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ABSTRACT

Ground resonance is potentially destructive osmitas that may develop on helicopters rotors
when the aircraft is on or near the ground. Theeegfthis unstable phenomenon has to be detected
before it occurs in order to be avoided by thetpil@ predict the zones of instability, works have
generally relayed on off-line modal analysis of thelicopter model. Unfortunately, this off-line
analysis is not sufficiently reliable. The subsphased cumulative sum CUSUM test, able of on-line
monitoring, is a good alternative which permitg oace- to avoid the system identification for each
flight point and to have more robust detectionhwieduced costs. In this paper, we describe an
alternative test- with a moving reference this tinne order to kill wrong alarms or premature
responses that are observed for fixed-referente tdamerical results reported herein are drivemfr
simulation data.

INTRODUCTION

Ground resonance is a recurrent phenomenon obiligtdor helicopters. It is due to the coupling
between the lagging motions of the rotor bladesthaduselage in-plane oscillations.

Since the works of Coleman and Feingadlyl [n which a description of this phenomenon and a
mechanical analysis were first given, numerous pugth-analytic and numeric- have emerged and
many papers have been published on the suldpcitie main goal of these contributions was to give
a sufficiently accurate mechanical modeling anénthto determine the instability zone- that is the
values of the rotor angular velocity at which teeanance may occur (i.e. the system is unstabla whe

! will make the presentation on the workshop



one or more of the damping coefficients become thega The disadvantage of this off-line and
deterministic modal analysis is that it does nketamto account the uncertainties for complex syste
like helicopters. In fact, the dynamical behavidr tbis class of systems is function of much
randomness (structural uncertainties, loads, emp&igue...) so that the margins of stability cob&l
affected B]. The structure has, therefore, to be identifiedtimuously in-flight and often tested on
ground, which is costly in money and in time.

The subspace-based algorithm of detection offerantaresting alternative to deal with this
problem. The main idea behind this method is topuaien a criterion of instability at a stable referen
and then, by some distance formula, determine wiisrdistance is significantly different from zero.
A comprehensive study of fault detection methodafound in 4,5].

A statistical cumulative sum (CUSUM) te§] Ean be build for this subspace approach, in oraer
track eventual changes recursively i.e. in reaktinin previous works 7], the authors have
investigated the capacities of this method to degemund resonance. Results have shown that the tes
responds close to the instability but there stél & slight premature response before. This was
predictable; the reference is taken far from tfemmance region, so any slight change in the dabili
criterion (which is the value of the damping raiesgenders a slight response of the test, ané thes
responses are then cumulated in time, so thatciwg trigger a wrong alarm.

We describe herein an adaptive CUSUM test, whictlatgs the reference recursively (sliding
reference) and thus, kill all wrong responses. péger is organized as follows: first, the principfe
CUSUM subspace-based test is explained. Then, wethe analogous test for the case of sliding
reference. Finally, both of two algorithms are #&xbko a simulation data of a helicopter with higige
blades rotor.

SUBSPACE-BASED DETECTION WITH SLIDING REFERENCE

The subspace-based fault detection and isolation déw@joyed some popularity since its
introduction in the seventies, and has found ifdiagtion in many fields such as civil engineerany
aeronautics. These methods are derived from thespsgb-based identification which is reminded
below, in its covariance-driven version. For maxeeaded explanation, one can refer8p [

Subspace Identification
Let consider the linear discrete system:

{Xkﬂ = F D(k +Wk+l

1
Yo =H X +v, W

Wherex [ "is the state vectol [J[1™"the state transition matrixd [1[1™"the observation matrix

andy 00" the output vector. The vectom and vare two white Gaussian noises with zero means.

The number of sensorss chosen so that it is inferior

The classical subspace identification method ctsms building the Hankel matrix filled with the
output covariances. Then, from a well-known facdation of this matrix into a product of the
observability matrix and the controllability matriene can deduce the eigenstructure of the system i

().

LetH* be the covariance-driven Hankel matrix of dimengior 1)r x qr, with p andq the tail



length of output data.

R1 R, - Rq
R R - Ry
cov 2 3 +1
e (2)
Rp+1 I:ap+2 o Rp+q

WhereR = E (y« Y«i') is the correlation of the output data dids the expectation operator. For a

N
large number of datid, R could be estimated Wy :% Z Yi Voo -

k=i+1

One can easily demonstrate th#f”’ posses the factorization property:

H® =0 o1 Cq with O and C, respectively, the observability ahd Controllability matrices.
And:
F ()
FH
) p+1 = :
FH P

The subspace spanned by the left part of Hankebrdpasition, namely the observability matrix,
contains all the information about the eigenstreetf the system. This matrix can be obtained feom
Singular Values Decomposition (SVD)f*':

>
He =[u, UO]{ s }vﬂo=ulzi’2 (4)

0

Then, to extract the matrices of transition andeolstion F and H, a least square minimization is
made:

H HF

— | HF HF?

OF=0,withO = : ,O= : (5)
HF P~ HF°?

OnceF andH found, the eigenvalues and the observed eigemgetap;) are computed by resolving
the equations:

detE-A1)=0, (F-M)¢, =0 ¢, =Hg, ©

The coupleX, ¢,) is the eigenstructure of the system. It is stddkéo the vectorw :( ]whereA

vec®d

is the vector whose elements are the eigenvaiuasd® is the matrix whose columns are the mode
shapew;.

Subspace-Based Fault Detection
The fault detection consists in monitoring theeeigfructure and determining if any change



has occurred on it. For that, a reference $tatend some distance, from this reference, calladuabk

are defined.
That distance is chosen as the product betweeit leeknelS of the matrix of observability (or

of H®") at the reference, and this matrix at the curretate 6: S'(6,)[0,.,(6) or

S"(8,) H* p1q(6) , Sis taken so the®'.S=ld.

This distance is null when the current eigenstmef is close td®,, and different from zero,
else. We build then the residual beldj: [

{n = \/W Ved S’ (6y)H ' (0)) = % Nz_:pve((ST (6, )Yk+Yk_T) )

Where Y, =(Yy ... Yep) andY, =(Y¥¢ ... Ygqa)' andN the number of output data we

have.

This residual is not useful for real-time detectioiginstability on helicopters. First, becausesit i
computed once one has all the data. And second, because for an aircraft, thengghaon an
eigenvalue does not mean that there is no moreligtan fact, the eigenvalues of a helicopter
changes all the time with the rotor angular velgcthe helicopter is unstable when one of the
damping ratios is negative. The residual we hawelshthen be expressed as function of the damping
coefficientsp;, and recursively for online detection.

Z.(p)=3"(p,) Z(8,) WeqS' (6,) IY,'Y, ), J andZ are the sensitivity and the covariance of the

D N _1
residual. Consistent estimates of these matrkcasd 2 are given in ).

The CUSUM test to decide whether a change has axtor no is (sees[7] for more details):

IS
Sunl(ﬂo)—kzzc;zk (&) Z,(po) H,:E =0

The two hypotheses to test a{e . 9n(20) (8)

To(0,) = max Sum(p,) 1By (o) -0

9.(05) =T,(0,) —Sum(p,)

In order to have a response at the instability,réfierence eigenstructure has to be taken cloffeeto
instable state. This is not possible for systetkes tielicopters, because it may lead to the destruct

of the apparel. The reference is then taken fanfresonance. In this case, any slight change in the
damping would lead to a slight response of the tesse parasite responses are then cumulated and
could trigger a false alarm. The modal analysia dinged blades helicopter given later in this pape
will show that the damping ratios changes are matportant. So, the parasite responses would be
significant.

CUSUM Test with Sliding Reference
The idea of tests with sliding reference derivesmf the adaptive algorithms which were

investigated in some work®,10,11]. These algorithms consist in subspace trackingifyating it,



using new coming data from sensors. The subspaashwhas to be tracked, in our case, is the left
kernelS@). This kernel is now computed for a sliding refeeéc
The recursive residud writes this time: 9)

Z,(p)=1J T (L) x™ (6,) VeqS' (6I)Y,Y)

The kernelS, is updated with the IV-PAST method that is invgasted in 12,10] and is computed for
the samplek-I with k the current sample andome time lag fixed by the user. The algorithm ban
described as follows:

* Compute an initial kernék for some data tail Ny ...Yyn-p)

e Then with IV-PAST, if we hav&,,(computed for datg from sampleg+n-I-L to sampley+n-I-
p, Lis the length of the sliding windov®,., is computed

e J,andx,! are estimated as in the fixed-reference caseding 8, in calculus, for the current
sample n

e The testis applied to compare the sliding refezeato-I and the current state

n-p _}/
Sum =>3,21Z,
k= Ho By p) =0
T. = max Sum The two hypotheses to test ate men (10)
eksn-p 1 Egn(pn) ~0
g, =T, —-Sum

The utility of this algorithm is shown below on tlplication to a helicopter simulation data. It
indeed permits to kill any premature response,aylresponds when the system becomes unstable.
HINGED BLADES HELICOPTER MODEL

We give herein the equations of motion for helieojst ground resonance and a modal
analysis of stability. Further mechanical explaoadicould be found ir/].
The class of helicopters considered herein is the with in-plane hinged blades rotors. The model
below is known to be a sufficiently precise dediwipfor ground resonance studid$. [

blade .
\ B1 el

\\\Ef

Kx

Fig. 1. Helicopter’s mechanical model- 3 blades

The helicopter’s fuselage is considered to be @ tgpdy with massvl, attached to a flexible LG
(landing gear) which is modeled by two sprifgsandK,, and two viscous dampe andC, as



illustrated in Fig. 1. The rotor spinning with alo@ty o, is articulated and the offset between the MR
(main rotor) and each articulation is notedlhe blades are modeled by a concentrated maesa
distanceb of the articulation point. Torque stiffness andiscous dampindl; andC; are present into
each articulation. The moment of inertia aroundétieulation point i,

The degrees of freedom are the lateral displaceamainthe fuselage andy, and the out-of-phase

anglesfy-1..np With N, the number of blades.

State Vector Model
Applying the theorem of Lagrange to this model, oae demonstrate that|{

X X X
y y y
M, DJRel(7) |+ D, IRel (7) |+ K, DRel(7) |=0 (11)
Im@) Im@) Im@)
b Np-1 i(am&)
Wherez=x+iy andn the Coleman] coordinate, such thai :N—Z,Bke N The matrices
b k=0
M., D, andK, write:
_ _ o _
m+£ 0 m 0 ~ 0 0 0
N, N,
C
0 m+ﬂ 0 m o 0 0
M, = Nb D = Nb
r |Z r C |
m 0 m+F 0 0 0 b—g 20)(m+b_§)
I | C
_z z B
A N O
Ky 0 0 0
Nb
KY
0o — 0 0
K = b
' K a [ C
0 0 —Z+ma(~-1-—% w5
b? (b mb’ b?
C K a I
0 0 -~w-L —Z +mef (= -1-—2
. b? b? (b mbz)_

e
Lete=|x" Yy Rd()’ ImQ7)TIr and X = { D} be the state vector. The system can be written as a
e



Linear Parameter-Varying (LPV):
X (t) = A(w). X (t) , and for the equation of observatift) = C.X (t), where:

A(CU):{_M?D(r _M;lmr},wechooséI:[l 0].

Sampling the system at some ratgelds the equations:
X = F (@)X, +Viy
Y, =C.X, +W,

, v andw are Gaussian noises with zero mean, el (12)

Modal Analysis
The criterion of instability here is the drop ofeonr more damping ratigs from positive
values to negative oneg €0). Given the matriXd, the variation of these coefficients with the dagu
velocity can be plotted. They are computed usiegeiiyenvalues; of A:
_ ~Rel(4)
A RaGy rmay:

The plot is shown in Fig. 2 with the structural pedies reported in Table 1.

Table 1. Structural properties for hinged-bladdgbpter with 4 blades

Structure variable Value(unit)
Blade mass

m 31.9 Kg
Fuselage mass

M 2902.9 Kg
Blade stiffness

Kp 200 N/m
Main LG stiffness

Kx 3200 N/m
Ky 3200 N/m
Blade damping

G 15 N.s./m
Main LG damping

Cx 300 N.s/m
Cy 300 N.s/m
Lengths

a 0.2m

b 25m
Moment of Inertia at articulation point

2 259 Kg/m2

Fig. 2 illustrates that the damping coefficientsdrae positive and they are varying smoothly
with rotor's angular velocity. The second modal deng coefficientp, (mode 2) changes from
positive values to negative ones, framm1.62 rad/s tas =2 rad/s, which is a criterion for ground
resonance. It is this damping coefficient which \wéd monitored by CUSUM test.

A question to ask would be: why using the CUSUM tewe have the interval of instability
from the modal analysis of the mechanical model@ @hswer is that this analysis is based on a



deterministic and off-linenethod and does not tainto consideration randomne and uncertainties
that may affect the margiref stability. In[3] it is shown for the fluttephenomenon that airspeeds
instability arehighly sensitive to small changin aircraft structureGround resonance is similar
flutter; the use of a statisticapproach ill then make the detection robust.
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Fig. 2. Damping coefficients vs. blades angulaooiy

Simulation Results for CUSUM Test

To test the performances of the sliding approackhéofixec-reference one, the helicop
model above is simulated at a rat®.02 s.The angular velocity varies from=1 rad/s (taken as tl
state of reference) w=2 rad/s by a step of 0.01 rad/s. leach value of velocity, 1000 output samy
are simulated.

12 a 1 2 3 4 5 =] 7 a8 9 10
-+

Fig. 3. Fixed reference CUSUM test respo Fig. 4. Sliding reference CUSUMXte
vs. sampl response vs. sam|

The fixed reference test responds déerl.6 rad/s.corresponding to the velocity of resonance, b
zoom shows that the response occurs before. Thgpredlictabl, the second damping coefficients,
shown in Fig. 2) is continuously dropping; any ap@mn its value engenders a response of the
Theresponse of the sliding test proves that, inddad,approach kills any parasite response ani
alarm is only triggered on near the instability awot far from it

CONCLUSION

The problem of detecting the ground resonance dsesded. An adaptivelgorithm is proposed i
order to perform the response time and tested siitiulation data. Future works encompass
generalization of these method amore complex model for helicopters rotors, whickhis model o
anisotropic blades that leads tLinear Periodically Time-Varying system.
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