AIChE

Identification of Nonlinear Parameter Varying Systems with
Missing Output Data

Jing Deng and Biao Huang
Dept. of Chemical and Materials Engineering, University of Alberta, Edmonton, Alberta, Canada T6G 2G6

DOI 10.1002/aic.13735
Published online March 12, 2012 in Wiley Online Library (wileyonlinelibrary.com).

An identification of nonlinear parameter varying systems using particle filter under the framework of the expectation-
maximizaiton (EM) algorithm is described. In chemical industries, processes are often designed to perform tasks under
various operating conditions. To circumvent the modeling difficulties rendered by multiple operating conditions and the
transitions between different working points, the EM algorithm, which iteratively increases the likelihood function, is
applied. Meanwhile the missing output data problem which is common in real industry is also considered in this work.
Particle filters are adopted to deal with the computation of expectation functions. The efficiency of the proposed method is
illustrated through simulated examples and a pilot-scale experiment. © 2012 American Institute of Chemical Engineers
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Introduction

Over the past few decades, the research of parameter esti-
mation for nonlinear processes has witnessed rapid progress
as it plays a key role in the development of mathematical
models to describe process behavior. Aspects of parameter
estimation and system identification have been discussed
extensively in literature."* Linear modeling techniques have
been quite mature over the past few decades. Nonlinear pro-
cess modeling such as nonlinear autoregressive exogenous,
artificial neural network and Wiener or Hammerstein models
have also been widely applied. However, studies on parameter
estimation for nonlinear parameter varying (non-LPV) system
have been sparse. The inborn nonlinearity of the chemical
processes and the production complexity brought by various
working conditions have both increased the estimation diffi-
culties. In general, chemical processes may behave differently
when performing different production tasks. This includes the
feed raw material property changes, a varying grade in poly-
mer plants, or reaction load changes, etc.

To overcome the limitations of conventional single-model
based modeling techniques, researchers have developed vari-
ous multiple modeling strategies. Shamma et al.® first intro-
duced a LPV modeling method, which is featured by its linear
structure and varying model parameters. Due to its capability
in approximating nonlinear process, the LPV modeling method
has drawn growing attention from researchers. An LPV model-
ing method was put forwarded by Xu et al.* in their study of
nonlinear model predictive control (MPC). The process is
tested around each operating trajectory and the global LPV
model is identified by interpolating each linear local model
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using all available data. Jin and Huang® proposed an LPV mod-
eling method under the framework of the expectation and max-
imization (EM) algorithm, which identified the LPV models
using all data points collected from the experiments. Their
work only considered the linear input—output ARX model as
the local models to approximate a global nonlinear model.

Nonlinear state space model is a general class of models
to represent nonlinear dynamic systems. Maximum likeli-
hood estimation of nonlinear parameter invariant state space
models has been studied by Schon et al.® However, the pro-
cess often operates over various conditions which render dif-
ferent model parameters. The work conducted in this article
aims at the identification of parameter varying nonlinear
state space models.

On the other hand, missing data or irregularly sampled
data is commonly observed in industrial practice. Parameter
estimation of nonlinear dynamic models in the presence of
missing observation has not been well studied. Missing data
could be caused by a sudden mechanical breakdown, hard-
ware sensor failure or data acquisition system malfunction,
etc. Another increasing common source for this missing data
problem is the integration of communication networks in
process control systems and the subsequent potential for data
losses and packet dropouts.

Some common approaches in dealing with missing data
have been presented and summarized in Khatibisepehr’s
work.” One intuitive way known as case-wise deletion is to
simply exclude the records that contain missing values. Its
major drawback is that some informative data may also be
thrown out in the meantime. In many chemical industries,
for example, process variables such as flow rate, tempera-
ture, stream density are frequently sampled while the key
quality variable like composition which often is of the most
interest can only be obtained after hours of laboratory analy-
sis. Arbitrarily removing the records where lab data is not
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available leads to a loss of useful information contained in
fast sampled variables. Another popular treatment of
incomplete data set is called imputation, including mean
substitution, regression imputation, multiple imputation,
etc. These methods, by their names, replace all missing
value with the mean of that variable or the prediction using
information gained from other data, which appears to be
attractive in the sense that it preserves the complete data
size. Nevertheless, as pointed out by Khatibisepehr,” the
variances of the data may be considerably changed with
imputation.

The work by Gopaluni® is an important step towards identi-
fication of parameter invariant nonlinear models with missing
observations, where the EM algorithm is adopted for dealing
with missing data and hidden state, and the particle filter
based smoother is applied for computation of the expectation
functions. This article extends the work of Gopaluni8 by con-
sidering parameter varying nonlinear systems. In addition,
missing output and parameter varying problems in nonlinear
state space model parameter estimation are solved simultane-
ously under the framework EM algorithm. Particle filters are
used for computation of expectation functions. The use of par-
ticle filter rather than the smoother significantly reduces the
computation load.

The remainder of this article is organized as follows: The
“Problem Statement” section states the identification prob-
lem of parameter varying nonlinear state space models with
missing output data. The “Expectation-Maximization Algo-
rithm” section begins with a revisit of the EM algorithm and
the derivation of the expression for Q function for non-LPV
state space models with missing output data is given. The
“Computation Through Particle Filtering” section provides
a brief description of particle filters and the detail of evaluat-
ing the Q function using particle filters is presented. Numeri-
cal simulations as well as an experimental example are illus-
trated in the “Simulations and Pilot-Scale Experiment” sec-
tion which aim at demonstrating the effectiveness of the
proposed method in non-LPV system identification with
missing output data. The “Discussion and Conclusion” sec-
tion draws the conclusion based on the results obtained in
this article.

Problem Statement

Many industrial processes are often operated in certain
“orderly”” ways to meet different production objectives.
Such orderly ways are also referred as operating trajectory
which consists of several predesigned operating points. In
this article, we use “H” to denote the operating variable
according to which the process is operated.

Consider the nonlinear state space model given by

Xt :f(xtflv U1, ®) + @)
Vi = h(xn ®) + v (2)

where the system parameters are ® which are functions of the
scheduling variable H such that ® = g(H). Assume that J
operating points are predefined such that at each H;, i =
1,2,...,J, the process has different parameters in its (nonlinear)
model, and each local set of parameters 0;, i = 1,2,...,J are to
be estimated. x;, u,, y,, @, and v, are state, measured input,
measured output, process noise and measurement noise,
respectively; o, and v, are independent and identically
distributed Gaussian noises with covariance matrices Q and
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R, respectively. The input sequence {uy,...,ur} and the
trajectory of scheduling variable {H,,...,H7} are known.

Let X denote the sequence of hidden states {xi,...x7}. The
outputs are available at time {7q,...,¢,} while missing at time
{my,..omgl. Yo = {ys,,...,y,} and Y,y = {5 .-, Y, } stand
for the corresponding observed outputs set and missing out-
puts set. It is assumed that the data is missing completely at
random (MCAR).” In other words, the probability that data
missing mechanism does not depend on any part of the
observed data or missing data. The nonlinear model struc-
tures in 1 and 2 are known a priori.

Due to the varying operating condition, a single nonlinear
model is not sufficient to represent the process dynamics.
Therefore, a global nonlinear model which is a weighted inter-
polation of each local nonlinear model is adopted as follows

J

Xo= oy 3)

J=1

Y= oy “

An exponential weighting function is used here to denote
the weight for each local model’

2
Wy = exp <M> 5)

2
2(a;)
and the normalized weight o can be derived as

S o

where ¢; represents the validity width for each local model
which is bounded by o,,,;, (the lower bound for ¢;, j = 1: J) and
Omax (the upper bound for g;, j = 1: J). Hence, the parameters
of each local state space model, 0/, j = 1:J, as well as the
model validity ¢;, j = 1: J, are of interest. In the following, we
will show how to formulate the parameter estimation problem
under the scheme of the EM algorithm.

(6)

Olyj

Expectation-Maximization Algorithm
EM algorithm revisit

Expectation-maximization (EM) algorithm’ is a well-
known maximum likelihood based method, which iterates
between two steps, the expectation step and maximization
step. The basic principle behind the EM algorithm is that
instead of performing a direct optimization of the likelihood
of the observed data, which is typically not tractable, one
augments the observed data set C,,, with missing data set
Chis to perform a series of iterative optimizations. In the
EM procedure both the complete data log-likelihood, log[(-
Cobss Cmisl®)] and the conditional predictive distribution,
P(CrislCops,®), are calculated. Consisting of two steps,
namely the expectation step (E-step) and the maximization
step (M-step), the EM algorithm proceeds as follows:

Let © be the current best approximation to the mode of
the observed posterior or the best estimated parameters using
all available data. With the parameters currently available
and data that are observed, the distribution function of the
missing observations may be determined. Based on the
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distribution function the expectation of the complete data
with the expectation taking over the missing observation can
be derived, which is known as the Q function. The E-step is
to compute the Q function which is defined by

0(0|0") = Ec, . 1con.0* {108[P(Cobs; Cinis|©)]}

= / 10gb’(cob57 Cmis) ‘®]p(cmis|cobsy G)k)dcmis
Crnis

@)

and the M-step is to maximize the Q function with respect to
O to obtain

O = arg max 0(0|6%) 8)

The E-step and M-step iterate until convergence.

Formulation of the multiple model parameter estimation
based on the EM algorithm

Consider the state-space model described in Egs. 1 and 2.
A hidden variable I, is introduced to represent the identity of
the sub model which takes effect at time t. The observed
data set Cops are Y, ={yy,....,v,}, {ur,...,ur}, and
{H,,...,.Hr}, while the hidden states X = {xi,...,.xr}, the hid-
den model identity / = {[y,...,[+} and the missing outputs
Y = {Ymys---»Ym,;} can be viewed as the latent or missing
data C,;. Since input sequence {ui,...,ur} are considered
known, it will not play a role in the following derivation and
will be omitted for simplicity. Let p(Cops,Cimisl®) denote the
complete likelihood function including both the hidden states
and observations. The Q function is defined as the expecta-
tion of the log-likelihood function log[p(xy.7,01.7H1.7,y1.71®)]
with respect to all latent variables or data which is given by

0(8|0") = E._ ¢, 0 {108[p(Cobs, Cmis|©)]}
= Exl.T#[l:T#YW\CUhN@"{log[p(Y(N Yy, Hir, x1r, 17| ©)]}
=E, . 1y, Con0 1108p 17, Hir, X1, 1 |©)] - (9)

In Eq. 9, the term p(yy.7,H1.7.%1.7501.7/®) which is the joint
density function of the full data set can be decomposed
using the Bayesian property as
pir, Hyr, x1.r,11.7|©)
= pOir|Hir, x1r, Dvr, O)p(Hir, x1.7,11.7|©)
= pOrrHyr, xir I, O)p(xir|Hyr, Ly, ©)p(Hir, I1.7|©)
= pWir|Hir, xir, Iy, @)p(xir|Hir, I, ©).

p(lir|Hyr, ®) - p(Hi7|©) (10)

The first term can be further written as

pOirlHir, xir, Iir, ©)
=pOrlyir—i, Hir, X1 Lir, @)p(vir—1|Hirs X, Dy, ©)

P(YT|)’1:T717 Hy.r,x1.1, ]1:T7®)p(}’T71 |)’1:T727H1:T>X1:T, Il:T>®)-~

payi, Hir, xir I, ®)p(i|Hyr, X1, Ly, ©)

= p(yrlxr, Ir, ®)p(yr—1|xr—1,Ir-1, ©)sp(y1|x1, 11, ®)
T
= [Ir0ilx. ©1) (11)
=1
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where in the derivation of Eq. 11, we have used Markov
property and the relation that given the model identity /, the
conditional distribution of y is independent of the scheduling
variable H. Similarly the second term can be simplified to

p(xir|Hir, I, ©)
=P(XT|X1T 1 Hyr Ly, ®)p(xir—1|Hir, Lir, ©)
= plxr|xir—1, Hur, Iir, O)p(xr—i X102, Hir, I, ©)...
palxi, Hir, xir, Iir, ©)p(xi|Hir, x1.7, 1.1, ©)
= p(r|xr—1, I, ®)p(xr_1|xr—2,I7-1, ©®)...
pllx, 1, 0) - pxi|l1, ©)

=p(x1|©y) HP(Xr\Xt—n@L) (12)
=2

where in the derivation of Eq. 12, the Markov property about

the state has also been applied. The third term can be derived

below

p(Li.r|Hi.r, ©)
=pUr|lhir—1,Hyr,®)p(lir-1|Hir, ©)
= p(Ir|hr—1, Hi:oO)p(Ir_1|hr—2, Hir, ©) - - - p(I1|Hy .1, O)
= p(Ir|Hr, ©)p(Ir-1|Hr-1,O) ... p(1i|H,,0)
T
= HPU:|H:7®1,) (13)

=1

Derivation of the third term has used the fact that the dis-
tribution of the model identity is completely determined by
the scheduling variable H,. Substituting Eqs. 11, 12, and 13
in 10, the joint density of the likelihood of the full data set
can be rewritten as

)= H(P(yt‘xn O,,)p(I:|H;, ©1,))-

t=1

T
p(a|®) [ [ plilxir, @) - € (14)

t=2

pOir, Hir, xir, 17| ©

where C = p(H,.71®) is considered as a constant since the
trajectory of the scheduling variable {H,...H7} is known and
does not depend on ®. Furthermore, substituting Eq. 14 in 9,
the Q function can be rearranged as

T
Q(®‘®k) = Exlzr,llz-r,Y,,,\Cnbg,@]‘ {log [H(P()’Axta ©,)

t=1

T
p(L{H:,©4)) - p(x|©) [ [ p(ulxi1,©) 'C} }

t=2

T
= E,\'I:T,II.T,Y,,,|CL,bM®k {Z[log(p(ytx,, 0;,) + logp(l,|H;, ©;,)]

t=1

T
+ logp(x1|©;,) + > logp(x|xi1,0y) +10gC} (15)

Since the possible set of the operating points are known a
priori, the expectation can be taken over the discrete variable
1, first as
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T J T J
Q(@|®k>—E,W,YMCM,M@{ZZlogp (Ol ©;) - p(l = jCobs, ®) + > > "logp(l, = jloj, Hy) - p(I; = jlCobs, ©")

t=1 j=I =1 j=I
J T J J
+ZIOgP(x1‘®1) p(I; = j|Cops, © +ZZIOgP (X1, ) p(I: = j|Cops, k)+210gc'p(1t:j|cobm®k)} (16)

j=1 t=2 j=1 j=1

Then the expectation is further taken over continuous variables states X(x;.;) and missing observations Y,

T J
Z Z logp()’f'xta ®j) . P([r = j|Cobsa ®k) . p(xlzTa)’ml:m/, |Cob37 ®k)dxl:Td)’m]:mﬁ

/XY,,, =1 j=1
T J
+ / Z lng(I, :j|0-jaHt) 'P([r :j|Cobsa ®k) ‘p(xl:T7ym|:m/;|Cobsa ®k)dX1:Tde1:nz/;
XY =1 Jj=1
J
+/ Zlogp()ﬁ‘@]) p(lt :,j|C0bsy®k) 'p(xlzTayml:m/;|C0bsa®k)dxl:Tdyml:m/g (17)
XY =1
T J
+ / ZIOgP(XzPCz 1 ) (It _j|COb§7 @ ) P(Xl Ty Ymy: m,;|C0bsa )dxlszyml:m/g
XY =2 j=1
J

/ Zlogc P(Ir _]|C0b97 k)} 'p(xl:TaymlznlMCobsa G)k)dxl:Tdyml:m/f
XY 20

Given the previous division of the output into observed and missing subset Y, and Y,,, the derivation can be continued as

=t,
= ZZ/Ing(y,pc,, ®/) =PI = J|Cops, ®k) : {/ p(xliTayml:m/1|C0bS’ ®k)dymlrM/;]dXI:T
=t j=1 Y
t=my
+ Z Z/ 10gP()’r|Xz7 ®j) ‘p(]t :j‘cobm ®k) ‘p(xl:Tvym]:m/;‘Cobsv ®k)dx1:TdeI:m/;
t=my j=1 XY
+ ZZ / logp(I; = jlaj, H,) - p(L; :j‘cob57®k) : [/ p(xl:Tvymltm/;|Cob87 ®k)dym|:m/;] “dxir
=1 j= Y

m

+ Z/IOgP(X1|®1) 'p(It :_j|cobs,®k) : |:/ p(xlzTayn11:m/g|C0bs,®k)dyml:m/;:|dx1:T
1

=T
+Z221/10gp xtlxt 15 ) (]t _]|C0b§7 ) |:_/Y p(XI:T7ym|:m/;|C0b57®k)dym|:m,;:| 'dxlzT
=2 j m
(18)

IOgC 'p(lf :j|C0b87 ®/\) : l:/ p(xlzTaynn:m/g|C0b57 ®k)dyml:m/g:|dx1:T

m

+
Jj=1
t=t,
= Z/logp(yt|xh®j)'p(lt:j|cob57®k)'p(X11T|C0b57®k>dxliT
X

t=t; j=1

~
\><\

~

t=mpg

+ Z Z/XY log p(ye|x:, ©;) - p(I; = j|Cobs, OF) -p(xliT,ym]:mﬁ\CobS’@k) - dx1rdYm, m,

t=m j=1

=T J J
+ 3 logp(l, = jloj, Hy) - p(I; = jlCobs, ©) + / 10gp(x1|®1) - p(I; = j|Caps, OF) - p(x1|Caps, ©F)elxy
=1 j=1 j=1JX
=T J J
+ Z/logp(x,|x,,1,®j) Iy = j|Cobs, ©) - p(x1:7|Caps, @)1 + D 1og C - p(I; = j|Caps, ©F)
=2 j=1 /X J=1

The probability of the jth local model taking effect at the where H, denotes the measurement of the scheduling variable

tth sampling time p(/, = jICobS,Gk) can be calculated as at time ¢, H; is the jth operating point and o; represents the
validity width of the j,, local model.

—(H, - H-)2 To evaluate the Q function in Eq. 18, the values of density

(I, = j|Cops, OF) = exp <’—2f> (19)  functions p(x;.71Cos,®) and  p(x1.rYmimplCobs,®F)  are

2(0)) needed. Since direct calculations are intractable, those
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density functions are to be numerically calculated using par-
ticle filter in the next section.

Computation Through Particle Filtering
Particle filters revisit

The basic idea of particle filters is to represent the desired
posterior density function by a series of particles with asso-
ciated weights, i.e., {x w! }, - Then the density function of
the states given the current estlmatlon of parameters @ can
be discretely approximated as'”

N
Py, ) = Y by —x) (20)
=1
where d(-) is the Dirac delta function, 75 < #; N is the number
of particles; «; is the normalized weight associated with the ith
particle such that Zl , @; = 1. Suppose that at time ¢ — 1, a
set of particles {x}, , }N:1 are available and we want to obtain
N particles which represent the hidden state for time 7. Since it
is usually difficult to directly draw samples from the true
posterior densr[y Py ys. ,ﬁ,® "), the principle of importance
sampling'' is adopted. The idea is to use a so called
importance density ¢(-) from which one can easily draw
samples x’i:t,i = 1,...,N. Then the posterior is obtained by
resampling important sampling. It has been shown that, as long
as the support region of the posterior density belongs to that of
the importance density, the particle approximation is un-
biased.'* The importance sampling is commonly chosen as the
probability of state transition, i.e.

Q(Xt|Yt1:tﬁ»®k) :P(Xt‘xr—h@k) 2n

With this choice, the weight for each particle can be derived as’

o} o< ol p(yilad, ©F) (22)

For time instants f = my;,...,mp, when the outputs are not
available, draw particles from the importance density
p(x,lx;_1,®k) and keep the weights unchanged, i.e.

a); = a);_l 23)

To avoid the degeneracy problem,'® the importance sam-
pling step is usually followed by a resampling procedure.

t= rq J
0(0)0") =
I 1 j 1

t=mg J

The idea is to discard the particles with small weights and
concentrate on those with large weights. After resampling,
1

each particle’s weight will be reset to ! = N

Particle filters approximation and cautious resampling

The problem brought by brute force resampling is that it
reduces the diversity among particles. One solution is to
resample the particles only when it is necessary instead of
performing it at each step. To be specific, N is introduced
to represent the effective particle number'?

1
S (o)’

where wj' is the normalized weight obtained through 22. It
implies that, as the variance of the weights grows very large,
the effective sample size decreases to a small number which
indicates a severe degeneracy problem. In practice, one uses
resampling to eliminate useless particles only when a severe
degeneracy problem occurs, say, N falls below the threshold
N thred-

Given the current estimation of parameters, the particle fil-
ter algorithm is summarized as follows:

Negr = (24

SteP 1. INITIALIZATION. Draw initial N particles {xi}Y | ﬁom
the prior density p(xOIG) ) and set each particle’s weight to =
Set t = 1.
STEP 2. IMPORTANCE SAMPLING. Generate predicted particles
{xi}f’: | from the importance density p(x,lx,,1,®k).
STEP 3. ASSIGNING WEIGHTS. Assign the weight to each parti-
cle using Eq. 22 when vy, is available. Otherwise, calculate
the weights according to Eq. 23.
SteP 4. RESAMPLING. Compute the number of effective par-
ticles using Eq. 24. If Neg is less than the threshold Nyeq,
then perform resampling and replace the predicted particles
in Step 2 with resampled particles. Reset the weights of
resampled particles uniformly as wi :ﬁ. Otherwise, go to
Step 5.
StEP 5. Set t =t + 1 and repeat Step 2 to Step 4 for t < T.
Estimation of p(xlzTICobs,G)k) and p(x]:T,ymlz,,wlCobs,@k) is
a problem of smoothing all states with all available observa-
tions. Its computation with the iterative EM algorithm is in-
tensive. With further marginalization of the states and the
missing observations following the approach of Gopaluni,®
the Q function obtained in 18 can be rewritten as

/lng yt|xt: j) p(It—]|C0b57®> p(xt|C0b57 )dxt

+ Z Z/XY log p(ye|xi, ©;) - p(I; = J|Cops, @) - p(x1, y1|Cops, OF) - dix,dy,

t=m;

=T

J
+> Zl log p(I; = jloj, H,) - p(I; = j|Cops, ®

N

WN
~N =

J

=2 j=

3458 DOI 10.1002/aic
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/logp (x1]01) - p(I; = j|Cobs, ) - p(x1|Cops, O )dxy

J
+ /Ing(xt|xt 1) ) (Ir—J|Cob57 ) p(x,,11t|C0bs,®k)dx,,1:t+ZlogC~p(1t=j|C0bs,®k) (25)
1 /X

J=1
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Calculation of p(x/Copses®), p(xryCops, @) and p(x,1.x,
Cobs,®) is a smoothing problem, of which the computation
cost is very high. A practical solution is to apply recursive
state filtering such that p(x,IC(,bg,® ) is recurswely approxi-
mated by p(xly,. ,,;,@ Yfort=1:T, p(x,,y,ICobq,G ) is recur-
sively approx1mated by pCeyilya. ,[;,(9 ) for t = 1. T,
and  p(x,x,, 1IC0b§,® ) is recursively approximated by
p(x,,x,+1ly,1_,/;,® ) for t = 1: T — 1, where 3 < t. This solu-
tion can significantly reduce the computation complexity and
thus make the solution possible in real-time applications.

In Eq. 25, the density function p(x,ICobS,(Bk) is approxi-
mated using particle filters as

N
p(x,‘cobm@k) %P(Xzb’r,:rﬁ, ) ) = ZO);&(X[ 7)(;) (26)
i=1

When the observation is missing, the joint density of x,
and y, is required, which can be derived as

P (Xe, 2| Cobs, ®k) ~ (s, Ye|ya: ity G)k)

27
_p(yt|xf? ) (xflyt t/g7®k)

~Since y, is missing, one can replace it with the predicted
y; which is the prediction using xj such that
yi = h(x, ") (28)

Therefore

P(Xt: )’t|Cobs, S )5()’1 - yi) (29)

N .
)Y oo
i—1
where

i (y”x;v@k) (ilyllit/x7®k)
wt\x - i @k i k
Z, 1p(Yr|x ® ) ( t‘ytlifﬂ?@ )

Using Eq. 28

(30)

L. 1 (yi_h(xi @k))Z
I O = ——— O T E )
p(ytlxm@)_\/ﬁexp( 2R
1 h(xi, ©) — h(x, ©F))?
_ MRexp(( 000 MO gy
Hence
i p('x”yflit/m@k)

Wy, = _ =o' (32)
” Z?l:lp(x”ytlilﬁv ®k) '

As for the joint density function of x, and x,,, it can be
approximated as

zp(-xtuxl‘-%—l ‘yflitfw ®k)
p(xf+l ‘xtv k)p(xf|yf11t/f7 ®k)

N
Z r\t+l )5(Xt+1

i=1

p(-xl‘axf+1 |C0b57 ®k)

(33)

*X§+1)
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where

. . k . ©
i _ ( ;+1|X;,® )p( ;‘ytlitﬁv® )

Wy = , :
IS (o ©F)p(xi[yiy s, ©F)

(34)

Substituting these approximated density functions, the Q
function in Eq. 25 can be finally obtained.

1=t,

®‘®k Zzzw lng yr|xta®) (lr :j|Cob37®k)

=t j=1 i=
t=mpg

+> ZZw log p(yixi, ©;) - p(I; = j|Cobs, ©")
1= ny ':

+ Z Zlogp(l, = jloj.Hy) - p(I; = j|Cobs, ©")
=1 j=1
J N ) ]

+ Z Zwa log p(x}|©1) - p(I; = j|Cobs, O")
=T J

+Zzzwt 1\110gp t|xt 1:07)-p(l;=]|Cobs,® )
t=2 j=1 i=
J
Z log C - p(I; = j|Cops, @) (35)

With the approximated Q function, the EM algorithm can
hence be implemented. In the expectation step, the Q func-
tion is evaluated according to Eq. 35 with the current esti-
mated parameters @k j = 1: J. In the next maximization
step, the new parameters ®k+' J = 1: J, are obtained by
maximizing the Q function. !

To maximize the Q function over parameters ®, deriva-
tive operation is performed with respect to each parameter.
Therefore, optimal estimation of system parameters at each
iteration can be calculated by equating the derivatives to
zero, i.e., ‘Z— =0, where 0j; is the ith system parameter for
the jth locaf model.

The EM algorithm is summarized as follows:

StEP 1. INITIALIZATION. Start with the initial parameters 09,
j=1:J, and set t = 0. '
STEP 2. EXPECTATION. At time t, calculate the approximate Q
function using Eq. 35, given the current estimation of the
system parameters ©".

StEP 3. MAXIMIZATION. Maximize the approximated Q function
and get the new parameters ®; “,j =1:J Setk=k+ 1.
StEP 4. Repeat Step 2 and Step 3 until the converge condi-
tion is satisfied, i.e., the change of the estimated parameters
between two iterations is less than the tolerance.

The validity for each local model oj, j = 1: J also needs
to be updated during each iteration. Due to the usage of the
exponential function as it is shown in Eq. 5, an analytical
expression 1is difficult to obtain when maximizing the Q
function.” The mathematical formulation of the optimization
problem in the search for optimal o;, i = 1,2...J values can
be expressed as

=T

J
" wflogp(ls = jloj, Hy) - P(I; = j|Con, ©°)
1 j=1

Mz

max
0jj=12 ... J — 4

~

S.t. Oml'nSUj,j = 1,2 J S O max (36)
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where logp(I; = j loj,H;) can be calculated from 6. p(/, = Jl
Cops-®) represents the probability of the data point belonging
to ith submodel at time t.

In this article, a constrained nonlinear optimization func-
tion named “fmincon” provided by “MATLAB” is adopted
in a search for the optimal value for ¢; at each iteration of
the EM algorithm.

Finally, having all the estimated model parameters ©;, j =
1: J and validity o;, j = 1: J for each local model, the global
model can be obtained by substituting the estimated parame-
ters into 4.

Simulations and Pilot-Scale Experiment

In this section, the proposed approach is evaluated through
both numerical simulations as well as experimental verifica-
tion. Its efficiency in handling missing outputs with less
computational cost will be demonstrated. All the simulations
were run on a 3.00 GHz CPU with 4 GB RAM PC using
MATLAB 2009a.

A numerical simulation example

A first-order process with varying system parameters is
utilized here to demonstrate the efficiency of the proposed
parameter-varying model estimation method. This process
was originally used in Zhu and Xu (2008)'* as an illustrative
example. It is described by the following equation

K(H)

G(s,H) :m

(37
where both the process gain K(H) and the process time
constant t(H) are nonlinear functions of the scheduling
variable H. The specific nonlinear relation is expressed as
follows

K(H)=0.6+H? H¢ll,4] (38)

t(H) =3+ 0.5H°, Hel,4 (39)

By assuming that the observation y, is a cosine function of
the state, this process can be converted to the following non-
linear state space model

X, =a(H)x, + b(H)u, + o,

Yo = cos(x;) + vy “40)
where
alH) = ——
=

Apparently, over the whole operating range of the process,
the gain as well as the time constant changes dramatically
and one single process model would hardly capture the dy-
namics of the process in its complete operating range. In
other words, one local model cannot give a good approxima-
tion of the process behavior throughout the whole operating
trajectory. Therefore, multiple models or a parameter-varying
global model is required here to describe the behavior of the
process under different operating conditions.
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351
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Figure 1. Trajectory of the scheduling variable H.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

It is predetermined that the process is to be tested at three
predesigned local operating points

Hy=1, H,=225 H;=4 (42)
When transition from one operating point to the other,
scheduling variable H is gradually increased by a fixed
interval. Figure 1 shows the trajectory of the scheduling
variable.

The process input u switches randomly among multiple
levels throughout the whole experiment.

T = 250 measurements are collected from the simulation.
Note that the relations between parameters and the schedul-
ing variable expressed in Eqgs. 38 and 39 are assumed
unknown in the following identification process. The pro-
posed multiple model parameter estimation method is then
applied. To test the algorithm’s capability in handling the
missing data, different portions of the output data are ran-
domly removed from the model training data set to simulate
missing data problem. N = 150 particles are used for the
particle filter computation.

In the expectation step of the EM algorithm, the O func-
tion is calculated according to Eq. 35, where

L 1 1 —ad | — b )
log[p(xi|x;_y, ©))] = log Nz e ) 0.
(43)

Fort=1t:1t,

i 1
logD?(Yr|xn®.i)]:]0g[ 2710, ’

For t = my: mg

1 (yi — cosxi)

2
logh)(y,\x;, 0))] = log [\/#—Q exp [_ ETH

(45)
where yﬁ = cosxﬁ.
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Figure 2. Trajectories of estimated parameter a for
each local model when 25% observations are
missing.
Blue solid line represents the trajectory of a for the first
local model; green plus line represents the trajectory of
a for the second local model; red dash line is the the tra-
jectory of a for the third local model. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

As for p(l, = jICobS,®k), it can be calculated according to
Eq. 6 as

, H, — H;)*
plt = Com, ©) = exp =" 6)
J
0.7 T T
0.65} .--“-'—';‘:'i";e‘:‘—'“-:'--'|"_'7”l"”i‘:.i.‘. s e A L
0.6 b
0.55F J
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1
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Figure 3. Trajectories of estimated parameter b for

each local model when 25% observations are
missing.
Blue solid line represents the trajectory of b for the first
local model; green plus star line represents the trajec-
tory of b for the second local model; red dash line is the
the trajectory of b for the third local model. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Table 1. Estimated Parameter a After 150 Iterations

True Value
a; = 07143  a, = 0.8850 a3 = 09715
Proportion of missing
output a; a as
Full data set 0.7258 0.8952 0.9628
25% 0.7074 0.8628 0.9615
50% 0.7021 0.8654 0.9751

Published on behalf of the AIChE

In the maximization step of the EM algorithm, by taking
derivative over the Q function and equating it to zero, each
individual component of the parameters is hence calculated
as

T WV —(H=H)"\ (i i
new 21:2 Zi:l @y - exp((zT)Z/)) ’ (xtxz—l - b()ldxr—luffl)
a. =
J T N —(H,~H))* i \2
S Sy o) exp(CG) - (xf_y)
47
T N —(H,—H)* i -
o _ =2 et @ SXPCG ) - (s — a5 )

J T N —(H,—H))’
S, - exp(RUT) 2
((7/)

(48)

The trajectories of the estimated parameters for each local
model when 25% output data are missing are shown in
Figures 2 and 3. The estimated parameter values after 150
iterations are given in Tables 1 and 2.

The comparison result of the identified global model with
the true output is displayed in Figure 4. Here to better test
the validity of the identified model, model validation is con-
ducted under other two different operating points

Hy =175 Hs=3 (49)
and the comparison of the global model prediction with the
true process output is shown in figure 5.

Figure 6 provides a weighting map of each local model
under different scheduling values. Based on this calculated
weighting map as well as Eq. 4, model predictions can be
calculated for all the H values.

Comparison result displayed in Figures 4 and 5 shows that
the identified global model not only can well capture the
process dynamics under the training operating conditions,
but also perform well in capturing the process dynamics at
other operating points that are different from the operating
points within the training data. This confirms the effective-
ness of the identified global model in approximating the real
process dynamics throughout the operating range.

Table 2. Estimated Parameter b after 150 Iterations

True Value
Proportion of by = 0.4571 b, = 0.6512 by = 0.4743
missing output by by bs
Full data set 0.4650 0.6601 0.4798
25% 0.4779 0.6548 0.4534
50% 0.4716 0.6570 0.4681
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Time
Figure 4. Validation of the identified global
against the model training data set.

Blue line represent the real process output and the red
dash line is the simulated output from the identified
global model. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

model

Continuous stirred tank reactor

This model has been utilized as the illustration examples
in Gopaluni (2008)® and Jin and Huang (2010).” The system
is described by the following set of differential equations

dCc/;z(t) - @ (Cao(t) = Ca(r)) — koCalr) exp <I%(Et)) oY

0.9r 1

0.7 1

0.6 1

Weight
o
wn

0.4¢ ]

0.2 1

0.1F :

D 1 L 1
1 15 2 25 3 35 4

Scheduling variable, H
Figure 6. Weight of each local model at different oper-
ating points.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

dr() _q(r) (AH)koCa(r) —E
o = v o0 - T(0) — e e (RT(t))
PcCre _ex —hA ) _
+mq(‘(l‘){l p(qL(f)PCp) }(Tco (t) T(t))

(6D

where C, is the outlet reagent concentration (g/l); T is the
reactor temperature (g/l); the inlet flow rate ¢ is the system
input. The explanations of the system variables and their
corresponding steady state values are given in Table 3. We
consider the temperature 7 as an interested output variable.
The coolant flow rate g. has a direct impact on the process
dynamic; and it is the scheduling variable H from which the
operation condition of the process is determined. The

4 ; i . : trajectory of the scheduling variable is given in Figure 7.
The system parameters to be estimated are 0; and 0,
" ! which are both functions of the scheduling variable ¢. such
| that
f n'
1 1 h ]
2F 'h E 14 L'CPL'
{ : 0, = —H(t) (52)
¥ pC,
1k II Wy o ! l: 1 i
| | ' ! !
| .
0 ‘ ! ! I.[ : i Table 3. CSTR Model Parameters and Their Steady State
| | ! i I : : | Values
' | o A Ig b i B
—1h ! Al | 1 Iy h : 1] Parameters Steady State Value
i | ] |l j"l ’ Production concentration of component A, Cp output,
l: n i | R Temperature of the reactor, T outputy
=2t ] H l L Feed Concentration of component A, Cxg 1 mol/L
) ] ll Feed temperature, T 350.0 K
If Specific heats, Cp,, Cpc 1 cal/(% K)
-3 > - . s Liquid density, p, p. 1 x 107 g/L
0 50 100 Ti 150 200 250 Heat of reaction, AH —2 x 10° cal/mol
i L ime B . Activation energy term, E/R 1 x 10*K
Figure 5. Cross validation of the identified global Reaction rate constant, ko 7.2 % 10"min~"
model. Heat transfer term, hA 7 % 10° cal/(min K)
Blue line represent the real process output and the red The reactor volume, V 100 L
L. . N . Inlet coolant temperature, T 350.0 K
dash line is the simulated output from the identified
. . . Process flow rate, ¢ Input
global model. [Color figure can be viewed in the online . .
; R R . A Coolant flow rate, ¢, Scheduling variable
issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Trajectory of the scheduling variable H.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

hA
" e, >

Finally the differential equations can be written in the fol-
lowing form with 0; and 0, as varying unknown parameters

dC;Z(t) - @ (Caolt) = Ca(8)) — koCa () exp <I%€)> (54)
ar(t) q(r) (AH)koC (1) —E
T =~ 1) - S ey (25
+ 01{1 —exp(—02) }(Te, (1) — T(1)) (55)

The process is operated at three different operating points
H; = 98 L/min; H, = 100 L/min; H; = 102 L/min; during

444 . . . . . . .

442 |
a1} 1
440+ m N .
439} & |

438

Temperature (K)

0 100 200 300 400 500 600 700 8OO
Time (min)

Figure 8. Validation of the identified global

against the model training data set.

model

Blue line represent the real process output and the red
line is the simulated output from the identified global
model. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 9. Cross validation of the
model.

identified global

Blue line represent the real process output and the red
line is the simulated output from the identified global
model. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

the transition period the dilution factor is increased by a
fixed step size and no additional excitation signal is added to
the dilution factor. System parameters ¢, and 0, vary with
the scheduling variable, resulting in a time varying nonlinear
process which cannot be adequately described by a single
nonlinear model. The experiment is performed under these
three operation conditions and the training data collected
with 25% output data randomly erased.

The algorithm is applied to the training data and an
approximate global model is obtained afterwards. Once
again the explicit relations expressed in Eqs. 52 and 53 are
assumed unknown in the following identification process.
The result of the model validation for the training data is
shown in Figure 9.

Figure 10 provides a weighting map of each local model
under different scheduling values. Based on this calculated

09r

0.8F

0.7F

06F

0.5F

Weight

0.4

0.3F

0.2f

0.1F

0 1 I 1 ;
98 98.5 99 99.5 100 100.5
Scheduling variable, H

Figure 10. Weight of each local model at different oper-
ating points.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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DC pump C;

Figure 11. Three tank system schematic.®

weighting map as well as Eq. 4, model predictions can be
calculated under all the H values within the operating range.

Comparison results displayed in Figures 8 and 9 show that
the identified global model can well capture the process
dynamics at both training operating points as well as other
operating points that are not included in the training operat-
ing points.

Experimental evaluation: a multitank system

In this section, an experimental evaluation on a three-tank
system is performed to further verify the effectiveness of the
proposed algorithm. Figure 11 illustrates the simplified pro-
cess setup of the three-tank system which consists of three
tanks placed on top of each other. During the experiment,
water is pumped from the bottom supply tank into the top
tank and then flows to each tank by gravity. There are three
valves, one for each tank, by adjusting which the outflow
rate from each tank can be controlled. The nonlinear model
describing the process dynamics is given by

dH, 1 1

——=—q————CiH}
a1 ot

dH, 1 1

2= CHY —  CHP (56)
. p, "B :

dH; 1 1

2 = ZCHE — —C3HE
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Table 4. Designed Operating Point for the Experiment

Operating points, Hy,,,m = 1,2,3.4

5 cm
10 cm
14 cm
where
- g is the inlet flow rate into the upper tank;
- H; is the water level of the ith tank, i = 1,2,3;

- C; is the resistance of the output orifice of the ith tank, i =
1,2,3;
- P, is the cross sectional area of the ith tank, i = 1,2,3;
- o; is the flow coefficient of the ith tank, i = 1,2,3.

The process dynamics of the second tank is of interest in
this study. The state space model with the water level in the
second tank H, as the state is given by

dH, 1 1

T2 CHY — - GHP 4w

i py, U gy P T (57)
Ve =X+ vy

From Eq. 57, it can be seen that water level of the first
tank has a direct impact on the second tank water level.
Therefore, H, is chosen as the scheduling variable of the
system. Three different operating points are selected as
shown in Table 4. The water level of the top tank H; is
maintained at the desired value through a PID controller by
manipulating the inlet flow rate into the top tank.

When transition from one operating point to the other, the
water level in the top tank increases at a fixed step over the
transition period until reaches the value of the next operating
point. The trajectory of the scheduling variable H; is shown
in Figure 12.

The value of «, is chosen as 0.5 according to the multi-
tank system experiment manual. This is an appropriate
assumption as the inlet flow rate is fairly small so that the
water dynamic in each tank can be considered as laminar

0.14

o ° o
=1 = iy
@ =Y L]

Water Level of Tank1 (m)

b
o
=3

0.04

0.02 . . . . . . .
0 100 200 300 400 500 600 700 800

Time (10s)
Figure 12. Three tank system scheduling variable for
the self validation.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 13. Three tank system input-output data (a)

water level of the second tank, process out-

put (b) valve position V2, process input.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

flow. The output orifice resistance C, is directly affected by
the valve position of the second tank V,; hence C, can be
approximated as linear function of V, such that

Cz ~ao-V, (58)

The sectional area of the second tank is given below

LERN (59)

fr=c-w+
? HZmax

where ¢, w, b, Hynax are the geometrical parameters of the
second tank with each value given as

c=10cm, w=35cm, b=345cm, Hynx =35cm

(60)

By substituting Eqgs. 59 and 58 in 57, the state equation
becomes

@ o H2max ) Cl Hi(]
dt — w(cHynax + bH»)

H max * O V. HO.S
_ e R T2E L (61)
w(cHamax + bH>)

Therefore, the state equation of H, can be rearranged as

My O Vo My (62)
dt a CHymax + bH2 cHomax + bHZ
where 0, is function of H; such that
Hopax - C1 - HY!
01 _ 2ma 1 1 (63)
w
H .
0, = Momax - & (64)
w

A multiple level random signal is designed for the valve
position V, as the system input. The process input and out-
put data are given in Figure 13.
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The relations between parameters and the scheduling vari-
able expressed in Eqs. 63 and 64 are assumed unknown in
identification. The collected experimental data is then passed
through the proposed algorithm with 20% output data
randomly removed. The self validation result is given in
Figure 14.

It can be seen from Figure 14 that the estimated global
model performs well in the self validation. Another experi-
ment is conducted for the cross validation to test the global
model’s capability in predicting the dynamics of the process
at different operating points. In the cross validation experi-
ment, the scheduling variable H; is maintained at 8 cm
during the whole cross validation experiment. The input
signal and the output data for cross validation is shown in
Figure 15.

Figure 16 gives the result of the cross validation which
shows a good match between the real process output and the
prediction of the identified global model, confirming the
effectiveness of the proposed algorithm.

Discussion and Conclusion

This article described a Bayesian approach for identifying
parameter-varying nonlinear state space model with missing
output data within the framework of the EM algorithm. Par-
ticle filter is used for the calculation in the Expectation step.
The capability of the proposed algorithm in handling missing
observations in the presence of varying parameters is demon-
strated through numerical examples as well as a pilot-scale
experiment.

What have been discussed in this article so far mainly
focus on the parameter estimation using a complete data set
which is usually considered as an off-line analysis. The par-
ticle filtering approximation used in this article reduced the
computation burden compared with the particle smoothers.
The EM algorithm is an iterative method which takes certain
time for the estimation to reach convergence. For example,
for the data set with the length of 500 data point, the EM
algorithm would take a couple of minutes to reach

0.35 T T T T T T

o

) o

3] w
T
L

Water Level of Tank2 (m)
o
)]

0 100 200 300 400 500 600 700 800
Time (10s)

Figure 14. Self-validation result.

Blue solid line is the collected process data, red dash
line is the simulated output of the identified global
model. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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convergence. When it comes to on-line implementation, it is
possible to apply the proposed method for model parameter
estimation with proper sampling time and data length.

The model identification is an important step towards pro-
cess monitoring and process control. Obtaining a fairly accu-
rate model not only help better understand the process
behavior, but can also be used for controller design purpose.
For example, in the MPC which is a multivariable control
algorithm, an internal dynamic model of the process is a pre-
requisite. For nonlinear systems with multiple operating
points, single model may not be sufficient to describe the
process and thus not suitable for controller design. The algo-
rithm proposed in this article takes all the operating condi-
tions into account and provides estimation of the global
model parameters. Therefore, it is possible to design a MPC
controller based on this identified global model and the con-
trol signal can be accordingly calculated.

It is doable to extend the proposed algorithm to deal with
the parameter identification problem for hybrid systems. In
this article, the parameter estimation problem is formulated
under the framework of the EM algorithm. In addition to the
hidden state x;.7 and missing output Y,,, the hidden model
identity / is introduced to denote which local model takes
effect. As for hybrid system, take the linear piecewise auto-
regressive exogenous (PWARX) process as an example
which is formulated as below

Gf{xlk]-*-ek, X €1
=14 Kk=12.N (65

X
91{4[ d +er, Xk € Iy

where N, M represent number of data points collected and
number of submodels, respectively, y, is the output, x; is the
regressor which consists of past input and output, e is the
Gaussian distributed noise with zero mean and variance 2, 0;
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Figure 15. Three tank system input-output data (a)
water level of the second tank, process out-
put (b) valve position V2, process input.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 16. Cross-validation resulit.

Blue solid line is the collected process data, red dash
line is the simulated output of the identified global
model. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

is the parameter vector of the ith submodel. Z, = x;, v, k =
1,2,...,N is defined as the observed data set generated from a
PWARX system. [ is introduced as a “missing variable” to
denote the submodel identity of each data point. With the
defined observed data set and missing data set, the identifica-
tion problem can be formulated under the framework of the
EM algorithm. More discussion with detailed formulation of
hybrid PWARX system can be found in Jin and Huang
(2010)."
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