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Abstract: The estimation of the parameters of a simulation model such that the model’s behaviour
matches closely with reality can be a cumbersome task. This is due to the fact that a number of
model parameters cannot be directly measured, and such parameters might change during the course
of operation in a real system. Friction between different machine components is one example of
these parameters. This can be due to a number of reasons, such as wear. Nevertheless, if one is able
to accurately define all necessary parameters, essential information about the performance of the
system machinery can be acquired. This information can be, in turn, utilised for product-specific
tuning or predictive maintenance. To estimate parameters, the augmented discrete extended Kalman
filter with a curve fitting method can be used, as demonstrated in this paper. In this study, the
proposed estimation algorithm is applied to estimate the characteristic curves of a directional control
valve in a four-bar mechanism actuated by a fluid power system. The mechanism is modelled by
using the double-step semi-recursive multibody formulation, whereas the fluid power system under
study is modelled by employing the lumped fluid theory. In practise, the characteristic curves of
a directional control valve is described by three to six data control points of a third-order B-spline
curve in the augmented discrete extended Kalman filter. The results demonstrate that the highly non-
linear unknown characteristic curves can be estimated by using the proposed parameter estimation
algorithm. It is also demonstrated that the root mean square error associated with the estimation
of the characteristic curve is 0.08% with respect to the real model. In addition, all the errors in the
estimated states and parameters of the system are within the 95% confidence interval. The estimation
of the characteristic curve in a hydraulic valve can provide essential information for performance
monitoring and maintenance applications.

Keywords: parameter estimation; curve fitting method; multibody dynamics; hydraulic system;
predictive maintenance; characteristic curve; product life cycle; digital twin

1. Introduction

Multibody system dynamics (MBS) approaches enable the creation of the equations
of motion that describe a mechanical system and relevant sub-components of complex
mechanical systems [1,2]. The use of MBS leads to physics-based models that act as a single
source of information [3] and represent the operation of an equivalent physical system in
the real world [4]. The data generated by an MBS simulation model can be used to solve
real-world problems throughout a product’s life cycle [5].

A physical system might have parameters that are difficult to estimate and that could
accordingly create uncertainties in MBS models. In the real world, these parameters might
be cumbersome or sometimes even impossible to measure directly due to economical
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limitations and sensor implementation difficulties. In addition, these parameters might
change over time due to wear and other factors that come into play during operation. In
some cases, parameters can only be interpreted from the manufacturer’s catalogues while
not manifesting the current state of a product or differences in individual products due to
manufacturing tolerances. Estimating these parameters can provide valuable information
about the state and working performance of a product [6,7]. Manufacturers can use this
information for condition monitoring [8,9], predictive maintenance [10-12], and real-time
simulations for digital-twin applications [13,14].

In general, parameter estimation is a discipline that provides the essential tools for the
estimation of parameters appearing in the modelling of a system [15]. The most common
techniques for parameter estimation are weighted least squares [16,17], Kalman filter-
ing [18,19], orthogonal least squares [20], robust techniques that include clustering [10],
and regression diagnostics [21]. Among these algorithms, Kalman filters for parameter
estimation have been utilised in a wide variety of engineering studies, ranging from
control [22] and mechatronics [23] to heat transfer [24,25], fluid mechanics [26,27], turbu-
lence [28], and others.

In the MBS field, several types of Kalman filter algorithms have been used to estimate
system states based on the multibody equations of motion [29-34]. In state estimation,
the independent coordinate method was introduced by using the independent positions
and velocities of the multibody model as the states of the Kalman filter [30]. Using the
independent coordinate method, the MBS formulation offers a general approach for esti-
mating the system coordinates in terms of independent states for open- and closed-loop
systems [30,31,34]. Less attention has been given to parameter estimation in MBS sys-
tems [35]. This is due to the complexity of the problem. As in many cases, the parameters
are not constant and have to be estimated from the measurable variables of the dynamic
system. In an-MBS related study, vehicle suspended mass and road friction were estimated
in a dual-estimation application by using the extended Kalman filter (EKF) and the un-
scented Kalman filter (UKF) [36]. The generalised polynomial chaos (gPC) theory was first
implemented in the framework of MBS in 2006 to quantify the parametric and external
uncertainties [37,38]. However, in [37,38], only constant parameters were estimated.

Contrary to this, in practical systems, the parameters are a function of several system
variables and may follow very complicated and unknown non-linear variations during
the working cycles [39,40]. For instance, in the case of a hydraulically actuated mobile
working machine, the characteristic curve of a hydraulic valve can play a significant
role in terms of machine performance [41,42]. The characteristic curve of a hydraulic
valve can be expressed as a function of the spool position and the semi-empiric flow rate
coefficient [41,42]. The semi-empiric flow rate coefficient relates the discharge coefficient,
pressure losses, and flow characteristics that demonstrate the dynamic characteristics
of a hydraulic valve [43-45]. Accordingly, the characteristic curve of a hydraulic valve
can be used in the condition monitoring and predictive maintenance of hydraulically
driven systems [42]. However, in an operating hydraulic system, only the minimum and
maximum points on the characteristic curve can be determined from the manufacturer’s
catalogues with a high level of certainty [41,42]. The characteristic curve of a hydraulic
valve remains unclear in a working cycle and varies from one hydraulic valve to another
due to manufacturing tolerances and possible wear [41,42]. Applying parameter estimation
theories [46,47] in combination with MBS equations of motion can enable the estimation of
the characteristic curve of a hydraulically driven physical system in operation by using a
limited amount of information.

Generally, unknown parameters are treated as constants in the dynamic equations of
motion. The estimation of non-linear parameters typically requires an accurate description
of the first derivatives of the corresponding parameters. However, in the real world, the
first derivatives of parameters are unclear. The first derivative of a characteristic curve in a
hydraulic valve is an example. In the case of a characteristic curve, a vector of data points
can be constructed using random points between the minimum and maximum values
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provided in the manufacturer’s catalogues. Through a parameter vector, the characteristic
curve of a hydraulic valve in the real world can be estimated by combining parameter
estimation algorithms [46,47] and curve-fitting methods [48-52]. Considering parameter
estimation constraints, this study proposes the estimation of parameters by combining the
augmented discrete extended Kalman filter (ADEKF) with curve-fitting methods.

The objective of this study is to propose a parameter estimation algorithm by com-
bining the ADEKF algorithm with a curve-fitting method in an application for estimating
linear and non-linear parameters. To this end, parameters are introduced as vectors in
the augmented state vector. Due to the accuracy of the finite difference schemes in the
complex plane, as demonstrated in [53,54], an approach to computing the Jacobian of a
non-linear system of ordinary differential equations (ODEs) through complex variables in
the framework of a parameter estimation algorithm is proposed. Based on the parameter
estimation algorithm, the structures of covariance matrices of plant and measurement
noises are introduced. The parameter estimation algorithm is applied to estimate the char-
acteristic curve of a directional control valve in a hydraulically driven four-bar mechanism.
As reported in [55], the double-step formulation has advantages over Index-3 Augmented
Lagrangian formulation due to the use of a coordinate partitioning method [56]. Therefore,
the double-step semi-recursive formulation is used to model the four-bar mechanism with
relative coordinates. A fluid power system, in turn, is modelled by using the lumped fluid
theory. This algorithm is verified by estimating the characteristic curves of the directional
control valve using three, four, five, and six vector data control points in the mechanism.
The implementation of the parameter estimation algorithm is explained by using MBS
simulation models that represent the real model, estimation model, and simulation model.
The estimation model considers the actuator position, pump pressure, and the pressure on
the piston side as sensor measurements to account for the system responses. Applying the
proposed parameter estimation methodology in MBS systems can enable the estimation of
parameters of any complex system in a real-world system.

The rest of this paper is organised as follows. In Section 2, the parameter estimation
methodology is described. Section 2 details further into the double-step semi-recursive
MBS formulation, lumped fluid theory, monolithic approach, the ADEKF with a curve-
fitting method, and structure of covariance matrices of plant and measurement noises. The
parameter estimation methodology is applied to the case example presented in Section 3.
Section 4 demonstrates the results of the parameter estimation algorithm for the case
example. Finally, conclusions about parameter estimation are provided in Section 5.

2. Parameter Estimation Methodology

Figure 1 depicts a methodology that can be used to estimate the parameters of a
dynamic system by using a simulation model. In this model, an initial covariance matrix

P/  eRMland ted state vector £, = [xI_, yT,| at the time step k — 1
1 € and an augmented state vector ;" ; = (x;_; y;_;| atthetimestepk—
are introduced. Here, L is the dimension of the augmented state vector, and R denotes the

set of real numbers. x € R* " and y € R"» represent the states and parameters of the
system, respectively. Here, n;, is the number of hydraulic parameters.

In the real world, the sensors shown in the Figure 1 can be replaced by sensor measure-
ments obtained from a physical system, such as a forklift, a tractor, etc. [4,57]. To account
for the system response, the sensor measurement vector o includes the minimum number
of measurements required by the ADEKF algorithm to estimate the states and parameters
of a real system. In Figure 1, h corresponds to the sensor measurement function. Note
that the parameters should not be included in the measurement vector, i.e.,, y ¢ o. The
parameter estimation algorithm estimates the augmented state vector %, and covariance
matrix P} from the minimum information of the real system at time step k — 1 in the
simulation model.
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Figure 1. Parameter estimation methodology.

2.1. Multibody Dynamic Formulations

The parameter estimation methodology described in Section 2 is applied to the sim-
ulation of a hydraulically driven mechanism. In this study, the hydraulically driven
mechanism is modelled using a double-step semi-recursive MBS formulation and the
lumped fluid theory. The coupled multibody and hydraulic dynamics are integrated
by using a single-step implicit trapezoidal integration scheme in a monolithic coupling
approach. As demonstrated in [55], the double-step semi-recursive formulation uses a
coordinate partitioning method [58-60] to express the hydraulically driven mechanism in
terms of independent coordinates. As a result, the double-step semi-recursive formulation
presents an appropriate multibody simulation approach for state and parameter estimation
applications.

2.1.1. Double-Step Semi-Recursive Formulation

In the semi-recursive formulation, a body i is defined by the set of six Cartesian

T .
velocities as Z; = {rIT wﬂ and six Cartesian accelerations as Z; = {rlT

complete description [61,62]. Here, ;, ¥;, w; and w; are velocities, accelerations, angular
velocities, and angular accelerations of the body, respectively. In the relative coordinate
system, the position of 1, bodies in a system can be described by using joint coordinates

T
wﬂ for a

T
asz = {zl Zy e an} [61,62]. The absolute velocity Z and the absolute acceleration

Z of the system bodies can be mapped in terms of the relative joint velocity vector z
and the relative joint acceleration vector Z by using the velocity transformation matrix as
follows [61,62]:
Z =TRyz
}/ @)

7= TR,;Z + TRdi

where T € R0 s the path matrix that demonstrates the topology of the system, and
R; € R¥*™ is a block diagonal matrix. The path matrix T is a lower triangular matrix
and contains entries of 6 x 6 (I) unit matrices representing bodies between the body under
observation and the root of the system [61]. In Equation (1), the block diagonal matrix R,
and the product R,z can be computed with the joint-dependent element of the velocity
transformation matrix b; € R®*! and the joint-dependent element of the acceleration
transformation vector d; € R®*!, respectively [61,62]. The semi-recursive formulation is
described hereafter, but the interested reader is referred to [61,62] for further details of T, b;,



Sensors 2021, 21, 5029

50f23

and d;. The composite mass matrix M; € R®*® and the composite force vector Q; € R®*!
of the ith body can be described using absolute coordinates as [61,62]:

N |mils —mg;
M. — i isi | 2
! [migi Ji— migigi] @)
B fi — @i(@im;g;)
[ R — ~ ~ ~ ~ 7 3
Qi [ni — @Jjw; + gi(f; — @;(@im;g;)) )

where m; is the mass of the i body, f; € R3*1 is a vector of external forces, @; is the
skew-symmetric matrix of the angular velocity vector, n; € R3*! is the vector of external
moments, Iz is a 3 X 3 unit matrix, and §; € R3*3 is the skew-symmetric matrix of the
position vector of the centre of mass of the body in the global coordinate system. In
Equation (2), J; is the inertia tensor of the ith body, which can be computed as described
in [61]. Applying the principle of virtual work and using Equation (1) yields the equation
of motion for an open-loop system in the simplified form [61,62]:

R,"TTMTR,z = R;"T"(Q —- MTR,z), )

where M € R ig the block diagonal matrix consisting of the composite mass matrices
of the bodies. The force vector Q € R®»*1 is the column matrix of composite forces. To
incorporate closed-loop systems, the double-step semi-recursive formulation is used in
this study [62]. In this method, a set of m constraint equations ®(z) = 0 are introduced
for closure of an open-loop system. This method employs Gaussian elimination with a
full pivoting approach to identify the independent and dependent columns of the Jacobian
matrix ®, [62-64]. Through this formulation, relative joint-independent coordinates can be
used to define the dynamics of a system, i.e., the relative joint-dependent coordinates can
be computed in terms of the relative joint-independent coordinates. Hence, this provides
an appropriate option for the state and parameter estimation applications. The relative
joint velocity vector z can be described using the coordinate partitioning method [59]:

-1

7d _(pd il o :

m - |o8) e m s, (5)
I

where 24 € R™ are the relative joint-dependent velocities, z' € R"/ are the relative joint-
independent velocities, R, € R™*"f is the velocity transformation matrix, <I>g € Rmxm,
and ®, € R"*"/ are the Jacobian matrices of the constraint equations with respect to the
dependent and independent relative joint positions, respectively. In Equation (5), it is
assumed that neither singular configurations nor redundant constraints exist; as a conse-
quence, the inverse of matrix ®J can be obtained [55,59]. The relative joint acceleration
vector can be expressed by differentiating Equation (5) [59]:

=R, +R,Z, (6)
where Z! are the relative joint-independent accelerations, and R, is the derivative of the

velocity transformation matrix. Substituting Equation (6) into Equation (4) results in an
equation of motion for a closed-loop system in a simplified form [55,56,58,63,64]:

RIR{T'MTR,R,# = RIR} (T'Q — T'MD), @)

-1
_ d H_; .
where D = TRy (d)z) ((I)zz) + TR,z represent the absolute accelerations when
0

the vector Z is zero in Equation (6). Equation (7) can be further simplified using the
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accumulated mass matrix M* = RT R;TTMTRdRZ and the accumulated force matrix
Q* = RIR[(T'Q - T'MD).

2.1.2. Hydraulic Lumped Fluid Theory

The lumped fluid theory can be used to compute pressures within a hydraulic cir-
cuit [65]. Using this approach, a hydraulic circuit is assumed to be composed of discrete
volumes. The pressures inside the volumes are equally distributed, with the acoustic
waves having a negligible effect on the pressures [41,65]. In any hydraulic volume V;,, the
differential pressure pj, can be computed [41,65] as

_ kp+piko
pp = L——— v,f Y Qn ®)

h=1

where Qj, is the sum of incoming and outgoing volume flow rates, kg is the flow gain, k, is
the pressure flow coefficient, and 7y is the total amount of volume flows. By employing a
semi-empirical method, the volume flow rate Qg through a throttle valve can be described

as [66]
Qr = Crsgn(Ap) (/| Ap |, )

where Ap is the pressure difference and Cr = CjA R\/% is the semi-empirical flow rate

coefficient of the throttle valve. Here, C; is the flow discharge coefficient and p is the fluid
density. In Equation (9), Ay is the cross-sectional area of the pressure relief valve. Similarly,
the volume flow rate Q; through a directional control valve can be computed as [67,68]

Qs = Colsgn(Ap) /| Ap |, (10)

where C, is the semi-empiric flow rate coefficient, and U is the relative position of the spool.
Equation (10) is complemented by the following first-order differential equation:

Upes — U
T 7

u= (11)
where U, is the reference voltage signal, and 7 is the time constant. The incoming flow
rate Q;, and outgoing flow rate Qo in the hydraulic cylinder can be described as

Qin = S.Al/ Quut = SAz, (12)

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

Ey, = p1A1 — p2A2 — Fy, (13)

where p; and p; are, respectively, the pressure on the piston and piston-rod side, which can
be calculated by using Equation (8). F, is the total friction force in the hydraulic cylinder
caused by the hydraulic sealing. As proposed in [69], this friction force can be calculated
by employing the Brown and McPhee model [70], which is valid for both positive and
negative tangential velocity. The actuator velocity dependent friction force can be written
in the vector form as

: il
F, = (FC tanh <4”S”> +(FE—-F) A\ 2) sgn(8) + ;métanh(4),  (14)
3

EE(CR
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where F,; is the Coulomb friction, v; is the Stribeck velocity, F; is the static friction, o, is the
coefficient of viscous friction, and s is the actuator velocity vector.

2.1.3. Monolithic Approach: Coupling MBS and Hydraulic Dynamic Systems

The MBS formulation can be combined with the fluid power system solver to form a
unified set of non-linear differential equations in a monolithic approach:

MZ(z)7 = Q%(z,2,p) } (15)

p=v(zzpyU)
where p is the pressure vector, and y is the vector of hydraulic parameters. Equation (15) is
a set of non-linear equations that can be represented as f(x, U) = 0. Here, the vector X =

T
{ZT 2 pT yT} . The solution of the non-linear equations described in Equation (15)

is stiff. A stiff equation can be solved by using single-step implicit trapezoidal integration
scheme [55,71-73]. In this integration scheme, the relative joint-independent positions and
the pressures are initially predicted as z! = zi +zL Ak + %Z}(Akz and pxy1 = pr + PrAk,
respectively [73]. The derivatives of z} 41 and pyy1 can be predicted as

P + 2z
kb1 = ApZke1 T %k

Zg = @Z}cﬂ +Z (16)
. 2 ¥
Pk+1 = 77 Pk+1 1+ Pk

where i = —(Zz} +12,), 2 = — (522 + a¢2, + ) and pr = —(Fpx + Pr). Note that

the relative joint-dependent positions zg 1 are obtained from z 41 and the previous step zl‘c11
by solving the position problem ®(z) = 0 [59-61]. The non-linear constraint equations are
solved iteratively with the Newton—-Raphson method [59-61]. The derivatives of the relative
joint-dependent positions z,f 1 are computed from Equations (5) and (6) at the velocity and
acceleration levels, respectively [55]. Substituting Equation (16) into Equation (15) leads to
a set of dynamic equilibrium equations as F(x;_ ;) = 0 at the time step k + 1 as

, AK? AR s
Mz — TQ%—H + TMZZ}c =0
Ak AK? AR,

S Pk T Ve T Pk = 0

, (17)

. T
where x;, 1 = [(zl)g . p,{ +1} is unknown. The Newton-Raphson method is employed
on the non-linear Equation (17) to iteratively compute the unknown variables [73,74]:

[%m#x% = —[Fn)] ,(f:l (18)

where HAZ}‘HH < 1x 1071 rad and ||Apy41]| < 1 x 102 Pa are the error tolerances in
the relative joint independent positions and pressures provided in the Newton—-Raphson

— h
method. In Equation (18), {F( X)} I(c+)1 is the residual vector, which can be computed as

. (h)
— 0 AR |[MEZ - QF
[F(X)}kﬂ T4 l p—vVv LH' (19)
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F(x) 1
In Equation (18), {agi()?)}kle is the tangent matrix, which can be numerically ap-
proximated at a point x, by using a forward finite differences, as demonstrated in the
literature [72,75]. Now, by computing A x,(f:gl) from Equation (18), the next iteration x,(fﬂl)

can be calculated.

2.2. Estimation Algorithm: ADEKF with a Curve-Fitting Method

In this section, the ADEKF parameter estimation algorithm is introduced in the frame-
work of a B-spline curve-fitting method. It is important to note, however, that the intro-
duced procedure can be easily modified for applications of other curve-fitting methods, as
mentioned in [48,49]. Parameter estimation through the ADEKF comprises prediction and
update stages. At the prediction stage, in the case of the coupled multibody and hydraulic

systems, the augmented state vector can be described as x' = {(zi)T ()T pT yT}

At this step, %, is calculated in the time integration of a dynamic model described as [46]

K = (%, Uy), (20)

To account for unknown parameters, the proposed parameter estimation algorithm
employs the curve-fitting method. Through this method, a B-spline curve is constructed
with the knot vector u for non-uniform open splines [48,49] at the current time step:

C(u) = i B (u)N’, (21)
i=0

where n is the number of control points, d is the degree, B (u) are the dth order of B-spline
basis functions, and N is the control point vector. The control point vector can be expressed
in terms of the system parameters y. For instance, in the case of the characteristic curve,
the control point vector can be written in terms of the spool position and semi-empiric flow
Umin Ui ... Un Umax
Copin Cop o Con Copa
spool positions, and C,_, ,Cy,, and Cy, .. are the semi-empiric flow rate coefficients of a
hydraulic valve. B*?(u) can be defined by using the Cox—de Boor recursion formula [48,49]:

rate coefficient as N = . Here, Upin, Uy, and Uy, represent

B0 () — 1 u<u<u! 22)
N 0, otherwise ’

_wi 1
Bii(u) = LY piil(y)4 LU

u-—u uwUT U g
T a —u o s (u), (23)

where u' is the ith element of the knot vector for non-uniform open splines. Next, the nu-
merical values of parameters, which are scalar, should be evaluated by using Equation (21)
at time step k to be incorporated in Equation (20). The calculation of Equation (20) at the
desired input signal is straightforward. However, the numerical computation of the Jaco-
bian matrix fX;H could be challenging when using a curve-fitting method. Each term of the
Jacobian matrix can be approximated by using complex variables to reduce the truncation
error [53,54] for very small increments. For instance, in the case of a multi-variable function,
the Jacobian column of Equation (20) with respect to the rth term of the augmented state
vector X, can be written in the partial derivative form as
(X1 1, %X 10X 1) Im(f(ﬁ,’f_lrl, ’A‘l/<t1,2/ e Xp_q 00, ﬁ;f_u))

- = +0(6%), (24)
ax,’H/r b
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where r € [1,L], and id represents a very small increment in the complex plane. § = Leis a
real value. Epsilon ¢ is a very small number and depends on the machine’s precision. The
rth term of the state vector X; _, . +i0 is expanded by using the Taylor series [53,54].

The evaluation of Im(f(f(;:lrl, f(;f_m, e f(;(_l’r +i6, ..., %" 1’L)) for the parameter vector
uy requires the evaluation of C(uy_1) as complex numbers. However, the knot vector
cannot contain any complex numbers [48,49]. Therefore, a criterion |t — t;'(71| < Eis
introduced, where & can be a small real number, such as 0.1, which implies that the knot-
point distance between t. | and the complex input argument ¢ should be less than Z. Using
this criterion enables the knot points to be evaluated with the curve-fitting method through
complex input. With the Jacobian of the dynamic system fx}/H , the covariance matrix P, is

approximated as [46]
- _ T
P = folPlj_l X + Qx, (25)

where Qy is the covariance matrix of the plant noise. In the update stage, the sensor
measurements are taken into account to improve the estimated augmented state vector X
The innovation Ay is calculated as [46]

Ak = O — h()?i:), (26)

where oy, are the sensor measurements at the k time step, and h(x;_ ) is the sensor measure-
ment function. With the Jacobian of the sensor measurement function h,s, the innovation
in the covariance matrix Sy and the Kalman gain Ky can be calculated as [46]

S, = h,(},{Pk—hf2 + Ry ”
K; =P hl,S ! ' @7
k kT Ok

where Ry is the covariance matrix of the measurement noise. Finally, the augmented state
vector X, and covariance matrix P, are updated at the time step k, which will be used for

the next time step as [46]

oI ol—

X = X + KiAg (28)
Pl = (I — Kih, )P (7

where I} is the identity matrix of dimension L.

Covariance Matrices of Process and Measurement Noises

It is well known that when applying Kalman filters, the tuning of the filter parameters
is crucial, especially the covariance matrices of the plant and measurement noises. Further-
more, it was established in [30,31] that in dealing with non-linear systems, the improper
tuning/setting of these covariance matrices can make the algorithm unstable. In this study,
the properties of measurement noise are precisely known because the measurements are
built from a dynamic model (providing ground truth) with an addition of white Gaussian
noise to replicate real sensors. Thus, the covariance matrix of measurement noise can be
obtained. For instance, when using position and pressure sensors, the covariance matrix of
the measurement noise, R, would then take the form [30,31,34]

2
(05/) I, 0n><np
Onpxn (0}/)) Inp

where ¢} and 0, are the standard deviations of measurement noises at the position and
pressure levels, respectively. In Equation (29), n is the number of actuator sensors and
np is the number of pressure sensors. I, Li,, Onxn,, and 0,1, xn are the identity and zero
matrices of corresponding orders, respectively. In the case of a multibody model along
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with positions and velocities as the state vector, the structure of the plant noise in the
discrete-time frame was well established in [30,31] and can be written as

ORAPL,  OZAPL,

Q= (TZAC?ZI 2 ’ (30)
X nf 2

where At is the size of the integration time step and 7y is the number of degrees of
freedom of the system. It should be noted that Equation (30) includes the variance at
the acceleration level, oy, because of the acceleration errors arising from the inaccurate
description of forces and mass distribution. Furthermore, the state vector in this study also
includes the hydraulic pressures and the hydraulic parameters, along with the positions
and velocities, and errors can occur at the pressure and parameter levels as well. Therefore,
inspired by [34], the variance of hydraulic pressures, 0, p, and the variance of hydraulic
parameters, 0, ,,, can be directly incorporated as the diagonal elements in Equation (30).
Accordingly, the structure of the covariance matrix of the plant noise, Q, in the parameter
estimation can be written as

AP, oRAPL, . .

3 2 nfxanrnhp nf><np+n;lp

2 A2
%Ay 2AHT 0 0
Q= 5 0% ne ngXnp+np, neXnp+iy, |- (31)
2
Onp+nhp><nf Onp—l—nhpxnf Up,D Onfxn,,—i-nhp
2

Onp+nhp><nf OanrnhPxnf 0”P+”hp><”f Uhp,D

In this study, the integration errors are assumed to be negligible in comparison to the
acceleration, pressure, and parameter errors.

3. Case Example: Hydraulically Actuated System

The parameter estimation methodology described in Section 2 is applied to estimate
the characteristic curves at the 4, b, ¢, and d ports of the 4/3 directional control valve shown
in Figure 2. A four-bar mechanism actuated by a hydraulic circuit is presented in Figure 2.
The dynamics of the mechanism are modelled using the semi-recursive and hydraulic
lumped fluid theories, as described below.

3.1. Dynamic Model of the System

The bodies of the mechanism are assumed to be rectangular beams whose lengths are
L1 =2m, Ly, = 8m, and Lz = 5 m and whose masses are m; = 100 kg, m, = 400 kg, and
mg = 250 kg, respectively. The position vector at point D is rp = {— % 0 O} T. The point
G is located at the centre of mass of body 1. The double-step semi-recursive formulation
described in Section 2.1.1 is used to model the four-bar mechanism.

The four-bar mechanism is actuated using the sinusoidal reference input signal, which
is taken as U,,s = 10sin (0.47tk), where k is the simulation run time. The simulations are
performed for 5 s. The hydraulic circuit consists of a double-acting hydraulic cylinder, con-
necting hoses 1 and 2, a 4/3 directional control valve, a pressure relief valve, a connecting
hose of volume V), a differential pump of pressure p, , and a tank with a constant pressure

source pr.
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Figure 2. Hydraulically actuated four-bar mechanism. The mechanism is actuated by a differential
pressure pump. Cy,,Cy,,Cy,, and Cy, represent the semi-empiric flow rate coefficients at the g, b, c,
and d ports of the 4/3 directional control valve. Grey rectangles indicate the pressure sensors on the
control volumes V}, and V.

The lumped fluid theory described in Section 2.1.2 is used to compute the pressures
within the hydraulic circuit. In the application of the lumped fluid theory, the hydraulic
circuit can be divided into three control volumes V), V1, and V;. The pressure derivatives
Pp, P1, and p through these volumes can be computed as

. kp+ppko
pp = L—1— Vpp (Qp —Qr—Qu)
k, + pik ,
pr=tr Qs - A 32)
. kp+pko, .
p2 = %(Azs - Qu,)

where Qg , and Qg, are the flow rates in the control volumes 1 and 2. In Equation (32), Q,
and Qg are the pump flow rate and flow rate through the pressure relief valve, respectively.
The flow rates Qg, Q4,, and Qg , can be computed by employing Equations (9) and (10),
respectively. The constant hydraulic parameters are tabulated in Table 1. In Equation (32),
$ is the actuator velocity, which can be determined from the actuator position vector s.
Following Figure 2, the vector s can be calculated from the position vectors rg and rp as

S =1g —IpD

. d|s| . ‘
§=——=§— =1g"

s s (33)
At | s |

[s]
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where i is the velocity vector of point G. The control volumes V; and V; appearing in
Equation (32) can be calculated as follows:

Vi =V, + Aih } @

Vo =V, + Axlp
where V;, , V},,, and V), are the control volumes of the respective hoses, as described in

Table 1. In Equation (34), I; and I, are the lengths of the piston side and the piston-rod side
chambers, respectively. I; and I, can be calculated with the vector s as

lellg_|s|+50}

(35)
I, = 120 + |S| — 50

where [;, and I, are the initial piston side length and the initial piston-rod side length,
respectively. [1, and I, are computed from the length of cylinder /, which is given in Table 1.

Table 1. Parameters of the hydraulic circuit.

Parameter Symbol Value
Pump flow rate Qp 0.001 m3/s
Tank pressure T 0.1 MPa
Volume of the hose p Vp 342 x 1073 m3
Volume of the hose 1 Vi, 342 x 1071 m3
Volume of the hose 2 Vi, 342 x 1071 m3
Oil density o 869 kg/m?
Hydraulic parameter kp 1600 MPa
Hydraulic parameter ko 0.5
Area of the piston Aq 2 x 1073 m?
Area of the piston-rod Ar 1.8 x 1073 m?
Length of the cylinder/piston I \/§ m
Area of pressure relief valve A, 224 x 10712 m?
Area of directional control valve Ay 1.96 x 1070 m?
Coulomb friction force F. 210N
Static friction force Fs 830 N
Stribeck velocity Vs 125 x 1072 m/s
Coefficient of viscous friction o 330 Ns/m
Discharge coefficient Cq 0.5
Area of throttle AR 224 x 10712 m?

Using the vector s, the hydraulic force Fj, produced by the double-acting cylinder can
be calculated as

SXF SYF SZF T
Fo=[JF B @R (36)

where F, is computed from Equation (13). The hydraulic force vector Fj is combined
with the external force vector f; to calculate Q in Equation (3). The resultant equations of
motion (15) are formulated for the hydraulically driven four-bar mechanism. Equations (15)
are solved by using an implicit single-step trapezoidal integration scheme in a monolithic
approach, which was described in Section 2.1.3.

3.1.1. Real and Estimation Models

In this study, three dynamic versions of the mechanism are used to demonstrate the
implementation of the parameter estimation algorithm. One of the models is the real
model. The sensor measurements o are taken from the real model. The modelling errors are
introduced in the force model of the estimation model with respect to the real model. The
properties of the estimation model and the simulation model are the same. In Table 2, the
properties of the real model, the estimation model, and the simulation model are provided.
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Note that the simulation model is used in this study to demonstrate the differences between
the simulated world and the real world.

Table 2. Properties of the real model, the estimation model, and the simulation model. Errors in the
simulation model and the estimation model are given in comparison to the real model. sy, pp,, and
p1, represent the initial actuator position, the initial pump pressure, and the initial pressure on the
piston side as the system states. The system parameters Cy,, Cy,, Cy,, Cy,, ko, and kj, represent the
semi-empiric flow rate coefficient at the a, b, ¢, and d ports of the directional control valve, the flow
gain, and the pressure flow coefficients, respectively.

Errors Symbol Real Model Estimation Model Simulation Model

State 510 V3m 1.62m 1.62m

State Ppo 7.6 MPa 5.6 MPa 5.6 MPa

State P1, 1 MPa 2 MPa 2 MPa
Parameter Cy, Non-linear Linear Linear
Parameter Cy, Non-linear Linear Linear
Parameter Cy, Non-linear Linear Linear
Parameter Cy, Non-linear Linear Linear
Parameter ko 0.5 0.4 04
Parameter kp 1600 MPa 1500 MPa 1500 MPa

As in practise, the minimum and maximum points on the characteristic curves of a
directional control valve can be determined from the manufacturer’s catalogues. Using
this limited information, the characteristic curves are defined linearly at all ports of the
directional control valve in the cases of the estimation model and the simulation model. The
linear characteristic curves are implemented by using the minimum and maximum values
of the semi-empiric flow rate coefficients Cy,, Cy,, Cy,, and Cy, at the valve closing and
the valve opening positions, respectively. The linear characteristic curves of the directional
control valve affect the dynamics of the estimation model throughout the simulation
runtime. In the case of the real model, the characteristic curves of the directional control
valve are unclear and can be non-linear. With Equation (21), the non-linear characteristic
curves of the directional control valve are implemented using Cy,, Cy,, Cy,, and Cy, in the
hydraulic circuit of the real model. Similarly, the initial actuator positions sy, of the real
model and the estimation model are different. Note that the initial relative joint coordinates
of the bodies in the system can be found from s, and s, by using geometrical relationships.
To avoid instabilities in the integration process, the simulations are started in the static
equilibrium position, the details of the mechanism of which can be found in [34].

3.1.2. Sensor Measurements

T
In this study, the measurable observations o = [s Pp pl] are taken from the real

model. In the real model, the actuator position sensor measures the actuator position
s [76]. Gauge pressure sensors are used for the pressure measurements p, and p; [34].
These pressure sensors measure the pressure with respect to the atmospheric pressure. The
pressure sensors are installed on their respective volumes, as also shown in Figure 2. The
numerical values of the standard deviation, as mentioned in Equation (29), are taken as
ol =112x 103 mand 0, =15x 10° Pa for the actuator and pressure sensors, respectively.

3.2. Parameter Estimation Algorithm

In the parameter estimation algorithm, the augmented state vector %’ is defined as

T
ﬁ’:[s S pp M p2 kp ko Cv} , (37)

X y




Sensors 2021, 21, 5029

14 of 23

where s is the actuator position, § is the actuator velocity, p,, p1, and p; are the pressures,
ky is the pressure flow coefficient, kg is the flow gain,and Cy = |Cy, Cy, Cy, Cy d} are
the semi-empiric flow rate coefficients at the corresponding ports of the directional control
valve. In Equation (37), X and y present the states and the parameters of the hydraulically
driven four-bar mechanism, respectively. Equations (20)—(28) are implemented to estimate
the augmented state vector X" and the characteristic curves of the directional control valve.
In this application, the third-order B-spline interpolation method is combined with the
ADEKEF. For the case example, three, four, five, and six control points are used in the
parameter estimation algorithm to compute Equations (20) and (24). As mentioned earlier,
the first, third, and fourth state variables are measured. Therefore, the sensor measurement
function h(%;”) and its Jacobian h,s can be written as

T
h(%,) = {Xllc,l X3 Xl,<,4}

10000008h oh odh oh

aCV anb an aCVd
’ ‘ , (38)
h/:00100008h oh oh oh

x 9C,, 9C,, 9C, aCy,
0001000 2 @ on oh

aC,, 9C,, 9Cy,, dCy,

where Cy = [Cva Cy, G Gy d}. h(f(;;) and hy are used in Equations (26) and (27),
respectively, in the parameter estimation algorithm.

4. Results and Discussion

In this section, the results of the simulation of the estimation model of the parameter
estimation algorithm are presented. The results of the estimation model are compared
to those of the real model and the simulation model. The initial covariance Py used in
the augmented state estimator includes 02 = 1 x 10~* m? for the actuator position, 62 =
1 x 10~* m?2/s? for the actuator velocity, and three pressure terms of (7% = 22.50 x 107 Pa® in

the diagonal. For the hydraulic parameters, the initial covariance values (T]%p =1x 10 Pa?,

‘Tl%o =1 x10% and O'%V =9 x 102 % are used in the diagonal. The numerical values of
the plant noise 07 = 0.8 m?/s* and 0’5 = 259.81 x 107 Pa? for Equation (31) are obtained
through trial and error. All models are run with a time step of 1 ms and provide sensor

data to the parameter estimation algorithm at 1000 Hz.

4.1. Estimating the Characteristic Curve of the Valve

In the real model, as only the minimum point cpi, and the maximum point cpax on
the characteristic curves are known at the g, b, ¢, and d ports of the directional control valve,
the characteristic curves are generally unclear in the working cycles of the real model. The
characteristic curves may vary from one valve to another and can be highly non-linear in
the working cycle. In Figure 3, Spline 1 and Spline 2, which are in the cyan colour, are used
to demonstrate the non-linear behaviour of the directional control valve in the real model.
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Figure 3. The estimation of the characteristic curves of the directional control valve by using the ADEKF with third-order
B-spline interpolation. (a) Three-point B-spline estimation. (b) Four-point B-spline estimation. (c) Five-point B-spline

estimation. (d) Six-point B-spline estimation.

The proposed parameter estimation algorithm can be used to estimate the characteris-
tic curves of the real model with this limited information. To this end, the semi-empiric flow
rate coefficients Cy,, Cy,, Cy,, and Cy, are defined with the data control points between
Cmin and cmayx in Equation (37). Equation (37) is further used in terms of the control point
vector N in Equations (20)—(28) to estimate the characteristic curves.

For instance, in the case of Figure 4, the control point vector N, at port a of the
directional control valve can be defined in terms of ¢y, ¢y, ¢3, and ¢4 as

T

N;s= |Cmin €1 € € C4 Cmax (39)

To estimate the characteristic curve, three, four, five, and six control points are used in
the control point vector N,;. As an example, these data control points for Spline 1 in each
case are presented in Table 3.

The abscissa of vector N, represents the spool position U, whereas the ordinate of
vector N, indicates the semi-empiric flow rate coefficients Cy, at port a of the directional
control valve. The results of the second-order B-spline are described in Appendix A. The
results of the third-order B-spline demonstrate the characteristic curve of the directional
control valve relatively better in a working cycle, as shown in Figure 3. As can be seen, Spline
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1 and Spline 2 of the third-order B-spline are drawn in each data control point estimation
case. The dashed red-coloured line indicates the characteristic curve of the simulation
model. The dashed black-coloured line demonstrates the estimation model. In Figure 3a,
three points, cpin, €1, and cmax, are used to estimate Spline 1 and Spline 2 of the real model.
The characteristic curve of the estimation model precisely follows the real model in the
case of three points. Further, the percentages of the root mean square error (RMSE) are
described in the Table 3 for Spline 1 and Spline 2 to verify the observations.

100% r
C
max
?
I
800/0 [
I
c, (80%) I
~ () I
9/ 60°/o I~ I I
g I I
()
g c. (60%) ! '
5 40% 3 1 |
[a W)
] I I
I I I
20% C, (40%) I I |
-~ ? I I I
¢, (20%) I I I
Cmin ? 1 1 | I
0%
0% 20% 40% 60% 80% 100%

Spool position (U)

Figure 4. Data control points between cpjn, and cmax on the characteristic curve of the directional
control valve.

Table 3. Root mean square error in the estimation of the characteristic curve. The third and fourth
columns represent the root mean square errors in Spline 1 and Spline 2, respectively.

0 19 38 57 76 95

Control Points Control Point Vector N, RMSE RMSE
Three points [g 4;5 ;g] 0.04% 0.03%
Four points {8 33i?6 66363 ég} 0.05% 0.01%
Five poins [g 25 57510 006% 007%
Six points 0 2 4 6 8 1O:| 0.07% 0.08%

Figure 3b shows the estimation of the characteristic curve when using four points
Cmin/ €1, €2, and cmax. As can be seen in Figure 3b, the semi-empiric flow rate coefficient
Cy, for Spline 2 changes with small increments until 52% opening of the spool as compared
to Spline 1 in the real model. After this point, the parameter Cy, increases sharply towards
the maximum point cmax. The difference of the estimated curve from the real model’s
curve is indistinguishable. The RMSEs of these curves are given in Table 3. The relatively
complicated non-linear behaviours of the directional control valve can be estimated by
using five control points and six control points. This can be seen in Figure 3¢c,d. By using
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the estimated characteristic curves, the working conditions of the directional control valve
can be predicted.

4.2. Convergence of the Vector Data Control Points

The convergence rate of the data control points in the parameter vector Cy, is further
explained in Figure 5 to describe the estimation process. These plots demonstrate the
convergence rate of data control points in the case of Spline 2, as presented in Figure 3. For
instance (see Figure 5b), ¢ and ¢, converge towards the corresponding point on the curve
of the real model at 0.22 s. However, during the estimation process, c; briefly becomes
negative, and shortly thereafter converges smoothly to the real model.
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Figure 5. Convergence of the control points in the vector Cy, in the case of Spline 2. (a) Convergence
of ¢1 in the three-point estimation process. (b) Convergence of ¢; and c; in the four-point estimation
process. (c) Convergence of ¢y, ¢, and c3 in the five-point estimation process. (d) Convergence of ¢y,
¢y, c3, and ¢4 in the six-point estimation process.

The curves of Spline 2 change into an S-shape during the working cycle, as shown in
Figure 3c,d. In these cases, ¢y, c3, and c4 converge at different simulation times according
to the corresponding order in the vector Cy,. Through the ADEKEF algorithm, unknown
curves start converging within a range of 0 < ¢ < 0.3 s when using the three-, four-, five-,
and six-point estimation techniques.

4.3. Accuracy Requirements of State Estimations

The successful application of the parameter estimation algorithm requires the accurate
estimation of the system states x. To demonstrate this requirement, the errors in the
estimated actuator position s, estimated actuator velocity $, estimated pump pressure p,,
estimated piston side pressure p; , estimated piston-rod side pressure p, and estimated
parameter Cy, in the case of Spline 2 (described in Figure 3d) are shown in Figure 6. The
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errors in the estimated parameters k, and kg are presented in Appendix B. The average of
the parameter vector Cy, at each time step is considered in Figure 6.

The errors are computed from +1.960. Here, o is the standard deviation calculated from
the covariance matrix P;” at each time step. These plots demonstrate the requirement of an
accurate estimation of the system’s states to estimate the system’s parameters. As can be seen
in Figure 6, the 95% confidence interval (CI) is used by the system states in the 5 s simulation
period. The errors in s, 8, pp, p1, and s fluctuate in the confidence interval. As indicated earlier,
s, 8, and p, are measured in this example. The errors in the parameters Cy,, kp, and kq are
also in the (I, as can be seen in the corresponding plots. The key to the parameter estimation
is that the estimated system states should be in the 95% CI during the working cycle.
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Figure 6. Requirements for the accuracy in the system states for parameter estimation. (a) Error in
s with 95% CI. (b) Error in § with 95% CI. (c) Error in p, with 95% CI. (d) Error in p; with 95% CI.
(e) Error in py with 95% CI. (f) Error in parameter Cy with 95% CL
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5. Conclusions

This work proposes the estimation of the parameters of a system by combining param-
eter estimation theories and curve-fitting methods. The ADEKF algorithm is introduced in
the framework of a B-spline curve-fitting method. Using the proposed algorithm, the pa-
rameters can be defined as a vector containing a set of data control points. This algorithm
is applied on a hydraulically driven four-bar mechanism to estimate the characteristic
curves of a directional control valve. The double-step semi-recursive formulation and
lumped fluid theories are used to model the four-bar mechanism and the hydraulic system,
respectively. The measurements taken from the real system include the actuator position,
pump pressure, and piston side pressure. The semi-empiric flow rate coefficient vector Cy,
is defined with three to six data control points in order to define the characteristic curve of
the directional control valve.

The unknown non-linear nature of the characteristic curves of the directional control
valve are precisely estimated. The maximum RMSE observed in the estimation of the
characteristic curves is 0.08%. This implies that the characteristic curves are accurately
estimated. The data control points in the parameter vector Cy, converge in the range
of 0 < t < 0.3 s in these estimation cases. To account for the system’s response, the
estimation of the system’s state vector variables should be located in the 95% confidence
interval. By using the estimated characteristic curves, important information about the
discharge coefficient, pressure losses, and flow characteristics of the directional control
valve can be interpreted. With this valuable information, manufacturers and users can
monitor the condition of a system and make decisions about the repair and maintenance of
hydraulically driven systems.

Applying the parameter estimation algorithm in the real world by using a multibody-
based estimation model can enable the estimation of important parameters. This can be
challenging, as the estimation model might not be as accurate as the real world necessitates.
However, despite implementation challenges, the application of this parameter estimation
algorithm will provide an interesting area for manufacturers and researchers. Manufac-
turers can use these parameters in condition monitoring, repair and maintenance, and the
anticipation of product life cycles. With a product’s application history, important design
changes can be introduced in future designs of the product. This will ultimately lead to
more efficient MBS-based digital-twin applications through the use of real-time simulations
and more sustainable future products.

Author Contributions: Conceptualization, M.K.-O. and A.M.; Funding acquisition, A.M.; Investi-
gation, Q.K. and M.K.-O.; Methodology, Q.K. and M.K.-O.; Resources, A.M.; Software, Q.K. and
M.K.-O.; Supervision, M.K.M. and A.M.; Visualization, Q.K. and M.K.-O.; Writing—original draft,
Q.K.; Writing—review & editing, Q.K., M.K.-O., S.J.,, M.K.M. and A.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported in the Research Project of DigiBuzz at Lappeenranta University
of Technology, Lappeenranta, Finland.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. The Estimation of the Curve Using Second-Order (Linear) B-Spline
Interpolation

When using second-order (linear) B-spline interpolation, the characteristic curves of
the directional control valve are not continuous, as shown in the Figure Al. Therefore, to
demonstrate the real-world application, it is recommended to use the third-order B-spline
or above.



Sensors 2021, 21, 5029

20 of 23

100%

0%

20% 40%

Real Model Cmax @
= = Simulation Model ’ 7
= = Estimation model -
80% - A
7/,
’, /
’ £ /spline 2
~ P 9
(P ’ /
O 60% f . Va4 1
5 o, ¢ v
k51 o7 7 7/
g . /
S 40% [ ”, /o ]
A~ ’
, /7 7/
., /7 7/
7’ / /
0, - , ]
20% . "
-, _ - /
C,m,n’/’ =+ Spline 1 /
0% OF e L . .
0% 20% 40% 60% 80% 100%
Spool position ( U)
(a)
100% T T T T
Real Model Crmax P
= = Simulation Model ’, //
= = Estimation model -/
80% - /1
C3 7
o //
4 /
~. ’, /
Q7 60% r e /1]
5 c s //
2 2,7 /71
£ A /1
s L 7 \ |
5 v 7 \ /
A’ \ /|
Yooy \ i
7/
20% -, /— Spline 2 > / E
7’ / /N Vi
7’ / 7/ \
Crin 7 / 5 Spline 1\ /
7’ —— /
0% Qerm==—— == .

60% 80% 100%

Spool position ( U)

()

100% T T T T
Real Model Cmax P
= = Simulation Model /’//)
= = Estimation model s J7
80% I - /A
s 77
c, ~ / [I
~. P
O 60% [ i ’/ 1
5 ’ /0
5 e / /
g z /
5 0, | L / / |
5 40% c, ¢
& 1, / /
/s /
7’ e
4 e /
20% [ 14 / / q
' 7 /
4 7 % Spline 2
Crnin 7 » Spline 1 /
’ / S
00/ Qo : .
0% 20% 40% 60% 80% 100%
Spool position ( U)
100% T T T T
Real Model Cmax P
= = Simulation Model ’, {
= = Estimation model P /
80% g (!
e /
s /
. !y
s ey 7 /
O 60% r g /]
5 L7 /]
2 . /]
< 2 7/ 1
5 40% e / 1
& P /
4 an
/N NS
1\ . N <
20% /,g \Splmer AN 1 1
Cming # N N /S ine 1 N
P 7’ I #- Spline
. e s . .
0% 20% 40% 60% 80% 100%

Spool position ( U)

(d)

Figure Al. The estimation of the characteristic curve of the directional control valve by using
the ADEKF algorithm with second-order (linear) B-spline interpolation. (a) Three-point B-spline
estimation. (b) Four-point B-spline estimation. (c) Five-point B-spline estimation. (d) Six-point
B-spline estimation.

Appendix B. Estimation of the Pressure Flow Coefficient and the Flow Gain

The estimation of the pressure flow coefficient k;, and the flow gain k¢ in the case
example is represented below.
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Figure A2. Requirements for the accuracy in the system states for parameter estimation. (a) Error in
kyp with 95% CL. (b) Error in kg with 95% CI.
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