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GUST LOAD PREDICTIO N AND ALLEVIATIO N ON A  FIGHTE R AIRCRAFT

by

J.  Becke r

MESSERSCHMITT-BOLKOW-BLOHM GmbH.
Airplan e an d Helicopte r  Divisio n

P.O.  Bo x 801160 ,  8  Munic h 8 0
W.-German y

Contributio n t o th e AGARD-Activit y
"Fligh t  o f  Flexibl e Aircraf t  i n Turbulence "

INTRODUCTION

Turbulenc e induce d dynami c load s an d vibration s o n a  fighte r  aircraf t  may pla y a
considerabl e rol e fo r  certai n configuration s wit h respec t  t o th e desig n o f  th e structur e
and th e performanc e o f  specia l  mission s o r  the y may caus e o n th e othe r  han d limitation s
of  th e fligh t  envelope .

As fa r  a s aircomba t  aircraf t  ar e concerne d typica l  restriction s may b e foun d fo r
instanc e wit h respec t  t o desig n gus t  load s i f  win g ti p mounte d stor e configuration s ar e
investigate d o r  wit h respec t  t o rid e comfor t  i f  lo w leve l  hig h spee d mission s ar e evalua -
ted .  Her e bot h aspect s namel y desig n gus t  critica l  case s an d rid e comfor t  ar e therefor e
reporte d i n mor e detai l  i n orde r  t o demonstrat e th e proble m areas .  I n thi s contex t  als o
some difficultie s o f  turbulenc e respons e predictio n method s wil l  b e described ,  especiall y
wit h respec t  t o th e dynamic s o f  th e aircraf t  wit h FC S an d th e interactio n o f  fligh t  '
and structura l  dynamics ,  thoug h thes e .method s ar e wel l  established .  I n additio n proble m
area s o f  th e aircraf t  wit h FC S an d gus t  alleviatio n syste m ar e mentione d fo r  th e cas e
of  rid e improvement .  Th e desig n o f  suc h system s woul d strongl y necessitat e th e ful l  dyna -
mic descriptio n o f  th e flexibl e fighte r  aircraf t  i n orde r  t o evaluat e maximu m loads ,  fati -
gue load s an d structura l  couplin g problem s wit h th e contro l  system .

CONSISTENCY WIT H MILITAR Y REQUIREMENTS

The followin g proble m area s may b e o f  importanc e fo r  th e aircraf t  wit h PCS an d fo r
dynami c loa d alleviatio n an d rid e improvemen t  systems .  Durin g th e developmen t  o f  a  syste m
fo r  th e prope r  achievemen t  o f  rid e smooting ,  a s fo r  instanc e base d o n th e requirement s a s
specifie d i n MIL-F-949 0 D  (USAF )  chapte r  3.1.2.12 ,  o r  fo r  th e purpos e o f  gus t  loa d alle -
viatio n (MIL-A-886 1 requirements )  o f  cours e th e controlle d aircraf t  mus t  b e investigate d
wit h respec t  t o

degradatio n o f  flyin g qualitie s an d handlin g

advers e effect s o n airplan e strengt h an d rigidity :

fligh t  loads ,  fatigu e loads ,  vibration ,  flutte r  an d aeroservoelasti c stability ,  be -
caus e conflict s coul d exis t  betwee n th e "differen t  specifications .  I n detai l  th e be -
lo w mentione d aspect s shoul d b e considered .

stabilit y

destabilisatio n o f  aircraf t  mode s o r  structura l  modes .  Structura l  couplin g problem s
i n fligh t  followe d b y degradin g effect s o n stiffnes s an d o n elasti c mod e dampin g o r
aeroservoelasti c flutter .

-  Stati c an d dynami c loads :

Change o f  maximu m desig n load s an d fatigu e load s cause d b y contro l  surfac e activi -
ties .

I n additio n al l  effect s cause d b y syste m limitation s (actuato r  power ,  contro l  sur -
fac e rate s an d deflection )  shoul d b e investigate d an d a  syste m failur e strateg y develop -
ped.

METHODS FOR CALCULATING TH E DYNAMIC RESPONSE OF FLEXIBL E AIRCRAFT I N TURBULENCE

Severa l  method s ar e wel l  establishe d fo r  th e calculatio n o f  th e flexibl e aircraf t
i n turbulence .  Of  cours e thes e method s hav e ther e ow n advantage s bu t  ar e no t  necessaril y
i n a  stag e fo r  th e solutio n o f  specifi c  problem s especiall y occurin g i f  stati c unstabl e



aircraft configurations are considered or gust alleviation systems are investigated. 
Two approaches will in general be used in parallel: 

a) The solution of the nonlinear flight dynamic equations of motion of the aircraft 
with flight control system dynamic equations together with structural dynamic 
equations in time domain. 

b) The solution of linearised flight dynamic equations of motion of the aircraft with 
coupled structural dynamic equations in frequency and in time domain. 

The calculation of the dynamic response in time domain using a) includes the simu- 
lation of nonlinear effects at severe disturbance conditions, as for example aero- 
dynamic nonlinearities (which are included in the static aerodynamic data set), 
rate and deflection limitations of the control surfaces due to marginal actuator 
power and inertia coupling at high rates. 

Several disadvantages may arise in this approach if effects of the flexible air- 
craft on the total aircraft response are only treated in a pure quasisteady approach 
as normally used in flight dynamic simulation by the introduction of a flexibilised 
steady aerodynamic data set. 

Consequently this approach could lead to a wrong prediction of local dynamic res- 
ponse and maximum dynamic loads. 

In addition this quasisteady approach will not account for time correlated sfruc- 
tural dynamic and flight dynamic responses since no aerodynamic coupling exists 
between structural dynamic and flight dynamic equations. A superposition of rigid 
and elastic aircraft vibrations in the right phase will not be possible. The dis- 
advantages therefore could be found in not accurate predictions of maximum or 
stochastic vibrations and of dynamic loads. The analytical investigation of struc- 
tural coupling effects, which are of interest especially for static unstable air- 
craft cannot be performed adequatly by this approach. 

The dynamic response approach using linearized equations of motion of the aircraft 
around trimmed condition coupled with structural dynamic equations and flight control 
equations will give the possibility to introduce the unsteady and coupling effects in 
a proper sense. Therefore flight dynamic and structural dynamic responses are described ' 

in the right phase and the superposition of vibration and dynamic loads from both con- 
tributions can be performed. In addition of course the stability of the total aircraft 
can be calculated for the flight control system closed. Open loop phase and gain mar- 
gins for the total system can be investigated which would give more insight into the 
coupling effects of the flexible aircraft modes on the stability of the flight dynamic 
modes and the structural dynamic modes by evaluation of the Bode diagram in the frequency 
range 0 - fmax.(fmax is the frequency of the highest flexible mode used in the analyti- 
cal model). The linearised model in advance gives information about the transfer fun- 
ctions of all state variables, of local accelerations and of dynamic loads due to a gust 
input. These evaluations are also of interest especially if gust alleviation systems are 
studied. Besides the calculation of power spectral densities of the above mentioned vdri- 
ables also the incremental responses at trimmed condition can be calculated with the 
linearised model in time domain and nonlinear effects like rate and deflection limita- 
tions can be evaluated as well in a first step. Disadvantages can arise through the deri- 
vation of unsteady airloads at transsonic speeds or at higher incidences where some limi- 
tations of the theoretical procedures could be existent. Correction methods using experi- 
mental static or dynamic experimental results should be applied. 

APPROACH 1: 

Nonlinear flight dynamic equations in body fixed coordinates and structural dynamic 
equations without coupling. 

Flight dynamic equations: 
X = m(~-VR+WQ) 
Y = m(v-WP+UR) 
Z = m(~-UQ +VP) 



Pf  Q,  R  roll ,  pitc h ya w rat e

I x'  I y'  I y moment  o f  inerti a

xy '  xz '  y z

? P
Normal  forc e Z  =  -  U 2 F c Rollmomen t  L  =  • *  U 2

Axia l  forc e X  =  — U 2 F c Pitehmomen t  M -  — U 2 c  Fc m

<p A

Sid e forc e Y  =  -  U 2 F c Yawmoment  N  =  ̂  U 2 2  sFc n

cx,  c y,  c z,  c l f  c m,  c n =  c  (OC , fj ,  H ,  Ma)

The flexibl e aerodynami c coefficient s ar e function s o f  incidenc e ,  contro l  sur -
fac e deflectio n »• ,  altitud e H  an d Machnumbe r  Ma.

Additiona l  structura l  dynami c equations :

Mrqr(t )  +  g  D̂ q/t )  +  Mrcô q r(t )  +  g  Â Ma,t )  q/t )  =  Qr(a o,Ma,t )

r  generalise d mas s o f  natura l  mod e r

M 2  generalise d stiffnes s o f  natura l  mod e r

A ,  generalise d aerodynami c force s

Q generalise d gus t  forc e o f  mod e r

qr  generalise d coordinat e o f  mod e r

The deflectio n z  a t  a  poin t  o f  th e aircraf t  i s  assume d t o b e

B

z  (x ,  y )  S  0  <x ,  y )  qr

0 tota l  aircraf t  natura l  mod e r

APPROACH 2 :

Linearise d fligh t  dynami c equations ,  contro l  an d structura l  dynami c equation s ar e
her e formulate d i n frequenc y domain .

The structur e o f  th e couple d equation s o f  th e aircraf t  dynamic s shal l  b e describe d
i n matri x notatio n a s show n i n Fig .  1 .
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FIG ,  1  FLEXIBL E AIRCRAF T DYNAMICS COUPLED FLIGH T AN D STRUCTURE DYNAMIC EQUATIONS

The followin g notatio n ar e used :

-R R

-E E

-RE

-E R

Degre e o f  Freedo m Rigi d Aircraf t

Degre e o f  Freedo m Flexibl e Aircraf t

Matri x o f  Rigi d Aircraf t  Aerodynami c Coeff .

Matri x o f  Generalise d Aerodynami c Coeff .

Couplin g Term s (Lif t  an d Moment  du e t o Defl. )

Couplin g Term s o f  Rigi d Motio n t o th e Generalise d Aerodynamic s

Rigi d Excitatio n Force s

Generalise d Excitatio n Force s

Matri x o f  Generalise d Stiffnes s

The aerodynami c term s an d th e degree s o f  freedo m ar e comple x function s i n frequenc y
consistin g o f  real -  an d imaginar y parts .

The rigi d aircraf t  aerodynami c term s may b e introduce d usin g a  experimenta l  dat a
set  (rigid )  o r  calculate d derivative s LR R (excep t  th e dra g terms )  usin g compute r  pro -
grams fo r  th e calculatio n o f  unstead y aerodynami c force s (Ref .  1 ,  2 ,  3) ,  whic h ca n b e
applie d als o fo r  th e derivatio n o f  th e LEE ,  LRE ,  L ER,  P R an d P E matrices .

A mor e detaile d structur e o f  th e longitudina l  symmetri c dynamic s o f  th e tota l  air -
craf t  i s  show n i n matri x notatio n i n Fig .  2 ,  wher e th e firs t  fou r  equation s describ e
th e fligh t  dynamic s excite d b y gus t  induce d force s an d moments .  The y includ e th e aero -
dynami c couplin g term s Zj ,  Mj  th e norma l  force s an d pitc h moment s du e t o tota l  aircraf t
elasti c mode s an d th e contro l  surfac e drag ,  norma l  forc e an d pitc h moment  X  ,  Z  ,
M .  Th e structur e dynami c equations ,  excite d b y generalise d gus t  force s Lj<*g ,  con -
tai n als o th e aerodynami c couplin g term s Lĵ ,  ,  Lj » .
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The equations Fig. 1 are useful to calculate the flexibilised total aircraft deri-
vatives for the steady case. The procedure which is recommended in case of known total
aircraft normal modes is shown in Fig. 3

MODAL APPROAC H
SOLUTION FOR STEADY CASE

MATRIX OF ELASTIFIED AERODYNAMI C DERIVATIVES LRR

LRR- LRR+ LRE ( KE+ SEEDER

ELASTIFIED RIGHT HAND SIDE P

~PR "  P R + L RE ( K E + L EE r V E

FIG. 3 DERIVATION OF FLEXIBILISED AERODYNAMIC DATA SET

As an example Fig. 4 illustrates the effects of the flexibilisation on rigid flap
derivatives of a delta-canard fighter aircraft configuration.

ELASTIFIED NORMAL FORCE AND PITCH MOMENT

DUE TO FLAP DEFLECTION
MACH 0.8 at sealeve l
contributio n of the differen t mode s
to th e aeroelasti c efficienc y

MODE 1 0.85 0.92
MODE 2 0.75 0.84
MODE 3 0.69 0.80
MODE 4 0.65 0.77

MODE 5 0.62 0.74

FIG. 4 APPLICATION OF FLEXIBILISATION METHOD

EXAMPLES OF FLEXIBL E AIRCRAFT TURBULENCE RESPONSE PREDICTIONS

Some typica l  result s o f  gus t  respons e calculation s o n a  flexibl e aircraf t  ar e liste d
her e i n orde r  t o demonstrat e th e importanc e o f  arisin g problems .

The investigate d aircraf t  i s  a  delt a canar d configuratio n wit h win g ti p mounte d
stores .  Th e firs t  exampl e shal l  illustrat e th e predictio n o f  vibratio n level s o n externa l
store s an d resultin g dynami c win g load s du e t o discret e gust s (Fig .  5) .



STRUCTURAL DYNAMIC VIBRATIONS

DYNAMIC LOADS

FIG .  5  WIN G WIT H TI P MOUNTED MISSIL E

FIG .  6  AERODYNAMIC GRI D

The tota l  aircraf t  configuratio n i s idealise d fo r  unstead y aerodynami c forc e calcu -
latio n b y th e gri d show n i n Fig .  6 .  Th e unstead y aerodynami c derivative s an d generalise d
force s togethe r  wit h loa d distribution s o n subcomponent s ar e calculate d wit h th e progra m
(Ref. 3 )  fo r  th e degree s o f  freedo m aircraf t  angl e o f  attack ,  rotatio n aroun d cente r  o f



gravity ,  canar d deflection ,  fla p deflectio n an d win g elasti c norma l  mode s show n i n
Fig .  7 .

first wing bending missile pitch

second wing bending first wing torsion

FIG .  7  VIBRATIO N MODES
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Fig .  8  document s ver y hig h acceleration s o n th e ti p mounte d missil e du e t o discret e
gus t  cause d mainl y a t  shor t  gus t  lengt h (1 8 m)  b y th e secon d elasti c mod e o f  th e win g an d
als o show s alleviatio n effec t  o f  th e elasti c win g o n th e respons e a t  lon g gus t  lengt h
(14 4 m)  compare d t o th e rigi d respons e (ful l  line) .

The discret e gus t  repons e o f  th e flexibl e aircraf t  result s i n win g shea r  an d bendin g
distribution s a s depicte d i n Fig .  9 .

Dramati c change s o f  win g loadin g ar e observe d especiall y a t  win g outboar d station s
fo r  differen t  gus t  lengt h compare d t o rigi d respons e whic h indicat e a  proble m are a i n th e
structura l  design .  Gus t  load s may hav e influenc e o n th e structura l  design .
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Summary:

Ver y hig h vibratio n level s an d dynami c load s compare d t o rigi d aircraf t  respons e
ar e predicte d i n th e ti p stor e attachmen t  region .  Gus t  loa d alleviatio n ca n b e o f  profit .

RIDE COMFORT EVALUATION

Accordin g t o MIL-F-949 0 D  th e rid e comfor t  a t  pilo t  sea t  i s  specifie d fo r  a  mili -
tar y aircraf t  wit h FCS.  Th e rid e comfor t  criteri a fo r  vertica l  an d latera l  vibration s
ar e calculate d fro m th e PS D o f  th e vibration s an d a  acceleratio n weightin g functio n W
fo r  a  define d v .  Karma n turbulenc e spectru m o f  th e gus t  velocitie s (Fig .  10) .  A  rid e
discomfor t  inde x D ^  i s define d wit h uppe r  limits ,  Fig .  11 .

10' 103 1C2 10' 10° 101

Reduced Frequency Q [ rad/m ]

FIG .  1 0 TURBULENCE SPECTRUM

RIDE COMFORT CRITERIA
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' T (flV"

\

f)

....

" '
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^ t

V_
V \
J

\

\

N

^

\

v

1 10

Frequency f [ Hz ]

100

FIG .  1 1 RID E DISCOMFORT INDE X

Fig .  1 2 show s th e powe r  spectra l  densit y o f  th e investigate d aircraf t  a t  lo w leve l
and Ma =  0.9 ,  base d o n a  aircraf t  weigh t  o f  11. 5 to .  Th e rid e discomfor t  inde x o f  th e
rigi d aircraf t  i s D ± =  1. 2 whic h reall y doe s no t  met  th e requirements .
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FIG .  1 2 POWER SPECTRAL DENSIT Y OF VERTICA L PILO T SEAT ACCELERATION

Anothe r  rid e comfor t  evaluatio n coul d b e base d o n th e criteriu m o f  a  certai n accele -
ratio n leve l  exceedance .  I n Fig .  1 3 th e exceedance s o f  1/ 2 g  bump s pe r  minut e fo r  accep -
tabl e t o unacceptabl e rid e a t  lo w leve l  fligh t  ar e defined .

Ride Comfort at Low Level
20

15-

i

•5

10-

DEUA-CANARD •

UNACCEPTABL E

/R5

UNCOMFORTABLE

BUT ACCEPTABL E

// F104

COMFOFOABLE

JAGUAR

TORNADO

0.3 0.4 OS 0.6 0.7 0.8 0.9 10
Mach No.

FIG.  1 3 RID E COMFORT -  EXCEEDANCE OF 1/ 2 G  PE R MINUT E A T PILO T SEAT
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The exceedanc e i s calculate d usin g th e normalise d acceleratio n PSD an d RMS value .
Ric e formal a i s applied .  Fo r  th e sam e fligh t  conditio n thi s criteriu m lead s als o t o
unacceptabl e vibratio n level s fo r  th e Delta-Canar d configuratio n a t  lo w level ,  Ma =  0.9 .

Summary;

Rid e comfor t  requirement s ar e no t  met  fo r  a  Delta-Canard-Configuratio n a t  lo w leve l
hig h spee d a t  lo w win g loadin g conditions .  Rid e improvemen t  system s coul d b e o f  interest .

STRUCTURAL COUPLING PROBLEMS

A tota l  flexibl e aircraf t  wit h FC S respons e calculatio n a s describe d i n th e pre -
viou s tex t  woul d enabl e th e predictio n o f  ope n an d close d loo p stabilit y  fo r  th e couple d
fligh t  an d structura l  dynami c modes .  Ope n loo p gai n an d phas e margin s ca n b e evaluate d
fo r  al l  mode s includin g th e interdependency .  Structura l  couplin g problem s whic h wil l  b e
of  interes t  especiall y fo r  orginall y stati c unstabl e configuration s ca n b e investigate d
therefor e mor e accurately .

Fig .  1 4 show s th e Bod e diagra m o f  th e pitc h rat e signa l  o f  th e investigate d aircraf t
wit h FC S an d th e effec t  o f  notc h filterin g o f  th e signa l  o n th e gai n an d phas e margin s i n
th e frequencie s o f  th e shor t  perio d mod e an d th e firs t  tw o elasti c fuselag e modes .

GAIN AND PHASE MARGINS

withou t Notch Filterin g with Notch Filterin g
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Summarizin g thes e consideration s on e ca n say ,  tha t  tota l  flexibl e aircraf t  respons e calcula -
tion s ar e necessar y t o predic t  structura l  couplin g problem s o f  th e aircraf t  wit h FC S an d
wil l  hel p t o develo p adequat e notc h filters .

Notc h filte r  desig n wil l  possibl y b e eve n a  mor e pronounce d proble m fo r  close d loo p
gus t  alleviatio n system s du e t o highe r  gain s compare d t o FC S systems .

ACTIVE GUST CONTROL ON FLEXIBL E AIRCRAFT

A rid e improvemen t  syste m o r  a  gus t  loa d alleviatio n syste m may b e base d o n th e prin -
cipl e o f  incrementa l  gus t  induce d lif t  an d moment  compensatio n (ope n loo p system) .  Compen-
satio n signal s to .  th e contro l  surfaces ,  fo r  instanc e canar d an d trailin g edg e fla p deflec -
tion s a an d y o n a  fighte r  aircraf t  Fig .  15 ,  ca n formall y b e evaluate d infligh t  fo r  eac h
conditio n accordin g t o th e expressio n give n i n Fig .  16 .

I n Borde r  t o deriv e th e compensatio n signals ,  th e gus t  incidenc e tx i  an d it s tim e deri -
vativ e o c g  mus t  b e measure d durin g flight .  Th e measuremen t  ca n b e performe d wit h flo w sen -
sor s (OC-vanes )  o r  i n th e futur e b y laser-optica l  systems .  Fig .  1 7 show s th e procedur e fo r
th e evaluatio n o f  th e gus t  incidenc e fro m a  van e 'signal ,  whic h o f  cours e consist s o f  th e



.  1 3

combinatio n o f  gus t  an d aircraf t  incidenc e c6 ef f  Th e gus t  incidenc e i s extracte d usin g
platfor m signals ,  th e pitc h rat e an d th e vertica l  acceleration .

FEASIBILITY STUDY OF

ACTIVE GUST CONTROL ON A MILITARY AIRCRAFT ..

CANARD

FLAP

CANARD AND FLAP-ACTUATIO N FOR TH E RID E IMPROVEMENT SYSTEM
OK A  DELTA CONFIGURATION

FIG .  1 5 INVESTIGATE D AIRCRAF T

FIG .  1 6 EVALUATION OF COMPENSATION SIGNAL S

OPEN LOOP CONCEPT

ESTIMATION O F GUST INCIDENCE' S

VANE MEASUREMENT

g cos © cosf l

"•of f K "G

THP

UTHp S

THP S
1 * V

<
ESTIMATION OF THE TIME DERIVATIVE

FIG. 17 DERIVATION O F GUST INCIDENC E B Y VANE MEASUREMENT
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Problem s i n th e sucessfu l  compensatio n wil l  aris e fro m th e facts :

contaminatio n o f  th e measure d van e signa l  b y aeroelasti c deformation s a t  th e senso r
positio n an d elasti c vibrations ,

th e applie d unstead y aerodynami c derivative s ar e no t  accurat e enough ,  especiall y  i n
transoni c fligh t  o r  du e t o aeroelasti c effects ,

-  th e installe d actuato r  powe r  i s no t  sufficient ,  th e required 1contro l  surfac e rate s
ar e t o hig h fo r  compensation .

The attractiv e advantag e o f  a n ope n loo p syste m howeve r  consist s i n it s simplicit y
and i n th e possibilit y  t o develo p i t  separatel y fro m th e FCS system ,  sinc e i t  doe s
not  interac t  wit h th e FC S an d doe s no t  chang e th e flyin g qualities .

Rid e improvemen t  an d gus t  loa d alleviatio n coul d b e achieve d als o b y a  close d loo p
system .  I n additio n t o th e feedbac k loo p o f  th e FCS system ,  th e pilo t  sea t  o r  verti -
cal  acceleratio n togethe r  wit h pitc h rat e an d pitc h acceleratio n signal s ca n b e use d
t o driv e th e contro l  surface s t o alleviat e th e gus t  respons e o r  dynami c loads ,  a s
demonstrate d i n th e bloc k diagra m i n Fig .  18 .

FIG .  1 8 BLOCK DIAGRAM OF FC S AND GUST ALLEVIATIO N SYSTEM

The proble m area s her e wil l  b e foun d i n th e complexitit y  o f  th e system .  Th e syste m
has t o b e designe d togethe r  wit h -th e FC S system ,  becaus e th e aircraf t  stabilit y  i s  affec -
ted .  Th e command syste m mus t  b e modifie d i n orde r  t o eliminat e interactio n betwee n th e
syste m an d pilo t  command inputs .

I n th e figure s 19 ,  2 0 an d 2 1 typica l  result s o f  th e effect s o f  a n ope n an d close d
loo p rid e improvemen t  syste m investigate d o n a  delta-canar d ar e shown .  Th e optimizatio n
of  th e system s wa s performe d b y stabilit y  analysi s o f  th e aircraf t  an d PS D analysi s o f
th e C.G .  an d pilo t  sea t  acceleration .  Th e rm s pilo t  sea t  acceleratio n an d th e 1/ 2 g
bumbs pe r  minut e wer e minimize d wit h respec t  t o a  contro l  surfac e maximu m rat e o f  5 0 de -
grees/sec .  Fig .  2 0 illustrate s th e change s i n shor t  perio d frequenc y an d dampin g fo r  dif -
feren t  feedbac k gain s an d th e correspondin g pea k value s o f  contro l  surface s rat e an d de -
flection .  Th e close d an d lope n loo p syste m provid e th e sam e alleviatio n facto r  i n pilo t
sea t  acceleration .
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FIG .  2 0 EFFECT OF CLOSED LOOP RID E IMPROVEMENT SYSTEM

FEASIBILITY STUDY Op

ACTIVE GUST CONTROL ON A MILITARY AIRCRAFT

RIDE IMPROVEMENT INVESTIGATION ON A DELTA-CANAR D

CONFIGURATION (TKF CCV)

WEIGHT 11600 KG

TURBULENCE INPUT V.KARMA N SPECTRUM

RMS VELOCfTY - 2.01 M/SEC

FLIGHT CONDITION MACH=0.93 SEALEVEL

RESULT : RMS PILOT ACCELERATION IN (G)

A/C WITH FCS WfTHOUT GUST SYSTEM 0.7

A/C WITH FCS AND OPEN LOOP SYSTEM 0.26

A/C WITH FCS AND CLOSED LOOP SYSTEM 0.24

PROBLEMS: CONTROL SURFACE EFFICIENCY AND FLAP RATE

THE NEEDED FLAP RATE WILL BE ABOUT 100 DEG/SEC
FOR ELASTIFIED CONTROL SURFACE .LIFT AND MOMENT

FIG .  2 1 RESULTS OF TH E RID E IMPROVEMENT INVESTIGATIO N

A furthe r  exampl e o f  th e effec t  o f  a  rid e improvemen t  syste m i s demonstrate d i n
Fig .  22 .  Th e PSD o f  C.G .  acceleratio n i s show n fo r  a n transpor t  aircraf t  flyin g a t  cruis e
condition .  Hig h alleviatio n coul d b e foun d wit h a  close d loo p syste m (C.G .  acceleratio n
feedback) ,  however ,  th e frequenc y o f  th e shor t  perio d mod e wa s strongl y reduced .

TRANSPORT AIRPLANE WITH RIDE IMPROVEMENT SYSTEM

PSD OF C.G. ACCELERATION

Degradatio n of Handlin g

0.1

0.01

0.001

0.0001-
0.1 1 10 100

u -»

FIG .  2 2 EFFECT OF A  RID E IMPROVEMENT SYSTEM ON A  TRANSPORT AIRCRAF T
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An alleviatio n o f  vibratio n level s o n thi s aircraf t  o n al l  passenge r  seat s coul d b e
achieve d (Fig .  23) .  However ,  withou t  notc h filterin g o f  th e feedbac k signa l  th e vibra -
tio n leve l  ar e increase d wit h th e syste m i n action ,  whic h demonstrate s th e importanc e o f
notc h filte r  design .

0.08

fuselag e Location

FIG .  2 3 RID E DISCOMFORT INDE X ON PASSENGER SEATS OF A  TRANSPORT AIRCRAF T

CONCLUSIONS

A descriptio n o f  full y  dynamicall y couple d fligh t  an d structura l  dynamic s o f  tota l
flexibl e aircraf t  i s  o f  interes t  fo r  th e predictio n o f  gus t  load s an d fo r  th e investi -
gatio n o f  gus t  loa d alleviatio n an d rid e improvemen t  systems .  Consequentl y unstead y
motio n an d gus t  induce d aerodynami c forc e predictio n fo r  th e tota l  aircraf t  wil l  im -
prov e accuracy .

Discret e gus t  analysi s i s o f  importanc e fo r  militar y aircraf t  i n th e cas e o f  confi -
guration s wit h externa l  store s carrie d o n outboar d win g stations .  Hig h win g dynami c
win g load s may b e observed .

Continuou s turbulenc e analysi s o f  aircomba t  aircraf t  flyin g a t  lo w leve l  hig h spee d
shows unacceptabl e rid e comfort .

Gust  loa d alleviatio n system s an d rid e improvemen t  system s coul d reduc e th e problems .

The system s shal l  b e designe d wit h respec t  t o th e aircraf t  strengt h an d rigidit y an d
aircraf t  flyin g qualit y requirements .

Realisatio n o f  compatibilit y  betwee n loa d alleviatio n system s an d FCS syste m i s
problematic .
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