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The identification of the spatially dependent parameters in Partial Differential Equations (PDEs) is
important in both physics and control problems. A methodology is presented to identify spatially
dependent parameters from spatio-temporal measurements. Local non-rational transfer functions are
derived based on three local measurements allowing for a local estimate of the parameters. A sample
Maximum Likelihood Estimator (SMLE) in the frequency domain is used, because it takes noise properties
into account and allows for high accuracy consistent parameter estimation. Confidence bounds on the
parameters are estimated based on the noise properties of the measurements. This method is successfully
applied to the simulations of a finite difference model of a parabolic PDE with piecewise constant

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Many processes in physics are described by partial differential
equations (PDEs). Typically, the parameters describing these PDEs
depend on the spatial coordinate. The estimation of these spatially
dependent parameters is important for understanding the physical
behavior of these PDEs.

The identification of PDEs is treated in the class of infinite di-
mensional systems or Distributed Parameter Systems (DPS). In
the DPS literature the problem of estimating parameters is ex-
tensively treated in the monograph by Banks and Kunisch (1989),
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and references therein. In addition, different methodologies exist
to identify spatially varying parameters in PDEs (Kravaris & Sein-
feld, 1985), of which a number focus specifically on parabolic PDEs
(Banks & Lamm, 1985; Kunisch & Peichl, 1991; Mochi, Pacelli, Rec-
chioni, & Zirilli, 1999). Their emphasis is on the regularization of
the least-squares cost-function used to estimate the parameters,
to assure well-posedness in Hadamard'’s sense, i.e., to guarantee
the existence of its solution, the uniqueness of this solution and its
stability with respect to the measurement data (Vogel, 2002). In
addition, regularization is often used to make the optimization
problems convex and to constrain the solution in some sense (Ito &
Kunisch, 2008). Moreover, different methods for reducing the infi-
nite dimensional PDEs to finite dimension exist and are discussed
in the above mentioned references. Generally, they are using some
discretization of the spatial coordinate (Heath, 1997; Smith, 1985)
or basis functions (Banks, Crowley, & Kunisch, 1983; Canuto, Hus-
saini, Quarteroni, & Zang, 1988).

A different approach to estimate the parameters is to solve the
problem in the frequency domain via the Laplace Transform (Cur-
tain & Zwart, 1995). This reduces the PDE to an parameterized
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Ordinary Differential Equation (ODE). These ODEs can be approxi-
mated or sometimes even be solved analytically, thereby avoiding
approximation errors. The solutions are generally of non-rational
or fractional form Curtain and Morris (2009), of which the pa-
rameters can be identified using frequency domain identification
techniques (Gabano & Poinot, 2011; Jalloul, Jelassi, Melchior, &
Trigeassou, 2011; Pintelon, Schoukens, Pauwels, & Van Gheem,
2005; Valério & da Costa, 2007). The disadvantage of this approach
is that the non-rational form of the model can complicate the iden-
tification significantly. On the other hand, the use of periodic exci-
tations enables the removal of the unexcited noisy frequency lines
from the measured data, hence high Signal-to-Noise ratios (SNR)
can be obtained at the excited frequency lines by averaging the sig-
nals over consecutive periods. In addition, it is no longer required
to use rational approximations in the frequency domain making
the identification easier.

In this paper, the following second order parabolic PDE with
spatially varying parameters on a one-dimensional domain is
considered

0z 9%z 0z

8*=fu(x,9)f2+fv(X,9)*+fx(x,9)Z+Q(X,t) (1)
t ax ox

where the spatial coordinate is denoted by x. We assume that the

functions fp(x, 0), fv (x, 0), and fx (x, 0) depend on the unknown

parameters 6, which we want to identify.

A specific process described by (1) is the radial heat-transport
inside the tokamak plasma (Gentle, 1988), a toroidal nuclear
fusion device. For the optimization of this radial heat-transport,
which determines the efficiency, the different profiles need to be
identified, i.e. fp, and possibly f, and f.

In the tokamak the initial conditions are unknown, hence
only measurements are considered for “t >> the dominant time
constant” such that the transients are negligible when compared
to the forced response. The source (microwave heating) term
periodically excites the plasma and is defined as

K

Qx, t) = qx) ’Z:;Ak cos (St + ) X1 <x<x o)

0 elsewhere

where Ay, ¢r, and §2; are the amplitude, phase, and frequency re-
spectively. The spatial dependence of the source q(x) is unknown,
but g(x) # 0. The plasma temperatures, z, can be measured lo-
cally by microwave radiation, which is prone to additive normally
distributed noise. Moreover, boundary conditions exist such that
(1) has a unique solution. However, these boundary conditions are
subject to debate and are assumed to be unknown. This means that
for the parameter estimation only measurements are available.

The estimation of parameters from noisy measurements only
is known as an Errors-in-Variables problem (EIV). In the EIV
literature it is well known that the least-squares estimator is not
consistent (Séderstrém, 2007), i.e. the parameter estimates will be
biased. Moreover, this bias depends on the SNR, which decreases
with the distance to the source Q (x, t). This is caused by the low-
pass characteristic of (1), which also causes the higher frequencies
to be more noisier than the lower frequencies. This problem can
be partly overcome using a low-pass filter to suppress the noisy
“high-frequency” components in the measurements (Soderstrom
& Halvarsson, 1999). However, the optimal cut-off frequency of this
filter depends on the unknown system parameters.

In this paper a frequency domain sample Maximum Likelihood
Estimator (SMLE) is used for this EIV problem. The SMLE is
based on the Probability Density Function of the noise, allowing
for a consistent estimate under weak assumptions (Pintelon &
Schoukens, 2012). Moreover, it naturally weights the different
frequency components avoiding the necessity of a low-pass filter.

In the SMLE framework the confidence bounds on the estimated
parameters can be calculated and model validation tests exist.
However, the SMLE requires knowledge about noise properties
of the measurements. A disadvantage of the SMLE is that its
optimization problem is more complex and is no longer convex in
contrast to linear least-squares estimators.

Here we choose to estimate a set of small sub-domains, instead
of modeling the entire domain. On each sub-domain a complex
valued non-rational analytic model description is used, hence
avoiding discretization errors (Bhikkaji & Soderstrém, 2001). The
advantage of this approach is that the decoupling in sub-domains
assures that the errors do not propagate from one sub-domain to
the others. In addition, the SMLE optimization problem remains
solvable, because only a few parameters need to be estimated.

A sub-domain needs to consist of at least three measurements.
The reason is that two measurements act as the boundary
conditions (inputs) as such defining the solution of the second
order PDE. Then, at least one measurement point between the
boundaries (output) is necessary to compare it with the solution of
the PDE at that location, which is determined by the parameters,
the model structure, and the boundary conditions. In principle the
number of measurements can be extended, but then a Multiple-
Input Multiple-Output system needs to be identified. Therefore,
in this paper three adjacent measurements are used to define a
sub-domain. Note, that we only consider sub-domains that are
outside the interval [x;, x3], i.e. domains that do not contain an
excitation source q(x) (see (1) and (2)). The reason is that the exact
dependency of q(x) on x is unknown.

A general framework for different spatial dependencies and
geometries is discussed, but results are only shown for sub-
domains on which parameters can be modeled as constants.
Consequently, only piecewise smooth profiles are identifiable,
which is generally true for the considered application.

An identification scheme consists of the following three
components: a model of the system, derived in Section 2; a cost
function minimization scheme based on a realistic noise model,
explained in Section 3; and simulations which are generated by
means of a finite difference model such that the result can be
validated. The latter is discussed in Section 4. Finally, a number of
conclusions are summarized and discussed.

2. Modeling

This section derives the transfer functions based on a smart
choice of the boundary conditions. The most important concept
is the replacement of boundary conditions by measurements.
In addition, derivations are done without specifying any spatial
dependency.

2.1. Considered partial differential equation

The one-dimensional, second-order linear PDE introduced in (1)
is excited by the local source term Q (x, t). The PDE is modeled by
the homogeneous form of (1) outside this source domain. It is also
possible to solve the inhomogeneous PDE, allowing the use of a
domain with a source. However, the inhomogeneous PDE results in
a more complex relationships and therefore will not be discussed.

The Laplace transform of (1) simplifies the PDE towards a
complex valued Ordinary Differential Equation (ODE) of the form

d?z dz
O:fD(X,Q)F'i'fV (*,0) — + (fk x,0) —9)Z 3)
X dx
with Z = £{z} and s the Laplace variable. The functions fp(x, 6),
fv (x,0), and fi (x, 6) depend on the spatial coordinate x and the
time-invariant unknown parameters 6. In many cases this ODE can
be solved analytically, with the general solution given by

zZ (Xa S) = Cl (S)g (X7 95 S) + CZ(S)§ (X, 07 S) s (4)



M. van Berkel et al. / Automatica 50 (2014) 2113-2119 2115

where C;(s) and C, (s) denote the free variables set by the boundary
conditions. The choice of the spatially dependent functions
foix,0), fy (x,0), and fy (x,0) in (3) determine the solutions
& (x,0,s) and ¢ (x, 6, s), which are the complex eigenfunctions of
(3). Solutions for many different choices of fp(x, 6), fy (x, 0) and
fx (x, 0) exist, such as constant, and linear functions. An extended
list of these analytic solutions can be found in Polyanin and Zaitsev
(2003). The next step is to derive the local transfer functions.

2.2. Boundary condition description

This paper considers a set of small sub-domains, which pre-
vents the errors from propagating. Moreover, the boundary con-
ditions are no longer approximated but measured, in contrast to
other strategies such as the infinite domain boundary condition
reported in Curtain and Morris (2009). Every domain uses three
adjacent frequency spectra of the measurements z to estimate the
local parameters. The outer two measurements act as the boundary
conditions i.e. Z (x;_1, S) and Z (xi;1, ). These two boundary con-
ditions allow for the calculation of C; (s) and C; (s). Rearranging and
defining Z (x;, s) as the output measurement results in the follow-
ing Multiple-Input Single-Output system (6 and s are omitted):

Z(x) = ( § Xir1) ¢ (i) — & (Xir1) & (%) >Z i)
¢ i) & Xir1) — ¢ (K1) § (xi—1)
_ ( & (xi1) ¢ (%) — ¢ (xim1) & (%) )Z ). (5)
¢ (xim1) & (Xip1) — ¢ (Xiv1) & (1)

withi = 2,...,m — 1, where m denotes the number of sensors.
The inputs and outputs are defined as U;(s) = Z (xj_1, 5) , U(s) =
Z (Xiy+1, ), and Y (s) = Z (x;, s) on the interval x;_1, X;11:
Y(s) = G1(0,5) Ui(s) — G2 (0, 5) Ua(s). (6)

In (5), the choices of & (x, 8, s) and ¢ (x, 6, s) are deliberately unde-
fined, as different dependencies of fp, fy, and fx can be used. Here,
we only consider constant parameters.

2.3. Constant parameters

This section derive the transfer functions in the case of constant
parameters over a small domain. Consequently, & (x, 6,s) and
¢ (x,60,s) in (5) are constant over the domain. The local PDE
description is given by

2 _pP2 v Lk (7)
at ax? ax '

where D denotes the diffusivity, V the convective velocity, and K
the damping. The eigenfunctions are fixed by the choice of local
constant spatial dependencies i.e.

E(x,0,5) =exp(Aix) and ¢ (x,0,s) = exp (Ax), (8)

where A1 , are the eigenvalues of the underlying ODE:

Vv V214D (s —K)
A = i . (9)
2D

As the combination of (5) and (9) result in a non-rational Multiple-
Input Single-Output system with complex exponents and square
roots, identifying the parameters is not straightforward. Therefore,
a change of variables is introduced to facilitate the parameter
estimation.

2.4. Change of variables

The parameters will be estimated by minimizing a cost function.
The computation time and possibly avoidance of local minima

can be improved by simplifying the equations to be evaluated.
Therefore, a substitution is introduced such that the eigenvalues
are simplified, avoiding parameter divisions, i.e.

A2 =—aF+Va+b+cs,
. % K 1
witha= —, b=——, andc = —. (10)
2D D D
This parameter set will be denoted as 8 = [a b C]T and the

estimated set by 6. Although not discussed here, similar simplifi-
cations are possible for other choices of the spatial dependent func-
tions.

In the next section, not only the parameters are estimated, but
also their covariance. Consequently, the covariance matrix of the
estimated parameters can be recalculated using

cov (B.7.K) = Jjocov () 1}

o o -1
withjp = = [26 0 —2a|. (11)
0o —-¢ b

3. Sample maximum likelihood estimator

In this section, the Errors-in-Variables (EIV) problem is
discussed, for which the sample Maximum Likelihood Estimator
(SMLE) offers a solution. It is also discussed how to minimize
the sample Maximum Likelihood cost function, how to construct
confidence bounds on the estimated parameters, and how to
validate the estimated models.

Maximum Likelihood Estimation is a method for estimating
parameters given some statistical properties, where the MLE
maximizes a known likelihood function. The likelihood function
can be interpreted as a Probability Density Function (PDF), but
with respect to the measured data. For example, if the difference
between the output and a predicted output based on the model
and input is studied, the remainder in the absence of model errors
is fully characterized by the likelihood function of the noise. The
sample likelihood function differs from the likelihood function in
the sense that the real noise (co-)variances are unknown. Hence,
they need to be replaced by sample variances, which can be
determined using a pre-processing step.

3.1. Error model: errors-in-variables

The transfer functions introduced in (6) are based on local
spatial measurements. This means that an EIV approach is
necessary to handle the noise on the measurements. In this paper,
the EIV problem is solved via the sample Maximum Likelihood
Estimator (SMLE) in the frequency domain. It is based on additive
circular complex normally distributed noise in the frequency
domain (Pintelon & Schoukens, 2012), which is the result of
Gaussian noise in the time domain (Goodman, 1963).

In the SMLE, the true unknown noise (co-)variances are re-
placed by sample estimates obtained from the periodic signal. This
is achieved by calculating the average over the different periods
and variances per frequency line resulting in the deterministic
spectra and the estimated noise spectra. A minimum number of 4
periods is necessary to make a parameter estimate, however, if at
least 7 periods are used other desirable properties of the SMLE are
also retained (see Schoukens, Pintelon, Vandersteen, & Guillaume,
1997 for the details). In principle, also measurements containing
transients can be used to obtain the (co-)variances using the lo-
cal polynomial method, but at the cost of a more complex pre-
processing step (see Pintelon, Schoukens, Vandersteen, & Barbé,
2010).
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There also exist different approaches to handle an EIV problem
often relying on multiple experiments and specific assumptions on
the noise. An overview of the different methods can be found in
Séderstrom (2007). In contrast, to the frequency domain (sample)
MLE also MLEs in time domain exist (Astrém, 1980; Diversi,
Guidorzi, & Soverini, 2007), which handle the spectral factorization
and possible transients differently (S6derstrom, 2007). Moreover,
MLESs can also be constructed for non-Gaussian noise distributions
(Goodwin & Payne, 1977). However, in contrast to the non-
Gaussian MLE, the MLE for Gaussian noise are extensively studied
in e.g. Pintelon and Schoukens (2012) and Séderstrom, Hong,
Schoukens, and Pintelon (2010).

3.2. Maximum likelihood cost

The sample MLE cost function is derived on the basis of the
system model and the error model. The sample log likelihood cost
function Vs is used (Pintelon & Schoukens, 2012). It has the same
global minimum as the SMLE for complex normally distributed
noise, but is computationally less intensive. It is defined as

F 2
1 Z le (2, 0)] (12)

VouL = — ,
MTF L 02 (2,6)

k=1

with §2 the excited frequencies and F the number of frequencies
used. The error e (§2, 0) is defined as

e(2,0) =Y (&) — (G1(O) Uy (£20) =G () Uz (£2¢)) ., (13)

where the transfer functions G; and G, are evaluated at 2.
The variability, which takes the different noise contributions into
account, is given by (dependency on §2; and 6 are omitted)

0l (8. 0) = oy + o} |G1I* + o}, |Gy

— 2Re (61051112@ + afula - ‘73112@ , (14)

where the variances and covariances are estimated for every £2y
using M realizations (periods). The complex conjugate of G is
denoted as G. The parameters are estimated by minimizing Ve,

6 = arg min Vewy (24, 0) . (15)
0

Minimizing this cost function gives the estimated parameters. For
filtered white noise disturbances the minimizer of (12), based on
the non-rational transfer models, has exactly the same asymptotic
(F — o0) properties as the SMLE for rational transfer function
models. For example, it is consistent and asymptotically normally
distributed (see Pintelon & Schoukens, 2012 for the details). The
cost function (12) can be naturally interpreted as a weighting of the
error with the uncertainty of the measurements. Measurements
with small noise variances have a higher weighting and vice versa.
If o, is constant for all £2;, then (12) reduces to a non-linear least-
squares (NLS) estimator (output error).

3.3. Optimization and confidence bounds

The minimization of (12) is in principle non-convex. On
the other hand, only a few parameters need to be estimated.
Therefore, the entire relevant parameter space can easily be
searched for the cost function’s minimum. In addition, if the
noise levels are reasonable and the parameters are optimized
in terms of 6, gradient based algorithms converge to the global
minimum for many initialization values. These gradient methods
are computationally cheap, especially if an analytic Jacobian is
used.

The analytical Jacobian is also used to estimate the confidence
bounds on the parameters. Section 3.2 explains that minimizing

the cost function (12) provides the best parameter set. The
uncertainty of the parameters is determined using the Jacobian
from a first-order Taylor series expansion

9 [ e(2u6)
7= (oe (szk,e)) (16)

The resulting covariance matrix on the different transformed
parameters is given by

A M -1 —1
Cov (9) ~ (ﬁ) [Re (277115)] " (17)
with M the number of realizations (periods) (Pintelon, Schoukens,
& Rolain, 2003). This correction is necessary, because estimated
sample variances are used instead of the real (but unknown)
variances. The uncertainty on the real valued parameters can be
calculated by (11).

3.4. Model validation

A cost function analysis is used to detect model errors. If the
noise is indeed normally distributed, no model errors are present,
and if a number of weak assumptions are fulfilled (Pintelon
& Schoukens, 2012), then the expected value of the sample
Maximum Likelihood cost function equals the number of frequency
lines F minus the number of free real-valued parameters ny divided
by two i.e.

Ny
Vhoise = (F - ?) . (18)

In addition, the theoretical variance of the SMLE cost equals Vpgise.
However, as variances are estimated using M repeated experi-
ments, a correction is necessary to take this extra uncertainty into
account i.e. E{Vsmr} = (M — 1) / (M — 2) Vpyoise and var {Vsy } =
(M —1)> / ((M = 3) (M — 2)*) Vpoise. The estimated variance is
used to construct confidence bounds. Model errors generally lead
to a higher value of the cost function at the global minimum.

3.5. Input design and choice of domain

The SMLE developed in this paper always considers a domain
of three measurement points, of which the locations can be non-
uniformly distributed. In principle, the larger the domain the better
the estimate of the parameters. The reason is that the suppression
of the amplitude increases with the distance due to the source.
Hence, the amplitude difference between the inputs and output
is also larger. However, the larger the domain, the more stringent
the assumption of constant parameters becomes. This means there
is a trade-off between the sensor distance and the assumption
of constant parameters. These considerations are more important
than the overall number of sensors used, because every domain
is treated separately in this approach. The validation test and
confidence bounds can be helpful in making a choice for the sensor
locations. If the model (of constant parameters) is rejected by the
validation test, the model assumption is incorrect. In that case the
sensor locations should be closer to each other. On the other hand,
if the confidence bounds are large then increasing the distance
between the sensors could improve the accuracy.

The other important aspect is the source defined in (2). The
theoretical minimum number of sinusoidal components in the
source should be F > "79 However, every extra sinusoidal
component increases the accuracy of the estimated parameters.
The domain to be identified is preferably close to the source,
but should not contain the source. In case the domain has some
distance to the source, the diffusive process acts as a low-pass filter,
which generally reduces the optimal frequencies £2;, with respect
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to the parameter accuracy when compared with a similar domain
closer to the source. In addition, the (unknown) parameters on the
domain, and between the source and the domain, directly influence
the choice of the optimal excitation frequency. This directly follows
from (9) if s = iw, w — oo then V and K become negligible. On
the other hand, K can be estimated using sine components at a very
low-frequency, which follows from s — 0, and V is best identified
somewhere in the intermediate region.

It is clear, that selecting the optimized identification accuracy
is complex and depends on many factors. Moreover, it depends
on which parameter needs to be identified accurately and which
domains need to be identified accurately. The accuracy can be
evaluated using the Fisher information matrix. As such this matrix
plays an important role in designing optimal excitation signals
and sensor placement. However, the exact design of the optimal
excitation signal and sensor placement is complicated, and will not
be considered in this paper. The reader is referred to Rafajlowicz
(1983) and Ucinski (2004) for a treatment of sensor placement and
excitation design in DPS. On the other hand, the design of optimal
excitation signals for transfer functions is treated in, e.g. Rojas,
Welsh, Goodwin, and Feuer (2007) and Schoukens and Pintelon
(1991). Note, that also the crest factor and randomness of the
excitation signal should be considered to reduce non-linear effects
(Pintelon & Schoukens, 2012).

4. Results

This section shows a number of analysis steps to validate the
estimation procedure presented in the previous sections through a
Monte Carlo Analysis. Then, a finite difference simulation presents
the estimation results for varying profiles of D and V. The models
estimated using a finite difference simulation are validated by
means of a cost function analysis.

4.1. Estimator and confidence bound validation

The possibility to construct confidence bounds on the estimated
parameters is an important advantage of the SMLE. However, the
implementation of any estimation algorithm can be error-prone.
Therefore, it is important to validate the implementation. This
especially holds for schemes which use an analytic Jacobian. A
number of trivial tests, such as Finite Difference Model comparison,
convergence to the true minimum, and comparison of the Fourier
transforms were done.

Next to validating the model, the estimated confidence bounds
on the estimator need to be verified. The SMLE has a number of ad-
vantages when compared to the least-squares estimators. The es-
timates remain consistent if the additive complex circular normal
noise is filtered or the different noise sources are correlated (co-
variance), because the noise models are also estimated based on
the realizations of the periodic signals. Under the conditions of fil-
tered or colored noise, the estimator should find a consistent esti-
mate and should approximate the confidence bounds accordingly.
This can be tested by means of Monte Carlo simulations. The noise
sources have been filtered and have been correlated. The original
model is used and different noise realizations (10000) with the
same variance and mean are simulated. The confidence bounds
were validated under these conditions. It turned out that the pa-
rameter b = —K/D is extremely sensitive to noise. This is caused
by the necessity of excitation signals with very low 2, and the
presence of V and D. Therefore, the damping K is fixed at zero in
the rest of this paper.

4.2. Finite difference simulations

Finite difference simulations are used to validate the method-
ology. Only the estimated diffusivity D and convective velocity V
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Fig. 1. Comparison between the SMLE and the non-linear least-squares estimator
(NLS) (6, = 1). The true profiles (solid lines) end estimates of D and V are
presented including the 95% confidence bounds (SMLE only). Some NLS estimates
of V become very large, are not included. The estimate is always plotted at the
central measurement x; of the domain. The measurements are generated with
a finite difference model of 4000 grid points, time step of 0.1 ms, where the
boundary conditions are 2%=2 = 0 and z (x = 1) = 0. The amplitude of the
ground frequency |Z (x;, £21)| and the amplitude of the highest excited frequency
|Z (x;, §290)| are shown. The other amplitudes of the excited frequencies are situated
in between. In addition, the standard deviation of the noise in the frequency
domain |oyise (Xi, $2¢)| = o, is presented, which is constant for all frequencies.
In comparison also the SNR in the time domain is presented, which is defined

as SNRime (xi)) = 20log; (nozi;’::n(]’s"()x [_)), The crosses represent the measurement

locations.

are considered as the damping K is very uncertain for reasonable
excitation frequencies. Both the diffusivity profile and convective
profile contain a step (simulated by an erf function), but at differ-
ent locations. The reason for this choice of profiles is to show that
the domains can be identified independently from the profile out-
side the domain. The problem of identifying the parameters with
discontinuities is not treated here, but can be found in e.g. Lamm
(1987). In the specific example of tokamak plasmas the steps have
experimentally been observed and can be interpreted as transport
barriers (Hogeweij, Lopes Cardozo, de Baar, & Schilham, 1998).

The excitation source Q (x,t) is placed at x = 0.1 and
hence influences the estimates in the gray area. The sensors are
positioned at x = 0.1,0.15,...,0.95, only x = 0.75 is not
present. The source is a multi-sine with equal amplitude exciting
the harmonics from 20 to 400 Hz. In total 40 periods are observed
(2 s). Noise is added, which is normally distributed and is for 20%
uncorrelated and 80% correlated (over different x;), which is a
realistic situation. Although, gradient based methods work well for
lower noise levels, at higher noise levels it sometimes converges
to a local minimum. Therefore, a simple grid search algorithm is
applied. The resulting local estimates are presented in Fig. 1.

The SMLE is compared to the non-linear least-squares (NLS)
estimator (12) with o, = 1, which is comparable to an output
error approach in the time-domain (Ljung, 1993) (Parseval’s the-
orem). At low noise levels their performance is very similar. If
the measurements become more noisy, due to a larger distance to
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(b) Model validation.

Fig. 2. (a) Contour plot of the cost function values as function of the transformed parameters a and c at a specific spatial location. Note, that the original parameters are
defined in terms of 6 so D is plotted from 1 to 200 and a is a more complicated combination of D and V. (b) The values of the cost function at the global minimum (x), Vs
for the different spatial estimates (x ). The dashed lines are the 95% confidence bounds based on the expected variance of Vs .

the source, the estimates diverge from the true values. However,
the confidence bounds for the SMLE still give correct confidence
bounds. On the other hand, at higher noise levels the NLS estimates
diverge significantly from the true values and perform worse than
the SMLE. Moreover, the estimated D seems relatively insensitive
for a step in fy (x). In addition, the estimates of the non-symmetric
domains using the measurements at x = [0.65,0.7,0.8] and x =
[0.7, 0.8, 0.85], which are plotted at x = 0.7 and x = 0.8 respec-
tively, perform as expected. Although, the performance at the steps
seems good, it needs to be decided on the basis of the validation
test.

4.3. Model validation of finite difference simulation

In Section 3.4 a model validation test is introduced, which
is used here to validate the estimates of the finite difference
simulation. The value of the cost function at the global minimum
should equal the degrees of freedom (18) within some confidence
region. This is verified in Fig. 2, where not only the values of the
cost function are plotted but also the cost function as function of
the parameters at one spatial location.

Fig. 2(a) shows the cost function, due to the parameter
transformation introduced in Section 2.4 many initialization values
will allow for a gradient based method to converge to the global
minimum or its neighborhood. Fig. 2(b) shows that most models
describe the data well. However, at lower noise levels than the
noise level chosen here, the estimated models at the step in fp(x)
and to a lesser extend at the step in fy(x) are rejected by the
validation.

5. Conclusions and discussion

This paper presents a new methodology to identify the
spatial dependent parameters. The estimation is performed in
the frequency domain, allowing analytic models to be used for
simple dependencies. A transfer function is derived, based on three
measurement points such that unknown boundary conditions can
be handled. Moreover, a sample Maximum Likelihood Estimator
is used to estimate the parameters. It takes the noise into
account, which is present at the inputs and the output. This
allows for consistent estimates of the parameter values and their
uncertainties.

The SMLE performs better than the non-linear least squares
estimator at high noise levels. A validation is applied showing
that most estimates are accepted. The local estimation with three
parameters ensures a simple and robust minimization of the cost
function as only a few parameters need to be estimated. The local
estimates also overlap, resulting in some redundancy, which can
further improve the estimation procedure by using the overlap
information.

Extending the methodology to higher dimensions is not
straightforward. The main problem is foreseen in terms of the

boundary conditions of a domain. The out and inflow of energy
between two measurement locations needs to be described,
which probably would require some interpolation. In addition, the
required number of measurements increases to at least four in 2D.
This means that the SMLE needs to be extended accordingly.

Acknowledgments

The work presented in this paper has been performed in
the framework of the NWO-RFBR Centre of Excellence (grant
047.018.002) on Fusion Physics and Technology. This work,
supported by NWO, ITER-NL and the European Communities under
the contract of the Association EURATOM/FOM, was carried out
within the framework of the European Fusion Programme. The
views and opinions expressed herein do not necessarily reflect
those of the European Commission. This work is also sponsored by
the Vrije Universiteit Brussel (SRP-19), Fund for Scientific Research
(FWO-Vlaanderen), Institute for the Promotion of Innovation
through Science and Technology in Flanders (IWT-Vlaanderen),
and the Belgian Federal Government (IUAP VI/4).

References

Astrom, K. ]. (1980). Maximum likelihood and prediction error methods.
Automatica, 16(5), 551-574.

Banks, H. T., Crowley, ], & Kunisch, K. (1983). Cubic spline approximation
techniques for parameter estimation in distributed systems. IEEE Transactions
on Automatic Control, 28(7), 773-786.

Banks, H. T., & Kunisch, K. (1989). Estimation techniques for distributed parameter
systems. Boston: Birkhduser.

Banks, H. T., & Lamm, P. K. (1985). Estimation of variable coefficients in parabolic
distributed systems. IEEE Transactions on Automatic Control, 30(4), 386-398.

Bhikkaji, B., & Soderstrom, T. (2001). Reduced order models for diffusion systems.
International Journal of Control, 74(15), 1543-1557.

Canuto, C., Hussaini, M. Y., Quarteroni, A., & Zang, T. A. (1988). Spectral methods in
fluid dynamics. Berlin, Heidelberg: Springer-Verlag.

Curtain, R. F., & Morris, K. (2009). Transfer functions of distributed parameter
systems: a tutorial. Automatica, 45(5), 1101-1116.

Curtain, R. F., & Zwart, H. ]. (1995). An introduction to infinite-dimensional linear
systems theory. Vol. 21. New York: Springer-Verlag.

Diversi, R., Guidorzi, R., & Soverini, U. (2007). Maximum likelihood identification of
noisy input-output models. Automatica, 43(3), 464-472.

Gabano, J.-D., & Poinot, T. (2011). Fractional modelling and identification of thermal
systems. Signal Processing, 91(3), 531-541.

Gentle, K. W. (1988). Dependence of heat pulse propagation on transport
mechanisms: consequences of nonconstant transport coefficients. Physics of
Fluids, 31, 1105.

Goodman, N. R. (1963). Statistical analysis based on a certain multivariate complex
Gaussian distribution (an introduction). The Annals of Mathematical Statistics,
34(1), 152-177.

Goodwin, G. C., & Payne, R. L. (1977). Dynamic system identification: experiment
design and data analysis. New York: Academic Press.

Heath, M. T. (1997). Scientific computing. New York: McGraw-Hill.

Hogeweij, G. M. D., Lopes Cardozo, N.]., de Baar, M. R., & Schilham, A. M. R. (1998). A
model for electron transport barriers in tokamaks, tested against experimental
data from RTP. Nuclear Fusion, 38(12), 1881.

Ito, K., & Kunisch, K. (2008). Lagrange multiplier approach to variational problems and
applications. Vol. 15. Philadelphia, PA: SIAM.


http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref1
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref2
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref3
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref4
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref5
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref6
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref7
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref8
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref9
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref10
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref11
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref12
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref13
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref14
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref15
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref16

M. van Berkel et al. / Automatica 50 (2014) 2113-2119 2119

Jalloul, A, Jelassi, K., Melchior, P., & Trigeassou, ].-C. (2011). Comparison of
identification techniques for fractional models. In IEEE multi-conference on
systems, signals and devices. SSD. 2011 8th International (pp. 1-6).

Kravaris, C., & Seinfeld, J. H. (1985). Identification of parameters in distributed
parameter systems by regularization. SIAM Journal on Control and Optimization,
23(2),217-241.

Kunisch, K., & Peichl, G. (1991). Estimation of a temporally and spatially varying
diffusion coefficient in a parabolic system by an augmented Lagrangian
technique. Numerische Mathematik, 59(1), 473-509.

Lamm, P. K. (1987). Estimation of discontinuous coefficients in parabolic systems:
applications to reservoir simulation. SIAM Journal on Control and Optimization,
25(1), 18-37.

Ljung, L. (1993). Some results on identifying linear systems using frequency domain
data. In Proc. 32nd IEEE conference on decision and control (pp. 3534-3538).
Mochi, M., Pacelli, G., Recchioni, M. C., & Zirilli, F. (1999). Inverse problem for a class
of two-dimensional diffusion equations with piecewise constant coefficients.

Journal of Optimization Theory and Applications, 100(1), 29-57.

Pintelon, R., & Schoukens, J. (2012). System identification: a frequency domain
approach. Hoboken, NJ: Wiley-IEEE Press.

Pintelon, R., Schoukens, ]., Pauwels, L., & Van Gheem, E. (2005). Diffusion systems:
stability, modeling, and identification. IEEE Transactions on Instrumentation and
Measurement, 54(5), 2061-2067.

Pintelon, R., Schoukens, J., & Rolain, Y. (2003). Uncertainty of transfer function
modelling using prior estimated noise models. Automatica, 39(10), 1721-1733.

Pintelon, R., Schoukens, ]., Vandersteen, G., & Barbé, K. (2010). Estimation of
nonparametric noise and FRF models for multivariable systems—part I: theory.
Mechanical Systems and Signal Processing, 24(3), 573-595.

Polyanin, A. D., & Zaitsev, V. F. (2003). Handbook of exact solutions for ordinary
differential equations. Vol. 2. London: Chapman & Hall/CRC.

Rafajlowicz, E. (1983). Optimal experiment design for identification of linear
distributed-parameter systems: frequency domain approach. IEEE Transactions
on Automatic Control, 28(7), 806-808.

Rojas, C. R, Welsh, ]. S., Goodwin, G. C,, & Feuer, A. (2007). Robust optimal
experiment design for system identification. Automatica, 43(6), 993-1008.
Schoukens, J., & Pintelon, R. (1991). Identification of linear systems: a practical

guideline to accurate modeling. New York: Pergamon Press.

Schoukens, ]., Pintelon, R., Vandersteen, G., & Guillaume, P. (1997). Frequency-
domain system identification using non-parametric noise models estimated
from a small number of data sets. Automatica, 33(6), 1073-1086.

Smith, G. D. (1985). Numerical solution of partial differential equations: finite
difference methods. Oxford University Press.

Soderstrom, T. (2007). Errors-in-variables methods in system identification.
Automatica, 43(6), 939-958.

Soderstrom, T., & Halvarsson, S. (1999). Parameter estimation for diffusion models.
Technical report. Dept. of Information Technology, Uppsala University, Sweden.
http://www.it.uu.se/research/reports/1999-003/1999-003.pdf.

Soderstrom, T., Hong, M., Schoukens, J., & Pintelon, R. (2010). Accuracy analysis of
time domain maximum likelihood method and sample maximum likelihood
method for errors-in-variables and output error identification. Automatica,
46(4), 721-727.

Ucinski, D. (2004). Optimal measurement methods for distributed parameter system
identification. Boca Raton, FL: CRC Press.

Valério, D., & da Costa, J. S. (2007). Identification of fractional models from
frequency data. In Advances in fractional calculus (pp. 229-242). Springer-
Verlag.

Vogel, C. R. (2002). Computational methods for inverse problems. Philadelphia, PA:
SIAM.

Matthijs van Berkel was born in ‘s-Hertogenbosch, The
Netherlands on June 11, 1983. In 2010 he received his
M.Sc. degree in mechanical engineering: control systems
technology from the Eindhoven University of Technology
(TU/e). He is currently a Ph.D. student with the Dutch
Institute For Fundamental Energy Research (FOM DIFFER)
and the Control Systems Technology Group at the TU/e. In
addition, he is a recipient of the short-term postdoctoral
fellowship from the Japanese Society for the Promotion of
Science (JSPS). In that context he is currently performing
research at the National Institute for Fusion Science, Toki,

Japan.

His main interests are system identification for nuclear fusion and wavelet
theory for signal analysis. Currently, his research focuses on system identification
for electron heat transport.

Gerd Vandersteen received his electrical engineering
degree from the Vrije Universiteit Brussel (VUB), Brussels,
| Belgium, in 1991. In 1997, he received a Ph.D. in electrical
" engineering from the Vrije Universiteit Brussel/ELEC.
- During his postdoc he worked at the micro electronics
4 research center IMEC as a principal scientist in the Wireless
Group with the focus on modeling, measurement, and sim-
ulation of electronic circuits in state-of-the-art silicon tech-
nologies. This research was in the context of a collaboration
with the Vrije Universiteit Brussels.

. Since 2008 he has been a professor at the Vrije Univer-
siteit Brussels/ELEC within the subject of measuring, modeling, and analysis of com-
plex linear and nonlinear systems.

Egon Geerardyn was born in Jette, Belgium on April 15,
1988. He received the M.Sc. degree in electrical engineer-
ing: electronics and electronics and information technology
from the Vrije Universiteit Brussel (VUB), Brussels, Belgium,
in 2011. He is currently working towards a Ph.D. in the De-
partment of Fundamental Electricity and Instrumentation
(ELEC) at the VUB.

His main interests are system identification with limited
user interaction, signal processing and input design.

Rik Pintelon was born in Gent, Belgium, on December 4,
1959. He received a master’s degree in electrical engineering
in 1982, a doctorate (Ph.D.) in engineering in 1988, and the
qualification to teach at the university level (geaggregeerde
voor het hoger onderwijs) in 1994, all from the Vrije
Universiteit Brussel (VUB), Brussels, Belgium.

From 1982 to 1984 and during 1986-2000, he was a
researcher with the Belgian National Fund for Scientific
Research (FWO-Vlaanderen) at the Electrical Engineering
. (ELEC) Department of the VUB. From 1984 to 1986 he did his
“““ military service overseas in Tunisia at the Institut National
Agronomlque de Tunis. From 1991 to 2000 he was a part-time lecturer at the
Department ELEC of the VUB, and since 2000 he is a full-time professor in electrical
engineering at the same department. Since 2009 he was a visiting professor
at the Department of Computer Sciences of the Katholieke Universiteit Leuven,
and since 2013 he is a honorary professor in the School of Engineering of the
University of Warwick. His main research interests include system identification,
signal processing, and measurement techniques. He is the coauthor of 4 books
on System Identification and the coauthor of more than 200 articles in refereed
international journals. He has been a Fellow of IEEE since 1998. He was the recipient
of the 2012 IEEE Joseph F. Keithley Award in Instrumentation and Measurement
(IEEE Technical Field Award).

Hans Zwart was born in Hoogezand-Sappemeer, The
Netherlands in 1959. He received the Drs. degree in 1984 in
mathematics at the University of Groningen and his Ph.D.
degree in 1988. Since 1988 he is with the Department of
Applied Mathematics, University of Twente, The Nether-
lands. From May 2011 onwards he also has a part-time po-
sition at Mechanical Engineering, University of Eindhoven.
His research interest lies in the area of distributed parame-
ter systems. He is the co-author of “An Introduction to Lin-
ear Infinite-Dimensional System Theory”, Springer Verlag,
1995, with R.F. Curtain. His research focuses on distributed

parameter systems.

1 Marco de Baar is a group leader at the FOM instituut
| DIFFER (The Netherlands) and a part time professor at
Eindhoven University of Technology. He finished his Ph.D.
| in 1999 on plasma turbulence and its suppression. After
~ that he carried out a number of scientific, operational and
managerial roles in different nuclear fusion experimental
facilities. Since 2007, he works on the application of
control engineering in (nuclear fusion) plasmas, and on
the development of remote maintenance strategies for the
components of nuclear fusion reactors.



http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref18
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref19
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref20
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref22
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref23
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref24
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref25
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref26
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref27
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref28
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref29
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref30
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref31
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref32
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref33
http://www.it.uu.se/research/reports/1999-003/1999-003.pdf
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref35
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref36
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref37
http://refhub.elsevier.com/S0005-1098(14)00217-9/sbref38

	Frequency domain sample maximum likelihood estimation for spatially dependent parameter estimation in PDEs
	Introduction
	Modeling
	Considered partial differential equation
	Boundary condition description
	Constant parameters
	Change of variables

	Sample maximum likelihood estimator
	Error model: errors-in-variables
	Maximum likelihood cost
	Optimization and confidence bounds
	Model validation
	Input design and choice of domain

	Results
	Estimator and confidence bound validation
	Finite difference simulations
	Model validation of finite difference simulation

	Conclusions and discussion
	Acknowledgments
	References


