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ABSTRACT Multibody system dynamics approaches together with state estimation methods can reduce
the need for a large number of sensors, especially in the digital twin of working mobile machinery.
To demonstrate this, a hydraulically actuated machine was modeled using the double-step semi-recursive
multibody formulation and lumped fluid theory in terms of system independent states. Next, because of
the high non-linearity of the modeled system and with respect to the reported performance degradation
of the Extended Kalman Filters (EKF), which are mostly related to the linearization procedure of this
filter, the Unscented Kalman Filter (UKF) was implemented to achieve high accuracy and performance.
The methodology of the proposed approaches was applied to a mobile log crane model PATU 655. The
implementation of the proposed estimation algorithms is demonstrated with three different multibody
based simulation models: the synthetic real system producing the artificial measurements, the simulation
model, and the estimation model. Encoders and pressure sensors, installed on the synthetic real system,
provided synthetic sensor measurement data. To mimic real-world conditions, the estimation and simulation
models used in the processing of the state estimation algorithm were assumed to have errors in the initial
conditions and force model. The proposed UKF was applied to the estimation model with the synthetic sensor
measurement data. The minimum percent normalized root mean square errors in the associated measured
and unmeasured states of case example were 0.11% and 1.86%, respectively. The UKF using the multibody
system dynamics formulations is able to estimate the case example states despite 15% and 60% errors in
mass and inertial properties of bodies and Payload, respectively, confirming the accuracy and performance
of the algorithm.

INDEX TERMS State estimation, multibody system dynamics, hydraulic actuators, unscented Kalman filter,

working machine, digital twin.

I. INTRODUCTION

Physics-based simulation gives insight and supports decision
making throughout the product lifecycle. Especially, real-
time capable simulation models enable the development of
digital twins that can operate in parallel to the actual machine,
and therefore give insights into the machine and its operation.
For example, multibody-based methods are highly capable in
dynamic applications, e.g., in mobile heavy machinery, pro-
viding high accuracy, computational efficiency, and real-time
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capability [1]-[3]. Real-time capability is desired, because
it can be used, for example, in simulators that respond to
real-time commands, i.e., operating the virtual machine in
the same way as its physical counterpart. A multibody for-
mulation is based on the equations of motion that accu-
rately describe the dynamics of a system under investigation.
Advanced multibody formulations, [4]-[7] can enable the
computer simulation of complicated real-world applications.
Further, the multibody formulations can be combined with
state and parameter estimation methods, [8]-[11] to enhance
the measurement data of a real system, [12]-[14]. The esti-
mated data provides information about the unknown states
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and parameters, which can be used in the wide range of
condition monitoring and predictive maintenance of the real
system [3], [11], [12].

To estimate the system states that cannot be measured
due to physical limitations or the high cost of implement-
ing extra sensors, state observers have received consider-
able attention. For linear systems, different methods such
as the Luenberger observer [15], Proportional Multi-Integral
observer [16], Sliding Mode Observer [17], and Kalman
filter [18] can be employed. The main advantage of linear
observers is their simplicity of implementation. However,
the main challenge is the inaccuracy of such methods in
estimating nonlinear systems. Among these observers, the
Kalman filter has been utilized as a state estimator in nonlin-
ear systems, and it has proven to offer acceptable accuracy
for a wide variety of engineering applications. For exam-
ple, it has been effective in control [19]-[21], biomechan-
ics [22], fluid mechanics [23], heat transfer [24], and others
[25]-[29]. To improve accuracy, many variations of Kalman
filters have been developed such as the Extended Kalman
Filter (EKF) [30], Unscented Kalman Filter (UKF) [31],
Square-root UKF [32]-[34] and Cubature Kalman Filter [35].

In the multibody field, Cuadrado et al. used the EKF to
compare the efficiency of velocity projection and penalty
methods using an academic example in the state estima-
tion [25], [26]. These studies concluded that the efficiency of
the velocity projection formulation was better than that of the
penalty method. This is because the velocity projection for-
mulation uses a reduced number of variables. The combina-
tion of velocity projection formulation in natural coordinates
and the EKF was further extended to a 14-degree-of-freedom
(DOF) multibody system in an automotive application [27].
Further, the EKF had also been used in online state and
input force estimation applications using velocity projection
formulation [36]. Recently in [11], the double-step semi-
recursive formulation [37], a method based on coordinate
partitioning, was used to model the dynamics of a system.
Because coordinate partitioning is used, this formulation
offers an approach to describing the dynamics of a system
in terms of independent coordinates only. It could provide
excellent opportunities in state and parameter applications.
However, despite the advantages, using the double-step semi-
recursive formulation in state and parameter estimation appli-
cations still needs further researcher attention.

In the realm of state estimation, the independent coor-
dinate method was introduced in [28] using the indepen-
dent positions and velocities of the multibody models as the
states of a Kalman filter. With this method, a system of full
coordinates can be estimated in terms of independent coor-
dinates for both open- and closed-loop multibody models.
In [28], various versions of the EKF and UKF were applied
to investigate the accuracy and efficiency of Kalman filters
using the independent coordinate method. In the literature,
the application of state estimation via Kalman filters on
multibody systems has been carried out using only the natural
coordinates [25]-[29], [36], [38]-[40]. However, in terms of
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computational efficiency, the choice of relative coordinates
in multibody systems could be a more appropriate choice for
real-time simulation applications [41], [42]. Nevertheless, the
selection of coordinates in the multibody system dynamics is
case dependent [43].

Using relative coordinates, the independent coordinate
method with the indirect EKF is extended to hydraulically
actuated systems [38]. Further, the independent coordinate
method is used with the EKF to estimate the parameters of
a hydraulically actuated system [11]. As shown by [25]-[29],
[36] and [38]; most state estimation applications in multibody
system dynamics use the EKF. However, the EKF is based
on the first-order linearization of the nonlinear system using
Jacobian calculations [19]. The first-order linearization pro-
cedure of the EKF results in performance degradation in the
case of complex nonlinear systems [44]. In these systems, the
EKF can lead to errors in the true means and covariances,
and subsequently in the estimation of systems states [45].
Further, the Jacobian calculations of such complex systems
in the EKF is computationally intensive [44]. An improved
version of the EKF is the generalized Polynomial Chaos
Extended Kalman Filter (gPC-EKF) [46]. In the multibody
system dynamics field, [47], [48], this filter is implemented
to estimate the uncertain states and parameters. However, its
accuracy decreases after a short time during the estimation
process, and it can only estimate a small number of states and
parameters [47], [48].

These drawbacks of the EKF were the reasons to develop
the alternative nonlinear unscented Kalman filter [31]. The
UKF is based on the Unscented Transformation (UT)
method [49]. The UT can capture the true mean and covari-
ance of the associated system states using a set of predefined
points called sigma-points [45], [50]. With this technique, the
nonlinear nature of a system is preserved because the Jaco-
bian of the system is computed to third-order accuracy [45],
[50]. The UKF results in more accurate state estimation
than the conventional EKF [51]. Note that, due to the num-
ber of sigma points, the computational efficiency of UKF
may be lower than EKF [28]. Nevertheless, the computa-
tional efficiency of UKF can also be improved through the
implementation environment [52], [53], programming details
details [54], sparse and parallelization methods [55], and the
automated differentiations tools [56]. However, despite the
reported benefits, the UKF has not yet been applied with
relative coordinates for coupled multibody and hydraulically
actuated systems. Further, most of the state estimation studies
in multibody system dynamics include the use of academic
examples [11], [25], [26], [28], [29], [38]. Moreover, the state
estimation literature in multibody dynamics discussed here
uses the velocity transformation method to model dynamics.

To fill these gaps, this study introduces the application
of the UKF for state estimation in a hydraulically actuated
log crane. Because of the earlier mentioned benefits, the
dynamics of mobile working machine is modeled using the
independent coordinates, independent velocities, and pres-
sures as state variables. The independent coordinates and
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FIGURE 1. State estimation methodology using Kalman filters.

velocities can be determined using semi-recursive double step
multibody formulation, whereas the pressures can be deter-
mined using lumped fluid theory. As in the real-world, it is
difficult to accurately model a real system due to uncertainties
in the mass and inertial properties, and the joint tolerances.
To mimic this, errors in the mass and inertial properties of
the bodies in mobile log crane are considered during the
modelling process. Note that, in this study, only the states of
mobile log crane are estimated.

The objective of this work is to apply the state estimation
algorithm based on the UKF to a hydraulically actuated log
crane to reduce the need for a large number of sensors. To this
end, a hydraulically actuated log crane (PATU 655) [57]-[59]
was modeled using the double-step multibody system dynam-
ics formulation and lumped fluid theory in the independent
coordinates. Three multibody simulation models were devel-
oped to demonstrate the UKF application: the synthetic real
system (providing the synthetic sensor measurements), the
estimation model, and the simulation model. Errors in the
force model and the initial conditions of the estimation and
simulation models were described with respect to the syn-
thetic real system in terms of bodies inertia, joint tolerances,
Payload mass, and hydraulic parameters. To complement the
UKEF algorithm, state variable variances were used to build
the process noise matrix. The performance and accuracy of
the UKF was validated using the working cycle and confi-
dence intervals. The UKF state estimation algorithm for the
hydraulically actuated log crane is applicable to the digital
twinning of mobile heavy machinery in terms of accuracy and
robustness.

The following sections of this paper describe the state esti-
mation methodology, the case example, and results obtained
followed by discussion, and conclusions.

Il. STATE ESTIMATION METHODOLOGY

Figure (1) illustrates the methodology used to estimate the
states of a mobile working machine with a simulation model
using Kalman filters. As also discussed in [28] and [38],
the state estimation methodology employs the approximated
simulation model of a mobile working machine.
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FIGURE 2. An example of a multibody system.

To estimate the real-world states, the simulation model
must be actuated using the same inputs as the actual machine.
Through its sensors, the mobile working machine can provide
the set of measurements. These are then compared with the a
priori estimated states using the multibody system. As shown
in Figure (1), at this stage, the difference between the a
priori estimated states and real synthetic measurements can
be corrected by implementing the Kalman filter [8], [9] and
measurement update (correction). Further, the updated state
and covariance estimations can be used in the next step for
the state estimation of the machine in simulation time.

A. MULTIBODY SYSTEM DYNAMICS

Dynamic systems, such as mobile working machines [42],
can be modeled using multibody dynamics to achieve real-
time computation. In this study, machine dynamics was
described using the coordinate partitioning method, also
known as the double-step semi-recursive method [60], [61],
because it only requires the minimum set of coordinates [4],
[37]. The hydraulic actuators of the machine were modeled
using lumped fluid theory [62]. Here, the hydraulic cylinders
are not considered as separate bodies. Instead, the resultant
force computed from the hydraulic dynamics is fed into the
multibody equations of motion as an external force in a
monolithic framework.

1) DOUBLE-STEP SEMI-RECURSIVE MULTIBODY METHOD
In the semi-recursive method, the dynamics of a closed-loop
system are formulated by incorporating loop-closure con-
straints in the dynamics of its equivalent open-loop system
as shown in Figure (2). Here, the dynamics of an open-loop
system are formulated first in Cartesian coordinates and then
switched to relative joint coordinates using a velocity trans-
formation matrix.

The reference point used to define the Cartesian coordi-
nates of each body is a point on the moving body that instan-
taneously coincides with the origin of the inertial reference
frame. Here, the loop-closure constraints were incorporated
using the coordinate partitioning method [60].
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Consider a tree-structure open-loop system of N, rigid
bodies with any number of branches. The Cartesian velocities
Z; € R®*! and the Cartesian accelerations Zj e RO*! of a
reference point on a body j can be written as

M M

where §; and §; are the respective velocity and acceleration of
the reference point, and ®; and @; are the respective angular
velocity and angular acceleration of the body. The Cartesian
velocities Z; and accelerations Zj in an open-loop system can
be recursively expressed using the previous bodies as [60]

Z;=7; 1+ bjij, 2)
and
Zj =71 +b7 +d;, 3)

where b; and d; are the vectors dependent on the joint
type [25] between bodies j and j — 1, and the scalars z;, z;, and
Z; are the relative joint coordinate, velocity, and acceleration
of that joint, respectively. This method assumes only revolute
and prismatic joints because other joints can be expressed
as their combination and as massless intermediate bodies.
Furthermore, the Cartesian velocities can be mapped onto a
set of relative joint velocities using a velocity transformation
matrix R € ROVo>*Ns a5 [25], [60]

Z = Rz = TRyz, 4)
and
7 = Ri + Ri = TRyi + TRyz, (5)

where z € R™, 2 € R and 7 € RM are the respec-
tive vectors of the relative joint coordinates, velocities, and
accelerations, T € RONoXO0Nb g the constant path matrix
describing the open-loop topology [25], Rg € RO *Nb js o
block diagonal matrix consisting of vectors b; in ascending
order, and the term Rz is a vector containing vectors d;. Here,
T . . . . T
_ |71 T T _ |71 7T T
Z= Zl,Zz,...,ZNh] andZ_l[Zl,Zz,...,ZNb
Using the principle of virtual work, the virtual power of the

inertia and external forces acting on the open-loop system can
be written as [37], [60]

Np

T _

> 7T Mz - Q) =0, (6)

j=1
where an asterisk (*) denotes the virtual velocities that are
assumed to be kinematically admissible, and M; € R®*¢ and
Q; e R®*! are the respective mass matrix and external force
vector of body j that can be written as [60]

- [’”113 R ] )
T mig Ji— migg

and
- f; — oj(@;m;g)) ]
= _ ) ) _ . 8
N [Tj — o;Jjo; + g;(f; — 0;(w;m;g))) ©
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In Egs. (7) and (8), J; is the inertia tensor, m; is the body mass,
g; is the position vector of the center of mass, a tilde (~) repre-
sents the skew-symmetric matrix of a vector, f; € R3*1 s the
external force vector, and T; € R3*1 is the vector of external
moments with respect to the center of mass. The equations
of motion for the open-loop system can be described using
Egs. (4) and (5) into Eq. (6) as

RITTMTR,Z = RIT(Q - MTRyz) = MZ*i=Q%,
©

where M € ROM*ON» js the composite diagonal mass
matrix consisting of matrices 1\7[]-, composite external force
vector Q € RO js the composite external force vector
consisting of vectors Qj, M= = (RETTI\_/ITRd), and QZ =
[RITT(Q — MTRy#)).

In dealing with closed-loop systems in this study, a set of
N,, loop-closure constraints ® (z) = 0 are incorporated using
the coordinate partitioning method [60], [61]. Here, the con-
straints were assumed to be holonomic and scleronomic. The
relative joint velocities were mapped onto a set of indepen-
dent relative joint velocities using a velocity transformation
matrix R, € RM*Nr a5 [4], [60]

- d dy—1 i
=R, = [z.i] = [_(q’z) q’l] i, (10)
z INf
and
7 =R,7 + R,7Z, (11)

where z € RV and z¢ € RM» are the respective independent
and dependent relative joint velocities, # € RY are the
independent relative joint accelerations, ®, € RN»*N and
<I>‘z1 € RN»*Nm are the respective independent and dependent
columns of the Jacobian matrix ®,, and Ny are the degrees of
freedom of the closed-loop system. In this study, the inverse
of QJS is guaranteed by assuming that singular configurations
and redundant constraints do not exist.

Accordingly, the equations of motion for the closed-loop
system can be described using Egs. (10) and (11) into Eq. (9)
as

(12)

where the term R, " are the Cartesian accelerations computed
with the true relative joint velocities and the zero independent
relative joint accelerations, M= = (REMERZ), and QT =
[RT (QF ~ MPR,7)]

2) LUMPED FLUID THEORY
The pressures in a hydraulic circuit can be modeled using
lumped fluid theory [62]. This theory assumes a hydraulic
circuit in terms of discrete volumes. The pressures inside the
discrete volumes are considered equally distributed and the
effect of acoustic waves is ignored [62], [63].

The application of lumped fluid theory on a discrete
volume describes it in the form of an equally distributed
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FIGURE 3. A double acting hydraulic cylinder.

pressure py, the effective bulk modulus B, and the hydraulic
volume V. The pressure build-up p; can be computed
as [62], [63]

. B [ avy
b= (— — +2;QSC>, (13)
c=

N

where O, is the sum of incoming and outgoing flows to the
volume, and 7 is the total number of hydraulic volume flows
going in or out of the volume V. The effective bulk modulus
B,, of a hydraulic volume can be calculated as

-1
1
Bey=|—+Y_ : (14)
Bo c=1

Ve
— VB,
where B, is the bulk modulus of oil, V, is the sub-volume,
ne is the total number of sub-volumes, and B, is the bulk
modulus of the sub-volume. By employing a semi-empirical
method, the volume flow rate Q4 through a directional control
valve can be computed as [62], [63]

Qa = CUsgn(Ap) /| Ap |, 15)

where C, is the semi-empirical flow rate coefficient, U is the
relative position of the spool, sgn (-) is the signum function
to define the direction of flow rate, and Ap is the pressure
difference over the valve ports. Eq. (15) is accompanied by
the following first order differential equation

Uer — U

U=-"9_—~ (16)
T

where U, is the reference voltage signal, and 7 is the time
constant. The volume flow rate Qy is assumed laminar in
this study for a pressure difference of less than two bars, and
Eq. (15) is modified to follow a linear relation between Qg4
and Ap.

In a double-acting hydraulic cylinder as shown in Fig-
ure (3), the incoming flow rate Q, and outgoing flow rate Qy
can be computed as

Qua = 5Aa, Qb = 5Ap, a7

where § is the piston velocity and, A, and Ay, are the areas on
the piston and piston-rod side of the cylinder, respectively.
The force Fj produced by the hydraulic cylinder can be
written as

Fy = poAa — ppAp — F/u (18)
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where p, and p;, are the pressures on the piston and piston-rod
side that can be calculated using Eq. (13), and F, is the total
sealing friction that can be written as [64], [65]

. 3
F, = (FC tanh <4i> +(Fy — Fg%)

Vs s 2
(4(2) +3)
+ 02§ tanh(4), (19)

where F, is the Coulomb friction, v; is the Stribeck velocity,
F is the static friction, and o7 is the coefficient of viscous
friction.

3) COUPLED MULTIBODY AND HYDRAULIC DYNAMICS
The monolithic coupling of the double-step semi-recursive
multibody method with lumped fluid theory was described
in [66]. For stiff systems, integration can be more computa-
tionally efficient using this approach than with direct meth-
ods. And the integration scheme can be scaled to the system.
In a hydraulically actuated multibody system, the gener-
alized force vector QZ in Eq. (12) is additionally dependent
on hydraulic pressures. Accordingly, the coupled system of
equations can be written as [66]

MZ(2)é = QF (z. 7. p) }
p=ug(z Zp)

where p and p are the respective vectors of hydraulic pressure
and pressure build-up, and ug are the pressure variation equa-

(20)

tions. The dependency of Q% and ug with respect to z, z, and p

are assumed known. The dependency of the mass matrix M=
with respect to z is both due to transformation matrices R,
and Ry and due to position vector of a body center of mass g;
appearing in the mass matrix Mj of the respective body.

The coupled system of equations can be integrated using an
implicit single-step trapezoidal rule as in [37], [67]. Although
this integration method requires an iterative solution algo-
rithm, it is commonly used in multibody simulations due to
its good robustness and stability properties for the stiff sys-
tem [25]. For a vector consisting of independent coordinates
z' € RV, independent velocities z' € R, and pressures p,
the trapezoidal rule is defined as
71

i Al

7' = |z +7 A4 , (21)
P lis P P | L

where k is the time-step index. When considering the posi-
tions and pressures as primary variables, the velocities, accel-
erations and pressure build-ups can be solved from Eq. (21)
as

9 2 2 5.
L1 = %1 | A% + 7

. 4 4 . 4
A 1—<—Zk+—ik+i‘k> @
A2kt At2 At

. 2 2 .
Pk+1 = Pk + Epkﬂ - (Epk + Pk)
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The application of the trapezoidal rule Eq. (22) to Eq. (20)
leads to a nonlinear system of equations as

AP NEE QT | [T =k
f(x)=T|: b — g i|_0, X—|:(Z> ,p] ,
(23)

where f () is a nonlinear function, and X is the vector of
unknowns (primary variables) in the integration scheme.
Such nonlinear system of equations can be iteratively solved
using the Newton—Raphson method as

ax1? o
[K} AR =~ @I, (24)
k+1
X
X
matrix, AX is the difference in X, and 4 is the iteration step.
In this study, the tangent matrix [3,5(,_’:) is approximated
numerically using the forward differentiation rule as

df <o) _ f Go+e) —f (%o)

dx €

where [f(X)] is the residual vector, [ ] is the tangent

(25)

where f () is the nonlinear function, € is the differentia-
tion increment, and Xxo is the point at which the derivative
is approximated. Ill-conditioning of the tangent matrix is
avoided by computing € as [66]

€ =1 x 10 3max (1 x 1072, | Xo I), (26)

where 1 x 1072 limits the minimum value for the differenti-
ation increment to 1 x 10710,

B. STATE ESTIMATION ALGORITHM

The multibody system dynamics methods described previ-
ously in Section II-A make it possible to formulate the cou-
pled mechanical systems in terms of a independent state
vector of length L as X = [(z))T ()T pT]T. Because of the
drawbacks inherent with the conventional EKF, an alternative
version of the Kalman filter for nonlinear systems, the UKF,
can be applied to estimate the states of hydraulically actuated
systems. The principles of the UKF method are described in
the following paragraphs.

1) UNSCENTED KALMAN FILTER (UKF)
As with all Kalman filters, the UKF comprises two state
estimation stages: the time update and the measurement
update (corrections). Unlike the EKF, which uses a lineariza-
tion technique to handle the nonlinear system and estimate
the states of the system, the UKF uses a technique called
Unscented Transformation (UT) in the time update phase to
handle the nonlinear system with no need to linearize [68].
The UT method is based on calculating a set of points
(sigma-points) and propagating these through the nonlinear
dynamic equations of the system. Then, these propagated
points are used to calculate the mean and the covariance of
the state vector. With the covariance matrix P;'_ | and the
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estimated state vector f(,:r_l, a set of sigma points x,_; €
REL+D*(M) jg generated from the Gaussian distribution as

Xe—1(0) = &,
Xk—1G) =%_ + 0GPy b (27)

i1+ L) =%, —n(,/PL_)y

where j/ = 1,...,L,n = /L + X and A = L(A> — 1). The
constant A is chosen from 0 < A < 1 which defines the
spread of sigma points around the mean state vector il_:—l'
In Eq. (27), ,/-is the square root using lower triangular matrix
of the Cholesky decomposition. (.)y is the j’ " column. The
generated sigma points X;_; are then transformed through
the dynamic equation for the next integration time step as

X () = 061 (D) we (7)), (28)

where x;_ () is the j/ ™ column of sigma points and uy(j') is
the j/ ™ vector of inputs. For instance, in case of hydraulically
driven system, the vector of inputs u(j') is the control input
signal U. As mentioned earlier, x;_;(j') is the scattered inde-
pendent state vector. The a priori mean state vector X, and
covariance matrix P,~ can be calculated using the following
relationships

2L+1
A— ./
Ko=) W)
i'=0

2L+1
Pr = Wita() = {)0u) — %) + RV
i'=0

=~

(29)

where W' = A/(L +1), W§ = W" + (1 — A> + B) and
Wi =W =1/2(L+ 1) fori' = 1,...,2n are the weights
used in the UKF. The constant B is generally taken as 2 for
Gaussian noise distributions. To correct the estimated a priori
mean and covariance, these estimations are forwarded to the
measurement update stage.

In this stage, using the a priori mean and covariance esti-
mations, a new set of sigma points are regenerated based
on formulations of the Eq. (27). The sensor measurement
function h(.) is now taken into account as Y;(j') = h(x, ("))
to find the measurement mean ¥y, the covariance P, and the
cross covariance P,y as

241

$i= D WI'Yi(i)
=0
241

Py= > Wi [(Ya(@) = 50O(Y(@) = 90T ]+ RV ¢,
=0
241

Py= > Wi [0 — KO Y(@) — 507 ]
i'=0

(30)
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where RV is the measurement noise matrix. P, and Py, are
used to find the Kalman gain K; € RE*". With Ky, the a
posteriori mean state vector f(,:“ and the covariance matrix P,‘:
are calculated as

K; =P, P}

X =% + Ki(or —30) ¢ 3D
+ - T

P =P, — KxP,K!

where o, € R are the sensor measurements. For the next
iteration, the updated mean and covariance matrices are fed
back into the time update stage. The loop of state estimation
continues throughout the time period of the working cycle of
the hydraulically actuated log crane.

2) COVARIANCE MATRICES OF PROCESS AND
MEASUREMENT NOISES

The performance of the UKF depends on accurate design of
the tuned parameters and matrices. Among all these parame-
ters, the process and measurement noise covariances, R" and
RY, most impact the performance of the UKF. Any mismatch
between the real noise covariances and those assumed in
the UKF algorithm may cause performance degradation and,
in some cases, may lead to divergence. Because the physical
system is replaced here with a simulated multibody system
and because of the virtual sensor implementation on this
model, it is possible to extract measurement noise covariance
properties. For instance, using the position and the parameter
sensors, the measurement noise covariance can be defined as,

R' = |:(Uz/)2 Iy

0
(Nr ;”p) (32)
Oy xny)

(Ul;) I”p

in which o, and o, are the variance of measurement noise
as a function position level and the variance of measurement
noise in artificial parameter sensor, respectively. Further-
more, O(Nf xnp) Tepresents the zero matrix of the order system
degree of freedom Ny and the number of pressure sensors 7.
I,,, indicates the identity matrix of the order n,,.

As for the process noise, because acceleration errors in the
force model of the physical system, the structure of the pro-
cess covariance matrix can be complex. These errors arises
from the fact that the distributions of masses are unknown,
and the forces in the physical system are inaccurately mod-
eled. Moreover, geometrical properties and the integration of
the multibody also introduce some errors. However, geomet-
rical properties can be modeled with high accuracy so this
shortcoming can be overlooked. The integration errors can
also be assumed negligible in comparison to the acceleration
errors. Therefore, it can be assumed that only the variance
at acceleration level has a significant effect on process noise
covariance, a point also made in [28], [29]. Using the Van
Loan’s method of integration, the process noise covariance
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TABLE 1. Mass and inertial properties of the bodies of PATU 655 mobile
log crane.

Parameter Symbol Value
Length of Lift Boom Ly 2.87m
Length of Bracket 1 Ly 0.45 m
Length of Bracket 2 Ls 0.47 m
Length of Outer Boom Ly 2.88 m
Mass of Lift Boom mi 194.5 kg
Mass of Bracket 1 my 10 kg
Mass of Bracket 2 ms 10 kg
Mass of Outer Boom my 175 kg
Mass of Payload ms 25 kg
can be calculated as:
3 : 2 : |
75y | Sy L Oy
””” 22 R S
R" = O’ZZATt oo U-ngtINf ! O(fon L (33)
Oxny ¢+ Oy | 0L,

where At is the integration time step.

Ill. CASE: STATE ESTIMATION IN HYDRAULICALLY
ACTUATED LOG CRANE

The state estimation methodology, described previously in
Section II was applied to estimate the states of the PATU
655 mobile log crane presented in Figure (4). To replicate the
digital twin, the physical system and the simulation model
of the PATU 655 mobile log crane, based on multibody
formulations, were used. The dynamics were modeled via the
multibody dynamic formulations and lumped fluid theory as
described in Section II-A in terms of the system independent
coordinates. The simulation modeling of the mechanism and
how it was used in the state estimation methodology are
described below.

A. PATU 655 LOG CRANE MODEL

As Figure (4) illustrates, the Lift Boom, Bracket 1, Bracket 2,
Outer Boom, and Payload describe the bodies of the multi-
body system model in the global coordinate system XYZ.
These bodies are connected via revolute and fixed joints.

As Figure (4) shows, the masses and inertias of the bodies
in system are not uniformly distributed about the central axis.
The actual masses and inertial properties of the bodies, taken
from reference studies [57]-[59], were considered to model
the dynamics of the system

Tab. 1 lists the mass and inertial properties used in the
simulation of the PATU 655 mobile log crane. Relative joint
angles z1, 72, z3 and z4 demonstrate the position of bodies
in the global coordinate system. As shown by Figure (4),
Bracket 2 is attached to Outer Boom at point D via a revolute
joint to form a closed loop.

The double-step semi-recursive formulation is used to
incorporate the dynamics of the closed loop. In this Ny sys-

tem, an independent joint position vector z' = [Z[ Z4] is
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TABLE 2. Parameters of the hydraulic circuit.

Parameter Symbol Value
Pump pressure Pp 140 bar
Tank pressure Dt 1 bar

Semi-empiric flow rate | C,, | 1.70 x107® m%/s VPa
coefficient of valve 1
Semi-empiric flow rate C,, 1.70 x1078 m*/s VPa
coefficient of valve 2
Time constant of valve 1 T 30 ms
Time constant of valve 2 ) 30 ms
Volume 1 Vi, 2.53 x107* m?
Volume 2 Vi, 2.53 x107* m?
Volume 3 Vi 2.53 x10™* m?
Volume 4 Vh, 2.53 x107* m?
Bulk modulus of oil B, 1500 MPa
Bulk modulus of hose By 1000 MPa
Length of cylinder 1 [ 0.535m
Length of cylinder 2 %) 0.785 m
Piston side area Ay 7.85 x1073 m?
Piston-rod side area As 5.4 x1073 m?
Piston side area Aj 6.4 x1073 m?
Piston-rod side area Ay 3.9 x1073 m?
Coulomb friction force F. 7000 N
Static friction force Fy 8300 N
Stribeck velocity Vs 1.25 x1072 m/s
Coefficient of viscous o 330 Ns/m
friction

chosen to complement the double-step semi-recursive formu-
lation. Note that the Pillar is not modeled in the dynamic
simulation model of system.

The PATU 655 mobile log crane is actuated by two
hydraulic cylinders. A constant pump source p, powers
the hydraulic cylinders through the hydraulic circuit. The
hydraulic circuit comprises the directional control valves,
the hydraulic volumes Vi, Va, V3 and V4, a constant pump
source, and a tank of constant pressure source p;. The input
signals Uy and U, actuate hydraulic cylinders 1 and 2 via
directional control valves 1 and 2, respectively. Hydraulic cir-
cuit parameters of mobile log crane taken from the reference
studies [57]-[59], were used to model the hydraulic circuit.
These are listed in Tab. 2.

Applying the lumped fluid theory, the pressures through
the hydraulic volumes can be written in differential form as

b =540, — ain)
Vi !

. B, .

D2 = —(A251 — Qa,)
Va

, (34)

) B., .

P3 = —(Q4; — A352)
V3

) B, . .
P4 = — (A48 — Q4,)
V4

where B,,, Be,, B., and B, are the effective bulk modulus
of the respective volumes, and Qy,, Q4,, Qu, and Qy, are the
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FIGURE 4. Multibody model of PATU 655 mobile log crane. Pillar, Lift
Boom, Bracket 1, Bracket 2 and Outer Boom are connected to each other
via revolute joints at points O, B, C, and A, respectively. The fixed joint at
point E connects the Payload to the Outer Boom. Two hydraulic cylinders
actuates the PATU 655 mobile log crane with two directional control
valves operated by the input signals U; and U, and the pump source.

flow rates of the directional control valve. These flow rates
were calculated using Eq. (15). In Eq. (34), §1 and §; represent
the velocities of hydraulic cylinders 1 and 2. §; and §; can
be determined from the position vectors of the hydraulic
cylinders s; and s;. The vectors s; and sy were calculated as

S1 =rG —IF (35)
S2 =rc —TH

where rg, rr, rc, and ry are the position vectors of point G,
F, C, and H, with respect to the O’ origin of the system. The
actuator velocities §; and §; of hydraulic cylinders 1 and 2,
were determined as

: d|s] 5. ; S|
1= =81 - —— =r¢g-——
At s | [sq |
. (36)
P d|s| g . 2 e — in) 2
2= =§ - —— =(c—TH) —
AV) | s2 | | s2 |

where I'g, I'c, and ry are the velocity vectors of points G, C,
and H. The hydraulic volumes Vi, V», V3, and V3 appearing
in Eq. (34) were calculated as follows.

Vi=Vp +A1hL

Vo =V, + A2
, (37)
V3 = Vp, +Aslz

V4 = Vi, +Asly

where Vj,, Vi, Vi, and Vy,, are the hydraulic volumes of the
respective hoses as described in Tab. 2. In Eq. (37), [; and
I, are the lengths of the piston sides and /3 and /4 are the
lengths of the piston-rod side chambers for cylinders 1 and 2,
respectively. /1, [, [3, and I4 were calculated from the vectors
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s; and s; as
Iy =11y — Is1] + 51,
b = by + [s1] — s1
’ "L (38)
I3 = I3, — |s2| + s2,
ls = lay + Is2| — s2

where [y, [3,, l2,, and l4, are the initial piston side lengths
and piston-rod side lengths of the cylinders 1 and 2. [y, 3,
Iy, and l4, were computed from the length of the cylinders
(l1 and [p). See Tab. 2. The hydraulic forces Fj, and Fj,
produced by the hydraulic cylinders can be expressed as

T
S1x S1y S1z
Fy, = |: Fy, Fy, Fh1:|

S S S
| st | [ s1 | | s1 | ’ (39)

S2X S2y 827 T
B = [| o1 Tol ™ s |F’”}

where Fj, and Fj, can be computed from Eq. (18). The
vectors of external moments T, Tz, and T3 acting on the
Lift Boom, Bracket 1 and Bracket 2, due to the hydraulic
forces Fy, and Fj, were calculated using the crane geometry.
The hydraulic force vectors Fy, and F;, and the vectors
of the external moments Tq, T, and T3 were combined in
the external force vector Q to formulate the equations of
motion for the PATU 655 mobile log crane. The resultant
equations of motion were solved using a single step implicit
trapezoidal integration scheme tacking a monolithic approach
as described previously in Section II-A3.

1) SYNTHETIC REAL SYSTEM AND ESTIMATION MODEL

To apply the methodology, described in the Section II, a sim-
ulation model of the PATU 655 mobile log crane based on the
parameters presented in Tab. 1 and Tab. 2 was modeled. In the
methodology, this model acts as the synthetic real system. The
sensor measurement data o is taken from the synthetic real
system.

As demonstrated in the Section II, the accurate computer
simulation of a physical system may not be possible. The
simulation model can have errors in the force model with
respect to the corresponding real system. To this end, in this
study, the simulation model with errors was used in the state
estimation algorithm to estimate the states of the physical
system. This model is called the estimation model. Tab. 3
shows the errors in the estimation model with respect to the
synthetic real system.

In Tab. II, J 1 jg, j3, j4, and J 5 represent the inertia
tensors of the Lift Boom, Bracket 1, Bracket 2, Outer Boom
and Payload, respectively. In practise, the mass and inertial
properties of the Payload in a physical system are not known.

In the estimation model, a 10kg Payload with a 60% inertial
property difference with respect to the Payload of the physical
system was considered. Further, 15% error was used in J 1 and
j4 of the estimation model with respect to the synthetic real
system. This is because of the complicated shape of the Lift
Boom and Outer Boom. It is difficult to accurately determine
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TABLE 3. Errors in the force model of estimation model with respect to
the synthetic real system.

Errors |Symbol| Synthetic | Estimation model
real system
Lift Boom Ji - 15 % error
Bracket 1 D - 5 % error
Bracket 2 1 - 5 % error
Outer Boom| J4 - 15 % error
Payload Js - 60 % error
Mass of ms 25 kg 10 kg
Payload
Tolerances - - +5 mm
Pressure Pp 140 bar 160 bar

TABLE 4. Errors in the initial conditions of estimation model with respect
to the synthetic real system.

Errors | Symbol | Synthetic real | Estimation model
system

Angle 21, 27.7° 44.5°

Angle 24y 292.2° 277.8°
Pressure D1, 144 bar 135 bar
Pressure D2, 195 bar 183 bar
Pressure D30 43 bar 59 bar
Pressure D, 93 bar 114 bar

the inertial properties these real-world surface areas. For
Bracket 1 and Bracket 2, a 5% error was considered due
to the relatively simpler shapes. Moreover, a +=5mm error
in the joint tolerances of the estimation model demonstrated
the possible differences in the joint locations between the
simulated and real-world systems. Additionally, the pump
pressure p,, in the estimation model had a difference of 20 bar
with respect to the synthetic real system. The modeling errors
described in Tab. 3 affects the dynamics of the estimation
model in the working cycle.

Tab. 4 reveals the differences in the initial conditions
between the estimation model and the physical system. z,
and z4, represent the initial angles of the Lift Boom and the
Outer Boom, respectively. Similarly, p1,, p2,, P3y> and pa,
are the initial pressures of the corresponding sides of the
hydraulic cylinders. Using the errors of Tab. 3 and Tab. 4,
a simulation model of PATU 655 mobile log crane was also
used in the Section IV to demonstrate the effect of errors in
the simulation world with respect to the synthetic real system.

2) SYNTHETIC SENSOR MEASUREMENTS

To mimic the sensor measurement process, the sensor mea-
surement function h was used to extract measurable data from
the synthetic real system at 1kHz sensor frequency. Further,
white Gaussian noise was added on the extracted data to
mimic real sensor properties. In this way, the extracted data
was manipulated to behave like the actual sensor measure-
ments o and is named as the synthetic measurements.
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The sensor measurement vector, in the case of synthetic
real system, is 0 = [z1 74 p1 p4]T. It was assumed that
the synthetic encoders are installed at the joint locations O
and A to measure the angles z; and z4, respectively. The
standard deviation for synthetic encoders was taken as o/ =
1° from reference studies [29] and [11]. Synthetic gauge
pressure sensors were installed on the respective volumes to
measure the pressures p; and p4 in the synthetic real system.
As discussed in [38], the synthetic gauge pressure sensors
measure pressure with respect to atmospheric pressure, and
their standard deviation values are JI; = 1.5 bar.

B. CASE MODEL STATE ESTIMATION ALGORITHM

The application of state estimation algorithm on the esti-
mation model requires an independent state vector X" and
the covariance matrix P™. In the 2 DOF system shown in
Figure (4), the independent state vector X can be defined
as

x* pa]"

(40)

=z @ 2 @ p P2 P

where z; and Zz4 are the angular velocities of Lift Boom
and Outer Boom, respectively. The length of the state vector
is L = 8 according to Eq. (40). It will create 17 sigma
points at each time step which will be propagated through
the simulation model for different states 2L + 1 times. The
initial covariance matrix P(J)r contains UZZO = 0.035 rad’,

= 0.087 rad ,and 02 = 22.50 x 107 Pa® to represent
the covariances of angles, angular velocities, and pressures
in the diagonal matrix of dimensions (L x L).

The implementation of the UKF in the physical system
employs A = 0.99 and B = 0 in the update and prediction
stages during the state estimation process. To estimate the
states of the physical system, Eq. (27) to Eq. (31) were
implemented with the estimation model. As demonstrated in
Eq. (29), the state estimation algorithm was complemented
by the process noise matrix RY. The structure of RY was
built using Eq. (33) with the variances at acceleration levels
as a.z.z = 0.0175 rad?/s* and pressure levels as sz =259.8 x
108 Pa®.

IV. RESULTS AND DISCUSSION

The implementation of UKF based state estimation algo-
rithm is carried out by Intel(R) Core(TM) i7-6600 CPU at
2.60GHz, 16 GB RAM, Windows 10 Enterprise 64-bit oper-
ating system in the MATLAB environment. In the following
paragraphs, the results of the UKF-based state estimation
algorithm are validated, and its performance is analyzed
against the synthetic real system in the working cycle.
To this end, the synthetic real system was actuated using
the hydraulic inputs U; and U;. The combined equations
of motion of PATU 655 mobile log crane were integrated
at the time step of 1 ms using the trapezoidal integration
method described in Section II-A3 for 25s. The estimation
model and the simulation model were also actuated using
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FIGURE 5. Estimation of the hydraulically actuated log states using the
UKF with 15% error.
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(d) Estimation of cylinder pressure p4.

FIGURE 6. Estimation of the hydraulically actuated log crane states using
the UKF with 15% error in J; and J,.
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the similar inputs U; and U,, time steps and the integration
schemes to demonstrate the state estimation methodology.
The performance and validation of state estimation algorithm
is explained below in terms of working cycle and confidence
intervals.

A. WORKING CYCLE

The following paragraphs discuss the accuracy and describe
the validation of the state estimation algorithm across the
working cycle. Figure (5) illustrates the performance of the
state estimation algorithm for the hydraulically actuated log
crane with 15% error in J; and J4. Step input signal U, raised
the Lift Boom from 2 to 5s and lowered it from 18 to 21s
using hydraulic cylinder 1. Hydraulic cylinder 2 was actuated
by step input signal U, to lower and raise the Outer Boom
from 7 to 10s and 12 to 14s, respectively.

Showing the angle and angular velocities of the Lift
Boom and Outer Boom in response to the input signals
of Uy and U,, Figure (5) illustrates how the estimation
model based on the UKF algorithm (= =), estimated syn-
thetic real system performance (=== ) using the synthetic
sensors measurement data of the Lift Boom and Outer Boom
angles. Note that the UKF was implemented based on the
simulation model (===) with the modeling errors set in
Tab. 3 and Tab. 4.

As shown by Figures (5a) and (5b), the UKF tracked the
states of the physical system and converged quickly. This
is because of the available synthetic sensors measurement
data in these two states. The state estimation algorithm also
reduced the impact of noise in synthetic sensor measure-
ments. The UKF provided much smoother state estimation
than the synthetic sensors measurement data of the synthetic
real system. To have a better understanding of the estimation
accuracy of the UKF, the Percent Normalized Root Mean
Square Error (PN-RMSE) was calculated. The PN-RMSE of
estimation was 0.33% and 1.07% for the Lift Boom and Outer
Boom angles, respectively.

Regarding the angular velocities of the booms, Figures (5¢)
and (5d) reveal that the UKF as implemented was also capable
of tracking the physical system with a PN-RMSE of 2.05%
and 2.58%, respectively. Without synthetic sensors measure-
ment data for the angular velocities of the booms, the UKF
was able to provide a high accuracy estimation of synthetic
real system performance. In Figures (5c) and (5d), the phys-
ical system curve represents the expected behavior of the
angular velocities. There was no actual sensor measurement
data available for these states.

As for the hydraulic pressures, modelling errors are intro-
duced in the simulation model to effect the pressures pi,
P2, p3 and p4 with respect to the synthetic real-system dur-
ing the working cycle. In this model, the mass and inertial
properties of Payload and Outer Boom effect the pressures
p3 and p4 in the hydraulic cylinder 2. However, the pressures
p1 and p> depend upon the mass and inertial properties of Lift
Boom, Bracket 1, Bracket 2 and the closed loop mechanism.
In this regard, mass and inertial errors are introduced in the
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FIGURE 7. Errors in the states of the hydraulically actuated log crane in th

corresponding bodies as the inertial properties of complex
geometrical shapes can be difficult to determine in practise.
For instance, the dimensions of bodies can be measured easily
but the inertial properties of bodies having complex geometry
may require disassembly of the related components in the
system.

Figure (6) represents the estimation model performance
for the pressure states pi, p2, p3 and ps. Because there
were synthetic sensors for p; and p4, these states converged
quickly and accurately. See Figures (6a) and (6d), respec-
tively. The PN-RMSE of these two states was 0.1209%
and 0.3127%. Regarding the performance of p; and p3,
Figures (6b) and (6¢) reveal that despite the lack of sensor
measurement data in these states, the UKF implementation
was capable of tracking and estimating the system states of
the physical system with a PN-RMSE of 1.91% and 5.92%,
respectively.

Tab. 5 summarizes the results of state estimation algorithm
on the hydraulically actuated log crane with the different set
of input signals U; and Uj, and 5%, 15% and 25% errors
in the inertial properties of J 1 and 34, respectively. The other
errors were similar to those described in Tab. 3. Tab. 5 reveals
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that the minimum PN-RMSE in the measured and unmea-
sured states of case example were 0.11% and 1.86%.

Note in this study the mass and inertial properties of the
Lift Boom, Bracket 1, Bracket 2, Outer Boom and Payload,
respectively are considered as the modelling errors to affect
the dynamics of system in the working cycle. These assump-
tions are made to replicate the real-world conditions as it is
difficult to accurately model a real system due to uncertainties
in the mass and inertial properties, and the joint tolerances.
The mass and inertial errors, according to Tab. 3 are not time
dependent and relatively smaller than the pump pressure dif-
ference. However, the mass and inertial properties of bodies
are not estimated. Nevertheless, the mass and inertial proper-
ties of bodies with the states of system can be estimated using
the UKF based algorithm through the joint or dual estimation
methods [69]-[72]. To further analyze the performance of the
estimation model, the behavior of estimated states in the 95%
confidence intervals (CI) are explained in the next section.

B. CONFIDENCE INTERVALS
Confidence intervals define the variation of covariance of
associated system states in the state estimation process. The
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successful implementation of the UKF-based state estimation
algorithm in the PATU 655 mobile log crane can be explained
through the errors of system states in the CI zone during the
simulation process. In Figure (7), the errors in z1, z4, 21, 24,
P1, P2, p3 and p4 are presented in the 95% CI zone. These
errors in the estimated states were computed with respect to
the synthetic real system.

As demonstrated earlier, the state estimation with the UKF
in the PATU 655 mobile log crane uses zj, z4, p1, and p4 as
the synthetic sensors measurements from the synthetic real
system. Figures (7a), (7b), (7e) and (7h) describe that the
errors in z1, z4, p1, and ps, were according to a Gaussian
distribution in the 95% CI zone. However, for the states zj,
24, p2, and p3, the synthetic sensors measurements were not
used in the state estimation algorithm.

Errors in z1, 24, p2, and p3 remained in the 95% CI zone
during the simulation process. These states also behaved in
a Gaussian distribution in Figures (7e), (7d), (7f) and (7g).
This implies that all states of PATU 655 mobile log crane
were accurately estimated using the UKF-based state estima-
tion algorithm. Figures (5) and (6), PN-RMSE of states, and
Figure (7) all confirm the accuracy and performance of the
UKEF in the PATU 655 mobile log crane.

Note that in this study the computational aspects of UKF
in mobile log crane have not been focused, as the designed
UKEF is implemented in MATLAB environment. However,
as demonstrated in [52], [53], the computational efficiency
depends upon the implementing environment and can be
improved in C++ or Fortran. For instance, for the used case
example in [52], the computational efficiency was improved
by 500 times in C++ as compared to MATLAB environment.
Further, the computational efficiency of UKF based state
estimation algorithm can be enhanced through the imple-
mentation details, sparse and parallelization methods, and the
automated differentiations tools.

V. CONCLUSION

This work proposes state estimation in a hydraulically actu-
ated log crane using the UKF and a reduced number of
sensors. To this end, the UKF was implemented on the 2 DOF
system of a PATU 655 mobile log crane. System dynamics
was modeled using the double-step semi-recursive formu-
lation and lumped fluid theory to formulate an indepen-
dent state vector. The actual masses, inertial properties, and
hydraulic parameters of the system were used to model the
dynamics taken from reference studies. To demonstrate the
application, three simulation versions of the system (the syn-
thetic real system, the estimation model, and the simulation
model) were used and their performance compared. The syn-
thetic sensors measurements from the synthetic real system
included angles z; and z4 and cylinders pressures p; and p4.
Replicating the reality, errors in the initial conditions and the
force model of the estimation model were included in terms of
joint tolerances, the mass and inertial properties of the bodies,
and the hydraulic parameters.
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The results obtained from the state estimation algorithm
demonstrate that the UKF can estimate the states of the
synthetic real system with accuracy despite £5 mm joint tol-
erances, a 20 bar pump pressure difference, and 25% and 60%
errors in the mass and inertial properties of the bodies and
Payload, respectively. Further, the UKF algorithm, as imple-
mented, successfully estimated the hydraulically actuated
system states with the different sets of hydraulic valve inputs,
and the mass and inertial errors. The minimum PN-RMSE in
the estimated states using the UKF were 0.11% and 1.86%
for the measured and unmeasured states of the case exam-
ple. Further, all the estimated states for the case example
remained within a 95% confidence interval, confirming the
accuracy and performance of the UKF across the working
cycle. Introducing further errors in the estimation model may
require a change in the parameters of the UKF for successful
implementation.

Applying the UKF-based state estimation algorithm in the
real-world using a multibody-based estimation model can
enable the digital management of product processes in terms
of accuracy and robustness. However, the applicability for
digital twinning is also affected by the computational effi-
ciency, which cannot be concluded based on the results of this
study. The use of solely multibody-based estimation models
can be challenging. This is because it is difficult to determine
the mass and inertial properties of all the system bodies and
model each and every detail of the real-world. Nevertheless,
despite these challenges, the UKF in the presented case exam-
ple offered an accurate and robust state estimation algorithm
that can be combined with the multibody-based estimation
models to predict the states of the real-world systems.

However, the accuracy and efficiency of the UKF state
estimation algorithm should be compared to other state esti-
mation algorithms to reach a general conclusion. Further,
the UKF based estimation algorithm can be extended to
estimate the parameter uncertainties, such as mass and iner-
tial properties of Payload, which could be larger and time-
dependent in hydraulically driven machines using dual or
joint estimation methods in the future studies.. Application
parameter estimation through UKF in hydraulically driven
machines could be very interesting as such parameters are
unclear in the real-world. Furthermore, the UKF should be
implemented with actual measurements from a physical sys-
tem. Regarding the computational efficiency, the UKF could
be implemented in C++ or Fortran environment using sparse
and parallelization methods to achieve real-time efficiency in
future studies. The successful implementation of the UKF
with the physical system measurements in real-time could
lead to the digital anticipation of product life cycles in the
real-world. This research brings us closer to the realization of
using physics-based simulation models to predict the behav-
iors of real-world products and enables us to make these
predictions in synchronization with the physical system. This
will ultimately lead to multibody-based digital twins and a
more sustainable future.
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TABLE 5. PN-RMSE of the PATU 655 with respect to different input signals and force model errors in J; and J,.

Input Signals

PATU 655 States

E .
Ui U ot 21 24 21 24 P1 P2 3 P4
5% 032% 0.95% 2.05% 2.52% 0.12% 1.86% 5.85% 0.31%
10255 10 7T<r=<10 15% 033% 1.07% 2.05% 2.58% 0.12% 1.91% 5.92% 0.31%
10 18<t<2l <{-10 12<t<14 v T BT s Ao et Baste B o gei et
0 otherwise 0 otherwise 25% 0.33% 1.09% 2.09% 2.63% 0.12% 1.95% 6.03% 0.31%
5% 020% 0.58% 2.29% 3.25% O0.11% 3.64% 6.98% 0.25%
10 3=<r<7 10 7<r<10 15% 0.20% 0.59% 2.29% 3.33% 0.11% 3.58% 7.02% 0.25%
10 14<r<19 {-10 12<t<?20 oo el Bresssio 2o AT 2B e TaoT
0 otherwise 0 otherwise 25% 0.19% 0.62% 2.32% 3.34% 0.11% 3.66% 7.18% 0.25%
APPENDIX A EFFECTIVE BULK MODULUS [6] W. Schiehlen, “Multibody system dynamics: Roots and perspectives,”

The effective bulk modulus of hydraulic volumes Vi, V5,
V3 and V4 can be

1
By = 1 Al Vi,
B, V1B, ViBy,

1
Be, = 1 n Asxly Vi,
B, VoB, VLB,
| + Aslz Vi,
B, V3B, V3B,

1
Be =140, Vi,
B, V4B, V4B

where B,,, B.,, B, and B,, are the effective bulk modulus
of the respective volumes. B,, and B, are the effective bulk
modulus of oil and hose, respectively which are taken from
Tab. 2.

APPENDIX B ADDITIONAL SIMULATION SCENARIOS
To further study the capabilities of the proposed UKF for state
estimation of hydraulically actuated Patu 655, the PN-RMSE
of the estimated states are given in Tab. 5 with respect to
different error percentage and input signals U; and Us.
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