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Abstract:

This paper addresses the important topic of electromechanical systems identification with an
application in robotics. The standard IDIM-LS method of identifying models for robotic systems is
based on the use of a continuous-time inverse dynamic model whose parameters are identified from
experimental data by linear Least Squares estimation. The paper describes a new alternative but
related approach that exploits the State-Dependent-Parameter (SDP) method of nonlinear model
estimation and compares its performance with that of IDIM-LS. The SDP method is a two-stage
identification procedure able to identify the presence and graphical shape of nonlinearities in
dynamic system models with a minimum of a priori assumptions. The performance of the SDP
method is evaluated on two electromechanical systems: the Electro-Mechanical Positioning System
(EMPS) and the second link of the TX40 robot. The experimental results demonstrate how SDP
identification helps to avoid over-reliance on prior conceptions about the nature of the nonlinear
characteristics and correct any deficiencies in this regard. Finally, a simulation study shows how the
resulting SDP model is able to facilitate nonlinear control system design using linear-like design
procedures.



1 Introduction

1.1 Robot identification

A standard method of identifying models for robotic systems is based on the use of a continuous-
time inverse dynamic model and the application of Least Squares (LS) estimation based on
experimental data measured while the robot is being used to track trajectories that excite its full
range of dynamic behaviour. For this reason, the Inverse Dynamic Identification Model with Least
Squares (IDIM-LS) method, as it is called, is applied with the system operating within a closed loop. It
has been applied successfully for the identification of the inertial parameters of several prototypes
and industrial robots, (Olsen, Swevers, & Verdonck, 2002; Swevers, Verdonck, & De Schutter, 2007;
Hollerbach, Khalil, & Gautier, 2008; Calanca et al., 2011; Gautier, Janot, & Vandanjon, 2013; Janot,
Vandanjon, & Gautier, 2014a; Janot, Vandanjon, & Gautier, 2014b), amongst others. Good results
can be obtained using this approach provided appropriate bandpass filtering of the joint positions is
used to calculate low noise estimates of the joint velocities and accelerations.

Other identification methods have been tried: the Total Least-Squares (Xi, 1995); the extended
Kalman filter (Gautier & Poignet, 2001; Kostic et al., 2004); an algorithm based on Linear Matrix
Inequality (LMI) tools (Indri et al., 2002); a Maximum Likelihood (ML) approach (Olsen, Swevers, &
Verdonck, 2002); the Closed-Loop Output-Error method (Ostring, Gunnarsson, &Norrl6f, 2003;
Gautier, Janot, & Vandanjon, 2013); the Set Membership Uncertainty method (Ramdani & Poignet,
2005); a method which estimates the nonlinear effects in the frequency domain (Wernholt &
Gunnarsson, 2008); and an instrumental variable approach that combines the direct and inverse
dynamic models (Janot, Vandanjon, & Gautier, 2014a; Janot, Vandanjon, & Gautier, 2014b).

Another promising approach that allows for the identification and estimation of nonlinearities in
dynamic systems is the State-Dependent-Parameter (SDP) method of nonlinear model estimation
considered in the present paper. This SDP methodology is also a tool that has proven useful in a
number of practical applications in various different areas of study (see e.g. (Young, 2011) and the
prior references therein).

1.2 The SDP method

The SDP method is a statistical identification procedure able to identify the presence and graphical
shape of nonlinearities in dynamic system models based on experimental sampled data, with a
minimum of assumptions about the nature of the nonlinearities. SDP estimation is carried out in two
distinct stages (see e.g. (Young, 2005)): the first, a non-parametric identification stage, where the
detailed model structure is identified; and the second, a parametric estimation stage, where the
(normally constant) parameters that characterize a selected parameterization of this structure are
optimized in some appropriate manner.

In the first, non-parametric stage of SDP modelling, the recursive SDP estimation algorithm is an
extension of the stochastic approach to time variable parameter (TVP) estimation (e.g. (Young, 1999)
and the prior references therein). As in this TVP case, SDP estimation exploits the power of recursive
fixed interval smoothing (FIS) estimation to obtain lag-free, smoothed estimates of the parameter
variations. However, it differs from TVP estimation in two important respects (for the detailed
description, see (Young 2000, 2001; Young et al., 2001)). First, in order to allow for the rapid variation



that state dependency can induce in the parameters, the data are sorted into some other, normally
non-temporal order (e.g. ascending order of magnitude), so that the rate of change of the parameter
variations between samples in this sorted data space is much smaller than in the original observation
space. Secondly, an iterative "back-fitting" algorithm is used to allow for the possibility of different
state dependency in each parameter.

As we see in the later experimental examples, this nonparametric stage results in a plot of each SDP
against its associated state variable, so providing a graphical portrayal of the non-linearity and its
location within the model. In other words, non-parametric SDP estimation identifies the structure of
the non-linear model, preparatory to the second, parametric estimation stage. Here, the non-
linearities are parameterized in some parametrically efficient manner involving parameters that are
normally constant and estimated using a suitable optimization approach (see e.g. (Beven et al.,
2012)). It is this two-stage approach that most distinguishes the SDP method from other related
approaches to nonlinear system modelling, such as linear and nonlinear parameter varying
(LPV/NLPV) methods (e.g. Previdi and Lovera (2003)). The two stages are useful in practice because
they help to ensure that the model is parsimonious, with nonlinearities identified and estimated only
where they occur within the non-linear SDP model structure.

SDP modelling was developed in this two-stage manner so that it could act as a major tool in Data-
Based Mechanistic (DBM) modelling (see, e.g. (Young, 1998b) and the prior references therein),
where the non-parametric stage often allows for the interpretation of the nonlinear model elements
in some physically meaningful manner. Such an interpretation is less straightforward in the case of
"black-box" nonlinear models, such as LPV and NLPV, that exploit linear combinations of basis
functions or neural net algorithms (see e.g. (Previdi & Lovera, 2004) and the comment on this in
(Young, 2005)). Moreover, it is important to note that the non-parametric model can be used in its
own right, depending on the nature of the application, and so it is not always parameterized;
whereas parameterization is the norm in LPV identification.

1.3 Contributions of the paper

Surprisingly, the SDP method has not received much attention in the field of mechanical engineering
(e.g. robotics), although its potential for use in this context was reported some years ago (Young,
1996, 1998). This may due to the fact that the dynamic models of electromechanical systems are
most often formulated directly from the Newton’s laws or Lagrange’s equations. The models are thus
available directly in a physically meaningful form and black-box identification and estimation is not
considered necessary, although this does mean that the modeller is assuming that the physical
interpretation is completely correct. In order to evaluate the performance of the SDP method, it is
applied on two electromechanical systems: the Electro-Mechanical Positioning System (EMPS) and
the second link of the TX40 robot; and its performance is compared with that of the IDIM-LS method.

The contribution of the paper is four-fold. First, a SDP-based identification method that combines the
continuous-time IDM and the SDP method is introduced and experimentally validated on both the
EMPS and the second link of the TX40 robot. Second, it is shown how this SDP-based method is able
to improve on the performance of the standard IDIM-LS method. Third, a new, iterative SDP-based
algorithm is proposed that is able to provide a graphical portrayal of a multi-SDP nonlinearity on the
second link of the TX40 robot. It is shown that this iterative SDP-based algorithm vyields accurate



graphical results provided the effects encompassed in the multi-SDP disturbance are sufficiently
separable. Finally, a simulation example illustrates how the EMPS model with a SDP identified
nonlinearity can be used in the design of a closed loop servomechanism control system.

The rest of the paper is organized as follows. Section 2 reviews the usual LS-based identification
method, IDIM-LS, and presents the results obtained by applying this and the new SDP method to
data obtained from experiments on the EMPS prototype. Section 3 presents the iterative SDP-based
algorithm that is able to extract the non-linearities encompassed in a multi-SDP model and
demonstrates its practical utility by application to the second link of the TX40 robot. This is followed
by Section 4 that deals with SDP control system design. Concluding remarks are given in the last
Section 5.

2 First case study: the Electro-Mechanical Positioning System

2.1 Experimental setup

The EMPS is a high-precision Electro-Mechanical Positioning System (see Fig. 1). It is a standard
configuration of a drive system for the prismatic joints of robots or machine tools. It is connected to a
dSPACE digital control system for easy control and data acquisition using Matlab and Simulink
software. Its main components are

e A Maxon DC motor equipped with an incremental encoder. As we will see later, the DC
motor is position-controlled.

e A Star high-precision low-friction ball screw drive positioning unit and a load in translation.

e An encoder at the extremity of the ball screw. This encoder is not used in this study.

* An accelerometer on the load which measures its acceleration. The accelerometer is not
used in this study.

All variables and parameters are given in Sl units on the load side.

Encoder at the
extremity of the
Accelerometer ball screw

DC motor + encoder - ; i
Load in translation Ball screw drive

positioning unit

Fig.1. EMPS prototype and its instrumentation



2.2 Standard Physically-Based Modelling of the EMPS

2.2.1 Direct dynamic model

The direct dynamic model (DDM) of a robot expresses the acceleration vector as a function of the
motor torque, joint position and velocity vector (Khalil & Dombre, 2002). From Newton's laws, we
have

M{ = 1y, — T i — Offset. (1)

where q, ¢, ¢ are the joint position, velocity and acceleration in m, m.s' and m.s” respectively;

Tym 1S the motor force in N; 1, is the friction force in N; M is the mass in Kg; offset is the offset of

idm

measurements. In the case of a ‘linear’ friction model, ;. is given by

Tfric = I:v q+ Fc Slgl‘( d), (2)
where F, and F, are the viscous and Coulomb friction parameters in N/m.s™ and N, respectively.

Although the friction model is usually non-linear (especially at low velocities), this simple friction
model is always valid over a range of velocities (Khalil & Dombre, 2002) and the physical parameters
M, F,, F, and offset are referred to as the "dynamic parameters".

2.2.2 Inverse dynamic model
The inverse dynamic model (IDM) of a robot expresses 7,4, as a function of q, ¢ and g (Khalil &

Dombre, 2002). In the case of a linear friction model, the IDM of the EMPS is given by
Tagm = Md + F,q+ F.sign( g + offse. (3)

The important difference between this version of the model and the DDM in (1) is that equation (3) is
linear in relation to the dynamic parameters, i.e.,

Tan =IDM (q,¢,1)0, (4)
where DM (g, 9, q)z['q q sigf 9 1} the (1x4) matrix of basis functions of the IDM and

ez[M F, F

C

N
Of‘fset] is the (4x1) vector of the 4 dynamic parameters. This linearity in the

unknown parameters makes the IDM relatively easy to estimate using standard statistical methods.
This is in contrast to the DDM, which is normally nonlinear with respect to the dynamic parameters
and so less straightforward to identify statistically from the experimental data. As a result, it is rarely
used for robot identification (Swevers, Verdonck, & De Schutter, 2007; Gautier, Janot, & Vandanjon,
2013).

2.3 Data acquisition and control of the EMPS
The data available for identification of the EMPS are the measurements ( denoted Q... and the

control signal denoted as v . The control signal v results from the control law and is linked to 7,4, by

the following relationship



Tigm — 9V (5)

where g, is the "drive gain" of the EMPS. Although g, is normally provided by the manufacturers, it
can be identified using special tests (Gautier & Briot, 2014). In the case of the EMPS, this yields
g, =35.15N/V\.

As the EMPS is a system involving a pure integrator, it cannot be identified in open loop and so it is
first position-controlled by a Proportional-Derivative (PD) controller. In (Gautier, Janot, & Vandanjon,
2013) it has been shown that a PD control is sufficient to identify the dynamic parameters of robots
because excellent tracking is not needed for this purpose. The PD control signal v is given by

v=K,K,(a,-q)-Kg, (6)

where K is the proportional gain and K| is the derivative gain. The calculation of the control gains
K, and K, is based on the closed-loop block-diagram for the EMPS, as shown in Fig.2, where p

denotes the differentiation operator, while w, denotes the noise on the position.

d
| $

—O-T— QMO 15 | —

qr Vr q P q P q qmeas

Fig.2. Closed-loop block-diagram for the EMPS prototype

It is assumed that wis serially independent and homoscedastic, with a bounded variance. These

assumptions are usually valid in practice. The EMPS can be modelled as
q:(r_d)/Mpzr (7)

where d =F, g+ F, sigr( 'c)+ offse is the linear friction model plus the offset effect, considered as a

state-dependent input disturbance. Expression (7) is typical in robotics (and in mechanical
engineering in general, see e.g. (Noel, Schoukens, & Kerschen, 2015)). This explains why such systems
are considered as double-integrator systems with a state-dependent perturbation. Naturally, such
systems cannot be identified in open loop because they are unstable.

The closed-loop relations are given by

q=H,(p)a - H,( P d, (8)

K
withH (p)=— 91K, and H, (p)=—— - :
Mp”+g K p+ g KK, Mp”+g K p+ g KK,



The gains K, and K, are calculated by comparing H, (p) with the following second-order transfer

2
function Hq(p) =/[pJ +ﬁ p+1, where w, is the natural frequency of the closed loop and 77 is

a)l’] n
Maf M
the damping coefficient. This yieldsK, = o "‘v' and K, :ﬂ. With w, =277[20 rad/s, n=1
a, 9

selected to avoid overshoot and M = 95 kg from Computer-Aided-Design (CAD) values, this
produces the gain settings K, =62.83 1/sand K, = 679.26 V/ms™.

Note that the above simple control design procedure includes approximations, so the design
specifications are not met completely in practice. However, this is not important when the resulting
experimental data are being used only for identification purposes. More sophisticated nonlinear
control system design methods can be exploited after an adequate nonlinear model of the system
has been identified. This is discussed later in Section 4.

2.4 Standard LS-based identification of the EMPS

As pointed out previously, the traditional identification method developed for robotic systems has
been based on the use of the IDM combined with simple linear Least Squares (LS) estimation.
However, in this example, we are considering a closed-loop situation and this requires a special
approach to identification, see e.g. (Van den Hof, 1998).

First, a pragmatic approach, based on an efficient "tailor-made" data filtering, can be used (see e.g.
(Gautier, Janot, & Vandanjon, 2013)). In (3), q is estimated with its estimate § obtained by filtering

A

through a zero-phase lowpass filter; while (é,q‘) are calculated from qusing either a central

qmeas

differentiation algorithm (see e.g. (Gautier, Janot, & Vandanjon, 2013)); or preferably, as in the
present paper, by an optimal filtering algorithm based on recursive fixed interval smoothing (Young

et al, 1993)". Hence, the actual motor forcer differs from ¢, by an error g,, because of model

mismatch, noisy measurements and data filtering. The resulting estimation model is then
r=1DM(4,6,8)0+e 9)

so that, from Ng available samples of the measured signals observed at discrete-time instants while
tracking the trajectories (qr 0.9 ) , the following over-determined system of regression equations is

obtained:

Yiam = Xign® * € igms (10)

This is available as the IRWSM routine in the CAPTAIN Toolbox for Matlab (see
http://captaintoolbox.co.uk/Captain_Toolbox.html/Peter_Young.html).



is the (Ngx1) sampled vector of z; X, is the (Ngx4) matrix of IDM (6]6] E]), €4 IS

where y idm

idm
the (Ngx1) vector of g, error terms and Ng is the number of samples where the sampling is

regular, with a constant sampling interval Ts.

The motor force ris perturbed by high-frequency disturbances and, since there is no information on

high frequencies variations because the data (daAq) are lowpass filtered, a parallel decimation

procedure is used to eliminate torque ripples and any samples at high frequencies that contain no
information. By applying the tailor-made data prefiltering, the filtered regression model is assumed
to be free of any significant circulatory noise that could lead to biased estimates, so that simple LS
can be used to deliver the following estimates

éLS =(X-:-d idm)_leidny idn (11)

The identifiability of the LS solution (11) is ensured if X, is a column-full-rank matrix i.e.

rank(Xidm) =4 and this requires that the trajectories (qr 4.9 ) are sufficiently exciting.

Provided the LS identification residuals are zero mean and white (serially uncorrelated), and it is
assumed that X, is deterministic, then the covariance matrix of the LS estimates can be calculated

as follows using standard linear regression theory (see e.g. Young, 2011 and Janot, Vandanjon, &
Gautier, 2014a):

. =)
2"l_s,zg‘_fu,m (XTd idm) ) (12)

where &7 =Hyidm - X0 LS”/( N s-4).

5;@) =5,5(i,i) is the i diagonal coefficient of X 5. The relative standard deviation %J@LS(., is given
by %0, =100, /|8(i)| for |6(i)#0.

Note that the statistical assumptions required for these results to apply are met in the present
practical context thanks to the accurate experimental data and appropriate data filtering (see Janot,
Vandanjon, & Gautier, 2014a) and (Brunot et al., 2015). However, if this filtering is not adequate and
the noise level is too high, then the LS estimation would need to be replaced, for instance, by the
instrumental variable approach presented in (Janot, Vandanjon, & Gautier, 2014a).

2.5 SDP-based identification method of the EMPS

As stated in section 2.2, the linear friction model (2) is only valid within a given velocity range. At low
velocities, the friction normally exhibits clear non-linear effects (e.g. Stiction and Stribeck etc.). It is
convenient, therefore, to introduce a state-dependent parameter that is able to cope with such non-
linearities. Also, in order to validate/invalidate the assumption that the other dynamic parameters
are time-invariant, other state-dependent parameters may be identified during SDP estimation.



In the case of the EMPS, the mass M may be acceleration-dependent. The IDM is thus rewritten as
Tidm =M (q)q+dfric (q)r (13)

with dy (4) =7, and M(4) allowing for the possibility of any significant acceleration dependency.
Note that d, (q) is simply the friction force that depends only on the velocity and so it can be

considered, therefore, as a state-dependent parameter (d; (¢) is used instead of d(g) in order to

avoid ambiguity with the linear friction model).

The IDM (13) is now written as a linear-in-the-state-dependent-parameters form given by

Z-idm =DM Sdp(q' q7 q)e sdp? (14)

. . . —_ . —_ ey . T
with IDM Sdp(q,q, q) —[ q ZI] and 0, —[M (q) dmc(q)] .
As with the IDIM-LS method, the actual force 7 differs from ¢, by an error e, and so, in a similar

fashion, the following over-determined system of equations is obtained
yidm = X Sdp((j' q1 Q)e Sdp+ € sd’ (15)

where X, is the (Ngx2) sampled matrix of 1DM Sdp(c], a, E{), £ is the (Ngx1) sampled vector of

e and g, E](Aq are constructed as explained in Section 2.4.

The acceleration-dependent mass M (¢(t)) and the friction nonlinearity d,, (q(t)) are

simultaneously estimated by the SDP routine in the CAPTAIN Toolbox. The SDP routine provides

~

M ((i), the estimate of M (q), the (NS ><1) sampled vector of the acceleration-dependent mass

M (q); and amc (q) , the estimate of d ;. (q), the (Ngx1) sampled vector of the velocity-dependent

friction d... . As a result, the SDP model residual, €_,, is calculated as

fric sdp”’

~ — d ~
€sap = Yiam X saf? sa (16)

where diagxsdp=[diag(('i') IBJ is the (Ngx2[Ng) matrix of Xsdp(d,(?:],:) all of whose sampled

basis functions are diagonalized and horizontally stacked; diag(q) is the (NSX NS) diagonal matrix

whose the i element is the i element of § the (Ngx1) sampled vector of §; | N, is the (Ngx Ng)
A ~ (2T A AT ~\7 AT
identity matrix; and @, =[M (q) d fric(q) } is the estimate of @, =[M (q) d friC(q) } the

/[y -

(2EINS ><1) sampled vector of Bsdp . Finally, the relative error is given by

8sdp



2.6 Experimental results
The dynamic parameters M, F,, F. and offset are first identified with the standard identification

IDIM-LS approach described in section 2.4.

As pointed out in section 2.4, since it is possible to generate very accurate experimental data and
utilize appropriate data filtering, the LS estimates can be considered as unbiased, even though the
EMPS is identified in closed loop. This point is dealt with in (Janot, Vandanjon, & Gautier, 2014a) and
(Brunot et al., 2015). The LS estimates and the relative errors are given in Table 1.

The acceleration-dependent mass estimated by the SDP method is illustrated in Fig.3. We see that
the SDP estimation suggests a constant value very similar to the IDIM-LS estimate (there is only a
difference of 60g which is negligible compared with 95Kg). Note also that the optimized Noise

A~

Variance Ratio (NVR) associated with the M (q) term in the SDP regression, which defines the

amount of state dependency (see Young 2011), is 1.0e-23 i.e. virtually zero; while the NVR associated

with amc ((i) is 2.9. This large difference between the two NVR's is consistent with our a priori

knowledge and suggests that the mass is not acceleration-dependent. As similar results are obtained
with a position- and velocity-dependent mass i.e. M (q) and M (q), respectively, it can be assumed

that the mass is state-invariant. Given the large value of 2.9 for the NVR associated with the friction
SDP estimate, the SDP method is able to reconstruct the shape of the frictional nonlinearity, as
shown in Fig.4. Finally, the relative error obtained with the SDP-based identification method is only
1.5%.

At first glance, the results obtained with the standard IDIM-LS identification method and the linear
friction model seems quite acceptable. Indeed, the relative error is small (less than 5%) and the
estimated mass is close to its CAD value i.e. 95kg. However, the relative error obtained using SDP
estimation is only 1.5% and we need to examine the reason for this discrepancy between the results.
This is due to the estimates of the friction parameters, as revealed in Fig.4. Here we see that there is
a small but sustained difference between the red and blue lines in the lower part of the curves
(negative velocities), which suggests that there could be a small bias in the latter (see the enlarged
panel in the lower right corner of Fig.4). In other words, there is a small error in the friction model
identified by the standard method and the SDP friction estimate eliminates this by suggesting an
asymmetrical friction model; i.e. a model that depends on the sign of  where, for negative
velocities, the red and blue lines are not perfectly parallel. This asymmetry can be explained by the
fatigue of the screw.

In order to take this asymmetry into account, the friction model is modified to

Tye = F,/ 0" (q)+F.sign(0" (a)) + K 0 (a)+ F sign( 0 (q)), (17)

_ 1+ sign(c 1-sign(
where 0 and O are two operators defined by o*(q)=q{%(q)] and 0 (q) = Q[%(q)}
F/ and F] (resp. F, and F.) are the viscous and Coulomb friction coefficients for the positive
(resp. negative) velocities. Finally, 0"(g) (resp. 07(q)) returns g if >0 (resp. g<0) and O

otherwise.



When equation (17) is inserted into (1), it yields the following linear-in-the-parameters IDM

Tgm =DM (18)

as/measym'
witthMasym:[q 0 (q) sign(0" () 0 (q) sign(cr(q))] and 0,,,=[M F; FI F, F;]T.

As in the previous situations, the actual force 7 differs from 7, by an error g,,, and the resulting

asym

over-determined set of equations takes the form,

yidm = Xasyme asym+£ asy’ (19)
where y,, is the (Ngx1) sampled vector of z; X, is the (Ngx5) matrix of I1DM asym(q,a,a),- and
€45ym IS the (Ngx1) vector of €ym €rror terms. The LS estimates of (19) and their associated

deviations are given by (11) and (12), X,,,, being replaced with X

asym*

The resulting estimates and the relative error are given in Table 2. These confirm that the friction has
asymmetric behaviour because F, is significantly different from F,, while the estimate of M has not

changed. Furthermore, the LS relative error has now decreased to 1.5%, a value that is compatible
with the relative error obtained with the non-parametric SDP method. The direct comparison plotted
in Fig.5 shows clearly that the agreement between the SDP estimated friction shape and the
asymmetrical friction model reconstructed with the above LS estimates is now acceptable. This finally
estimated relationship is the parameterised SDP model of the EMPS, which we will term the IDIM-
SDP model. Clearly, if the prior assumptions of the IDIM-LS estimation are modified in the light of the
SDP estimation, then the IDIM-LS estimation results would be the same.

Table 1 : IDIM-LS estimates of the EMPS with the standard linear friction model

Parameters IDIM-LS estimates (%o, )
LS(i)

M (kg) 95.08 (0.15%)
F, (N/ms?) 202.30 (0.74%)
F. (N) 20.53 (0.64%)
offset (N) -3.19 (1.81%)

Relative error 3.7%




Table 2 : Parametric IDIM-SDP estimates for an asymmetrical friction model

Parameters LS estimates (%o, )

LS(i)
M (kg) 95.12 (0.11%)
F* (N/ms?) 165.80 (0.92%)

|:C+ (N) 20.19 (0.67%)
F, (N/ms?) 238.89 (0.64%)

F. (N) 20.85 (0.65%)
Relative error 1.5%

Mass estimated with SDP vs Mass estimated with IDM
T T T T T
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‘.. mm—— s e e wmmmmar e o s &+ wwsssmemim s + o
9507 ; *  Mass estimated with IDM b
: + Mass estimated with SDP
9508 b

5'::95 05 A

0]

7]

Jesoar .
9503 b
895.021 RENRE S 555 SiTiiR SRR SRS SIARE N i LNEs Ok SRS SRR 1S RS S e e S N
95 01 | I | | 1

-15 -1 05 0 05 1 15

Acceleration (rad/s?)

Fig.3: Direct comparison between mass estimated with the IDIM-LS method (blue dots) and the
acceleration-dependent mass estimated with the SDP algorithm (red crosses): it is clear that the
mass is acceleration-independent.



Friction (N)

Friction (N)

Fig.4. The upper panel shows a direct comparison between the friction nonlinearity reconstructed
with the LS estimates of the linear friction model (blue dots) and the nonlinearity estimated by the
SDP algorithm (red crosses). The enlarged portion shown in the lower panel reveals a small but
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persistent error that suggests an asymmetrical friction model.
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Fig.5. Direct comparison between the friction nonlinearity estimated with the asymmetrical linear
friction model (2nd stage IDIM-SDP model, blue dots) and the friction nonlinearity previously
estimated by the first stage SDP algorithm (red crosses), showing that the two estimates are
consistent and confirm the asymmetry.

3 Second case study: TX40 robot

3.1 Introduction and presentation of the TX40 robot

In the previous section, it has been shown that the SDP method can be used as a two-stage
alternative to the IDIM-LS method for estimating and evaluating the quality of the friction model; an
alternative that helps to avoid over-reliance on prior conceptions about the nature of the nonlinear
characteristics. In this section, SDP estimation is evaluated on a more challenging system: the TX40
robot.

The Staubli TX40 robot has a serial structure with six rotational joints. Its kinematics are defined by
the DHM notation, as in Fig.6 (Khalil & Dombre, 2002). The geometric parameters defining the TX40

frames are given in Table 3: o; =0 means that joint j is rotational; a; and d; give, respectively, the
angle and the distance between z;_, and z; along Xx;4; 6; and r; give, respectively, the angle and

the distance between X;_; and x; along z;.

The joint positions and the control signals are stored with a measurement frequency f_=5kHz. The

Reference trajectories are fifth order polynomials that excite the base parameters sufficiently for
identification purposes.



Table 3: Geometric parameters of the TX40 robot

J o9 d 6 f
1|0 0 0 0, 0
2|0 |-m/2 0 0, 0
310 0 d;=0.225m | 6, r; =0.035m
4|0 | /2 0 0, rs=0.225m
510 -n/2 0 0s 0
60| m/2 0 B¢ 0

Fig.6: Link frames of TX40 Stdubli robot

3.2 Inverse dynamic model of the second link with the usual method
When only the second link is moving, with the others maintained at their steady-sate levels, the IDM
of the second link (also known as the arm of the robot) reduces to

ridmz = ZZQqZ + Z-gravz +rfri(‘2 + Offseli (20)
where 7,,,, is the second joint torque; 7, is the gravity torque of the second link given by
Tyay, = ~9MX,c0q )+ gMY sifi g, MX, and MY, being the components of the gravity effect;

g=9.81Im/¢< is the gravity constant; Ty, Is the friction torque of the second link; d,, ¢, and ¢,

are, respectively, the position, velocity and acceleration of the second link; ZZ, is the total inertia of

the second link; and offse is an offset parameter.

In the case of a linear friction model, 7, is given by



Z-fricz = Fv2q2 + FCZSign(qZ) ’ (21)
where F,, and F_, are the viscous and Coulomb friction parameters of the second link.

The resulting IDM is linear in relation to the dynamic parameters, i.e.,

Tigm, =1DM (0, &, 6,)0, (22)

where IDM (0,,¢,,8%)=[ 4 -gcof q) gsi{qg) ‘g sigh'g 1 isthe (1x6) matrix of the
basis functions of the DM and 0 =[ZZ, MX, MY, E, F, offse;]T is the (6x1) vector of the

c

dynamic parameters. As 7, differs from r,

am, DY a@n error ey, and there are Ng available samples of

the measured signals, it is straightforward to formulate the following over-determined system of

equations
Yiam, = Xiom, 0 * &igm, » (23)
where Y, is the (Ngx1) sampled vector of 7,; X, is the (Ngx6) matrix of DM (dzaz 'qu);aidmz

is the (Ngx1) vector of €4m, €rror terms; and Qz,az, 612 are constructed as explained in section 2.4.

The LS estimates from equation (19) and their associated covariance matrix are given by (11) and (12)

, with X, being replaced with X again under the assumption that the prefiltering has been fully

idm, 7
effective in its removal of noise from the variables.

3.3 Using the SDP function of the CAPTAIN Toolbox to retrieve the shapes
of gravity and friction
When using the SDP estimation method, the IDM is rewritten in the form

Tiam, = 220, +d( 0, &), (24)

with d(g,.4,) =d, (&) +d, (4,) where d, (@) =-gMX,co§ g)+ gMy sip 9 and
d,, (&) = R0, + F,sigr(q,) + offset,.

It is assumed here that the parameter d(qz,qz) depends on the position g, and the velocity ¢, so,

ideally, it should be identified using the Multi-SDP method, (see e.g. Sadeghi et al., 2010).
Unfortunately, such a multi-state dependent algorithm is quite involved and has not yet been fully
implemented in the CAPTAIN Toolbox. As a result, the existing SDP routine in CAPTAIN cannot be
used directly in this situation. This difficulty has been partially circumvented, however, by developing
an additional iterative "back-fitting" procedure, which is quite similar to that used in the standard
SDP algorithm. Provided it converges satisfactorily, back-fitting estimation such as this is reasonably
justified in this example because the perturbations can be considered as decoupled: i.e. one depends
on the position alone, while the other depends on the velocity alone, so the estimation is potentially
“separable”.



As in the case of IDIM-LS estimation, 7, differs from r,

am, Dy anerror e,,, and so, from Ng available

samples, the following system of regression equations is obtained
Yidm, = Zzzaz +d ( (o ElQ) FEgqp (25)

where d(qz,(ﬁz) is the (Ngx1) sampled vector of d(ﬁe,(ﬁz); €, 1 the (Ngx1) sampled vector of

€ap, 7 Qz,az, 612 are constructed as explained in Section 2.4.; and az is the (Ngx1) sampled vector of

612. The SDP iterations then involve the following, three step procedure, with steps 2 to 3 repeated

until convergence is achieved:

1. Initial Step: the estimate of d(dz,az), denoted by a(qz,(ﬁz), is calculated as follows
a(dzvaz) =Yidm, ~ ZZ0,,

where ZZ, is the CAD value of ZZ,. Then, the shapes of d, (q,) and d, (¢,) are initialized with
832 (dz) and 832 (Elz) =0, respectively, since they are assumed to be unknown to the users.
for k=1,2, ..., until convergence
At each step k,
2. the estimate of dg (6,), denoted by agz (G,), is estimated using the SDP algorithm: here, the

measurement vector is ygz =a(dz,fq2)—at§a (az); the regressor is Z=1; and the state vector is

x=§,, d,, being the (Ng x1) sampled vector of g, .

3. the estimate of dgz (Elz) , denoted by agz (Elz) , is estimated using the SDP algorithm: here, the
measurement vector is ygz =a(q2,a2)—a;2 (G,); the regressor is again z=1; but the state
vector is now x=@,, @, being the (Ng x1) sampled vector of ,.

end

The following convergence criterion has been found to yield good results

6 (0 6.) | (0 &)
o (6.

<tol,

where d~ (dz,fqz) =d¥ (8,)+dk (fqz) is the estimate of d* (dz,fqz) =ds (8,)+dg (&2) at step k and tol
is a threshold defined by the users (between 0.5% and 5.0%). Finally, the relative error is simply given

00 [l 1Y | 1 =, 22,15

8sdp

Although this back-fitting procedure is reasonably justified in this example, caution is still necessary
because gravity and friction are low-frequency phenomena, so that it is not clear a priori that the SDP



algorithm will be able to extract d, () and d, (¢) from d(q,.9,) in a completely separable

manner. However, as we see below, it does work reasonably well in this example when only the
second link is moving.

3.4 Experimental results

3.4.1 Only the second link is moving

The dynamic parameters are first identified with the IDIM-LS method with only the second link being
excited by the fifth-order polynomial trajectories that are required to ensure good estimation of the
dynamic characteristics. The other links are maintained at their steady-state levels.

The IDIM-LS estimates are given in Table 4. The reference values are the CAD values for the inertia
and gravity parameters; and the friction parameters are the estimated values given in (Janot,
Vandanjon, & Gautier, 2014a). The reconstruction is quite good with a relative error of 5.8%. Finally,
the estimates of inertia, gravity and friction parameters are close to the reference values.

The iterative-SDP estimation procedure outlined above in section 3.3 is initialized with agz (dz) and
832 (Elz) =0, while tol =1% is used as the convergence criterion. In order to evaluate the resulting
estimates, the SDP nonlinearities a; (dz) and agz (&2) identified by this procedure are regressed on
[—gcos( ”q) gsilﬁ”g) l] and [&2 sign(az)], respectively, using standard linear least squares

estimation. These constant parameter LS estimates are referred to as the IDIM-SDP estimates in
Table 4 and one would expect these to be close to the IDIM-LS estimates if the SDP method is to be

considered successful and the SDP identified nonlinearities a; (G,) and agz (Elz) are to be trusted. In

this case, the SDP iterative algorithm converges in 5 iterations and the results plotted in Fig.7,
together with the parameter estimates given in Table 4, demonstrate that the iterative SDP
algorithm does indeed yield very good results in this example. In particular, the shape of the gravity
and friction nonlinearities reconstructed by the SDP-based algorithm match the shape of the same
nonlinearities reconstructed with the IDIM-LS estimates pretty well. The model output is compared
with the measured data in the left hand panel of Fig.8; the residuals are serially uncorrelated and the
amplitude distribution of the normalized SDP error distribution appears reasonably Gaussian (see the
right hand panel in Fig.8). Similar results are obtained with the IDIM-LS method but they are not
shown here. In addition, the estimates of inertia, gravity and friction parameters are close to the
reference values and the relative error obtained with the SDP-based algorithm is 4.5%, less than the
5.8% obtained using the IDIM-LS method.

Examination of the results shows that there is one small but interesting difference between the
nature of the estimated offsets obtained by IDIM and SDP estimation. These differences can be
explained by the implementation of the SDP algorithm, which attempts to identify a separate offset
for each state-dependent nonlinearity, with one offset identified for the friction and another for the
gravity. However, by adding these two identified offsets together, we obtain the value given in Table
4, which is very close to the IDIM-LS-identified value. In other words, the SDP algorithm has



conveniently separated the parameter offset into two offsets (one for the friction and one for the

gravity).
Table 4 : IDIM-LS and IDIM-SDP estimates compared with the reference values
Parameters | IDIM-LS estimates | SDP estimates | Reference values
222 1.56 (1.44%) X 1.60
sz 5.52 (2.08%) 5.52 (1.99%) 5.68
- 7.06 (0.47%) 7.05 (0.42%) 7.77
|\/|X2 2.84 (0.16%) 2.83 (0.14%) 2.80
MY2 0.026 (39.18%) 0.045 (38.38%) 0.0
offseg 0.055 (8.61%) 0.062 (8.54%) 0.0
relative error 5.8% 4.5% X
Friction estimated with SDP VS friction estimated with IDM Gravity estimated with SDP VS gravity estimated with IDM
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Fig.7.The Friction nonlinearity estimated by the non-parametric 1st stage SDP method compared
with the friction effect identified with the IDIM-LS method (left panel); and a similar comparison
between the two gravity effect nonlinearities in the right panel.
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Fig.8. Direct comparison of the measured data with the output of the SDP-based identification
method (IDIM-SDP, left panel) and histogram of the normalized error (right panel). A similar result
is obtained with the IDIM-LS method.

3.4.2 All the links are moving simultaneously

In this situation, all the six joints of the TX40 robot are now excited with fifth-order polynomial
trajectories that ensure good estimation of the dynamic characteristics. The dynamic parameters of
the second link are again identified using SDP estimation. Here, the gear ratio is quite high i.e.
greater than 10, so the second link is seen as a one-degree-of-freedom robot and its IDM is still given
by (22). As in the previous examples, the SDP estimation results are similar to those obtained by the
IDIM-LS method but they provide further insight into the detailed nature of the nonlinearity.

The IDIM-LS estimates are given in Table 5 and the comparison of the model output with the
experimental data is shown in Fig.9. The estimates of inertia and friction parameters are quite close
to the reference values but while the amplitude distribution of the normalized IDIM-LS error looks
reasonably Gaussian, the error is serially correlated. Not surprisingly, therefore, the model output
does not explain the measured data very well, with a relative error of 20.0%. Such a result is a reason
for concern because a relative error is expected to be less than 10%.

As reported in section 3.4.1, the iterative SDP estimation procedure is initialized with agz (dz) and

832 (E]z) =0; tol =1% is used as the convergence criterion; while the SDP nonlinearities a; (G,) and
d¥ (&2) identified by this procedure are regressed on [-gcoqg) gsifi"g) 1] and [az sign(az)],

respectively. In this case, the algorithm converges in 6 iterations and the results plotted in Fig.10
demonstrate, together with the parameter estimates given in Table 5, that the gravity and friction
shapes reconstructed by the algorithm do not match the gravity and the friction shapes
reconstructed with the IDIM-LS estimates. The observed mismatches that can be seen in Fig.10 are
due to the fact all the links are moving in the experiments and so some neglected coupling effects are
being excited. Interestingly, the mismatches reflect, and so account for, such neglected coupling
effects, so that the explanation of the data using the multi-SDP model, as shown in Fig.11, is rather
better than that for the IDIM-LS estimated model in Fig.9. This confirmed by the calculation of the
relative errors, 20.0% with the IDIM-LS method and 11.0% with the SDP method.



These experimental results demonstrate once again the utility of the SDP estimation approach in
highlighting where problems exist in nonlinear modelling and how they may be corrected. They also
show how SDP estimation can be used as a tool in Data-Based Mechanistic (DBM) modelling. This is
an inductive modelling strategy where less weight is placed on prior assumptions and more weight
on the information in the experimental data. Only after carefully analysing the experimental data
using appropriate model identification and signal processing tools, such as SDP estimation, does the
modeller consider, at the mechanistic stage of the procedure, the prior assumptions and hypotheses,
in order to see if these are compatible with the identified, data-based model. Or, if the data-based
model is found to be deficient in any ways, as in this case when all the links are moving
simultaneously, the modeller must consider whether new data need to be collected in order to
examine these deficiencies using a better experimental design. And then, depending on the new SDP
estimation results, the parametric form of the nonlinearities can be modified and re-estimated.

Table 5 : IDIM-LS and SDP estimates compared with the reference values

Parameters | IDIM-LS estimates | SDP estimates | Reference values

zZ, 0.9636 (2.17%) X 1.09

F., 5.2358 (2.64%) 5.1711 (1.85%) 5.68

- 7.8059 (4.17%) 7.8245 (2.78%) 7.77

MX, 0.5636 (16.53%) | 0.3573 (7.31%) 2.21

MY, -3.6043 (3.08%) | -3.2864 (1.07%) 0.0

offset, 12.8879 (8.61%) | 9.5048 (3.48%) 0.0
relative error 20.0% 11.0% X

Direct comparison with IDIM-LS method Normalized histogram of IDIM-LS error and estimated Gaussian
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Fig.9. Direct comparison with the IDIM-LS method (left panel) and histogram of the normalized
IDIM-LS error (right panel). The reconstructed torque does not match very well the measured one
and although the error distribution is reasonably a Gaussian distribution the errors are serially
correlated. This tends to show that the IDM given by (23) is not well specified while all the joints
are moving.
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Fig.10 : Friction shape reconstructed with the SDP method compared with the friction effect
identified with the IDIM-LS method (left panel) and gravity shape reconstructed with the SDP
method compared with the gravity effect identified with the IDIM-LS method (right panel). The
mismatches observed suggest there are missing couplings.
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Fig.11. Direct comparison with the SDP-based method (left panel) and histogram of the normalized
SDP-based error (right panel). A better matching between the reconstructed torque and the
measured one is obtained. Furthermore, the error distribution is reasonably Gaussian but again
there is some serial correlation. This shows that the IDM given by (23) is not well specified while all
the joints are moving. This IDM must be therefore rejected.

4 State-Dependent Parameter Control of the EMPS System

One advantage of SDP nonlinear models is that they can form the basis for control system design
based on the use of linear control theory: see (Taylor et al., 2008; and chapter 9 in Taylor et al.,
2013). This SDP approach has some similarities with other methods that have been proposed, such as
exact linearisation by feedback (Isidori, 1995) (better known as the computed torque in robotics: see



Khalil & Dombre 2002), velocity-based linearization (Leith & Leithead, 1998); and Linear Parameter
Varying (LPV) based control design (see e.g. White et al., 2013).

In this section, we consider how this methodology can be applied to the control of the simulated
EMPS system represented by the DDM in equation (1), written as:

d=qa+gsigi g+ ¢+ @, (26)

where,

¢=-F/M;c,=-F,/M; c,=-offsef M;and ¢, =1/M .

Based on the LS estimates given in Table 1, the values of these parameters are:

¢ =-2.1277; ¢, =-0.2123; ¢, = 0.0336; and ¢, = 0.0105.

4.1 Derivation of the SDP control model
Considering u=71 as the input and X=q as the output, this estimated model can be represented as

follows in transfer function form:

—_ CA
X=—————u
p(p+ay,) , (27)
y =X+ V\(4

where p" =d/df is the derivative operator; w, represents the additive noise with a noise/signal
ratio by standard deviation of 5%; and &, is an SDP estimated by the SDP routine in CAPTAIN using

data from the prior closed loop experiments on the EMPS unit when controlled by the linear PD
controller.

As we have seen in previous sections, &, defines the nonlinear characteristics of the open loop

system and although it is denoted here as a parameter and used as such in the SDP control system
design, it is a complete nonlinear function. This is illustrated in the Simulink model of the open-loop
system appearing at the left of Fig.12 with the SDP nonlinearity block shown expanded at the right of
the Fig.12. The functional form of &4, is shown as the red part of the curve in Fig.13, while the blue

parts of the curve are extrapolations to the estimated linear parts of the curve. These extensions of
the relationship are required to handle larger fluctuations in the velocity arising from the more rapid
SDP controlled response of the closed loop system. Note how the extrapolations reveal the
asymmetry of the estimated nonlinearity, as exposed by the SDP estimation.

It will be seem that Fig.13 is a combination of the non-parametric SDP estimate and the parametric
extrapolations. This combined form was chosen here, rather than the fully parametric form in
equation (17), because it demonstrates how SDP control can be implemented directly using the non-
parametric estimates, the parametric estimate or a hybrid combination of both, as here. This can be
particularly useful if the estimated nonlinearity is rather complex, such as those shown in Fig.10,
which would be more difficult to parameterize by simple relationships.
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4.2 SDP control system design: re-design of the PD controller

The idea of using SDP models to simplify nonlinear control system design has a long heritage (see e.g.
Young, 1981; Young, 1996). In the latter reference, it follows from research into linear control system
design based on the Non-Minimal State Space (NMSS) form of the system model (see section 4.3).
The NMSS control gains in the SDP case are effectively updated at each sampling instant, based on
the linear "snapshot" of the SDP model at this sampling instant. Taylor et al. (2008) have shown that,
using this approach, the stability of the closed loop non-linear system is guaranteed for "all-pole"
systems, such as (27) and that good control system designs can be obtained for more general
models. Although stability is not guaranteed in the case of model mismatch, the Monte Carlo-based
uncertainty analysis reported in the paper suggests that the SDP/PIP approach is relatively robust to

such uncertainty.
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As an initial exercise in SDP control system design, let us consider re-design of the simple PD
controller used for the identification studies described in section 2.3 but based on the SDP transfer
function model (27) and desired closed loop characteristics with /7=1.0 (critical damping) and

@, =250rad/s. As in section 2.3, the design is carried out by simple block diagram analysis with an
SDP-based Proportional-Derivative (SDP-PD) pre-compensator K, +K p. The closed loop transfer

function obtained in this manner is given by

_ c4(Kp+Kvp)

- r, (28)
p +(asdp+CAKv) p+ QKp

where r is the command input, i.e. the reference. Since the system is second order, this PD control
is equivalent to state variable feedback, so we see that both poles are assignable. And because the
open-loop system model has a free integrator, the closed loop system exhibits "type 1" performance
with unity gain and zero steady-state error to step command inputs.

If the desired closed loop TF denominator has damping 77, and natural frequency w,,, then we see

that the values for the control gains can be computed from the equations:

Ky =ah!C; K, = (2740, LY (29)

p

where it will be noted that the K, gain is a function of the SDP parameter a ,, and so the closed

loop system synthesized with these gains includes the SDP nonlinearity, reflecting the nonlinear
nature of the SDP-PD control system. In particular, because it is a state-dependent parameter, it
changes or "adapts" in response to the changes in velocity.

The simulated response of the closed loop system to a step input command starting at zero, with a
final value of 0.05m, is plotted in Fig.14 where it will be noted that the rapid response has a total
settling time of 0.04 seconds. Also plotted in Fig.14 is the response of the conventional, linear PD
controlled system used in the identification studies, where we see that the response is clearly much
slower and oscillatory, with a total settling time about three times as long.

—— Controlled output SDP
P == Command input
KAERN

0.061- / "\ === Controlled output PD

Output Response

’
Q L L L L L L L
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Fig.14. Output step response obtained with the SDP-based control (black solid line) and the PD
control (black dash-dot line)



4.3 SDP control system design: PIP-SDP outer-loop control system design
The NMSS-based Proportional-Integral-Plus (PIP) approach to control system design has been
described comprehensively in the recent book by (Taylor et al., 2013), which includes all aspects of
the design process, as well as numerous examples illustrating its application. In the present EMPS
example, it could be applied directly, using the EMPS model in discrete-time NMSS form, but is would
then require nonlinear modification of the kind described in previous sections, which is not
straightforward once the model is transformed into discrete-time, digital form.

A simple, alternative approach is to implement PIP control as an "outer-loop" or "trimming" control
that considers the SDP-PD controlled system, which is effectively linearized by its SDP mechanization,
as the system to be controlled. The discrete-time model required for this design is obtained by
statistical identification and estimation based on input-output data from the SDP-PD controlled
system using optimal Refined Instrumental Variable (RIV) estimation for continuous time systems
(see Young, 2011), as implemented by the RIVCBJID and RIVCBJ routines in the CAPTAIN Toolbox.

The discrete-time model required for PIP control system design is then obtained via the Matlab c2d
continuous to discrete-time conversion routine. The sampling interval for such conversion is at the
discretion of the control system designer but, in this case, the discrete-time model so obtained, for a
sampling interval of 0.01 s, is:

0.0107z ' - 0.0088°%+ 0.0025"

x(k) =
) 1-1.866¢ 1+ 0.8706°>

r(k), (30)

where z" is the backward shift operator, i.e. " XK = X k- 1.

The PIP design for this model system is based on Linear-Quadratic (LQ) optimization of the associated
NMSS model form, where the NMSS control gains are computed by the the PIPOPT and GAINS
routines in the CAPTAIN Toolbox. These use the numerator and denominator model coefficients in
(30) together with the user specified weightings on the error, ew; control input, uw; and the non-
minimal state variables Xw where, in this example, ew=10; uw=1.0; and xw=1.0. A serially
connected loop gain LG =5.0 is added to the design in order to tune the closed loop response so
that it just meets the constraint imposed by a required 0.15 m/s velocity limit.

The full details of this PIP-SDP control system design and evaluation are given in (Young, 2015). This
shows that the closed loop system responds well to any violation of hard constraints and is not
sensitive to uncertainty in the estimated model parameters, including the SDP nonlinearity, unless
these reach very high levels. Consequently, this control system design represents a reasonable,
simulation-based starting point for future planned research and development studies.

5 Conclusions

This paper has shown how the concept of State-Dependent Parameter (SDP) models for nonlinear
dynamic systems can be exploited to aid the identification and control of electro-mechanical
systems. It has demonstrated how SDP identification provides an alternative to the existing standard



methods of statistical identification for such systems; an alternative that can help to avoid over-
reliance on prior conceptions about the nature of the nonlinear characteristics.

When used as a tool in the experimental evaluation of an Electro-Mechanical Positioning System
(EMPS), the first, non-parametric estimation stage in the SDP identification procedure is able to
discover deviations from the assumed nonlinear characteristics of the system and quantify the
resulting nonlinear characteristics in a practically useful SDP form. The second IDIM-SDP stage, based
on least squares estimation of the suitably parameterized SDP model, can be considered as a logical
improvement of the standard IDIM-LS method. One application of such SDP models is to facilitate
nonlinear control system design using linear-like design procedures. This is illustrated by simulation
studies that show how the SDP model of the EMPS system can be used as the basis for the SDP
Proportional-Integral-Plus (SDP-PIP) design of a nonlinear control system for the EMPS.

SDP identification is one of the tools used for the Data-Based Mechanistic (DBM) modelling of
dynamic systems. This general, inductive method of modelling differs from the alternative,
hypothetico-deductive "grey-box" approach that is often used for identifying electro-mechanical
systems. In particular, only after initial, purely data-based "black-box" modelling are any prior
assumptions and hypotheses considered in order to see if they are compatible with the identified
model, or whether new data need to be collected in order to examine any significant differences. A
typical example of how SDP identification can be exploited in such a diagnostic role is demonstrated
by the results of experiments that show SDP identified deficiencies in the initially assumed nonlinear
characteristics of the Staubli TX40 robot system.

6 References

Beven, K. J.,, Leedal, D. T., Smith, P. J.,, and Young, P. C.,, 2012, Identification and representation of
state dependent nonlinearities in flood forecasting using the DBM methodology. System
Identification, Environmetric Modelling and Control (London: Springer-Verlag), pp 341-366.

Brunot, M., Janot, A., Carrillo, F., Garnier, H., Vandanjon, P.O., and Gautier, M., 2015. Physical
parameter identification of a one-degree-of-freedom electromechanical system operating in closed
loop. Proceedings of thel7th IFAC Symposium on System Identification (SYSID 2015), Beijing, China.

Calanca, A., Capisani, L. M., Ferrara, A., and Magnani, L., 2011, MIMO Closed Loop Identification of an
Industrial Robot. IEEE Transactions on Control System Technology, 19, 1214-1224.

Gautier ,M., and Khalil, W., 1992, Exciting trajectories for the identification of the inertial parameters
of robots. International Journal of Robotics Research, 11, 362-375.

Gautier, M., and Poignet, P., 2001, Extended Kalman Filtering and Weighted Least-squares Dynamic
Identification of Robot. Control Engineering Practice, 9, 1361-1372.

Gautier, M., Janot, A., and Vandanjon, P.0O., 2013, A New Closed-Loop Output Error Method for
Parameter Identification of Robot Dynamics. IEEE Transactions on Control System Technology, 21,
428-444,

Gautier, M., and Briot, S., 2014, Global Identification of Joint Drive Gains and Dynamic Parameters of
Robots. Journal of Dynamic Systems, Measurement, and Control, 136, 1-9.



Hollerbach, J., Khalil, W., and Gautier, M., 2008, Springer Handbook of Robotics (Berlin Heidelberg:
Springer).

Indri, M., Calafiore, G., Legnani, G., Jatta, F., and Visioli A., 2002, Optimized Dynamic Calibration of a
SCARA Robot. Proceedings of the 15th IFAC World Congress (IFAC WC 2002), Barcelona, Spain.

Isidori, A., 1995, Nonlinear Control Systems (Berlin: Springer-Verlag).

Janot, A., Vandanjon, P.O., and Gautier, M., 2014a.A Generic Instrumental Variable Approach for
Industrial Robots Identification. IEEE Transactions on Control Systems Technology, 22, 132-145.

Janot, A., Vandanjon, P.O., and Gautier, M., 2014b, An instrumental variable approach for rigid
industrial robots identification. Control Engineering Practice, 25, 85-101.

Khalil, W., and Dombre, E., 2002, Modeling, identification and control of robots (London: Hermes
Penton).

Kostic, D., de Jager, B., Steinbuch, M., and Hensen, R., 2004, Modeling and Identification for High-
Performance Robot Control: An RRR-Robotic Arm Case Study. IEEE Transactions on Control System
Technology, 12, 904-919.

Leith, D. J., and W. E., Leithead, 1998, Gain-scheduled and nonlinear systems: Dynamic analysis by
velocity-based linearization families. International Journal of Control, 70, 289-317.

Noel, J-P., Schoukens, J., and Kerschen, G., 2015, Grey-box nonlinear state-space modelling for
mechanical vibrations identification. Proceedings of the 17th IFAC Symposium on System
Identification (SYSID 2015), Beijing, China.

Olsen, M. M., Swevers, J., and Verdonck, W., 2002, Maximum Likelihood Identification of a Dynamic
Robot Model: Implementation Issues. International Journal of Robotics Research, 21, 89 — 96.

Ostring, M., Gunnarsson, S., Norrléf, M., 2003, Closed-loop identification of an industrial robot
containing flexibilities. Control Engineering Practice, 11, 291-300.

Previdi, F., and Lovera, M., 2003, Identification of a class of nonlinear parametrically varying models.
International Journal on Adaptive Control and Signal Processing, 17, 33-50.

Previdi, F.,Lovera, M., Identification of non-linear parametrically varying models using separable least
squares. International Journal of Control, 77, 1382-1392.

Ramdani, N., and Poignet, P., 2005, Robust Dynamic Experimental Identification of Robots with Set
Membership Uncertainty. IEEE/ASME Transactions on Mechatronics, 10, 253 — 256.

Sadeghi, J., Tych, W., Chotai, A., and Young, P.C., 2010, Multi-state dependent parameter model
identification and estimation for nonlinear dynamic systems. Electronics Letters, 46, 1265 - 1266.

Swevers, J., Verdonck, W., and De Schutter, J., 2007, Dynamic model identification for industrial
robots - Integrated experiment design and parameter estimation. IEEE Control Systems Magazine, 27,
58-71.



Taylor, C. J., A. Chotai, and P. C., Young, 2008, Non-linear control by input—output state variable
feedback pole assignment. International Journal of Control, 82, 1029-1044.

Taylor, C. J., P. C., Young, and A., Chotai, 2013, True Digital Control. Chichester: Wiley.

Van den Hof, P.M.J., 1998, Closed loop issues in system identification. Annual Reviews in Control, 22,
173-186.

Wernholt, E., and Gunnarsson, S., 2008, Estimation of Nonlinear Effects in Frequency Domain
Identification of Industrial Robots. IEEE Transactions on Instrumentation and Measurement, 57, 856-
863.

White, A. P., Zhu, G., and Choi, J., 2013, Linear Parameter-Varying Control for Engineering
Applications (London: Springer-Verlag).

Xi, F., 1995, Effect of Non-Geometric Errors on Manipulator Inertial Calibration, Proceedings of
International Conference on Robotics and Automation (ICRA 1995), Nagoya, Japan.

Young, P.C., 1981, A second generation adaptive autostabilization system for airborne vehicles.
Automatica, 17, 459-470.

Young, P.C.,, 1996, A general approach to identification, estimation and control for a class of
nonlinear dynamic systems, in M. |. Friswell and J. E. Mottershead (Eds.), Identification in Engineering
Systems, University of Wales: Swansea.

Young, P.C., 1998, Data-based mechanistic modeling of engineering systems. Journal of Vibration and
Control, 4, pp. 5-28.

Young, P.C., 1998, Data-based mechanistic modeling of environmental, ecological, economic and
engineering systems. Environmental Modelling & Software, 13, 105-122,.

Young, P.C., 1999, Nonstationary time series analysis and forecasting. Progress in Environmental
Science, 1, 3—48, 1999.

Young, P.C., 2000, Stochastic, dynamic modelling and signal processing: time variable and state
dependent parameter estimation, in Nonlinear and Nonstationary Signal Processing, W.J. Fitzgerald,
A. Walden, R. Smith and P.C. Young, Eds, Cambridge: Cambridge University Press, 2000, pp. 74-114.

Young. P. C., 2001, The identification and estimation of nonlinear stochastic systems. in A. I. Mees,
editor, Nonlinear Dynamics and Statistics (Birkhauser: Boston), pp 127-166.

Young, P.C., 2005, Comments on Identification of non-linear parametrically varying models using
separable least squares’ by F. Previdi and M. Lovera: black-box or open box? International Journal of
Control, 78, 122-127.

Young, P.C., 2011, Recursive Estimation and Time-Series Analysis: An Introduction for the Student and
Practitioner (Berlin: Springer-Verlag).



Young, P.C., 2015, SDP control of second order electro-mechanical positioning systems. Technical
Report TN/PCY/2, Systems and Control Group, Lancaster Environment Centre, Lancaster University,
UK.

Young, P.C., Foster, M., and Lees, M. J., 1993, A direct approach to the identification and estimation
of continuous-time systems from discrete-time data based on fixed interval smoothing. Proceedings
12th IFAC World Congress (IFAC WC 1993), Sydney, Australia.

Young, P.C., McKenna, P., and Bruun, J., 2001, Identification of nonlinear stochastic systems by state
dependent parameter estimation. International Journal of Control, 74, 1837—-1857.



