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Abstract

This paper deals with the control strategy and the real
time simulation of adaptive vibration control of smart
rotor blades. Firstly, the dynamics of a scale BO-105
smait rotor blade is introduced, and described by a
recursive MX-filter in which the coefficients have the
certain relationships with the blade's modal parameters,
e.g. natural freguencies and modal damping, etc.
Secondly, based on adaptive feedforward control, a
hybrid adaptive control strategy is presented. H is mixed
by a conventional feedback controller and an adaptive
feedforward controller, and can both increase the modal
damping and cancel the disturbance response. Thirdly,
evident vibration reductions are observed for single
frequency (4Q, 8(), dual-frequency (40 and 8Q),
variable frequency (3.83(2-40Q-4.23Q) and variable
amplitude harmonic excitations.

List of Symbols

a, (k) @ ;(k): transversal coefficients of MX-filter

a,, a, 4, . coefficients of the numerator of the PID
controller in z™ polynomial

b{k), (k) : recursive coefficients of MX-filter

b, b, : coefficients of the denominator of the
PID cantroiier in z! polynomial

ey (k) : transversal coefficients of MX-filter

dik) : response due to disturbance

D(z) : impulse transfer function of the PID
conftroller

e(k) : total response due to disturbance and
control

E(z) : z-transform of e(k)

f : disturbance

N : i-th shape values at the j-th actuator

: position and the ;j -th sensor position

g(k) : response due to control

Ay (k) : impulse sequence of H,

H,H, . impulse transfer functions

g, : estimation of A,

i . subscript, concerning the ;- th output

: i=12,.,m,
J . subscript, concerning the ; -th input
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: j=12,...m
J : cost function
k . k -th sampling interval
K..X,, K, gains of the PID controller
I : subscript, concerning the 7-th mode
: I=12,...m
L : FIR filter order
m s number of modes
m . number of inputs of MX-filter
m, : number of outputs of Mx-filter
i : | -th modal mass
- N : blade number
M . FIR filter order
P : FIR filter order
: filtered-x signal
Sy 8. 8, - states of MX-filter
T : sampling period
u, : cordrol signal due to feedback control
u, : cantrol signal due to feedforward control
u csumofy and u,
U,(2) : z-transform of u, (k)
v, (k) : input of MX-filter
W, I sequence in
W : weight of adaptive feedforward control
x : reference signal
¥, . output of MX-filter
z : time-delay factor
Q : nrominal rotor speed
@, : 1 -th modal frequency
& ;. [ -th modal damping ratio
M : convergence factor

Intreduction

Helicopters are susceptible to high vibratory and
aercmechanical loads, excessive noise levels, and high
dynamic stress. The main source for all those problems
is the nonsteady and complex aerodynamic environment
in which the rotor must operate. To improve helicopter
performances, many design methods and devices are
applied. In general, there are two types of methods for
reducing helicopter vibrations : passive and active.
Passive methods include passive absorbers, passive



isolators, and the optimization design of the rotor -
fuselage dynamics. These methods and devices have
suppressed helicopter vibrations greatly, bui it is difficult
for them to reduce furtherly. Much attention has been
paid to active methods for azbout a decade[12], e

Higher Harmonic Control{HHC), Individual Blade Contro!.
{IBC), Active Control-of Structural Response (ACSR), etc.

HHC Is realized by driving the swashplate, it is initially
used for reducmg vibratiori, but it has some
disadvantages such as complex configuration, etc. IBC is
a general extension of HHC with each blade-confrolled
individually. Recent works show that HHC and IBE can
reduce roior noise and improve the characteristics of
rotors. :ACSR- has great potentiality for applications, and
has been fested in some helicopters {(W-30, S-70B, UH-
60)." It has two types: active isolaturs iocated between
transmissions and fuselages and servo-inertial force
generators located at the floors of the chambers.

In above methods, actuators are separated from blades.

Starting from the early 1990s, the integrations of
actuators afid blades, called smait rotors, attract many
researchers[3]. many works have been done on
feasibilities, configuration designs and the choices of
actuators. Up to now, three kinds of configuration
concepts are presented: adaptive nose droap, the frailing-

edge flaps driven by smart actuators, adaptive blade twist.

The adaptive nose droop concept studies the local
deformations of the leading edge of blades. Lift changes
are obtained by changing the aerodynamic contour
during operations. Since the airfoil sections are specially
designed 'and can be deformed automatically, the
dynamic stall characteristics can be successfully
influenced, uhfavorable pitching moment peaks and
areas of negative aerodynamic damping can completely
be avoided. This has been shown by numencai
‘lnvesttgatlons at the DLR[4].

The, trailing-edge flap concept has received more
attentions because of the inherent advantages of
extracting additional powers from the airstream through
the servo-aerodynamic effect. Researches are focused on
the types of actuations. Piezo-bimorphs[5,6], hybrid
stack/iube actuators with hydraulic

magnetostractive actuators[8] are under

multipliersf7,8],
studying.
However the efficiency of these flaps is questionable in-

respect to long blades with low torsional stiffnesses.

Additionally, blade torsion due to the rudder moments
and the additional vortices leaded by changes in lift
distribution due to the flap may cause problems[10].

Adaptive blade twist is an other concept. The blade twist;

especially at the outer part of the blades, can be achieved

by the fcliowmg actuation pﬂnc:ples .

° Torsion caused by a sarvoﬂap (117 e

® Torsion caused by 45° orientated tension forces
[11,3,12];

+  Torsion due 1o torsion-warping coupling[10);

° Torsion due {o torsion-tension couplingf3,10]

The last principle is currently being developed at the DLR.

Compared with the configuration designs of smart rotor
blades,

the vibration component of primary passing frequency
can be reduced. Refj14] used the LQR/LTR and H~
methods for increasing the modal damping ratios of
blades, but it is difficult to adapt to the dynamical
characteristics of helicopters. Ref.[15] presented some
additional control concepts of smart rotors.

In general, there are two kinds of methods to design
helicopter -vibration controllers: frequency domain
methods "and- tifie domain methods. Because of the
harmonic featires” of helicopter vibrations, the frequency
domain methods -‘are usually used. They can be
described by following: steps: (a) measuring helicopter
vibration; (b):transforming the vibration signal from time
domain into frequency domain by FFT; (c) calculating the
control - signal «in frequency domain, according to the
vibration and the features of helicopters. In this step, the
inversion of matrix is needed; (d) transforming the
control signal from frequency domain into time domain
by IFFT. But compared with frequency domain methods,
time domain methods. have some potentials, e.g. fast
update rate, recursive algorithm, easy treatment of
transient responses, etc.. The comparisons of control
methods are listed in Table 1.

Table1 The comparisons of the control methods in
frequency domain (FD) and time domain (TD)

FD TD
FFT & IFFT yes no
inversion of matrix yes no
fransient response yes no
update rate slower faster
dimension same
- reference signal no | yes
identification yes
convergence problem less [ more

The paper deals with adaptive vibration control of smart
rotor blades in time domain. It is divided into three
sections. Firstly, the dynamics of a scale BO-105 smart
rotor blade is introduced, and described by recursive
MX-filters; Secondly, based cn adaptive feedforward
control, the hybrid adaptive control strategy is presented.
It is formed by a conventional feedback contraller and an
adaptive feedforward conirofler.  Thirdly, real time
simulations are done by two Digital Signal Processor
{DSP) boards, and evident vibration reductions are

gotten for d:fferent excitations.

there are limited works on smart rotor control.

Ref.[13] studied the adaptive control in frequency domain,
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Dynamlc Modelmg of Smart Rotor Blades

i .ehcop;er Vibration Features

Helicopters always suffer from the periodical loads, so
fong as they fly. The typical vibration source of
helicopters is the rotor vibration loads caused by the
periodic aerodynamic forces and the blade vibration. If
helicopters have horizontal velocities, the tangential
velocities of blade sections will periodically vary from the
azimuth angles of blades, due to the superimposition of

horizontal velocities and the rotating speed. Meanwhile,

the induced velocities are not well distributed, because
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rotor tracks are not symmeirical about the blade

spanwise axis.

Because of the periodical environment, the aercdynamic
loads must periodically vary. The frequency must be one
tirne per revelution, because the azimuth angle changes
one time per revolution. Extending the aerodynamic loads
into a Fourier series with the basic frequency of the
nominal rotor speed (Q), it can lpe- found that the
aerodynamic loads are of all harmenie: components: Q,
20, 30, 40, -, and the higher harmonic.components
have smaller coefficients. So only the:low harmenic
components play typical role in vibrationexgitations.- -
For a rotor with N blades, the.forces and-moments at
rofor hub are composed of - those-atreach blade root.
Though the forces and moments-at-each blade root
contain all harmonic components, . - parts -of them are
remained in the rotor hub and transmitted-to fuselages,
others are canceled. The left harmonic components are
those; NG, 2NQ, 3NQ, - . .-They: are the main Vibration
excitation sources of helicopter fuselages. © Thet tested
BO-105 fuselage vibration feature in the vertical direction
showed that predorminant frequencies are 402, 80

One reasen for the vertical fuselage vibration comes from
the blade flapwise motion. If the blade-flapwise vibration
is reduced to a low level, the rotor vibration'loads will also
be low, and the helicopter vibration level will be low. Here
the flapwise vibration of each smart blade is therefore
modeled and controlled individually. . ‘

Basic Features of the Smart Blade

It is assumed that the mode! blades are scale of BO-105
rotor blades and manufactured by glass-fiber .enhanced
composite.  Piezo-electric materials ‘are "integrated to
cause their twist motion. The blade and rotor data are
listed in Table 2. To get the same blade tip velocity of
real BO-105 blades, the nominal rator speed of the smart
rotor is raised, The natural frequencies of the biade can
be seen in Table 3. ) o sl

-

Table 2 Blade and rotor data

number of biades |~ " 47T twist 5014
rotor diameter " pre-{:onrng . 250
== . il 4.
. bladechord ~+| “0.32im-. des!gn thrust 3300N"
% T STV N FEEE S
Ny Iock number o ’ 8, .. scalmgjactpr .2.455
- 'ﬁb’mm&ﬂ rotatmg T T TF 2D INACH
o speed .2 11»0radl$_n - atrfonl - whng

~ - R T~ TR A

TR RTELL R e ron o FeY s o b

o Table 3 T~he natural frequenc:es of the smart blade

L A } U

e N RN YY rotorspeed‘t_
) H?i%?rﬂjt"-’.g 140 Tad/s.
s | TR iz (e

first ﬂapwise mode 29 19.6 (1.12)
.“Sé‘cqﬁdﬂqg\!‘/‘irﬁe-fnod’et. T 17:4 T ﬁ;r;- -"5.-9";3 (2??}(,“_-
~third flapwise mode 47.4. 2 512 805 (5.17)
| frstchordwise mode 108, 7 .| 13.7(078)°
second:chordwise'mode - 66.6° t78.8(4.5) -
Thrst torsion mode - | -5 I ey s
[(infinite control stiffnessy <. 67.9. .. | .. 10, (40)

LI A : ond

‘The MX-Filter *

The MX~f Iter s very suatable for modqllng structural
dynamlc featur;es because of the def' mte relattonsmps of
MX-fi !ter .coefficients. w;th requct to the. modal
parameters of structures X modal frequencnes modal
damping ratips, ete. The MX-Afilter Was named from ifs
modaL formulation due to parai!el form and” its.. apparent
cfoss-coupléd structure[16]. Here,; it is, extended to. the

multi-input and multi-output case. In the case of m,
thé ‘filtér difference
Eala ETIE
equatlons are as follows L me

oufputs m; mputs and ' modes,
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S0, (k)= ¢, =~ v, (k = T) (1)
5, (k) = 2a,y(k Dv (k= 1) +B(k = Ds, (& - 1)

i ~B(k = V)s; (k=) ()
s,“_i(k)=2§, (* ‘i_‘}vj(k—l)-bb,(k—l)s,_,}.(k—l)

g 1=.-!—b;(kj-1_:‘)'.§';‘_§,(k—1) (3)
w=s B+ g5 )

i=12,...m, j=12,..m, I=12,..m

where v(k) and _;}f(k) are'the j-th ih-ilaut and the i-th

output of the MX filte. Othenwse it has (2mm ! +mm, +21)
real coeffi ments ‘the transversal coefficients ¢, a,,, 4,

and recursive coefficients 5, 5.

The signai flow_of a single input / single output MX-filter
are shown in’ F:g 1, in the figure, the subscnpts i are

om:tted

Thxe relationships of coeffi cients p, 5 with reépe"t to the
mocial frequenc:es @; the madal damping ratios 5: and
the samp]mg perlod T aré as foi!ows

b;..—_.%ﬂv'»f"-;‘:f;‘s(- TEeny - ¢ ®
by S Esi 1= &7 o, T) N (6)
aiid " "
: 1 I I
oy === (1= b + b (N
e e
-1 Jrfu 4 .‘

b+ (b~ 8
e l Ml o

s fof ' %. |

where j}fj,l_-, o are the ]-th-shape vaiues of the controlled
structure at the ;-th actuator positien and the i-th
sensor position, respectively; »f is the /-th modal mass
of the controlied structure.

B

Modeling of Smart Blade Dynamics by MX-filters

The responses of the smart blades are caused by two
factors, disturbances and control signals. Disturbances
typically come from unsteady aerodynamics. To model
the dynamics of & «controlled bldde, ah MXfilter with 2
inputs #nd-a*output must - therefore be used. One of
inputs is the disturbance, the other the contro! signal.
The total response of the blade is the sum of responses

due to the disturbance and the controller. The filter
coefficients can be determined by Eqs.(5)-(9}.

A local Digital Signal Processing (DSP) board is used to
realizing the real-time simulation of the dynamics of the
smart blade. The processor is Motorola DSP56002,
which is a 24-bit, 40MHz crystal oscillation frequency,
50ns instruction cycle DSP. The local DSP board has two
A/D channels and two D/A channels. Its sampling
frequency can be programmed from 8K to 48K Hz, By
R8-232 serial poit, it can communicate with 1BM PC-
compatibie Gomputers to perform debugging and data
transmission.

Considering’ ttie first thrée flapwise modes of the smart
blades, the spectrum of the flapwise response only
excited by white noise is shown in Fig.2. The agreements
of the predominarnt frequencies with the modal flapwise
frequencies prove the feasibility of modeling the
dynamics of smart blades by MX-filters.

-

w{;’/t;‘; J& s >

frecuency (HB

Fig. 2 Response spectrum of white noise excitation

V ‘Hyhrﬂiﬁ Adaptive Controi Strategy

Due to the harmonic feature of helicopter vibration,
adaptive feedforward control strategy lS a very suitable
choice.

Adaptive Feedforward Conirol

Fig. 3 shows the basic principle of adaptive feedforward
control. [n the Figure, X is called the reference signal at

the kth sammpling interval; H, is called the impulse

response function of the error channel I—}l is the
estimation of F_ . ; d(k) and g(k) are the responses
caused by the disturbance and the controller at the k-th
sampling interval, respectively, and d(k) is called
uncontrolled  response;  e(k)=d(k)+g(k) is called

controlled response; W contams the weights of the
controller. :

~

Assuming that the #,, H, and" W gan be described by
finite impulse filters (FIR) with the order M.L and P,
respectively, then
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adaptive
algorithm

Fig.3 Adaptive feedforward. po_ngr!ollﬁ system

AP 10 HEC N ESRTS I
LA e

e(k) =d(k)+g(k) = d(k>+w:;<,au gy

-""‘ v v

= d(k) + z g@(ﬁwkcn)f(k-f-‘in’)" :

= d(k) + 3w, () R IT0)
where
R(n) = Sk~ =) w

is called the filter-x signal.

For single input and single output system, the cost
function J .

J = E[e* (k)] e (12)

Usually, J is chosen as the square of error at a sample
interval for the convenience of real-time processing.
According to the Least Mean Square  (LMS),algorithm, the
weights of the controller can be tecursive by the following
formutation

T grds g

Ly T TE - ‘
Wy (1) = w, (1) -+ 2 pe(k)r; ()} (13)
where y is the convergence factor, Then: srwe ~ v 0
La ! A DL T L Bt e e x
W)= S T e 5 (1)
From Eqs. (1) and (13), ., depends o - 4", (k)

and 5 (n). Usually, w (nj=0 H, can be’identified off-line"
or on-line , and e(k) can'be measured by sensors: Héhcé:
the weights of the contrelter will- easily be recursive; ifthe
convergence factor g4 and the reference srgnar X are
determined. S

The adaptive feedforward controller is reaiized by another
local DSP board. The controlled response excited by
a 40 harmonic disturbance is shown in_Fig.4. It can be
found that the 4Q vibration has been conirolled, bit the
lowest flapwise mode of the smart” biade |s exmted
leading to an unstable system.

Ry
)

TeE a8 e o0 mg . ed .
‘ o .

‘1' e Bt "”""'];'“'? B RNt
Fig 4 "The 1 response of adaptlve feedforward control

S LTI 5 Ta .‘-'-‘

[l R
. b by RS

B R

Hybrid Adaptive Control

In last sectlon |t is shown that the adaptwe fegdforward
control does not give a good vibration reduction, even it
causes an unstable system. This situation would happen
while the least modal frequency of the controlled structure
is’less than 'the -excitation “frequendy, “drid 'thé gt
damping-is small: To solve this problem,,the;e,must be

"an effective méthad to mcrease the modal dampmg of

the lowest mode of the contiolled $tructure."Thus,” a
hybrid control strategy is presented here. It is formed by
adding a feedback controller fo the adaptave feedforward
controller. The feedback controller can ‘increase the
modal damping, and the adaptive feedforward controjler
can cancel the disturbance response. F‘lg 5 is the
diagram of the hybnd adaptive control. Within the dashed
frame of the figure is the feedback control loop.

——
....._....._...>.H1

X /
W

L e
ot

o

Py feedback : _

Ho controlier
BRE adaptlva .

o aEgonthm q -

Fig.5 Hybrid adaptive contro1 s

From Fig. 5 the total control IS

Rty 7 J‘-f ;~Fz R

Whers 2 s the foetatk control sidnals% s.the total
control srgnal formed;-by the; feedback *and feedforward
controllers . T L P ER Sl

H
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_A-simple. and useful: feedback controller is a PID
(Proportional-plus-integral-plus-Derivative) controlter. It-is
spemal type. of the Iag iead controller. Its transfer function
Jis7as follows. © . ol

1

;::Ub(z): KT z+l» KD z—1 " 16
PO Fa B G A9

where U, (2),E(z) are the z-transforms of u,,(k) and

i.r(k"):“‘resﬁeétivel)/; + K, K, -and X are the propqrtionaz
mtegral and denvat:ve gains, respectively .

AR el . (R

Eq.( 16) can also be rewritten in the following type.
N R B A S L e:*: .~' “; _; ”. r
D(z)= Dot AT FHT mroon ."f: T LR (17)

. I+bz“+5 52 . N
where

an_K},y-i-%:KD , a=-K, .Kizrz,zfo
az---{;‘l v b=-1, 5=0 7~

frequency ga[n of 1the controlled plant and the PD
controller can improve system stability, increase closed-
loop system bandwidth.

The Resu]ts of the Hybrld Adaptwe Control

To evaluate the capab;llty of the hybnd adaptlve controller,
several exc:tatlons are applied 1o the model of the smart
blades, | ssngle “frequency  extitations(4Q)) -with
constant frequenCIes aid ‘amplitudes, singie freguency
-excitations with variable frequencies or ampilitudes, and
duzl-frequency excitations(4Q, 8Q}.
Figs.6 and 7 ate the impulse response-of the smart blade
for the cases without or with the feedback controller,
respectively. The least modal dampmg of the :smait blade
with the feedback controller s increased tp 3.

VW?WWHM@WMW |

'-’Flg 6 The lmpulse response ofithe smart: bEade :
A (W|thout the feedback cor:troller)

B
Ipdenspore( A1) shpde
ST 137592
ess 1 1 N il '
0 am m e 0] D kil

~Fig.7. . The impulse response of the smart blade
{with the feedback controller)

that without the fesdback controller.

Figs.8-10 show the response, a controller weight and the
contrel signal of the hybrid adaptive controller for 4Q
harmonic disturbance. They indicate that the lowest
flapwise mode are controlied, after the Pl controller is
added, and the disturbance response are fully controlled.

Iybriddpsiecond $TFE

o B B % o o soat aaf

sep
Fig.8 The response for single frequency exmtation
) (452}
. o iD
e
3,057
s Iyt conrd ampidude
Eopo iyt ban o
e PR [ ) I 1 P ] ]
o W MW ® I A m ® 4
stp

Fig.9 A weight of the hybr}d adaptive control
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Fig.10 The control ssgnai of tna'm(bnd’adapf' ive ganirol

. di
TP L

ey e

e

e VT PR oy

Fig.11 The response for single frequency &fémrbance
(802)

s

m L 1 I3 1 i 1 i 13 n 1 ),
® 0ad aad 2w A Lo Y B

sep

Fig.12 The respense due to change of the disturbance
Tfreglefcy

Fig.11 gives the flapwise vibration response of the smart
blade with the hybrid adaptive controller for a 80
harmonic disturbance excitation.

Fig.12 shows the response of the smart biade with the
hybrid adaptive controller for a varied frequency

disturbance. This'state will' appetiivhile the Fatd ‘spe“ed
changes. The result.-shows thatthe:hybrid: dda P
sgontrol works well, everi‘while the.rotorspeed chahges =
around the normal speed. The rotor speed vaties if-the
range of [0.950-1.05Q].

 Fig.13 shows the- resp_on_se of the:smart bladé. with: the
““hybrid adaptive- contrclier ‘due to the charge of ‘the
disturbance amphtude
I FLCABNLY S 2 ; : :J»\:: .

F:g 14 shows the response of the hybrld adap’nve control
w fgrariial-frequency exéitdtion (40 and'8G%) % From this
figure, it can beiseenthatthe hybrid ‘agaptive control-zan

cancel the 40 and SQ components of the d:sturbanc:e

..;_ -~

AT TR T e g e e
From above resuits, it can be concluded that the studled
bybnd adaptive control - can suppressz.zthe flapwise
vibration of the smart blade very well; because the higher
components of the disturbance are very'small.

e g s

Fag 14 The response for dual—frequency dasthrbance
(4Q and 8Q2) e

el a Cenclusmns I 8

This paper deals with the™control strategy and the real
time simulation of-adaptive;.vibration:coptfol%af smart
rotors. Firstly, «the. dynamics. of, a. scafe BO-105 smart
rotor is introduced, and described by a recursive MX-filter
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in which the c¢oefficients have the certain refationships
with the rotor's natural frequencies and modal damping,
ete.. Secondly, based on adaptive feedforward control, a
hybrid adaptive control strategy is presented. It is formed
by a conventionai feedback controller and an adaptive
feedforward controller. The feedback controller increases
the modal damping, while the adaptive feedforward
confroller cantels the disturbance response. Thirdly,
Vibration redifctions are observed for single frequency,
dual-fréquency, varied frequency and varied amplitude
harmonic excitations. .

The future works are as follows: further development of
the on-line aero-elastic model and the system realization
of the control strategy. After these steps, experiments will
be performed ‘on real rotors. *
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