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In this paper, mechanical systems presenting instabilities induced by friction such as brakes
and clutches are studied using a phenomenological model. For these systems, the stability and
vibration levels are strongly linked to the values of certain parameters such as the friction
coefficient, contact stiffness, etc. Therefore, it is particularly important to take into account
the uncertainties of these parameters to obtain robust and predictive models. In this paper,
the modelling of uncertainties is done using probabilistic theory with a parametric view.
Each quantity that is a function of the random variables is decomposed in a basis using
polynomial chaos. For the model studied, the choice of a classical intrusive approach to solve
the mechano-stochastic problem induces particularly long computation times. This is due to
the need to perform probabilistic numerical integrations to determine integral terms associated
with generalized stochastic forces. As the integration steps in these numerical quadratures must
be very small, the calculation times are very long. This is why, in this paper, a modified
intrusive approach is presented with the main objective of solving a mechano-stochastic problem
in reasonable times and thus avoiding approximation of stochastic generalized forces with
numerical integrations. This modified intrusive approach is composed of two parts. In the first
part, an approximation of the mechanical action torsor (forces and moments) at the contact
and friction interface, is performed. To achieve this, behaviour laws (between torsors) are
constructed using potentials and dissipation functions based on physical considerations and
reinforced by an influence study. In the second part, the properties of Chebyshev polynomials
of the second kind are exploited to avoid numerical integration, several times per time step,
of the terms associated with generalized stochastic forces. This approach is initially used in a
linear framework to perform a stability study of fixed points. It is then used in a nonlinear
framework to carry out temporal integrations. Finally, the results of temporal integration and
simulation times from the modified intrusive approach are compared to those of the non-
intrusive approach. For the latter, Chebyshev polynomials of the second kind are also used to
interpolate the results of deterministic temporal integrations.

1. Introduction

The objects of study of this article are mechanical systems subjected to vibrations induced by friction [1,2]. The most famous
examples are braking systems (automobiles [3], aeronautics [4-6] railways [7]) and clutches [8,9], which have been the subject of
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much research. The physical mechanisms causing these vibrations have been studied extensively, in particular stick—slip [10-15]
and sprag-slip [16]. The design of these mechanical systems must often satisfy very strict vibration requirements linked to the
existence of instabilities and associated vibration levels. For financial reasons, major designers used numerical simulation, which
requires knowledge of the main physical phenomena to be introduced in the models. In the case of vibrations induced by friction,
the origin of the instabilities is located in the adhesion/friction zones between the rotating and fixed parts. Consequently, the main
physical phenomena are unilateral contact and sticking/sliding with friction. Several works based on phenomenological models
have shown the importance of taking these phenomena into account [17-22]. Some of the parameters associated with these major
phenomena, such as contact stiffness and friction coefficient, present uncertainties and have a strong influence on stability and
vibration amplitudes. Consequently, it is essential to take these uncertainties into account in the models. In general, uncertainties
can be linked to a lack of information (epistemic uncertainties) or the natural variability (intrinsic uncertainties) of parameters such
as those mentioned in [23,24]. The probabilistic theory is that most often used and the most successful for modelling uncertainties
and we make use of it in this paper. It makes it possible to represent the probabilistic content of a physical problem by introducing
a probabilistic space and then choosing either a parametric [25] or a non-parametric [26,27] view depending on the sources of
uncertainty (parameters, geometry, modelling hypotheses, etc.). The polynomial chaos method initiated in 1938 [28] in infinite
dimension with extensions [29,30], later applied in finite dimension [31,32], and also generalized [33], is very often used in
probabilistic approaches. It will be used in this paper. It consists in decomposing the quantities of interest, which are functions
of the random variables, in a basis of multi-dimensional orthogonal polynomials. From the polynomial chaos, a mechano-stochastic
problem can be solved using two types of approach: intrusive or non-intrusive. The intrusive approach consists in directly introducing
the uncertainties in the equations of the problem. First, a spatial discretization of the material domain is performed and then followed
by a spatial approximation of the solution and an initial Galerkin projection. Then, the probabilistic approximation of the solution
is performed using the polynomial chaos method followed by a second Galerkin projection. This second projection makes it possible
to project the spatially approximated mechano-stochastic problem on the probabilistic approximation subspace generated by a finite
number of multi-dimensional orthogonal polynomials. Finally, a single temporal integration with an adapted finite difference scheme
is necessary to obtain quantities of interest such as temporal evolutions associated with displacements, means and even standard
deviations. The non-intrusive approach first consists in solving, by temporal integration, a succession of mechano-deterministic
problems for a finite number of values of random variables. Then, the results from determinist temporal integrations are either
interpolated (projection method [34]) or approximated (regression method [35-39]) using polynomial chaos.

The study carried out in this article is performed on a phenomenological model which includes the main physical mechanisms
related to instabilities induced by friction and in particular mode coupling. This model consists of a clamped beam on which a
stator disc is mounted. This model also includes a rotor disc rubbing on the stator. The uncertainties of two parameters having a
strong influence on stability and vibration levels are taken into account in the model. This is the contact stiffness and the coefficient
of friction at the interface of the rotor and stator discs. Chebyshev polynomials of the second kind are used to form the basis with
polynomial chaos. Indeed, as values of parameters are bounded in engineering, the associated probability density (weight function
of the Chebyshev polynomials of the second kind) is very well adapted. Expressions of generalized stochastic forces are complex
because of the expressions for the forces and moments at the interface of the discs, the use of polynomial chaos and the Galerkin
projection. Consequently, it is necessary to perform numerical integrations to calculate these expressions, several per time step,
during the temporal integration. Nevertheless, the numerical integration step must be very low due to a slow convergence, which
induces very long resolution times. This is why the main objective of this article is to propose a modification of the classic intrusive
approach to avoid numerical integrations and thus reduce calculation times. This modified approach consists of two steps. The
first consists in simplifying the mathematical expressions of the forces and moments at the interface of the rotor and stator discs.
To do this, laws of behaviour linking primal and dual variables are established from physical reasoning reinforced by a study of
influence. The simplifications make it possible to carry out the second step, which consists in using certain properties of Chebyshey
polynomials of the second kind such as [40-44], to directly determine expressions of the stochastic generalized forces without
numerical integration.

First, the mechano-stochastic problem is established and all the associated hypotheses are listed. Then, the difficulties related to
solving the problem with a classic intrusive approach are detailed after which the modified intrusive approach is presented and fully
detailed in two sections. In the first of these sections, the modified intrusive approach is used for a fixed point stability study in
a linear framework. Then, in the second of these sections, the modified intrusive approach is presented and used in a nonlinear
framework. Finally, the results from the modified intrusive approach are compared with those from a non-intrusive approach
in which Chebyshev polynomials of the second kind are used to interpolate the results from several temporal integrations of the
mechano-deterministic problem, as in [45].

2. Model presentation and main hypothesis

The phenomenological model used for this study is represented in Fig. 1. This is a mechanical system moving in Euclidean space
E during a time interval T = [0,1,,,] C R and is composed of a clamped beam, denoted b, upon which is mounted a stator disc
denoted s in contact with a rotor disc, . Its movement is measured in the Galilean framework designated by R, thanks to the
Cartesian coordinate system %, = (O, %) where % = (e}, e,,€3) is the canonical basis of R®. The associated parameters are given
in Table 1 and two among them present uncertainties: the contact stiffness x and the friction coefficient u at the interface (r — s),
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Fig. 1. Diagram of the mechanical system. (a) System in the initial state with geometric parameters whose values are indicated in Table 1. (b) System in motion
with a displacement w following x imposed on the rotor disc rotating around x at an angular velocity ,.

Table 1

Values of constant parameters appearing in Fig. 1.

Parameter name Notation Value Unit
System density p 7800 kg m™3
Thickness of the beam following y b 251072 m
Thickness of the beam following z h 31072 m
Beam length L 210! m
Contact stiffness per area unit k 110° N m~3
Young modulus E 21010° Pa
Coulomb modulus G 8110° Pa
Thickness of the rotor and stator discs e 11072 m
Radius of the stator R, 751072 m
Radius of the rotor R +oo m

J

which are independent. Consequently, two associated random variables denoted &, and &, contained in the vector E € © =11, 112,
are introduced, such that:

x:&el-1L1[—x+&x;,€R o
pu:ébel-Lil—a+é&bu, eR

where x (respectively ji) is the mean value and where x, (respectively u,) for k (respectively u). Mathematically, the random
vector £ is the image represented by the map E : w € Q — & = E(w) € 0, where 2 is an unknown universe and » an event. The
probability measure for Z is denoted Pz and associated with the following Chebyshey probability density of the second kind:

2
) 4
fE.ge@H;E\/l—ffe[o,l] (2)

This probability density is very well adapted for engineering problems given that values of parameters are bounded. Thus, it possible
to define the following real Hilbert space:

2 2
S= ®Li_:[ (- 1,1[.R) = span <Hk =QUy. k=(k.k)e N2> 3
i=1

i= i=1
where U,Ei) :1-1,1[ — R is the k; the Chebyshev polynomial associated with the random variable ¢ and proceeding from the
following recurrence relation:

Vk; € N*, Uk[+1(§,-) =2¢ Uk[(ﬁ,») - ka_|(§i) with Uy =1 et U(§) =2¢ 4

2

Consequently, H, = H U L and S is equipped with the following dot product:
=1

0 if k#1
(HylHp)g s = /@ H (&) Hy(&) dPg(&) = )

1 else

where dPg(€) = f=(£)dE and S’ the topological dual of S.
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In order to simplify the mechanical problem, a small displacement hypothesis is made. Moreover, the structure occupying the
domain 2 c E is composed of the following parts:

« b is a Euler-Bernoulli beam, of length L and section .S, = bh and considered infinitely rigid in tension and torsion.

« the stator s is considered non-deformable, with section S, = # R? and thickness e. In order to manage the contact with friction
at the interface between the rotor and stator discs denoted (r — s) of domain I, a Cartesian coordinate system R, = (Ol, Qsl)
where B, = (e, e, €3'), is defined.

« the rotor disc r is also considered non-deformable, and has a rotation velocity w, around direction x and a displacement
imposed in direction x, which is defined as follows:

at for te[0,1]
w:teT — €R where <0 and w, <0 6)
w; for teT\|[0,/]

3. Mechano-stochastic problem and approximation
3.1. Mechano-stochastic problem
In agreement with the previous hypotheses, the mechanical and stochastic problem associated with the phenomenological model

is the following:
Find the fieldu e U=R*>@ R SQV = {v : (x,&,1) €]0, LXT x @ — v(x,&,1) € R?} such that:

otu b 0%u .
El, —+pS°I;,— =0 in ]JO,L[XOXT a
b6x4 P "azZ 1 [ @
u=90 in {0} xOXT (b)
L in {0)xOXT ©
0x
0’u 0%u .
VELZY = e 1,%% _F  in (L}xOXT d @
> 0x3 4o ) @
0%u u .
El,— = -C in {L}xOXT e
box2 T 7f gxor? tL} @
u=0 in ]0,L[x 6 x {0} 69)]
u=0 in 10,L[xOx{0} (g

with:

e V = LXT,R), is the square-integrable space.

» Eq. (7)(a) is the equilibrium of the beam for each section x € ]0, L[, equations (b) and (c) are the Dirichlet boundary conditions,
equations (d) and (e) are the equilibrium of the stator (mixed boundary conditions), and equations (f) and (g) represent the
Dirichlet initial condi}tions.

o Iy = bh” e, e, + bh €3 ® e3 € My, (R), the inertia tensor and .S, = b & is the beam section.

12
4
e Jy = TR (e;® e, +e3®e3) € My, (R) inertia tensor of stator disc s and M, = pz R?e € R, is the mass of stator disc s.
4 .
Au _
e F:(&D€eOXT— fr(Y,w)=pux / ||A_1:|| (All,l e + Auy, €3> dT(t) € R? the force applied on the boundary of domain
I0) t

T, in direction y (respectively z) .

« C: (§,I)EQXT>—>fC(Y,w)=;{/

iy ey + Auy, ey _ ) .
(xh ey +xye3’) Adu, (e + T ey drl.(t) € R*, the moment applied
_ F.() | A, ||
on the boundary of domain I', around the direction y (respectively z) .
Y = [uS,Ox,u'S,O':]T € R, the vector containing the displacement, the rotation and their time derivatives associated with

the centre of the stator disc and for each direction. The rotation is linked to the Euler-Bernoulli hypothesis, which gives:
ou(L,-,-) & 2
O=——""""€(SeV)".
s ox ( ® )

3.2. Spatial and probabilistic approximations

According to the spatial approximation based on the modal synthesis method and a probabilistic approximation based on the use
of polynomial chaos with a Chebyshev polynomial of the second kind, the weak solution of the dynamic problem (7) is the following:

elU,=qv:(x,&1)€]0,L[XOXT —> Z wp(t) Hm(g) ¢p2p](x) e, = P(x)H(E)w@) € R? ®
pel,,

=

=R°®R, @SV
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with:

e I,={p=(p1.p2-p3) €EN* | p €{li2}, pyell,N] and p; €I}, N € N* the first index set.
« I ={k=(k;,k;) EN?> | k; <n and k,<n,}, the second index set.

R,CR,= Hy ? 0.0 0. LLLR) (respectively S c ), the approximation of the Sobolev space taking into account the Dirichlet
boundary condition (7) (b) and (c) (respectively the probabilistic Hilbert space)
®:xcl0 Ll ¢”(x) ¢11(x) o () 0 0 . 0

. 0 G1p(X) o Pp(x) - o)
with the spatial elgenfunctlon named ¢ji» (7)) € M1, N1 x {152} where N € N*, determined with the mixed boundary

conditions (7) (c) and (d) for which F and C are null. These spatial eigenfunctions represent the bending modes, taking
into account each direction y and z.

Diag, ,...,Diag, s
' crd(i) Dia Dia and(li) | g My ,(R) where card (1;) = nyny, m = card (I,) =
card(lk) ’ gkl T gkcard(lk)
2card (I;) N and Diag, = diag (Hy(&), ..., Hy(£)), k € I, is the map associated with the probabilistic approximation where
—_————

N
the map H, is defined in (3). In this stuci);/l,cechebyshev polynomials of the second kind are used, taking their specific properties
compared to other possible polynomials into consideration [43].

T

€ M,,n(R), the map associated

Diagy . ..., Diag;

H:geo— Diagkl,...,Diagk

cw: T — [wm @) w ()| €R™, the map giving the stochastic generalized coordinates.

pcard(lp)
The modal and stochastic coordinates are the solutions of the following discrete problem put in state form:
Find the state map X : t € T — [w(?) W(t)]T € R", where n = 2m, such that:
X=GX,") in T
X=X, in {0}

9)

with:

e G:(XW),HER"XT —> [ 0 2 1] [w(t)] + € R”, is the vector field giving the temporal variation of state.

w(r)
497 (L) T
< = t)‘H> <q> (L)FOJ)‘H)S;’SZ

W' iteT — 2 € RX" the map associated with stochastic generalized
d®
(cT(f: Rt ) +FTE) <I><L>> H dP= (&)
forces where S; = S?¥ and S, = SZN xm,

d*®|d*® el d*®
.« 02 = <E 1, —> =E / 17 5 dx € My on(R), the squared pulsation matrix where %, = RN,
Rops Ry 10,L[

dx? | dx? dx? dx

The knowledge at each instant 7 € T of the state of the mechanical system X (z) is calculated by means of a temporal integration of the
differential equations system (9) using the Runge—Kutta 4 scheme. These equations define a non-autonomous stochastic dynamical
system denoted SPe"o = (R”,T (pfhe"o)

3.3. Classical intrusive approach and disadvantages

Solving of the mechano-stochastic problem (9) can be done using two approaches: either intrusive (solving of the mechano-
stochastic model directly), or non-intrusive (several solvings of the mechano-deterministic model then the interpolation of the
results). In both cases, the objective is to determine the unique trajectory " (X,,-) given implicitly by the dynamic system
Srheno knowing the state at the initial time ¢, € T. The main advantage of the intrusive approach is that only one time integration
is needed to obtain quantities such as displacements u,, rotations ,, velocities i, and angular rotations 6, at the end of the beam
in each or around the y directions and z, for all the values of the random variables & € ©. During the temporal integration with
the Runge—Kutta 4 scheme, the expressions present in the duality brackets associated with the stochastic generalized forces W must
be calculated several times per time step. These duality brackets correspond to double integrals (on the open set ©) and contain
another double integral associated with forces F or moments C on the contact surface with the adhesion/friction of the stator disc
s occupying the open domain I,. Because of the complexity of the expressions in the duality brackets, it is necessary to perform
a probabilistic numerical integration. The use of the trapezium method enables approaching the stochastic generalized forces as
follows:

| My

R 0P (L
22( ¢y =P 1 g, ><I><L)> HEyn1-2,\1-8 258, eV (10)

lljl

with:
MM A, (Xgp ) ep + Atty (X, ) @
R ~ 1 (Xkis ) €2 1, (Xk1s ) €3
« Cy) = (x+ &%) Z Z <(x;’k o) +x}, 93,) A Auy (x4, -) <e1 +u— AL .2)” >> Ax, Ax, e V™
k=1I=1 U Xgp,

5



A. Mercier and L. Jézéquel Mechanical Systems and Signal Processing 189 (2023) 110051

NI Ny
C Py = (At ma) (+&ix) XY
k=11=1

« (M, M,) € (N* )2, the number of probabilistic integration points associated with the first (respectively second) random variable
&, (respectively &,).

< &= (é1.1-&2;) € O, the coordinates of the probabilistic integration point which follow the following relation: &, ; = & ; +i 4¢,
and &j=61+j45 V0, ) E [1, M 1<, M,].

+ (N.N,) e (N* 2, the number of spatial integration points associated with the first (respectively second) random variable x|
(respectively x’z).

Au, (X, )

AL (Au,l(xkl,-)ez+Au,2(xkl,-)e3) 4x) Axy e v
t s

* X}, = (xa4,x3;) € O, the coordinates of the spatial integration point according to the following relation: x,, = x/, | + k 4x}
and & = x, | +14x, ¥(k.1) € [1. N, ] x [1, N, 1.

The convergence step for probabilist numerical integration, is very low which induces very long temporal integration times.
Probabilistic numerical integration tests of forces F and moments C, showed that a numerical integration step of about 4¢, =
A& = 107° rad was necessary. During a temporal integration, this time step would induce temporal integration times about
6 h. This inconvenience makes it necessary to avoid integrating the expressions associated with stochastic generalized forces W
numerically, by proposing a modification of the classical intrusive approach. The latter is fully detailed in Sections 4 and 5. The
modification contains two main steps and makes it possible to calculate duality brackets W without performing probabilistic
numerical integration. The first step is necessary to carry out the second and consists in simplifying, in polynomial form, the
expressions of the mechanical action torsor, that is to say the forces F and moments C at the disc interface (r — s). This first
step also allows getting round the need to carry out spatial numerical integrations (in the domain I',) and thus further reducing the
calculation times. The second step exploits certain properties of the Chebyshey polynomials of the second kind to directly identify
the coefficients of each monomial of the left term of the duality brackets W. Comparisons with a non-intrusive approach including
several deterministic temporal integrations must be carried out to validate the results from the modified intrusive approach. For
the non-intrusive approach, other interesting properties of second kind Chebyshev polynomials can be exploited to interpolate the
results from deterministic temporal integrations.

4. Modified intrusive approach for the linear stochastic problem
4.1. Study of fixed point stability

The first study carried out focuses on the linear stochastic problem. For this purpose, the maps f and f giving the forces F
and the moments C are developed at the first order around Y, = 0, which correspond to a fixed point X, = 0 (static equilibrium of
the mechanical system) for the dynamical system SP"¢". This gives:

o f p(Ye) u i+ 0fFFYe) a, + ofr(¥,) 0, + dfF(Ye) o, =

xu (KpHw+CpHuw)

ous oy %05 s (Sev) an
IS
-1 0fc(¥,) ofc(Y,) . ofp(Y,) ofc(¥e) o .
C = ou, ug + oa, g + 2. 0, + . 0,=x (KcHw+CcHw)
with:
afr(¥,) ofp(Y,) 0®(L) . ofc¥,) 0f c(Y,) 0®(L) :
. = d respectivel = , the stiffness ma-
K== 2+ =50 ox_ M ® (respectively K¢ = =5~ L)+ —35= =5 =)
trix associated with F~ (respectively C*).
ofr(Y,) 0fr(Y,) 0®(L) . ofc(Y,) ofc(Y,) 0®(L) .
« Cp= Su  P(L) + 29 ¢ —— € Moy (R) (respectively C¢ = ‘(’;u < P(L) + 39 £ e ), the damping ma-

trix associated with E! (respectively éh.
By calculating the dot products associated with W = W + W and using the properties (4), it is possible to obtain the final
expression without calculating the integrals:

WO - (@T(L) (KpQr Hw+Cp Qp Hib) |H> — (Kp Oy w+Cr Oy i) ®(L)

S1.5,
e yixm (12)

T
WO <d<1>dx(L) (K Qc Hw+Ce Q¢ H ) 'H> - (K Qew+Co0c ) 22
1.5,

with:
e Op=jx+ % fxg Pe + 1 Hq X Pg, + 1 Hy %q Pg ey € Moy »(R) and Q¢ = % + % %4 Pz, € My ,,(R), matrix that allows taking

4
into account the properties (4). ) )
U;wl(é,.) + U,’Ci_l(i,-) if k; e N*

) (see
U &) if k=0

* Py P Pr s, € Moy ,(R), matrix such that terms ¢ U,ii(.f,-) are replaced by {

expression (4)).
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Fig. 2. Stability study of fixed point X, = 0 with respect to rotation velocity w, € [5,200] rad/s and w € [-2107%,0] m and 3 values of dispersal rate
€ {5;10;20}%. (a)(b) Evolution of real part of eigenvalues Re(1) and eigenfrequencies f = 1"2‘(’:’ with respect to rotation velocity w, € [5,200] rad/s, a fixed
displacement w = —10~* m. (¢)(d) Evolution of real part of eigenvalues Re(4) and eigenfrequencies f = I“Z‘—:U

fixed velocity rotation w = 20 rad/s.

with respect to displacement w € [-2107%,0] m, a

Finally, the expression of the stochastic generalized forces is as follows:
T z)<I>(L)
Tox

First of all, a stability study of the fixed point is carried out by varying parameters w and ,. Initially, w is fixed at 10~* m and the
stability of X, = 0 is studied for a rotation velocity w, ranging from 5 to 200 rad/s. Then, a displacement w guaranteeing fixed point
stability is chosen and the stability of X, is studied for a displacement w ranging from 0 to 10~% m. These two studies are carried
out for three dispersal rates 7, € {2,5,10}%, giving a dispersion stiffness x, = r, x and a dispersion friction coefficient u, = 7, .
Figs. 2(a) and (b) (alongside (c) and (d) respectively) present the evolution of the real parts A and frequencies f associated with the
eigenvalues, according to rotation velocity w, (with respect to the displacement of the rotor w), the displacement of the fixed rotor
w (with respect to the rotation velocity w,) and for three dispersion rates. For the real parts (Fig. 2 (a) and (c)), the equation of
plane Re(4) = 0 is displayed and corresponds to the boundary for which the system S?¢" presents a Hopf bifurcation (coalescence
of frequencies corresponding to a mode coupling with associated levels which amplifies exponentially over time). Moreover, for the
ranges of parameters chosen, only the first bending modes of the beam b couple (coalesce around 200 Hz), as shown in Figs. 2 (b)
and (d).

WO = (KpQpw+CpQpw)’ L)+ (K Qcw+Ce Qc ) e yhm (13)

4.2. Estimation of the dynamic response in a linear case

The linear response of the mechanical system is studied in the case of transient behaviour. The pair (w;, £2,) € R? is chosen such
that the fixed point is stable. On the other hand, during the displacement ramp represented by a € R, there is no fixed point, and
the points of dynamic equilibrium are not necessarily stable. The objective is to verify its properties and also to study the velocities
at which the non-detachment hypothesis is no longer verified, as the linearity hypothesis at the interface (r — s) is valid only if the
whole of the surface of the disc is in contact. For this purpose, a temporal integration of the differential equations system is carried
out for three velocities v = « using the Rung-Kutta 4 scheme. For each velocity, the mean, denoted i, (¢), associated with the
displacement at the end of beam b and the associated standard deviation o[u; ] are determined for each instant 7, of the sequence
(t)nez,- Moreover, to verify that the non-detachment hypothesis is satisfied, the mean, 4u,(x,,1), associated with the normal relative
displacement at a point of position vector x, located at the edge of domain I,(z), is determined. In Fig. 3 the temporal evolution of
the mean &, (#)3 (a), of the standard deviation o[u;;]3 (b) and relative displacement Au,(x,.?)3 (c) for three different slope values «
are represented. The development of instability is closely related to the slope and is permitted if it is low. In the case of a very high
slope, the instability does not have time to develop before critical displacement is reached. In addition, the greater the dispersion
rate 7, the higher the slope must be to avoid excessive separation and consequently no longer satisfy the associated hypothesis.
Finally, it is therefore essential to take nonlinearities into consideration, in particular those related to unilateral contact and friction,
when instabilities have time to develop.
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Fig. 3. Stochastic temporal integration around X, = 0 for 3 different slopes a. Temporal evolution of the mean #, (a), deviation type o[u,,] (b) and normal
relative displacement Au,(x,,7) at the interface (r—s) in x, € I,.

5. Modified intrusive approach for the nonlinear stochastic problem
5.1. Approximations of forces et moments at the interface

As explained previously, if the hypothesis of non-detachment at the interface (r — s) is not satisfied, nonlinear behaviour due
to detachment at the interface (r — s) must be taken into account. However, before focusing on stochastic approximation, it is
necessary to find simplified expressions of the forces F and moments C. Indeed, these forces and moments are expressed in the
form of an integral on the interface (r—s) of domain I',, which generates a considerable numerical cost during temporal integration.
Moreover, the expression of F and C must be in polynomial form; this will be detailed subsequently. To propose a simplification,
it is first necessary to determine the bounds of the intervals to which the variables belong. To do this, four temporal integrations
are carried out using the Runge—Kutta 4 scheme and are associated with four cases. After integration, the extrema of the variables
are determined over the integration interval, which correspond to the limits. The temporal evolution is demonstrated in Fig. 4, and
makes it possible to fix the following intervals which corresponds to the extremums: 6,0, € Iy = [-5 1073,51073] rad (Fig. 4 (b)
et (), 6,,,0,, € I; = [-5,5] rad/s (Fig. 4 (d) et (W), uy,us, € I, =[-11073,11073] m (Fig. 4 (a) et (e)) and u, 1,1, € I, = [-1,1]
(Fig. 4 (c) et (g)). In the second step, it is necessary to identify the variables which have little or no influence on the forces F and
the moment C. To achieve this, and as shown in Fig. 5, the forces and moments are plotted as a function of the variables. For the
forces, it is easy to see that there is a strong influence exerted by the angles and velocities (Figs. 5 (b) and (c)), a weak influence
by the displacements (Fig. 5 (a)) and almost no influence from the angular velocities (Fig. 5 (d)). Concerning the moments, only
the angles have a notable influence (Fig. 5 (f)), while the influence of the other variables is limited (Figs. 5 (e), (g) and (h)). In
order to reinforce these analyses of the influence of the variables and thus make them more relevant, the partial derivatives of the
expressions of the forces and moments with respect to each of the variables are studied. To perform the relevant comparisons, each
partial derivative is multiplied by the maximum of the associated variable. This makes it possible to obtain quantities of the same
dimension (same unit). Finally, these modified partial derivatives have the following form:

O _OF o ang 2C_0C yuus ¢ (5 an
Yy 9Y oY Y
with :
. 7 — (Ymax)*l Y eR — ﬂ = ymax g R¥<8

Y
Fig. 6 (respectively 7) shows the evolutions of the modified partial derivatives which are associated with the first (and second)
bending of beam b. The analysis of these two Figs. 6 and 7 confirms the previous conclusions, i.e. a strong influence of the variables
0, and u (respectively 6;) for the forces F (respectively moments C). These conclusions lead to the following simplifications:

« Approximated moments C = f¢ (6, w) in © x T: these moments are considered dependent only on the angles 6, ; and 6, ,
as shown in Fig. 5. Given that these components are conservative forces (per unit area), it is advisable to choose a form of
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Fig. 5. Influence of displacements u,, rotation 6,, and their temporal derivative u,, 6, on the forces F and moments C. Evolution with respect to u; and u,
for the forces (a) and moments (e), with respect to i, and i, for the forces (b) and moments (f), with respect to 6, and 6,, for the forces (c) and moments
(g) and with respect to 6, and 6, for the forces (d) and moments (h).

potential energy which is positive-definite:
1 j N
w=3x 3 Aw (62,+6%) eSev (15)
./EZC
where: A i [wmin, wmax] — R, j € I, = {2;4; ;nc} C 2N* contains the terms of the series after truncation at index n,,
maps to be determined which are defined on the set of displacements w of the rotor disc in the direction x. Consequently, the
simplified polynomial form is the following:

3 .
IW 4 =x Z(Z(; =A@ (2, +0§,2)’ 03’,._,> e, €(SaV) (16)

991 i=2 \j€l,

C =

3
i=2

« Forces F = f (0,1, w) in ©XT: These forces are considered dependent only on angles 6, ; and 6, , and the velocity #; (with
respect to i,) for F; (with respect to F,) as shown in Fig. 5. The form of the forces is associated with physical considerations
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Fig. 7. Influence of displacements u,, rotation 6, and their temporal derivative i, 6, on the modified partial derivatives %=

and is composed of two parts. The first is associated with the instability induced by friction and must mainly contain angle
0, ;. The second is associated with the dissipation given by plane friction at the interface (» —s) and must mainly contain angle
0,1 (with respect to 6,) for F; (with respect to F,). Consequently, the expression is the following:

3 .
F=ux Y| Y (B0, + D) (2, +9§,2)] e, €(Sev)

17)
i=2 \je1;

where: B; : [w™" w"e*] — R and D;: [wmn w"™*] — R, j € I,= {2;4; ;nf} C 2N* contains the terms of the series after
truncation at index n,, maps to be determined defined on the set of displacements w of the rotor disc in direction x.

10
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Fig. 8. Comparison to reference F and C and the approximated F and C forces and moments. (a) Comparison of reference (grey) and approximated (blue)
forces with errors between F, and F, (c) as well as F, and F, (d). (b) Comparison of reference (grey) and approximated (blue) moments with errors between
C, and C, (e) and C, and G, (f).

Then, in the first step, the least squares method is used to approximate and establish the coefficient vectors A(w), B(w) and D(w)
for each w € [wy, w,]l, where w; = w™" + k h is the term of the arithmetic sequence (w;);c7, - In the second step, the least squares
method is still used to approximate each map A, B and D. These two steps give rise to the following optimization problem without
constraints:

Vk €L, fig (A@y), BGwy), Dwy)) = min - f(a,b,d) (Step 1)
acR"e b,deR"/ 18)
fig2 (CasCpcq) = min  fron (x4, %5, %) (Step 2)
Xg.Xp.xgER3

with:

* it (@b d) €RXRY R v fig(abd) = ||[FO w0 COpwp)” ~ [FYw) € wp)] | € By the square of
the discrete Euclidean norm of the difference between reference maps F and C, and approximated map F and C evaluated
in n, vector Y where 6, € [9;"1”,9;”?"], 1 =0,0,, € ["T’lﬂ’ ;”‘l"‘] and i, = 0.
' ’ T 2

2
* Jig: (xq X5, Xg) ERI xR} xR? — J1g2(Xqs Xy, xg) = [A(wk)B(wk)D(wk) Z Xg Xp xd w;'( € R, the square of the
i=
discrete Euclidean norm of the difference between the maps and the approx1mated map (polynomial 2of degree two) evaluated

in each term of the sequence (w)iez,, -

The previous steps can now be used to find approximations of forces and moments. In Fig. 8 , the reference (F and C in Fig. 8 (a))
and approximated (¥ and € in Fig. 8 (b)) forces and moments as well as the approximation errors (Fig. 8 (c), (d), (e) and (f)) are
plotted, with respect to the angles (6, and 6,,) and velocities (iz;; and i;,). The errors overall demonstrate minor irregularities,
which makes it possible to validate the approximations.

5.2. Use of Chebyshev polynomial properties

Once an efficient approximation of the forces and moments in a polynomial form has been obtained, it is possible to apply certain
properties of the Chebyshev polynomials of the second kind, in order to transform the products (associated with the nonlinearities)
into sums. This transformation makes it possible to obtain expressions of forces F and moments C directly in the scope of spatial
and probabilistic approximation bases and consequently to avoid a numerical calculation of the integral (corresponding to the inner
product) at each time step, which would greatly lengthen the times. Firstly, replacing the expressions of ug, 6, i and 6, in (16)
and (17), gives us:

] o .
- N 1),j; 2)sjny+1
F=px Y epyaw [Ju™ v,

jel, i=1 i=1 - 2
» . " e(Sev) 19)
- i (2):in
C=x Z cc, w,w) HUI_(I)-/‘ HU,- Jny1
J€L, i=1 i=1

11
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with:

* Iap = {J = (jlv"' ’j2(n1+n2)) € NZ(’IH—"Z) |
i=1

s cp; iR — RR? (respectively ccy R'— RR?), the coefficient associated with term j of series (19).

2(ny+ny)
ji<np=n, }, the index set corresponding to term j of series (19).

min(i,j)
Next, by adapting the linearization property of the Chebyshev polynomials U, U; = Z Ujizjlvar M 1-1L1[ VG, ) € N2, it represents
k=0
the previous products in the expression (19):
n
Vj e, HUiJ' = z U e 0- 1142 ko242 ky 44 D42 kb —r D425, 10 [=1,1] (20)

i=0 kel

with:

i
eI, =< k= (kp ~kn) eN' | ke H(),mjn<|| w1+ z =G+ DI+2k;,j +2)” }, the set vector corresponding to term
j=0

k of the series (20).

Then, by replacing (20) in (19), simplified expressions of forces and moments are obtained:

= Y ay(w,w) Hy=Ha(w,w)
ke,

= Y b w.w) Hy =H b(w,w)
kel

e(Sev) (21)

with:

o a:R"— R" (respectively b : R"” — R™), the map giving the vector of coefficient associated with term k of previous series
(21).

From the expressions (21), it is very easy to identify and retrieve nonlinear stochastic generalized forces without calculating the dot
product, thus:

T
W <& |H> (@ wE) = wwe) L i ww e v (22)
S 12

The stochastic generalized forces W are now known without carrying out the numerical integration of the scalar products at each
time step. It is now possible to perform a temporal integration of the problem (9) withing reasonable times using the Runge-Kutta
4 scheme, with a dispersion rate of = = 5% and numbers n; and n, of identical Chebyshev polynomials for each of the uncertain
parameters (k and y). It is initially necessary to determine the minimum number of polynomials to be chosen (convergence criterion)
for each parameter. Fig. 9 presents the temporal evolution of the components of the state vector w for n; = n, = 3. In Fig. 9(a)
(and (c) respectively) they are those associated with the first mode of bending in direction y (with respect to z). Likewise, in Fig. 9
(b) (with respect to (d)) those associated with the second mode of bending in direction y (with respect to z). According to these
evolutions, it is possible to validate the choice of the number of polynomials selected for each parameter (k and u), given that the
amplitudes of the last two (w5 et w; ;o) for each mode j € [[1,4] are very low.

Fig. 10 shows the temporal evolutions of the displacement of the centre of the stator disc s in direction y. In Fig. 10(a), it is the
mean i (in black), the mean to which is added the standard deviation o [“.;,1] (in blue) and the mean from which is subtracted
the standard deviation ¢ ["S ]] (in red). The expression associated with the mean 4, is written as:

i, =/ Uy (x, ) dPg (x) = Z Y wi </ Hk(x)d]PE(x)> b1 (L)
[}

j=1 keI;, (23)
=wiyo ¢ (L) + wip (L) €V
For the standard deviation ¢ [u |, the expression is the following:
i os 2 0.5
o [usy] = (/ (g1 (x, ) — i1 ;) d]PE(x)> = /(2 Y wy He@ di(L) - Zwljoqﬁ (L)) dPx(x)
e O\ 1 kel
(24

N

) 0.5 v 0.5
= /@<z Z leka(§)¢;(L)> dP=(x) =<Z Z 1/kqﬁz(L)> eV

j=1 keI \(0,0) j=1 keI \(0,0)

It should be noted that these two final expressions are quite simple. This avoids making numerical integrations which would be much
more costly in time. In Fig. 10 (a) temporal evolutions of the mean & ; and the mean plus or minus standard deviation i ; + o[u; ;]
are presented. In Fig. 10 (b) (respectively (c)), they are limit cycles in the state space that are presented for the following values of

12



A. Mercier and L. Jézéquel Mechanical Systems and Signal Processing 189 (2023) 110051

x 107

— Wi

T W2
w3
Wij4
W15
W16

— W7

wi1x(t) [m]

— Wi

w159

Stochastic temporal

_ integration:
é w=atm(a=1)
ewy) wy, = 100 rad/s
N R =1.2510° N/m?
§ n=04
3 T=510"?

Fig. 9. Temporal evolution of state vector X. Components of X denoted w,;,, k € [1,9]] and j € {1;2;3;4}, corresponding to the first bending mode of the beam
in the direction y (a), the second in direction y (b), the first bending mode of the beam in direction z (¢) and the second in direction z (d).
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Fig. 10. Temporal evolution of the mean &, the mean plus or minus the standard deviation &, +o[u,,] and the limit cycles associated with the displacements
ug,. (a) Temporal evolution of i, (black), the mean plus the standard deviation &, +o[u,,] (blue) and the mean plus the standard deviation &, — o[u,] (red).
(b) (respectively (c)) temporal evolution of limits cycles in the state space R™ associated with u,, and u,, for & € [-1,1] and &, = 0 (respectively &, € [-1,1]
and &) = 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

random variables: & = 0 and &, € [—1,1] (respectively & = 0 and &, € [-1,1]). These data are particularly valuable in the general
case of a design of a mechanical system with instabilities induced by friction and presenting uncertainties on certain parameters.
The interesting point is that access to these results is obtained in very reasonable times (about 1.5 h) and in a single temporal
integration. The difference in computation time is not negligible compared to the classic intrusive approach.

5.3. Comparison with non-intrusive approach using Chebyshev polynomials

In order to validate the modified intrusive approach, the associated results from the modified intrusive approach can be compared
to a non-intrusive approach with interpolation (projection L?). For the latter, it is first necessary to perform temporal integrations

13
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Fig. 11. Temporal evolution of the mean &,,, the mean plus or minus the standard deviation i, + o[u,,] and limit cycles associated with the displacements
ug,. (a) Temporal evolution of i, (black), the mean plus the standard deviation &, +o[u,,] (blue) and the mean plus the standard deviation i, — o[u,] (red).
(b) ((c) respectively) temporal evolution of limit cycles in the state space R” associated with u, and i, for & € [-1,1] and &, = 0 (respectively &, € [-1, 1] and
& =0). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

for a set of values of the random variables & contained in ©. An interpolation of the results from these temporal integrations is then
performed. For the non-intrusive approach, the weak solution associated with the problem (7) has the following form:

a=®vel, (25)
with:

e v: (&1 € OXT — v(&,1) € RPN, the first part of the state vector X € R” which is the solution of the problem (9) transformed
into a deterministic problem (for this : nl = n2 = 1).

As for the intrusive approach, interesting properties of the Chebyshev polynomial can be used to approximate v at each instant
t € T by interpolation. The use of these polynomials makes it possible to converge uniformly towards the real solution v when the
number of polynomials ¢ € N* used tends towards infinity. This allows approximating v as follows:
)ZN

r=Hwe (S®V (26)

with :
cw! = (DlH)(S®V)2N/ SaNaNg = / o7 (x, ) H(x) dPz(x) € V2N the projection of & on H.
. o

where : ¢ = ¢, X¢,, corresponding to the number of Chebyshev polynomials associated with &; (¢;) and &, (g,). Uniform convergence
is guaranteed by choosing particular interpolation points called Gauss—Chebyshev points. Using these points, it is possible to
approximate w with the following quadrature:

0 0 sin (=2 ) sin (L=
1 2 SIn < Ml+1 sin M2+l T
= v (x

- T
,.;jzl (M, +1) (My+1) v

IYH(x)) € y 1x2Na @27

with :

« (0,,0,) € (N*)2, the number of Gauss—Chebyshev points associated with the first (respectively second) random variable &,
(respectively &,) .
. _ in Jjr . . .
Vi, j) € L O IXIL 0,0, x;; = <cos < M, £ ) ,COS < M, 51 )) € 0, coordinates of Gauss—Chebyshev points.

Now, ¢ = 9 deterministic temporal integrations associated with ¢ = 9 points of Gauss—Chebyshev, are realized with the scheme of
Runge-Kutta 4. Then an interpolation of the results is done using the expression (27). In the Fig. 11, the temporal evolution of
the displacement and the limit cycles, corresponding to the centre of the stator disc s in the direction y, are presented and can
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— _x10™ (a) MODIFIED INTRUSIVE APPROACH (b)

£ S — ,
= U1 (8) + 0 [ug1]
£ 3 i, (1) — 0 [us1]
€ 5 0 U1 (t)

= H

S g1 (t) + 0 [tk 1]

=t U1 (t) — 0 [ts1]
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Fig. 12. Comparison of temporal evolutions associated with the mean &,, and #,,, the mean plus or minus the standard deviation &, +o(u,,] and &, +o[u,,],
between the modified intrusive and non-intrusive approaches. (a) ((c) respectively) Temporal evolution of the mean &, the mean plus the standard deviation

iy +ofug,] and the mean plus the standard deviation i, ; —o[u,,]. (b) ((d) respectively) Temporal evolution of the mean &, ;, the mean plus the standard deviation
i, +oli,,] and the mean plus the standard deviation u,, —olu,,].

be compared directly with those in the Fig. 10. Concerning the displacements 11 (a), the extremal amplitudes and the overall
shape of the mean i, mean plus standard deviation i, + o[u,;] and mean minus standard deviation &, — o[u,,] for modified
intrusive 11 (a) and non-intrusive 10 (a) approaches, are very close. There are some differences including a slight time shift that
can be observed on the exponential growth of vibrational levels (development of instability). Concerning the limit cycles associated
with the values of the random variables (Figs. 11 (b)(c) and Fig. 11 (b) (c)), the amplitudes are also very close. Finally, temporal
evolutions between two approaches are presented in the same figure (Fig. 12) to facilitate comparisons. These observations allow to
validate the results of the modified intrusive approach. It is also necessary to recall the interest of the modified intrusive approach
which makes it possible to obtain results in a single temporal integration, within reasonable delays (4 times faster than the classic
intrusive approach) and with more ergonomics than the non-intrusive approach (several deterministic temporal integrations then
interpolation of results).

6. Conclusion

This paper described a phenomenological model associated with the physical mechanisms inducing instabilities caused by
friction. Uncertainties were taken into account for two of the parameters of this model: the contact stiffness and the coefficient
of friction. To properly model the dynamic behaviour of the mechanical system studied, it was necessary to take into account
the physical phenomena involved at the interface of the rotor and stator discs and in particular the unilateral contact and
adhesion/sliding with friction. The structure of the equations associated with these phenomena is complex, generating resolution
times by temporal integration which are already long. In addition, taking into account uncertainties in the model with a classic
intrusive approach, induces an additional and not insignificant increase in computation times. Therefore, a modified intrusive
approach was presented. This approach comprises two stages and first consists in simplifying the expression of the mechanical
actions torsor (forces and moments) at the interface of the rotor and stator discs. To achieve this, an influence study was carried
out to identify the variables having a strong influence on the forces and the moments. This study of influence was reinforced by
physical considerations and made it possible to develop laws of behaviour between the mechanical action torsors. The polynomial
expressions resulting from the simplification can be obtained quickly and the errors made between the approximate expressions and
those of the references are very few. Properties of Chebyshev polynomials of the second kind were then exploited to calculate the
expressions of the generalized stochastic forces, without performing probabilistic numerical integrations of the associated integral
terms. Consequently, the temporal integration times could be greatly reduced (4 times faster). The results from the modified intrusive
approach were then compared to those of a non-intrusive approach. In the latter, other properties of Chebyshev polynomials were
also exploited to interpolate the results from deterministic temporal integrations. Small differences were observed between the two
approaches for data such as means, standard deviations, and limit cycle amplitudes. Therefore, the results of the optimized non-
intrusive approach could be validated. Finally, the modified intrusive approach makes it possible to obtain robust results within very
reasonable delays, by performing a single temporal integration and with much more ergonomics than the non-intrusive approach.
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