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Abstract

This work proposes an augmented extended Kalman filter based state-input estimator for mechanical systems
defined by implicit equations of motion which is then applied to estimate the six wheel center loads and the strain
field on a vehicle suspension test rig.

Implicit equations of motion typically arise in the definition of flexible multibody models and also in their time
resolution, because implicit time-discretization schemes are normally employed to obtain a stable solution. The pre-
sented methodology can be applied to such case and analytical expressions are derived for the necessary linearizations,
providing the means for a computationally efficient estimation procedure.

The six wheel center loads and the strain field on a vehicle suspension system are valuable quantities during the
vehicle design phase (e.g. for durability analysis), hence they are often directly measured during elaborate full ve-
hicle testing campaigns. This work demonstrates that a flexible multibody model representation allows to accurately
reconstruct the time domain signals of the six loads and of the full strain field, starting from a minimal set of six mea-
sured strains, hence providing an appealing alternative to direct measurement methods. The experimental validation
on the suspension test rig shows that all estimated quantities can be accurately reconstructed, given that the system
simulation model incorporates an adequate level of accuracy.

Keywords: Multiple load estimation, State estimation, Multibody dynamics, Virtual sensing, Automotive durability
engineering.

1. Introduction

When designing a new vehicle, the knowledge of Wheel Center Loads (WCLs) is needed as an input quantity to
assess durability performances [1]. In the current practice Original Equipment Manufacturers (OEMs) perform direct
measurements of these loads during so-called Road Load Data Acquisition (RLDA) testing campaigns in which a
prototype vehicle is heavily instrumented and then driven on proving grounds or public roads. The instrumentation
includes so-called Wheel Force Transducers (WFTs) which directly measure WCLs, but which turn out to be expen-
sive and intrusive. Therefore it is appealing to find an alternative way of measuring WCLs which does not make use
of such measurement devices.

During RLDA up to hundreds of other sensor channels including strain gauges, accelerometers and displacement
sensors are acquired along with WFTs channels. On the other hand, virtual prototypes, i.e. system simulation models,
are more and more used to assess the vehicle performances already before the first real prototype is built and tested.
Therefore an appealing alternative is to re-use the readily available system simulation models in combination with
these other sensors, in order to virtually measure the WCLs following the analysis paradigm outlined in [2]. This
would imply a cost reduction and hence a tangible increase of the overall process efficiency.

A state estimation framework is developed in this work to perform the information fusion between the available
measurements and a flexible multibody model of the vehicle suspension system. Such type of system simulation
model is needed to accurately reconstruct the time domain signal for all six WCLs. In addition, this also allows to
virtually measure the full strain field on the suspension flexible components.
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1.1. Indirectly measuring the inputs of a mechanical system

The question of indirectly measuring the inputs of a mechanical system is a particular case of inverse problem
which has been widely investigated by researchers over the decades. A review of the major developments in inversion
of linear systems can be found in [3]. Alternative methods, namely the so-called deconvolution methods, are instead
proposed in [4] and [5], while a review of frequency domain methods can be found in [6]. Of the previously mentioned
approaches, only some can reconstruct both inputs and states of the system, while the reconstruction of states is also
important in this work. Indeed, the reconstruction of system outputs at unmeasured locations, which can be performed
starting from the system states, is also envisioned. Kalman Filters (KFs) are the most widespread and successfully
used state estimators. Those have been initially developed in [7] to estimate the states of systems of which the inputs
are known. However several extensions to estimate unknown inputs along with the system states have been proposed
over the years. The simplest approach consists in augmenting the system state vector with the unknown inputs and in
introducing a so-called random walk model for the unknown inputs while employing a standard Kalman Filter. This
leads to the so-called Augmented Kalman Filter (AKF) which has been recently used in structural dynamics problems
in [8], [9] and [10]. A slightly different approach still assumes a random walk model for the unknown inputs, but
performs the estimation of the unknown inputs and of the system states in two sequential steps inside a classical
Kalman Filter scheme. Such approach, which can be found in [11] and has been first applied to structural dynamics
problems in [12], is commonly referred to as the Dual Kalman Filter (DKF). In [13] a joint input-state estimator has
been proposed, in which an additional model for the unknown inputs does not need to be introduced. The resulting
scheme is similar to the regular Kalman Filter, with the difference that the inputs true values are replaced with their
optimal estimates obtained in a minimum-variance sense. Such an approach, to which we refer herewith with Joint
Input-State Estimator (JISE), has been also extended to systems with direct feedthrough in [14] and successively
applied to structural dynamics problems in [15] and [16].

Although all the methods and applications mentioned above are limited to linear dynamic systems, methods to
deal with non-linear problems have been also developed over the years. The well-known Extended Kalman Filter
(EKF), which can be found in [17], is one of the most popular ones and derives from the application of the linear KF
to a linearization of the non-linear system equations. If the system exhibits strong non-linearities in relation to the
sampling rate, the quality of the estimation with the EKF can be deteriorated by the linearization procedure. In such
cases the so-called Unscented Kalman Filter (UKF) introduced in [18] can outperform the EKF, as it makes use of
the original non-linear transformation on so-called sigma points to estimate the state statistical moments. However as
shown in [19], little difference can be observed between the results of the EKF and the UKF in the case of weakly non-
linear systems. Furthermore if the system linearization is analytically available, the EKF becomes computationally
more efficient, whereas the computation of sigma points represents a computational burden when dealing with systems
of medium to large sizes. For this reason the EKF is preferred in this work, as it is assumed that analytical expressions
for the system linearizations are available.

Both an Augmented and a Dual form of the aforementioned non-linear Kalman Filters, i.e. non-linear counterparts
of the AKF and of the DKF, can be easily obtained, whereas the extension of the JISE to non-linear estimation prob-
lems is not trivial. A step in this sense has been made in [20] in which a generalized minimum variance unbiased joint
input-state estimation embedded in an UKF scheme has been developed but only for systems with direct feedthrough.
The ease of derivation of the Augmented form makes the Augmented Extended Kalman Filter (AEKF) the method of
choice in this work, while the Dual Extended Kalman Filter (DEKF) is left as possible part of future work.

1.2. Dealing with stiff and implicit mechanical problems

A number of works related to estimation with multibody systems have also been proposed, for which non-linear
estimators are needed. In [21] a continuous-time version of the EKF is combined with the multibody dynamics
equations in order to estimate the states of the system, whereas in [22] an UKF has been adopted for the same scope.
In [23] an AEKEF is proposed to estimate both states and inputs of a reduced order multibody model. A two-stage
approach is presented in [24], where a so-called Kinematic Kalman Filter (KKF) based on the kinematic constraint
equations estimates the states of the system while a nonlinear Kalman filter based on the multibody dynamic equations
and a random walk model is used to estimate unknown inputs. In [25] an AEKF is adopted in a simulated example to
estimate the states and a single input in a suspension system modeled as a multibody system. In [26] a so-called Error
Extended Kalman Filter (EEKF), in which the state error with respect to the true value is estimated in the place of the
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state itself, is used in combination with multibody models. In the same work a random walk model is introduced in
order to estimate the acceleration vector and subsequently the unknown inputs.

In all the aforementioned works related to estimation problems for multibody systems, examples related to simple
mechanisms composed of rigid bodies have been given. This work instead deals with flexible multibody systems and
hence particular attention is paid to obtaining an estimation procedure which is stable with respect to the numerical
stiffness associated with the time-discretization of the system equations in the sense intended in [27]. Such com-
putational aspects have been taken under considerations in [28], [29] and [30] when dealing with a continuous-time
version of the EKF. However, when adopting a continuous-time EKF additional precautions have to be adopted in
order to guarantee that the employed time-discretization scheme leads to a stable estimation procedure as pointed out
in [29] and for this reason a discrete-time version of the EKF is preferred in this work. An implicit time-discretization
scheme is then used in order to cope with the numerical stiffness of the problem.

In addition, the EKF has been traditionally developed for systems that can be described by an explicit state equa-
tion, which might not be the case for multibody systems if particular choices of the generalized coordinates used
to describe the system configuration are made, as in [31] and [32]. In such cases only an implicit state equation is
available even before the time-discretization step is performed.

Both the need for an implicit time-discretization scheme or the absence of an explicit description of the state
equation on continuous-time level cause having to derive an EKF for implicit discrete-time state equations. A few
examples in which EKFs have been applied to implicitly described systems can be found in [33] and [34]. In those
examples however some structure of the equations is assumed. In this work instead, a general procedure is presented
to derive an EKF and an AEKEF for systems described by an implicit state equation of general form.

1.3. Main contributions and paper outline

Summarizing, a methodology is proposed to derive an input-state estimation procedure based on an AEKF for stiff
mechanical systems described by an implicit state equation. This extends the applicability of current frameworks for
input-state estimation to e.g. flexible multibody systems. The methodology is then applied to a real experiment which
is representative of an industrial application, i.e. RLDA testing campaigns, for the estimation of multiple loads and of
the full strain field of the structure sub-components. In such example the system is described as a flexible multibody
system, which represents a particular case of an implicitly defined stiff mechanical system. Additionally, an optimal
sensor selection procedure which makes use of the available non-linear system model is employed.

The paper is organized as follows. In section 2 the proposed methodology is presented. In section 3 the system
under investigation for the experimental validation, i.e. a quarter car test rig based on a McPherson suspension system,
is described. In section 4 the employed sensor sets are described along with the strategy adopted for their definition.
Section 5 shows the validation results, while the conclusions of the work are presented in section 6.

2. Discrete Extended Kalman Filtering of implicit and stiff non-linear mechanical problems

This paper addresses the problem of estimating the states of a dynamic system described by the following continuous-
time state space equation
gx,x,u) =0 ey

where g is a real-valued non-linear function, x € R™ is the state vector and u € R is the input vector. The
governing Eq. 1 is implicit in all its variables, including the time derivative of the state vector X. The majority of
optimal estimation problems are instead formulated, since the first formulation in [7], for dynamic systems that can
be described by the following continuous-time explicit state space equation

x = f(x,u) 2)

where f is also a real-valued non-linear function. For this reason a dedicated procedure for estimating the states of a
dynamic system described by Eq. 1 is presented in the following subsections.

The explicit dependency with respect to time of the variables in Egs. 1 and 2 is omitted as it is omitted from the
equations appearing in the rest of the paper. In general all the variables are functions of time, unless they are related
to a specific point in time.



2.1. The implicit system’s Equations of Motion

The system under investigation is described as a flexible multibody system, which is a set of rigid or flexible
interconnected bodies, therefore constraints equations have to be introduced to model the joints between the bodies.
This reads

D(q) =0 3

where @ is the constraint vectorial function of dimension . and q € R"¢¢ is the vector of the generalized coordinates.
The latter is a set of coordinates which can be used to write the kinetic energy 7(q, q) and the potential energy V(q) of
the system. The governing Equations of Motion (EOMs) of the system can then be found by means of the Lagrange’s
equations for constrained mechanical systems [35] as

d ioL(q,q) IL(q,q)
dt 04 aq

+ ®y(@)" 2= Q°(q, w) “

where L is the Lagrangian function defined as L = T — V, @ is the constraints Jacobian matrix defined as ®y =
0®/dq, A € R is the Lagrange multipliers vector and Q¢ is the vector of the external actions which depends on the
generalized coordinates q and on the input vector u. A represents an additional set of algebraic variables which can be
found along with q by solving the system of Differential Algebraic Equations (DAEs) represented by Eqs. 4 and 3.

In this work however, a different way is used to incorporate the constraints in the EOMs, that is the term ®4(q)” A
of Eq.4 is replaced with the penalty term (I)g(a(I) + B®) [35], in which the two penalty factors & and 8 are arbitrary

numbers. This leads to ) )
d oL(q.q) IL(q.q)
dt  0q oq

+ @] (a® + pd) = Q°(q, u) (%)

The Lagrange multipliers vector A is hence de facto approximated by a® + Sd. Higher values of the penalty factors
imply better approximations, but also additional numerical ill-conditioning in the resolution of the equations. Depend-
ing on the application, a choice of the penalty factors has then to be made in order to find a balance between accuracy
and computational efficiency and this represents a disadvantage of this approach of dealing with the constraints.

On the other hand, this choice offers a few decisive advantages. First, the Lagrangian multipliers vector A is not
anymore part of the equations and the only unknown variable is the generalized coordinates vector q which can be
found by solving the system of Ordinary Differential Equations (ODEs) of Eq. 5. This simplifies the estimation prob-
lem which remains unconstrained. Furthermore it also offers advantages with respect to the alternative approach that
would lead to a set of ODEzs, i.e. writing the EOMs in terms of the set of the only independent coordinates. Indeed,
by virtue of the constraint equations only a subset of npor = nge — ne of the generalized coordinates in vector q is
independent, while the others can be written as a function of the independent ones. Hence Eq. 4 could be rewritten
as an ODE in terms of only such independent generalized coordinates. However in this approach the additional steps
of expressing dependent coordinates in function of independent ones and of managing the possible change of set of
independent coordinates are required [21], which might become a hurdle during estimation and are not required when
a penalty formulation is adopted.

Different formulations of the EOMs would then lead to different estimation problem definitions and resolutions, but a
more comprehensive and detailed comparison of all the different possibilities is out of the scope of this work.

In order to more explicitly write the terms in Eq. 5 in function of the generalized coordinates vector and its time
derivatives, a particular choice of the generalized coordinates has to be made. In this work so-called flexible natural
coordinates are used [32], but a general notation is kept in order to derive a procedure that can be used for any choice
of set of generalized coordinates. It is only added here, that as in many other generalized coordinates choice in flexible
multibody dynamics, q is composed by stacking the vectors of generalized coordinates ¢’ of each body i. Each of the

. . . T .
vectors (' is then composed as q' = [q’r, qu] where q;. contains the rigid coordinates used to describe the global rigid

motion of each body, while ¢, contains the flexible coordinates used to describe the part of the motion related to each
body’s flexibility. This distinction is useful in Section 3 to describe the modeling of the flexible bodies.
A quite general form of the EOMs of such a type of mechanical system can thus be written as

M(@)q + f.(q.q,w) = 0 (6)



where M is the mass matrix and f,; is a generic non-linear term which groups all the remaining terms. For particular

choices of the generalized coordinates set, the mass matrix M is not invertible, as for instance in [31] and [32], and

for this reason it is not possible to retrieve an explicit state-space description of the form of Eq.2. A more general

description that does not assume the existence of the inverse of the mass matrix M~! is then aimed herewith. By

introducing the vector of generalized velocities v and by writing the relationship between the latter and the generalized

coordinate vector q along with Eq. 6, the following system of equations is obtained
gl(q,v,q9v9u)zv_q:0 (7)
£2(4, V. q,v,u) = M(q)V + fy(q, v, u) = 0

where the real-valued functions g; and g, have been defined for later convenience. The system in Eq. 7 fits in the
implicit state-space description of Eq. 1 when the state vector is defined as

i

\4

2.2. Time-discretization through an implicit scheme

In this work a discrete-time EKF is used in order to estimate the states of the system. For this reason it is
first needed to time-discretize Eq. 1. As the system is modeled as a flexible multibody model, an implicit time-
discretization scheme is selected to cope with the numerical stiffness of Eq. 6 and to allow having a stable solution
with a sufficiently large time step size. Backward Euler is used in this work, for which the following integration rules
can be written

1
Virr = 3 (@1 — Qi)
&)

) 1
Vier = 3 (Visr = Vi)

where h represents the time step size, while k and k + 1 represent the current and next time step respectively. By
plugging the integration rules of Eq. 9 into the EOMs written for time step k + 1 which read

M(Qi+ 1) Viert + Bur(Qer1, Vir1, W) = 0, (10)

the discrete-time EOMs can be found, for which a formal expression can be written as

224(Qk+1, Qi Vi, Ug1) = 0 (11)

in which the dependency on v, is resolved using the first integration rule of Eq.9. If the generalized coordinates
qr and generalized velocities vy at time step k and the input vector uy,; at time step k + 1 are given, Eq. 11 allows to
find the generalized coordinates i at time step k + 1. The integration rules can then be used to find the generalized
velocities v, and time derivatives of the generalized velocities v, at time step k+ 1. In order to solve the non-linear
Eq. 11 for q41, a Newton-Raphson iterative scheme can be applied with relative iteration matrix given by

Ing = =K +B'Ci+y M, (12)
where K;, C; and M, are the stiffness, damping and mass tangent matrices defined as

0 0 0
0w OB

K, = , = , = 13
"Toq” T ov "oV (3
while the coefficients matrices 5’ and y” are determined from the integration rules in Eq. 9 as
0 1 o 1
B = Vit _ . s OVisl 21 (14)

_aqml e 4 _anH Cn?

The relation between the vectors qi+1, Vi+1 and v, imposed by the integration rules in Eq. 9 and the chain rule have
been considered in order to derive Jyg from Eq. 10. Furthermore only the tangent matrices related to the continuous-
time EOMs are employed as visible in Eq. 13 and the residual vector at each iteration can be found by using the
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left hand side of Eq. 10. As a result, Eq. 11 and the tangent matrices associated to it do not need to be explicitly
determined.

Note also that in the cases in which M is not invertible, Jyg still exists thanks to the contributions related to the tangent
stiffness and tangent damping matrices K; and C,.

The time-discretization of the first of Eqs. 7 is then performed by simply considering the first of the integration rules
of Eq.9, i.e. by writing

1
1d(@kt 15 Vir 1> Qi Vi Wer 1) = Vi1 = 3 (Qest — Qo) = 0 (15)

Eq. 15 and Eq. 11 can be formally combined in order to compactly describe the discrete-time form of Eq. 1, i.e.
8 (Xpe 1, X, Ugs1) = 0 (16)

Finally note that different implicit time-discretization schemes can be adopted without altering the procedure, by
simply changing the integration rules in Eq. 9 and adapting the coefficient matrices of Eq. 14.

2.3. Linearization of the state equation

As a discrete-time EKF is used in this work in order to estimate the states of the system, linearizations of the
system around each states estimate are needed. More in detail the so-called system Jacobian matrices are needed
which are defined as follows

8fd of,
A= B = , 17
ax’ Ougy g 17
where f; is the underlying explicit function associated with g; and which relates x; and u;; to X i.e.
X1 = Ba(Xp, Wpr 1) (13)

The Jacobian matrices related to such explicit function f; are needed as the discrete-time EKF in its traditional form
has been formulated for explicit dynamic systems of the form of Eq. 2, as reported e.g. in [17]. Function g, of Eq. 16
is assumed to be continuously differentiable in all its variables and consequently the theorem of the implicit function
ensures that the explicit function f; exists locally. Then, the Taylor first order expansion of g; can be written as

0ga

(W =0, )+ .. (19)

0gy
(Xk+1 Xk+1) + k) +

084
6 ka1 1.9} O lo
X0

where (xk 1 X uk 1) represents the linearization point and gd(xk 1 X uk+1) has been indicated by go for convenience
of notation. If such expansion is plugged into Eq. 16 and x;, is made explicit, the following equation can be obtained
0
( k — k) +

] ( 084 84
(3Xk du L1 V|
which holds when terms of order higher than one are neglected. By observing Eq. 20 is appears clear that the latter

represents a local linearization of the explicit function f,, from which it follows that the Jacobian matrices Ay and By
related to the linearization point (Xg o Xg, ug 1) can be computed as

0
80 (Xps 1, X, W) = 8y +

084
O0Xi11

Xprl = XQ, | — [ (llk+1 u,)+g) ) (20

agd -1 6gd agd -1 agd .
Ao = _[ 9%y Gul Bo= _[ ] G 21
0 0Xi1 ol Ox¢lo Xk+l ino 0 et lo) et lo Xer1 10 Tt | (21)
where the matrices of derivatives Gy,,,, Gy, and G,,,, have been introduced. Note that it has to be assumed that

the matrix Gy,,, is invertible in order to perform the linearization. Matrices Gy,,, and Gy, can be more explicitly
determined by considering the structure of the state vector x as defined by Eq. 8, in addition to considering Eq. 15,
Eq. 10 and the satisfaction of the integration rules of Eq. 9. The following expressions can hence be found

Ogia 08
G. =| %1 Ven — I
Xer1 ™ 0824 0824 K, +ﬂ C +’yM 0
L 0qee1  OVika
22
[ 0g1la  0gld (22)
G. = Aqi Ovy 1I 0
| Oa OBu FC XM, WM,
L dqx Ok




where the chain rule has been used to compute the derivatives of g, and the new coefficient matrices ¢’, y’ and ¢’ are
again determined from the integration rules in Eq. 9 as

, , OV 1 , OViyl 1
= = = ——I’ = — =——1 23
¢ =y 0 abox 0 i (23)

Eq. 22 allows to analytically compute the linearization matrices in function of the tangent matrices of the continuous-
time EOMs and of the coefficient matrices of Eq. 14 and of Eq.23. This provides the means for a computationally
efficient linearization procedure given that the tangent matrices K;, C; and M; are analytically available.

The reader should again note that in the cases in which M is not invertible, the existence of the inverse of Gy,,,
has to be guaranteed by the contributions related to the tangent stiffness and tangent damping matrices K, and C,.
Furthermore, a different time-discretization scheme can be used by simply adapting the coefficient matrices of Eq. 23,
in addition to the integration rules of Eq. 9 and to the coefficient matrices of Eq. 14.

For what concerns instead with Gy,,,, the following holds

0
G“k+l = [ 0god } (24)

Oy

in which the partial derivatives with respect to u;,; might or might not be available analytically. In this work such
derivatives are computed by numerical differentiation, but this does not represent a hurdle from a computational point
of view as the number of inputs is generally limited.

Besides the system governing equation discussed so far, i.e. Eq. 1 for the continuous-time version or Eq. 16 for
the discrete-time counterpart, it is important to introduce the so-called measurement equation. The latter relates the
system state vector X to the measurement vector y € R" as follows

y = h(x) (25)

where h is a real-valued function which has to be properly defined depending on the measurement quantities contained
in vector y and further details about this are given in Appendix A. A linearization of such equation is also needed,
which reads

dh
y =hx®) + —| (x-x°) = h(x®) + Hy(x — x°) (26)
ox 0
where the new Jacobian matrix Hy has been introduced.

2.4. Estimation procedure

The governing equation of Eq. 16 and the measurement equation of Eq. 25 discussed so far are purely deterministic.
In optimal estimation a stochastic component is normally also introduced in order to describe model uncertainties. By
introducing such source of uncertainties, the full discrete-time state-space description of the dynamic system can be
written as follows

27

80 (Xps 1, X, Upr 1) = Wi
Yir1 = h(Xpg1) + Visq

where the so-called process noise vector and measurement noise vector, wy and v; respectively, have been introduced.
It is assumed that both w; and v; are white, zero-mean, uncorrelated random processes with known covariance ma-
trices Q and Ry respectively. As it can be seen from Eq.27 both the process noise and the measurement noise are
considered to be additive in this work, but the procedure described can easily be adapted if a more general noise type
is to be used.

As the aim of this work is to estimate both states and unknown inputs of the system, a distinction is made between
the vector of the known inputs uX and the vector of the unknown inputs u’%, which together make up the full input
vector u as

u= [J‘] 28)



The following so-called random walk model is then introduced for the vector of unknown inputs u?*
wl =u +w/k (29)

in which w,‘(”( is assumed to be a white, zero-mean, uncorrelated random processes with known covariance matrix
Q¥. The discrete-time state-representation of the so-classed augmented system can then be obtained by combining

Eq.27 and Eq. 29, i.e.
80 (Xpea 1, X, Ui 1) = Wi
wt o= wf +wk (30)
Vi1 = h(Xpg1) + Visg

for which a new augmented state vector as well as a new augmented process noise covariance matrix are introduced
as

a X a Qk 0
X = [uUK . Q= [ 0 QIL(/K] (€29)
and for which the augmented system Jacobian matrices are defined as
off [A BUK of BX
a_ _d — a _ d —
A = Ix [0 I ], B Juk [0] 32)

where f is the augmented explicit function associated with Eq. 16 and Eq. 29 together, while BY* and B* are the
matrices obtained from matrix B by keeping only the columns related to the unknown and known inputs respectively.
Furthermore, the augmented measurement equation Jacobian matrix is introduced as

_ éh

Htl —
ox¢

(33)

It appears clear from Eq. 27 and from Eq. 30 that both the state vector x and the augmented state vector x* are now
modeled as random processes.

The aim of the estimation is to provide the estimate of the first two statistical moments of the augmented state
vector x* given the sequence of measurements {y;} and known inputs {uf }. The first moment corresponds to the mean
value and the estimate of such quantity for the augmented state vector, the state vector and the unknown input vector
is indicated with %7, % and @YX respectively. The second moment corresponds instead to the augmented state error
covariance matrix P* defined as

(34)

P =B |(xt - &) (xt - %)’

where E represents the expected value operator. Furthermore in the following the superscript [~ is used to indicate
quantities that are estimated by making use of measurements up to time step k, i.e. to indicate so-called a-priori
estimates. The superscript (1" is instead used to indicate quantities that are estimated by making use of measurements
up to time step k + 1, i.e. to indicate so-called a-posteriori estimates.

It is now possible to illustrate the full estimation procedure which is obtained by applying a linear KF to the linearized
version of system of Eq. 30. Note that the second equation in such system is already linear, while linearized versions
of the deterministic parts of the other two are given in Eq. 20 and in Eq. 26. The estimation is recursive and proceeds
for each time step as indicated in the following table:



AEKEF based estimation procedure
Compute the a-priori estimate of the unknown input vector mean as

a5 = ape (3)
Compose the input vector as
uK
Upt1 = [AZ;]_} (36)

k+1
Compute the a-priori estimate of the state vector mean by solving

gi(Xe, > X W) = 0 (37)

as explained in sub-section (2.2).
Propagate the augmented state error covariance matrix by means of

Pi = A{PUAYT + QO (3%)

k+1

Compute the Kalman gain as

Ko = PO HT (HY PEHYT + Ry) ! (39)

Compute the a-posteriori estimate of the state vector and of the un-
known input vector as
"aJr _ k+l k+1 +K ( _h(ﬁ— )) (40)
Xper1 = QvK+ avk- ke 1{Y k1 k+1
k+1 k+l

Compute the a-posteriori augmented state error covariance matrix as

P(l+

i = = K P (41)

Note that the input vector u;. is only a particular case of parameter in Eq. 16. The exposed procedure can hence
be easily extended to the case of estimation of additional system parameters.
Furthermore, by carrying out only the steps in Eqs. from 37 to 41 for each time step and by replacing the augmented
matrices AZ, P, Q, H{ and R} with their non-augmented counterparts Ay, Pr, Qi, Hy and Ry, the estimation of only
states can be performed in case all the inputs are known.

3. The McPherson suspension test rig

The estimation procedure presented in section 2 has been validated on the suspension test rig shown in Figure 1.
The latter is based on a McPherson suspension system which is attached to a fixed frame at the regular connections-to-
body locations and loaded at the tire contact patch by a six DOF hydraulic shaker capable of reproducing operational
road loads. This is close to the envisioned application case of RLDA for automotive durability testing.

Figure 2 shows a more detailed view of the McPherson suspension architecture and reports an illustration of the
employed system model. As shown in Figure 2a the suspension includes a control arm, a lower strut, an upper strut
and a tierod all connected to a steering knuckle. The four connection-to-body locations are indicated with red dots.

The system is modeled as a flexible multibody model as illustrated in Figure 2b. The control arm and the steering
knuckle are considered to be flexible bodies, while the tierod, the lower strut and the upper strut are described as rigid
bodies. The frame is considered to be rigid and fixed to the ground. Spherical joints connect the control arm, the
tierod and the upper strut to the frame. The steering knuckle is then connected to the lower strut by a rigid joint and
to both the tierod and the control arm by two additional spherical joints. Finally, the lower strut and upper strut are
connected to each other by a cylindrical joint.

The system has hence one global degree of freedom corresponding to the global vertical motion, in addition to the
flexible degrees of freedom related to the two flexible components.
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Figure 1: The validation test rig is based on a McPherson suspension attached to a frame on one side and loaded by a six DOF
hydraulic shaker capable of reproducing road loads on the other side.

It is assumed that the two flexible bodies, i.e. the steering knuckle and the control arm, undergo only small defor-
mations and are modeled as reduced order linear finite element models. The steering knuckle is mainly composed
of quadratic tetrahedron elements while the control arm is mainly composed of bi-linear quadrilateral shell elements
with a minority of linear triangular shell elements [36]. Rigid elements are then used at the connections to the adjacent
bodies. Such rigid elements connect all the nodes close to the connection to central independent nodes, as visible in
Figure 2b. The independent nodes are then used for the multibody joints definitions. The reduction of each finite
element model is performed by the modal truncation augmentation method as explained in [37]. The reduction basis
W' used for body i is composed as W' = [‘I’i ‘I’i,m], where W/, contains all the constraint modes [38] related to the

con con

interface of body i while W', contains some of the normal modes of each body i. The inclusion of the constrain modes
ensures that the reduced model is as accurate as the full model with respect to static loads exchanged through the con-
nections, hence ensuring representative models at static regime. The static and quasi-static regime of deformation is
indeed the most relevant for the application considering that excitation signals only up to 40 Hz have been used as
later on explained in this section. The first elastic normal mode at 242 Hz is then included in the control arm normal
modes set while no additional normal mode is used for the normal modes set of the steering knuckle which results
to be a pretty stiff component with first eigen-frequency at 951 Hz. The flexible generalized coordinates vector q} of
each body i hence contains the modal participation factors related to each vector of the reduction basis represented by
V.

A linear spring force element is used to model the suspension main spring, while a non linear friction force element
is used to model the viscous friction as well as the contact friction between the lower and upper damper. The defi-
nition laws for such force elements are reported in Table 1. In the table expressions, Fs and F'; represent the signed
amplitude values of the spring element force and of the friction element force respectively. The latter are exchanged
between the upper strut and the lower strut along the two force elements axes. x,.;; and v, s Tespectively represent
instead the relative displacement and relative velocity between the upper and the lower strut along the two force el-
ements axes. The relative parameters are also reported along with the adopted values which have been obtained by
optimization procedures in order match the real system response in terms of global response over a set of relevant
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(a) The McPherson suspension is composed of a control (b) The control arm and the knuckle are modeled as flexi-

arm, a tierod, a lower strut and an upper strut all connected ble bodies, while the tierod, the upper strut and the lower

to a steering knuckle. strut are modeled as rigid bodies. The external loads, i.e.
the Wheel Center Loads, are applied to the Wheel Center
(WC) which is a point rigidly connected to the knuckle.

Figure 2: The system has been modeled as a flexible multibody system.

experimental runs. The details of such model updating procedure are not reported herewith as they are not relevant
for the remaining discussion.

Force element law Relative parameters
Spring  Fy = KXol s K, =23500 N/m
Ff = va + Fcf

C, =2207 N/(m/s)
C, =2280 N/(m/s)
F,=135N

F .
Fcf = T:ﬂsvrel,fs if |vrel,f| < Virans Virans = 0.00883 m/s

Fop = CVrerp, ifveep >0
Friction |Fvr = Cavperps i vy <0

Fcf =F,, if|Vrel,f| Z Virans

Table 1: A linear spring element and a non-linear friction force element are used to model the internal forces exchanged between
upper strut and lower strut. The parameters of the force laws of these force elements have been updated in order to match the real
system global response for a number of relevant experimental runs.

The global reference frame of the model is centered in one of the connection-to-chassis locations of the control arm as
reported in Figure 2b. The x, y and z axes correspond to the longitudinal, lateral and vertical directions of the vehicle
respectively.

The external loads are considered to be applied at the Wheel Center (WC) which is a point rigidly attached to the
knuckle and is also highlighted in Figure 2b. These external loads, which are indicated with WCFx, WCFy, WCFz,
WCMx, WCMy and WCMz, correspond to the WCLs for the suspension system and consist of three forces and three
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moments along and about the three global axes. The WC is located at the central location of the load cell shown in
Figure 3a.

(a) A load cell is interposed between knuckle (b) Several strain gauges have been distributed over the steering knuckle
and tire rim in order to measure the Wheel and the control arm. Some of them are used in the estimation procedure,
Center Loads and provides the validation sig- while the others are used for validation.

nals for such quantities.

Figure 3: The instrumentation includes sensors usually employed in Road Load Data Acquisition testing campaigns.

Such load cell is interposed between the knuckle and the tire rim hence it directly measures the WCLs providing the
validation signals for such quantities. While being rigidly screwed on the knuckle side, the load cell includes bearings
as well as a rotating spindle on the tire rim side such that the rolling motion of the tire is allowed.

Sensors have been distributed over knuckle and control arm for 34 strain gauges channels in total as shown in Figure
3a and Figure 3b. This represents the main part of the test rig instrumentation along with the load cell. Subsets of
those sensor channels make up the sensor sets used in the estimation procedure as explained in Section 4, while the
others are used as validation channels.

Additionally the signal from the internal displacement sensor of the hydraulic shaker which measures the vertical
position of the latter has been acquired. This sensor signal has been used to define the experimental runs.

Table 2 lists the executed experimental runs that are relevant for this work. In all of them a purely vertical motion
of the hydraulic shaker has been imposed. More in detail, sinusoidal motions of 5 mm of amplitude at 1 Hz, 4 Hz
and 8 Hz have been imposed in the first three, while a road profile has been replicated in the last one. The time signal
of the imposed road profile has been generated such that its Power Spectral Density (PSD) is representative of a road
profile class A’ according to the ISO standard [39] and assuming a constant vehicle speed of 30 km/h. A low-pass
filter with cutoff frequency of 40 Hz has also been applied to such signal as a safety precaution with respect to the test
rig integrity. The resulting time signal and PSD are shown in Figure 4.
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ID Signal type Frequency (Hz) Amplitude (mm)
1 Sine 1 5

2 Sine 4 5

3 Sine 8 5

4 Road A 0-40 -

Table 2: The table shows the 4 experimental runs relevant for this work. In three of them sinusoidal motions of the hydraulic shaker
have been imposed. A road profile has been instead reproduced in the fourth run.

: ﬁlol 3
§ 5 MW‘\N JW% ﬂn V‘M ‘Mwh i M VM W\ HNW pMM 1 Né \wm_\“
S Ornp i { ' L A a T
%_5”ﬁ | fb ‘H, I \f vllv Nw W ‘M ' \ " Vw\ 7 % n — |
5 : n 5 % s U m @ w o

t(s) f (Hz)

Figure 4: The reproduced road profile (see table 2) corresponds to a road class A’ according to the ISO standard [39]. A constant
vehicle speed of 30 km/h has been assumed to retrieve the time signal reported. The related Power Spectral Density (PSD) is also
reported.

4. Sensors selection through an Optimal Sensor Placement strategy for non-linear systems

The estimation approach proposed in section 2 is applied in section 5 to combine information from the flexible
multibody model and subsets of the strain gauges described in section 3. This work indeed envisions to jointly estimate
states and mechanical inputs including the static behavior. Hence strain gauges are chosen to build the sensor sets, as
they represent position level measurements that can ensure observability of inputs at 0 Hz as demonstrated in [9]. The
fusion of information coming from different sensors types is out of scope in this work.

The next Subsection 4.1 explains the sensors selection procedure, in which some steps make use of WCLs mea-
surements performed by means of the load cell. Comments about the use of the load cell are given in Subsection
4.2.

4.1. Sensor selection procedure

The procedure outlined in Table 3 has been employed in order to define the sensors subsets to be used in the
estimation process. It is based on the procedure proposed in [40] for linear structural systems, with the difference that
the observability of the non-linear system of this work is treated as in [41].

Point 2 of this table ensures that the signal-to-noise ratios of the employed sensors channels are above a minimal
threshold. Figure 5 shows the comparison of the Maximum Response Amplitude (MRA) at the different strains lo-
cations for the measured signals and for the ones obtained with forward simulation by using the measured WCLs as
known inputs to the simulation model for the first 5 seconds of experimental run 2 of Table 2. The MRA is defined as
(Smax — Smin)/2, where Smax and spin are the maximum and minimum values of the considered signal. The sensors loca-
tions are ordered along the horizontal axis from the least responsive to the most responsive according to the measured
values. The simulated MRA values corresponding to this experimental run have been used for the screening of point
2 while considering a threshold of 1 ue. This latter value is only slightly higher than the standard deviation associated
with the sensors noise which has values included between 0.2 and 0.3 ue depending on the specific measured channel.
This implied the exclusion of the 5 strain gauges channels highlighted with red labels and corresponding to locations
which are very weakly excited.

Point 3 of Table 3 is introduced in order to employ sensors with sufficient matching between simulation and experi-
ments. This step has been carried out by visual inspection on the comparison between time series of simulated and
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Sensors selection procedure

1. Consider the initial pool of sensors composed of the 34 strain gauges channels distributed over
Steering Knuckle and Control Arm

2. Remove sensors for which the amplitudes of the simulated responses of the model under specific
training scenarios does not reach a certain threshold

3. Remove sensors which do not exhibit a sufficient level of matching between the simulated responses
of the model and the corresponding measured responses for specific experimental runs

4. Keep the M sensors that maximize a certain observability metric based on the Popov-Belovich-
Hautus (PBH) observability criteria

Table 3: The sensors to be used in the estimation have been selected in order to maximize signal-to-noise ratios, simulated response
matching with experiments and observability.

measured strains for experimental run 2 of Table 2. Figure 6 shows one example of a discarded sensor and one exam-
ple of a retained sensor for this selection step, i.e. S9:+X and S14:+Y respectively. In this way the following sensors
have been discarded: S17:+Y, S8+Y, S9:+X, S20:+Y, S24:+Y, S18:+Y, S25:+Y and S19:+Y.
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Figure 5: Comparison between measured strain Maximum Response Amplitude (MRA) and simulated strain MRA for experimen-
tal run 2 of Table 2. Sensors with simulated MRA lower than 1 ue are discarded by the sensor selection algorithm according to
step 2 of Table 3.
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Figure 6: A visual inspection has been carried out to remove sensors according to step 3 of Table 3. S9:+X is an example of a
discarded sensor, while S14:+Y is an example of a retained sensor.

The final selection step in point 4 of Table 3 allows to maximize the amount of information related to the estimated
quantities that can be extracted from a given number of sensors. Following the approach used in [41] for non-linear
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Set Name M  Definition Sensors list

SS1 6  Followed steps 1, 2,3 and 4 of Table 3~ S2:4+7Z, S10:+X, S11:4Y, S14:+Y,
S21:+Y, S22:+X
SS2 6  Followed steps 1, 2, 3 and 4 of Table 3.  S2:4+Z, S10:+X, S11:4Y, S14:+Y,

Manually replaced sensor S21:+Y with  S22:+X, S31:4+Y
S31:4Y

Table 4: Two different sensor sets have been defined to be employed as input to the estimation procedure.

systems, the selection is based on the definition of the following observability metric

Wl
Hy,

where Af, and HY, are the system linearization matrices introduced in section 2 evaluated at the particular lineariza-
tion point LP. HY, is defined according to the sensors included in the sensor set as described in Appendix A. The
matrix of which the condition number is evaluated in Eq. 42 is the one used in the Popov-Belovich-Hautus (PBH) ob-
servability test [42] evaluated for the eigenvalue 1, which corresponds to the continuous-time eigenfrequency of 0 Hz.
Eigenvalue 1 is related to the random walk model of Eq. 29 and as explained in [9] it corresponds to the most difficult
mode to observe. For this reason the focus is put on this eigenvalue and, as a consequence, only the observability of
the unknown inputs vector u’* is optimized.

As it appears clear from Eq. 42, the observability value O, p is specific for a given linearization point LP. In order
to take into account a wider spectrum of operative conditions, several linearization points are considered. Those are
generated by simulating the system model with the WCLs signals measured in experimental runs 1, 2 and 3 of Table
2 and taking the linearizations at time equal to 0's, 1 s,2's, 35,4 s and 5 s. Six values of observability are in this way
obtained for each of the three training scenarios. The overall observability value is then taken as

Orp = [cond

0= Z ors (43)

where OS5 is defined as Zgzl (Orsx/6), hence the latter being the average of the observability values over the same
training scenario 7'S.

The M sensors which maximize the overall observability value O defined in Eq.43 are hence selected among the
remaining sensors after steps 1, 2 and 3 of Table 3.

Following this procedure, two sensors sets have been obtained, i.e. SS1 and SS2, cf. Table 4 and Figure 7.
Both sensor sets contain the theoretical minimal number of 6 sensors to ensure observability. Indeed, the theoretical
minimal number of position level sensors that have to be used in order to ensure observability of the unknown inputs
is equal to the number of unknown inputs as outlined in [9]. As in this work six inputs, i.e. the WCLs, have to be
estimated along with the system states, all sensor sets have to include at least 6 strain gauges. Sensor set SS1 has
then been defined by following the steps of Table 3, while sensor set SS2 has been generated starting from SS1 and
by manually replacing sensor S21:+Y with S31:+Y. Although S31:+Y is quite closely located to S21:+Y, the latter
is indicated by the selection step 4 of Table 3 while the former is discarded. SS2 has been introduced to show the
usefulness of taking into account observability for the sensor selection as clarified with the results of Subsection 5.3.

4.2. On the load cell use

One of the objectives of this paper is to propose a procedure which can estimate input loads on a mechanical
system, without directly measuring them. However a load cell is used for the sensor selection procedure as explained
in the previous Subsection 4.1. This is done with the purpose of generating a reference case in which the best possible
performances of the method can be assessed in terms of accuracy of the estimation.

15



S14:+Y

$10:+X

S21:4Y

Figure 7: Sensor sets listed in table 4. The six sensors of sensor set SS1 are shown in red, while sensor S31:4+Y which replaces
S21:+Y in sensor set SS2 is shown in magenta.

As it is clear from the validation results reported in Section 5, the accuracy of the method in the reconstruction of
input loads is strictly related to the accuracy of the model in simulating the response of the sensors of the employed
sensor set. The use of the load cell then plays an important role in assessing such model accuracy in step 3 of Table
3. This step can also be seen as a calibration step that is inserted in order to guarantee a certain accuracy level. If a
load cell is not available for this assessment, some other procedure could be put in place in which a known input load
is applied and the responses are measured even in purely static conditions, e.g. by making use of dead weights.
Concerning instead selection steps 2 and 4 of Table 3, the use of a load cell is not strictly necessary. For step 2
indeed synthetic load signals resembling those of experimental run 2 of Table 2 could be generated and applied to the
simulation model, which would probably lead to similar results of the ones exposed in the previous Subsection 4.1 in
terms of rejected sensors. Similarly for step 4, synthetic input loads representative of operational conditions could be
generated and used, which would probably again lead to similar results in terms of optimal sensor selection.

5. Validation results

The estimation procedure proposed in Section 2 is applied in this section to the McPherson suspension system of
Section 3 in order to concurrently estimate the six WCLs and the full strain field over the steering knuckle and the
control arm. Results related to the experimental runs of Table 2 obtained with the sensors sets of Table 4 are first
displayed and discussed in Subsections 5.1, 5.2 and 5.3, while more details about the setting of parameter Q, are
provided in Subsection 5.4.

Anyway, before presenting the results, some important details about the setting of Q, Q/* and Ry are given.
As already mentioned in Section 2, the noise processes wy, ngK and v, are assumed to be white, zero-mean and
uncorrelated, but in the majority of cases such assumptions are not realistic especially for what concerns with w;/*
as the unknown inputs u/* has in many cases different characteristics. Anyhow, the unknown inputs in vector u/*
are assumed here to be the main source of uncertainty in the model equations, i.e. the first expression in Eq. 27 and
Eq.29. For this reason all the elements of matrix Qy are set to zero, while Q,‘(’K is set to be a diagonal matrix with
diagonal entries all equal to the non-zero value Q,. The implications of this assumption can be understood from the
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results of the following subsections. Matrix Ry is then set as a diagonal matrix with diagonal entries estimated from
the relative measurement channels, as v, corresponds to the noise in the measurement chain. Q, therefore remains
the only arbitrary parameter of the estimation procedure. In Subsection 5.4 it is shown that for the system under
examination, a lower bound for Q, above which all estimations converge to the same result can be found. Such value
equal to 10 is selected for the estimations presented in the other subsections. The measurement unit for Q,, is omitted
for conciseness as it is omitted in the following subsections, but it would correspond to N> when the related quantity
is a force and to (Nm)? when the related quantity is a moment.

The way of setting the parameters Q, Q' and Ry just explained, can hence be use to generate an automatic parame-
ters selection procedure without the need of inputs provided by the user of the estimation procedure and for this reason
has been adopted.

5.1. Both inputs and outputs are accurately estimated when the system model incorporates accurate input-output
relations
Figure 8 shows the inputs estimation results related to the WCLs for the first 4 seconds of experimental run 2
of Table 2 which corresponds to a sinusoidal motion of the hydraulic shaker at 4 Hz with 5 mm of amplitude in
the vertical direction. The estimated signals have been obtained by making use of sensor set SS1 in the estimation
procedure and are compared with the ones directly measured with the load cell.
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Figure 8: All six Wheel Center Loads, i.e. three Wheel Center Forces (WCFs) and three Wheel Center Moments (WCMs), can be
accurately estimated for experimental run 2 of Table 2.

An excellent matching between estimated and measured signals can be observed for all six inputs, especially when
looking at a zoom on the same results reported in Figure 9. Only WC My shows a relatively weak match, but this load
has a very low amplitude. Indeed it corresponds to the moment around the rolling axis of the tire and as explained
in Section 3 a rolling movement between the tire and the steering knuckle is allowed by the load cell. Information
related to such load is then also limited in the sensors, meaning that the response observable in the latter and due to
such load is smaller than the noise. Therefore the reconstruction quality for such load is worse. Anyway such load is
correctly estimated to be the one with the smallest amplitude among the moments.

As explained in Section 4 sensors of SS1 are accurate in the sense that the matching between the measured
values and the corresponding ones obtained by forward simulation applying the measured WCLs is like the one of the
example reported on the right side of Figure 6. Estimation results representative for all sensors of SS1 are reported in
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Figure 9: The zoom on the results shows the excellent quality of the signals reconstruction in comparison with the load cell
validation signals for the six Wheel Center Loads, i.e. three Wheel Center Forces (WCFs) and three Wheel Center Moments
(WCMs). Only WCMy shows a relatively weak match matching, but this load has a very low amplitude as the tire is allowed to
roll in the set up.

Figure 10 and a zoom on the same results is reported in Figure 11. It can be observed how the estimation procedure
corrects the strain values to be very close to the measured ones. The estimated signals result then to be much closer
to the measured signals than the ones obtained by forward simulation with known WCLs also reported on the figure.
This is a consequence of the way in which the parameters Q, Q;* and Ry have been set as explained in the beginning
of this section. More in detail the value of Q, which fills in the diagonal entries of Q/%, i.e. 10, is much higher than
the diagonal entries of R; which are based on the sensors noise hence with order of magnitude of 107 pe?.

S10:+X (UE)
S14:+Y (UE)
o

te ' ' TR

Figure 10: All six sensors employed in the estimation (SS1 of table 4) exhibit a very good matching between simulation and
experiments (only S10:+Y and S14:+Y are displayed for conciseness). This is one of the necessary conditions to obtain an
accurate input reconstruction.

An overview of the strain estimation results along with a comparison with simulation results obtained by directly
applying the measured WCLs to the system model is instead reported in Figure 12. Both estimated and simulated
results are reported in terms of the Averaged Absolute Error (AAE) defined as ZiT:l |Svalidi — Smeasuril/T's Where Smeasur.i
is the i-th measured signal sample, Smeasuri 18 the i-th validation signal sample - which can be estimated or simulated,
and T is the total number of samples. The sensors are ordered on the horizontal axis according to the measured MRA
also reported on the figure. It can be observed how the AAE for the estimated signals remains rather constant over
the different locations and with respect to the MRA. The same holds for the AAE related to the simulation signals.
The overall quality of the strains estimation is therefore comparable to the quality of the strains simulation. The main
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Figure 11: The zoom on the results for the sensors employed in the estimation shows how the estimation procedure corrects the
related strain signals to be very close to the measured signals.

differences are related to the sensors of SS1 as the estimation procedure improves the matching with the measured
signals. Figure 13 shows a few examples of strain signals not included in SS1. S16:+Y and S15:+X are representative
of most of the sensors in terms of quality of the reconstruction. For S16:+Y not much difference is observable between
simulated and estimated signals which are both very close to the measured ones. For S15:4X a successful corrective
action of the estimation procedure implies the estimated signal to be closer to the measured one than the simulated
signal. This can be explained as S15:+X is closely located to S10:+X which is part of SS1. However such a corrective
action is not always exhibited. For S9:+X for instance both estimated and simulated signals are quite distant from
the measured one. S9:4+X is very closely located to a connection point between steering knuckle and tierod, hence
local effects which cannot be properly modeled might have a strong impact. A few other points show a reconstruction
quality comparable to the one of S9:+X. In other few cases the signal can be properly tracked over time, but the
amplitude estimation is slightly inaccurate as in the case of S31:+Y.
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Figure 12: The overall quality of the strain estimation is comparable to the quality of the strain simulation and the estimation error
remains nearly constant over the different locations.

It can hence be concluded that an excellent input estimation quality can be achieved with the estimation procedure
proposed in Section 2 if the system model employed incorporates accurate Input-Output (I-O) relations between
input to be estimated and output used in the estimation procedure. In particular, a forward simulation of the system
model with known input loads should achieve a matching of the outputs used in the estimation procedure like the one
exhibited in the examples of Figure 10. The full strain field can then also be estimated with an accuracy which is at
least as good as the one achievable with forward simulation by applying the measured WCLs to the model. As further
demonstrated in Subsection 5.3, the requirement on the simulation model accuracy represents only a necessary but
not a sufficient condition as the sensor selection step 4 of Table 3 based on observability also plays a crucial role.
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Figure 13: Examples of strain locations not employed in the estimator. The strain estimation examples for S16:+Y and S15:+X,
representative of most of the other locations, show the good signal reconstruction quality obtained. S9:+X is instead an example
of sensors very closely located to a connection point where local effects which cannot be properly modeled might have a strong
impact. S31:+Y is an example of sensor for which the signal can be properly tracked over time, but the amplitude estimation is
slightly inaccurate.
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Figure 14: The diagram visualizes and summarizes how the time signals shown in the results figures have been retrieved.

5.2. Modeling inaccuracies affect only the inputs estimation while the outputs estimation remains accurate

Figure 15 shows the inputs estimation results related to the WCLs for the first 4 seconds of experimental run 4

of Table 2 which corresponds to the road profile reproduction. The estimated signals have been obtained by again
making use of sensor set SS1 in the estimation procedure and are compared with the ones directly measured with the
load cell.
All the six loads can be concurrently estimated, even though the estimation accuracy has degraded with respect to the
one observed in the results of the previous Subsection 5.1 as it appears more evident when looking at the zoom on the
same results reported in Figure 16. This is mainly true for WCMx for which the amplitude is slightly overestimated
and for WCFy for which a phase shift can be noted. WCFx, WCMz and WCFz are still very accurately estimated.
WC My is correctly estimated to be the one with the smallest amplitude among the moments.

Such degradation of the loads estimation accuracy can be explained by looking at Figure 17 which shows signals
related to the six sensors of sensor set SS1. It can be seen that despite the matching between measured and simulated
signals remains relatively strong for 4 of the 6 sensors, the same does not hold for S11:+Y and S21:4+Y. More in
detail the simulated amplitude values for S11:+Y are considerably higher than the measured ones, while a clear phase
shift between simulated and measured signals can be observed for S21:+Y. Such discrepancies, that can be related
to specific un-modeled phenomena that occur for this specific experimental run, are then corrected by the estimation
procedure as visible on the figure. However, as a result, the inputs estimation quality degrades. This is partially due
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Figure 15: The six Wheel Center Loads, i.e. three Wheel Center Forces (WCFs) and three Wheel Center Moments (WCMs), can
be estimated also for experimental run 4 of Table 2, but the estimation quality degrades for some components.
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Figure 16: Zoom on the results for the Wheel Center Loads, i.e. three Wheel Center Forces (WCFs) and three Wheel Center
Moments (WCMs). Even though WCFx, WCFz and WCM? are still accurately estimated, a considerable phase shift appears for
WCFy while the amplitude of WCMx is slightly overestimated.

to the way in which the parameters Q; and Q;* have been set as explained in the beginning of this section. More in
detail to the setting of Q; to zero which, in combination with the setting of Qg ¥ to non-zero values, leads to a higher
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tendency of the estimation procedure to correct the values of u/* rather than the values of x;.
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Figure 17: Results for the sensors employed in the estimation (SS1 of table 4). The mismatching between simulated and measured
strain signals for S21:+Y and S11:+Y explains the input estimation quality degradation. However all the six strain signals are
corrected by the estimator in order to better match the measured values.
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Figure 18: As a result of the estimator action which corrects the states in order to match the measured strains, the estimation of the
whole strain field is as accurate as in the results of the previous Subsection 5.1.

On the other hand, thanks to this correction, the overall strains estimation quality is again similar to quality of
the strains simulation where the WCLs are measured and applied as known inputs to the model, as in the case of
the results reported in the previous Subsection 5.1 where also the input reconstruction is very accurate. This can be
observed by looking at the overview of the strain estimation results in terms of AAE reported in Figure 18, along with
a comparison with the corresponding simulation results. The sensors are ordered on the horizontal axis according to
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Figure 19: Examples of strain locations not employed in the estimator. As in the results of the previous Subsection 5.1 most of the
strains are accurately estimated as in the examples represented by S16:+Y and S15:+Y. S9:4+X and S31:+Y are again examples of
sensors which report among the highest values of averaged absolute error.

the measured MRA also reported on the figure. Note that the resulting sensors order is slightly different from the one
of Figure 12, as it has been retrieved according to the MRA values related to a different experimental run. Figure
19 shows a few examples of strain signals not included in SS1. S16:+Y and S15:+X are representative of most of
the sensors in terms of quality of the reconstruction. S9:+X and S31:+Y are again examples of sensors which report
among the highest values of AAE.

It can hence be concluded that modeling inaccuracies, which result in less accurate I-O relations between inputs
to be estimated and outputs used in the estimation, mainly deteriorate the inputs estimation quality while do not affect
the output estimation quality.

The results are also reported in Figure 20 and Figure 21 in the frequency domain in terms of Power Spectral
Densities (PSDs), for frequencies up to 100 Hz as above this value the Signal-To-Noise ratios of the sensors in not
sufficient. More in detail Figure 20 shows the PSDs of the WCLs from which it is visible that a relatively good
reconstruction can be achieved for WCFx, WCFz, WCMx and WC Mz until approximately 40 Hz. Figure 21 instead
shows two examples of sensors of SS1, i.e. S10:+X and S14:+Y, from which it is visible that the correction action of
the estimation procedure is active in the full frequency spectrum shown. On the same figure two examples of sensors
not included in SS1, i.e. S16:+Y and S31:+Y, are also reported, from which it is visible that the amount of correction
due to the estimation procedure depends on the sensor and on the frequency.

5.3. The availability of a physically representative model allows to optimally place the sensors, hence avoiding poor
observability of the quantities of interest

Figure 22 shows inputs estimation results related to WCFy and WCMx in terms of PSDs for experimental run 4
of Table 2 which corresponds to the road profile reproduction. In this case a comparison between results obtained by
making use of sensor set SS1 and results obtained by making use of SS2 is reported. As explained in Section 4 sensor
set SS2 differs from sensor set SS1 because of the replacement of S21:+Y with S31:+Y. S21:+Y and S31:+Y are
closely located to each other and are both approximately aligned with the lateral direction, although only the former
is selected by the optimal sensor placement step 4 of Table 3 while the latter is discarded.

Results related to WCFx, WCFz, WCMy and WC M7z are not reported for conciseness as only minor differences
are observable between estimated signals obtained by making use of SS1 and the ones obtained by making use of SS2
for these loads. Large differences are instead visible by looking at the results reported for WCFy and WCMx in the
low frequencies region, especially between 0 Hz and 20 Hz. If looking at the location and orientation of S21:+Y and
S31:4+Y in Figure 7, it appears clear that these sensors should be the ones discriminating between WCFy and WC M x.
As shown by the results of Figure 22, a non-optimal placement of such sensors may jeopardize the estimation accuracy.
On the other hand the availability of a simulation model allows to run an optimal sensor placement analysis as the one
of step 4 in Table 3, and to correctly estimate the quantity of interest as happened for sensor set SS1 in Subsection 5.1.
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achieved for WCFx, WCFz, WCMx and WCMz until approximately 40 Hz.
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5.4. The estimation is robust with respect to the covariance of the random walk model for the unknown inputs, when
properly chosen above clearly identifiable values
Figure 23 shows inputs estimation results related to the WCLs for experimental run 4 of Table 2 which corresponds
to the road profile reproduction. The estimated signals have been obtained by again making use of sensor set SS1, but
this time several results for different values of parameter Q, are reported.
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Figure 23: A value of Q,, i.e. 10, can be easily identified, above which all estimation signals converge to the same result except
for a small increase of additional noise.

It can be observed that variations of such parameter for several order of magnitudes have only a negligible impact
on the estimation results for WCFx, WCFy, WCMx, WCMy and WCMz. WCFz is instead more affected by those
variations. More in detail it can be observed how the lowest value of 1 implies a lower estimated amplitude and a
certain delay in the signal reconstruction. The increase to 10 determines an increase in the estimated amplitude and
considerable reduction on the delay. All estimation signals corresponding to @, > 10 finally seem to converge to the
same result. The signals then only differ from each other by a small increase of noise for increasing values of Q,,.
This behavior, of better signal tracking and worse noise rejection with higher values of Q, and viceversa for lower
values of Q,, is typical for the AKF and has already been observed in a number of works including [8] and [43]. The
same behavior for all other five loads would be observed if results for a wider spectrum of values of Q, were also
reported.
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However it is clear that in the reported case a lower bound for of Q,, i.e. 10, can be easily identified, above which all
estimation signals converge to the same result except for a small increase of additional noise. This lower bound has
been used in all estimation results of Subsections 5.1, 5.2 and 5.3.

6. Conclusions

In this work, a general procedure has been presented to derive an augmented extended Kalman filter for systems
described by an implicit state equation of quite general form. The implicit nature of the method allows to easily employ
implicit time-discretization schemes that are needed to cope with the numerical stiffness arising in the resolution of
certain classes of mechanical problems, e.g. the time integration of flexible multibody systems. Analytical relations
have been obtained to compute the linearization of the implicit system needed to apply the estimation scheme, starting
from the tangent matrices of the system. This provided the means for a computationally efficient estimation procedure,
which is a clear advantage. On the other hand, as in any other extended Kalman filter based approach, it might be
necessary to considerably reduce the time step size in the cases in which the system undergoes strong non-linearities,
which instead represents a disadvantage.

The methodology has been applied to the case of estimation of the six wheel center loads in a vehicle suspension
test rig based on a McPherson suspension, which is closely related to the industrial case of measurement of input
quantities for durability assessments in automotive. In order to accurately reconstruct the time signals of all six loads
a flexible multibody model of the system has been employed. This also allowed to estimate the full strain field on the
suspension components.

The results showed that when the model employed in the estimation procedure incorporated accurate input-output
relations between the loads to be estimated and the measured quantities, accurate estimations of all six loads and of
the full strain field on the suspension components could be carried out. When instead such input-output relations were
not accurate, the full strain field was still accurately estimated while the accuracy of the estimated loads degraded.
Moreover it has been shown how the simulation model availability enables to optimally place the sensors in order to
observe all the quantities of interest, as an observability requirement also has to be satisfied.
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Appendix A. Measurement equation for strain gauges

In this work strain gauges are used in combination with a flexible multibody model in the estimation procedure
exposed in Section 2. In this appendix, how to retrieve the necessary function h related to the measurement equation
for strain measurements and the relative linearization matrix H is described.

As explained in Section 3, the steering knuckle and the control arm are the suspension components on which the
strain gauges are instrumented. Furthermore these components are modeled as reduced order linear finite element
models as explained in the same section. The finite element formulation is used here to obtain function h and matrix
H.

h is a vectorial function in which each component is related to a certain measurement. The relative component
function h/ for strain gauge j attached to body i can be obtained by considering that the elongation &,; along the
direction of strain gauge j is given by

gy =nTe/n/ (A.1)

which represents the projection of the strain tensor &’ at the strain gauge location onto the strain gauge direction
identified by versor n/. If the strain tensor components relative to a reference frame S; attached to body i are arranged
in the column vector &,; as

T
8n1=[811 &n &3 En &3 831] (A2)

and if moreover the direction cosines of n’ related to S; are arranged in the column vector @i/ as follows
= j 2 2 2 T
n’ = [n1 n; n; nnp nong n3n1] (A.3)

the elongation ¢,; can then be computed as
Epi = ﬁ]Ténj (A4)

By means of the finite element formulation, it is then possible to write vector &,; in terms of the nodal displacement
vector z' for body i [36] as
g, =Nz’ (A5)

where N is a matrix of appropriate dimensions which contains spatial derivatives of the shape functions and hence
depends on the specific finite elements that build up the model. Due to the model order reduction applied to each body
then, the nodal displacement vector z for body i can be approximated as

7 =¥, (A.6)

where ¥/ and q"f are the matrix of the reduction basis modes and the vector of the model participation factors for body
i introduced in Section 3. Finally by combining Egs. A.4, A.5 and A.6 the following relation can be obtained

& = 0/'NW'q; = /' NY'C'x (A7)

where the Boolean matrix C’ of appropriate dimensions has been also introduced which selects the flexible coordinates
of body i from the state vector x. From Eqs. A.7 and 26 then it follows that

h(x) = A/ TNYCx, H’ = @/’ N¥Y/C (A.8)

where H/ is the row of the Jacobian matrix H associated to #/. By stacking 4/ and H related to all the included
sensors, the complete vector h and matrix H can be found. It can be noticed from Eq. A.8 that in the case where small
deformations and a linear relationship as in Eq. A.5 are assumed, h is linear and H is constant with respect to x for
strain measurements.
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