
rcraft. Expectations connected
with active control concern:
performance improvement {41,
vibration suppression {5},
stability augmentation [6] and
noise reduction [7,8]. Usually
active control is aimed to deal
with only one of the detrimen-
tal effects mentioned above,
although multifunctional sys-
tems (9] are also suggested.
The idea is to use the existing
controls to obtain reguired
improvements by implementing
additional control of blade
pitch. Because periodic excita-
tiong are to be suppressed, a
pericdic control should be
applied. This leads to adding
pitch harmonics of freguencies
other than roter shaft angular
velocity. Blade pitch angle is
changed according to the formu-
la:

e=6n+8h2
0,40, cos () +8,5in () +
+0 cos (N, ) +0 sin (N, P) .

This method can be applied in
two ways as:

- Higher Harmonic Control
(HHC), when for all blades the
same additional control is
applied by excitation of
swash-plate,

~ Individual Blade Control
(IBC) when additional control
is different for each blade
[10].

Individual Blade Control seems
to be more difficult for appli-
cation but offers greater flex-
ibility in comparison to Higher
Harmonic Ceontrol.

The latest review of active
control applicaticn to helicop-
ter rotors is given in [111].

The aim of this study was to
develop algorithm for stabili-
zation of a blade moticn by
active controeol of pitch angle.
The algorithm performs control
of individual rotor blade in
time domain.

2. DEVELOPMENT OF ACTIVE
CONTROL SYSTEM

The actively controlled system,
usually designed as an optimal

one, (Fig.l) consists of three
main parts:
- plant, i.e. aeroelastic

system to be controlied,
-~ observer, for determinaticn
the system states,
- control unit for computation
of optimal controls.
In this study, the plant con-
sigsts of blade computer model
(described in the sequent) for
which contrcl unit is develo-
ped. Full identifiability of
the system is assumed. Details
of the observer properties are
not considered, although some
evaluations were done.



There are three steps in active
control system development:
l.Investigation of uncontrolled
system behavior,
2.Establishment of active cont-
rol law and algorithm,
3.Validation of control effici-
ency .
The first step helps the desig-
ner in understanding the phy-
sical properties of the system.
In the second step, control
system is developed, based on
gained experience. In the third
step a validation of control
system is done by computer
simulation and experiments.
First two steps are considered
in this study.

Different control techniques
and kinds of controllers are
currently applied in rotorc-
raft. These are global or local
control algorithws in fregquency
domain using close or open loop
concepts (12}, designed mainly
on linear model basis. They are
tested and tuned using computer
simulation, wind tunnel experi-

ments or in flight measurements.

In this study active optimal
algorithm in time domain is
applied to nonlinear case. The
properties of algorithm were
evaluated by computer simula-
tion.

3. PLANT MODEL

The general blade model develo-
ped in {13] was adapted as the

plant model for this study. The
overview of this model will be

given here for completeness.

The isclated blade of helicop-
ter rotor in steady flight is
censidered (Fig.2). Air flow
velocity can vary in time,
which allows to include into

30-3

analysis gusts and wind. The
angular velocity of rotor shaft
is constant.

In the most general case a
blade hub can be composed of up
to three hinges in arbitrary
sequence connected by stiff
elements. At the ends of the
first three elements flap, lag
or pitch hinge can be placed.
At each hinge nonlinear damping
and stiffness can be taken into
account. These can be arbitrary
functions of hinge rotation
angles and velocities.

Angle of rotation in the hinge
consists of:

- constant component, which
corresponds to the design ang-
les like: precone, droop, etc.,
- periodic component, which
describes the steady blade mo-
tion, {(in feathering hinge
pitch control is included),

-~ unknown component which is
the disturbed blade motion.
Pitch-flap coupling can also he
taken into account.

The blade is attached to the
last segment of the hub or
directly to the shaft. The
blade can be deformablie. The
stiffness loads calculations
are based on beam model {14],
which is derived for small
deformations. Blade cross sec-
tions have symmetry of elastic
properties about the chord and
there is no section warping.
The blade has straight elastic
axis parallel to the axis of
the last hub segment. The blade
is pretwisted around the elas-
tic axis or, if it is rigid,
around the feathering axis. The
viscous structural damping of
blade deformations can be inc-
luded.



The blade deflections are disc-
retized by free vibration
modes.

The vector of blade motion
generalized coordinates is com-
pesed of elastic degrees of
freedom obtained from discreti-
zation of blade deformations by
natural medes, and rigid degre-
es of freedom which are rotati-
ons in hinges,

The aerodynamic loads are
calculated using a two—-dimen-
sional model with steady non-
linear airfoil coefficients.
The unsteady effects were inc-
luded by applying the dynamic
inflow model, with coefficients
taken from [15]. The vector of
blade loads 1n eguations of
motion was obtained by succes-
sive transformations of section
loads starting from aerodynamic
center.

For the set of generalized
coordinates, the equations of
motion derived from Hamilton’s
principle:

V2

[ 18 (U~T) -6W] dyr=0

¥,

can be divided into two groups:
- for elastic degrees of fre-
edom:

a arT 8T aU
i , 0T, 4T 6U /
f[ w ( aqj) aqj+aqj]nj(x)cﬂe

6 (%) dr =-fQMnj(x)dR
R

- for rigid degrees of freedom:
d BT]_ dr  dUu
dy = aq; dg; 9gy

= QNJ' .
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Inserting the expressions deri-
ved for blade aerodynamic,
damping, inertia and stiffness
loads, equations of motion were
obtained in the form:

Blg) ¢ = -2C{q)¢d-g"D_(q) g-£{(q)
"Qd{q, ‘i) +QA(t: q: g)

Algebraic manipulations for
deriving the coefficients in
equations of motion are perfor-
med within the computer prog-
ram, Translation vectors and
rotation matrices are rearran-
ged according to checsen hub
model. To avoid numerical dif-
ficulties, the derivatives of
matrices and vectors were first
calculated analytically and
then placed into computer code.
The blade generalized masses
and gstiffnesses are obtained
from the separate computer
program before solving (or
analyzing) the eguations of
motion, so the inertial and
structural loads need not to be
integrated along the blade span
during the computation cof equa-
tion right hand sides.

The Gear’s algorithm was used
for numerical integration.

4. ACTIVE CCNTROL SYSTEMS.

Optimal control algorithms have
the firm thecretical background
only for linear plant models.
The algorithm developed in this
study 1is based on methodology
used for linear optimal guadra-
tic controllers with Riccatti
equation solved in time domain.
We applied this method to non-
linear model of plant, which is
somehow heuristic apprecach.

State vector 1is defined as:



X(y)= (4,9),
and control variables as:
u=u(e,,8,).

Before applying this control
algorithm, stability of the
open—-loop system should be
checked first and then the
steady blade motion x,(y) for
nominal control u,{y) should be
calculated.

Nonlinear differential equat-
ions

x = £(y,x,u)

with periocdic right hand sides
derived for general blade model
given in previous section were
taken as the plant in this
study.

Total aerodynamic loads at the
blade root

y = g, x, u)

were treated as one of the
system ocutput guantities.

2 quadratic performance index
for finite azimuth interval nT,
was chosen:

(xTQx+uTRU) AV .

The comnputation of optimal
controls could be performed for
linearized equations:

X = A(y)x+B (Y} u.

Matrices A and B obtained for
steady blade motion x, (¥) and
nominal control u,(y) are func-
tions of azimuth angle. To
optain optimal controls, Ric-
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cattli equation:

S=-SA+SBRIBTS-ATS-(

should be solved for values
given at the end of the chosen
pericd of time:

S(nT,+y,) = Eps.

Optimal controls are calculated
as:

u = -RIBT(§ ) S(y ) x(Y +uT,) .

The computation time needed for
solving Riccatti eguation could
make this algorithm difficult
for application. So the algo-
rithm was modified. Its flowch-
art is given in Fig.3.

The computation steps are as
follows:

1. Matrices A and B of lineari-
zed equations are obtained for
assumed azimuth angle ¢,
steady states x,(¢¥), and nomi-
nal control u,.

2. Matrix Riccatti equation
based on matrices calculated in
step 1 is solved for assumed
number of rotations of rotor
shaft and assumed "final condi-
tions'" Eps.

3. Blade motion x(y) (i.e.
solution of nonlinear plant
equations) are computed for
given initial values of x,, u,
and for assumed number n of
rotor rotations (periods of
eguations of motion).

4. New control values are ob-
tained using the state values
x(nT,+yYy) calculated in step 3.
5. The computation is stopped
after assumed number of rota-
tions.

The shortcuts in this method



are:
1. Application of linear met-
hodology to nonlinear case,

2. Calculation of linearized
equation matrices for one set
values of state variables and
contrels at one azimuth angle.
3. Computation of Riccatti
egquation solution only once.

5. EVALUATION COF CONTROL
ALGORITHM

Efficiency of this control
algorithm depends on:
l.Parameters of the plant
model Jinearization, i.e.

-~ azimuth y,

- initial values x_,, u,,
2.Number n of rotations for
which the equations are linea-~
rized,

3. Weight matrices Q, R,

4. Flight conditions i.e.
flight velocity, nominal pitch
angles, etc.

The results of computer evalua-
tion of influence of some of
these parameters is given here.

To save computer time the most
calculations for investigating
algorithm properties was per-
formed for rigid flap-pitch
blade model,

No nominal cyclic pitch was
applied.

The equations of motion were
integrated for 20 rotations.

To investigate the properties
of contrel algorithm, the con-
trol of firgt harmonic for
blade flapping improvement was
assumed. Zero HHC contreols were
taken as starting values of
iteration.

First the control was applied
at 0 azimuth angle.
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In Fig.4 the influence of con-
trol on rotor motion for dif-
ferent advance ratios is shown.
As could be expected the first
harmonic contrel has almost no
influence on blade pitch (the-
ta). For flapping (beta), in
all cases during the first five
or six rotations some over-
control appears. In hover cont-
rol causes periodic disturbance
ovaer almost steady uncontrolled
system response. For all higher
advance ratios flapping angles
are diminished.

The 6, (theta-c) and 8, (theta-
g) components of control vari-
ables as functions of nunmber of
rotor rotations for all cases
from Fig.4 are plotted in
Fig.5.

Both control components conver-
ge to almest the same values
despite of advance ratio.

The results of algorithm conve-
rgence investigation are shown
in Fig.6 for advance ratio
4=0.25. There were four sets of
starting values:

8, o,
0.0 0.0
D.0466 0.0
0.0 - 0.0329
0.0466 - 0.0329.

Despite of starting values, the
control variables converge to
steady values after about 17
rotations,

The influence on flapping of
azimuth at which control was
applied is shown in Fig.7 for
4=0.25. The eguations of mo-
tion were integrated for start-
ing azimuth range from 0 to 360
deg in 45 deg intervals. The
best flapping suppression has
been obtained for 315 deg.



These best control results are
compared with the uncontrolled
case in Fig.8.

The values of control parame-
ters for different control azi-
muth angles are shown in Fig.9.

The difference between azimuth
angles for which matrices A, B,
and 8 are computed and at
which, integraticn of equations
of motion is started can be
treated as the time which can
be used by '"observer™ and opti-
mizer to work out optimal cont-
rols.

The best results were obtained
fer azimuth 315 deg and start-
ing integration at azimuth 340
deq.

It gives the time for control
computation about 25 deg of
azimuth angle if the control
was applied in real time.

CONCLUSIONS

The algorithm was developed for
active control of rotor blade
motion in time domain. For com-
puting control values, Riccatti
equations are integrated only
once for chosen values of azi-
muth, state and control variab-
les. The efficiency of algo-
rithm depends on these paranme-
ters. No divergence in algo-
rithm computations was obse-
rved.
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