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Abstract

Highly interactive systems are ill-conditioned and higénsitive to model uncertainty, which imposes
limitations to achievable closed-loop performance. Fumelatal model estimation techniques that
capture gain directionality are an important considergitiohighly interactive systems. In this paper,
the goal is to develop a multivariable identification franoekvmeaningful to highly interactive systems
utilizing constrained minimum crest factor multisine sidgwith a specialized power spectrum. The
input power spectrum contains both correlated and un@aig@lharmonics to simultaneously excite
high- and low-gain directions in the outputs. Plant-frilgmelss in the design procedure is accomplished
by using advanced optimization solvers that minimize thesicfactor while imposing constraints on
the overall span, move size, and variability in both inpull aatput signals. A case study involves
a high-purity distillation column that illustrates the @idaess of this identification framework as a
means for obtaining models relevant for control purposetetnoisy data conditions in comparison
to classical designs.
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1 Introduction

Multivariable systems may exhibit ill-conditioning and bighly interactive, which is manifested in mod-
els displaying large condition numbers and RGA values. Wigiieractive processes have a natural ten-
dency to respond in the high-gain direction, which makesiydifficult to obtain low-gain directionality
information using conventional open-loop identificati@sts. As a result, these systems have been con-
sidered challenging cases for multivariable system ifieation and robust control design in the process
industries (Andersen and Kiimmel, 1992; Skogestad and i a&888).

In this paper, the primary purpose is to develop a novel ifieation testing framework that is applica-
ble to highly interactive multivariable systems. The fravoek relies on the use of constrained minimum
crest factor multisine signals that have been previoushpased for SISO systems (Braahal,, 2002).
Signals conducive to “plant-friendly” tests (Rivegtal., 2003) are generated through the use of powerful
constrained optimization technigues that minimize crastdr while enforcing constraints on magnitude
and move sizes of both input and output signals.

Riveraet al. (1997) presented the use of a “zippered” power spectrumngelgn orthogonal Fourier
coefficients as a means to generate multisine signals farltsineous multichannel testing in multivari-
able system identification. Recently, Stec and Zhu (200%¢ lmeoposed the use of sequential cycles of
high-magnitude correlated and low-magnitude uncorrdlaiput signals in order to increase the low-gain
information in the data, resulting in wider spread in thepaotitstate-space plot. In this paper, a similar
philosophy is implemented in the frequency domain via treeafsa modified “zippered” power spectrum.
The modified “zippered” power spectrum contains both cateel and uncorrelated harmonics to simul-
taneously excite low- and high-gain directions. By enhagdhe information content in the low-gain
direction, the effectiveness of these signals for idemtifo;n under noisy conditions is vastly improved.
These modified “zippered” designs ultimately lead to shiadentification tests compared to standard sig-
nals, an important consideration in industrial practice.

This paper is organized as follows: Section 2 describes #ségd guidelines for standard and modi-
fied zippered multisine signals. Section 3 focuses on caingi optimization problem formulations for

generating plant-friendly signals, while Section 4 présencase study showing the application of the
design procedure and closed-loop validation. Section Sistsof a summary and conclusions.
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Figure 1: Conceptual design of a standard “zippered” spetfor a two-channel signal.

2 Multisine signals with “zippered” power spectra

2.1 Multisine Signal Design Parameter Specification

Multisine signals are deterministic, periodic signals sfpower spectrum can be directly specified by the
user. A multisine input; (k) for thej-th channel of a multivariable system withinputs can be defined
as,

mé m(5+ns)
uj(k) = Zéji cos(kaJrcpj‘?)JrAj z 2,/0j cogwkT + @) (1)
i= i=mo+1
M(3-+Ns+Na)
+ Y &icofwkT+gf) j=1.-.m
i=m(d0+ns)+1

whereT is sampling timeNs is the sequence lengtm is the number of channel$, ng, n; are the num-
ber of sinusoids per channeh(d + ns+ ny) = Ns/2), qq?,qqi,(pﬁ are the phase angles}2/aj repre-
sents the Fourier coefficients defined by the udgra; are the “snow effect” Fourier coefficients, and
w = 21 /NsT is the frequency grid. In the standard “zippered” desigrcedure described in Rivert
al. (1997), Fourier coefficients for each channel are definedgaddently over the frequency grid of in-
terest. The resulting orthogonal multifrequency signal ba simultaneously introduced to all channels
of the plant to be identified, as show in Figure 1. To achievippezed spectrum we define the Fourier



coefficientsaj; as:

0, i=mé+jmdo+1)+j,..md+ns—1)+j
aﬁ{# (8 +1) 4, (8405 — 1)+ 2

=0, for all otheri up tom(d + ns)

Equivalent expressions to (2) can be developed for the “sftaet” coefficientsﬁji anddj.

In the design procedure presented in this paper, the prifreguency bound of interest for excitation
is determined by the dominant time constants of the systebe toentified and the desired closed-loop
speed-of-response,

<< &
le-c|l-|om - Tcll_om
asandBs are parameters that specify the high and low frequency saofjmterest in the signal, respec-
tively for a given range of low and high dominant time congtgdefined byrs,,andt/! ). The user may
also choose to define the low frequency end of the “notch”tspec(d) and a desired number of sinusoids

per channelrf); the latter must equal or exceed the following:

W, = = w". (3)

>

w
ns > (14 6)E 4
The final frequency interval can be related to the desigraisées in (1) through the relationship

2rmm(1+9) Lo 2mmng T
— K < < < < —
NT - S@s@ s =7

(5)

which in turn translates into the following inequalities &ampling time and sequence lenglh &ndNs,
respectively):

Tgmin(ﬂ, T <1—1+5>> 6)
W W — W, N

2rm(1+ 3) 2mmn,

AT <N <
max<2mns, = ) <Ns < T (7)

It is usually best to choose the sampling tifidirst (or confirm that the existing sampling time for the
system will meet requirements according to (6)) followedHwry choice of sequence lengdtly using (7).

As shown in Figure 2, the shape of the power spectrum in a smétiinput is specified by the choice

of Fourier coefficients. In this design procedure, a “notsp&ctrum design is used, with potentially vari-
able number of Fourier coefficients in the low frequency gpeanary frequency band, and high frequency
area. Theoretical requirements such as persistence dagsgj harmonic suppression (a key consider-
ation in the identification of nonlinear systems), and aalntelevance can be satisfied without loss of
generality through the specification of Fourier coeffickefRiveraet al., 2002).
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Figure 2: Conceptual design of a modified “zippered” speotfor a two-channel signal.

2.2 Modified “Zippered” Power Spectrum Design

To address the requirements of highly interactive systamf as high-purity distillation columns, the
“zippered” spectrum can be modified to contain correlatachaics with high levels of power (Figure 2),
which improves the low gain-directionality content in thetaland promotes better coverage of the output
state-space. This approach to input design for highly aatidre systems is philosophically patterned after
the time-domain approach of Zhu and co-workers ((Stec ang ZB01; Zhu, 2001)), who recognize that
the low gain input direction of an ill-conditioned processvery near thél 1---1]T direction where the
inputs are linearly dependent. They propose a simple apgm+hethod consisting of applying successive
cycles of high magnitude correlated and low magnitude uetated input signals in order to stimulate the
presence of low gain information in the plant data.

Approaches to determine the magnitude of the correlatethdnaics can take a variety of forms. A sim-
ple yet effective approach (as will be shown in a subsequemtnple and case study) relies arpriori
knowledge of the steady-state gain of the plant. We desthibanalysis involved for the case of a 2-by-2
system, represented as:

P(0) =K = [ - taz ] (8)

ko1 ko2

Consider that the orthogonal Fourier coefficients in an irgagnal to be applied to a plant per (8) are
constant-valued and set equaktpoVer all frequencies in the primary excitation bandwidth i(ustrated
in Figure 2). At the correlated harmonics, the coefficiengsset toyd,, wherey is a user-specified scaling
factor. For simplicity, we consider the first three frequendn the grid {n denotes the uncorrelated



excitation frequency for channel &, denotes the uncorrelated excitation frequency for chaBnahd
w3 denotes the frequency for the correlated harmonic shardabthy channels 1 and 2). It is desirable
to choose the value of the scaling factosuch that the output signal power @ lies within an interval
defined by the output power of the uncorrelated harmonies;ishfor all output channelg=1,--- ,;mthe
following inequality should apply.

Min{®y, (@), Py;(@p)} < Py, (ws) < mjaX{QJYj(ah)? By, (o)} (9)

For the case of a plant per (8) a rangeydhat covers the requirements per (9) can be calculated as:

y<y< Y (10)
where
Y m|n (K2, k§2)7 min(k3,, kgg) 1)
(ki1 +ki2)2 7 (ko1 + ko)

W= max(kll, krfz) max(k%l, k%z)} (12)
(ki1tki2)? 7 (ko1+ko2)?

A low-order, highly interactive model based on the simplifglynamics of a high-purity distillation col-
umn ((Skogestad and Morari, 1988)) can be used to evaluatartalysis. The model corresponds to the

transfer function,
1
P = 75571

(13)
1082 -1096

878 —864 ]

In the follow input signals, the model (13) is assumed to beakma priori. Using the model per (13), we
apply Tdom— Tdom— 75 min and selecd = 0, ag = 7.5, andfs = 3.33. Based on the guidelines noted in
(4) - (7) we further specifyl = 15 min,ns = 26, andNs = 210. From the guideline (10) an acceptable
range foryis

{6171 <y< 7828}

The chosen value is 64.5. The “snow” effect is not examinethis signal, but all harmonics in the
secondary band of excitation possess Fourier coefficieghinales that are half of those of the primary.
Figures 3 and 4 show the input and output power spectral tilssiespectively, for both standard and
modified zippered signals resulting in this case study. feiguhighlights the effect of thg guideline per
(20). Fory =1, the input power in the correlated harmonics does not sefftly stimulate the low gain
content in the data. However, fgr= 64.5, the input signal power is now high enough at these freqasnc
so that the output power for th& 1] input direction is comparable to that of the high gain diettas
seen from the standard zippered signal output spectrar@-fyuop).
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Figure 3: Input power spectra for the standard zipperedr{d)naodified zippered (b) signal design-£
64.5); plant model per Equation (13).
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3 Constrained Optimization for Plant-Friendly Signal Design

Optimization techniques are used in the design procedupbttin multisine signals which satisfy desir-
able plant-friendly requirements in the time domain witkemspecified power spectra. The optimization

10



problems consist of minimizing the worst-case crest fa@beither the input channels, the output chan-
nels, or a combination of both) given time-domain consteaon move size, maximum and minimum
signal limits, and so forth.

3.1 Plant-Friendly Signal Evaluation

The crest factor is a criterion which indicates how well ansigis distributed within its span; the crest
factor of a signak is defined as the ratio of the infinity-norm versus the 2-nofra signal,

_ le(X)
gz(X)
In particular, a low crest factor value (i.e., close to l)igates that most elements of the signal are dis-

CF(x)

(14)

tributed near its minimum and maximum values. Lowering tcfastor in general contributes to “plant-
friendliness” (Brauret al,, 2002), since identification tests with equivalent infotima content can be
performed over lower input (or output) spans. Alternatiyéhe Performance Index for Perturbation Sig-
nals (PIPS) (Godfregt al., 1999) defined by

Y
PIPS(%6) = 200Yms — Umean (15)

Umax— Umin
is a convenient measure of signal distribution. The PIPSsomement ranges only between 0 and 100%
(compared to 1 versus for crest factor), which gives it an intuitive, practicalpsgal.

3.2 Constrained Minimum Crest Factor Optimization Problem Formulations

Given a multisine signal structure per (1) for a chanpahd a desired power spectral density (standard
or modified, defined by the Fourier coefficiewmts for ns spectral lines), one optimization problem which
can be solved is to minimize the maximum crest factor ovethallinput channels

min _ maxCKu;) j=1,---,m (16)
{2} {00} Awit A4} {05 )
subject to maximum move size constraints on the input sexgugn (k) }
[Auj(K)| < Auf™ VK 17)
and high/low limits on{u; (k) }
U™ < uj(k) <ul™ vk, j (18)

Minimizing output crest factor is of great value in the prsgéndustries, since the nature of the output
signal often has the most influence on product quality anfitphdlity. If a dynamic model is available

11



a priori, optimization problems minimizing the maximum crest factwer all output channels can be
formulated as

min . maxCF(yy) (19)
{08} AeR} Lo}, {4} {bji} 2
j:17"'7m ZZl?"'vNOUtS

subject to (in addition to the input signal constraints (am@yl (18)) constraints on both changes and up-
per/lower values of the output signal,

1Ay (K)| < AyP®> Y k,z (20)
YN < yo(k) <y vk z (21)

Alternatively, it is possible to minimize the maximum crésttor of both input and output signals,

min _max{ CF(u;), CF(y,)} (22)
{0} {0} Lo} {4}, {bji} 1:2

jzlv"'vm ZZlv"'vNOUtS

subject to (17) - (18) and (20) - (21).

These optimization problems are formulated in the moddhnguage AMPL, which provides exact, au-
tomatic differentiation up to second derivatives. Iniigproaches for minimizing crest factor (Riveata
al., 2002) were patterned after the work of Guillausteal. (1991) which is based on Pélya’s algorithm.
Recent approaches involve a direct min-max solution wHegenbnsmoothness in the problem is trans-
ferred to the constraints. In particular, the trust regioterior point method by (Byrett al, 1999) has
been used for all examples in this paper. This method, asimgrted in versions 2.1 and most recently
3.0 of KNITRO, performed in the overall most efficient andusbfashion compared to several other well-
known NLP solvers with AMPL interface.

Signal designs for the plant per Equation (13) using them@iptition formulations described here have
been evaluated and published in lageal. (2003).

4 Case Study to A High-Purity Distillation Process

It has been already noted that for highly interactive preessuch as high purity distillation it is very dif-
ficult to obtain information in the low-gain direction usiegnventional open-loop identification tests. As
a result, these systems have been considered challengiag foa multivariable system identification and

12



robust control design (Andersetal.,, 1989; Koung and MacGregor, 1993; Varga and Jorgensen, 1894
cobsen, 1994; Jacobsen and Skogestad, 1994; Stec and DY, ADthe previous section we analyzed
the effectiveness of the input signal design procedure oena simplified linear model of the dynamics
of a high-purity distillation column per Morari and Zafirig988). The purpose of this case study is to
apply the multisine signal design procedure (as well asrohéte the effectiveness of these signals in a
control setting) on the distillation column problem deBed by Weischedel and McAvoy (1980). This is
a system displaying both significant nonlinearity and dhditioning, and has been the subject of study by
a number of researchers (Chien and Ogunnaike, 1992; Serina., 1995; Li and Lee, 1996).

The system under study is a methanol-ethanol column corgisf 27 trays. As noted in Chien and
Ogunnaike (1992), the dynamic model consists of overall @dponent mass balances for each tray,
resulting in 56 differential equations; the rest of the mamsists of algebraic equations obtained from
pseudo steady-state energy balances, the Francis-Weinfafor liquid flow from each tray, vapor-liquid
equilibria relations, and other physical property datebl@dd shows the operating information of the col-
umn. The objective of the control system is to independetigtrol the compositions of the distillate
and bottom products, which are specified at high puritie8q@@d 1% methanol concentration in the top
distillate and bottom streams, respectively). The coleratlies on temperature measurements instead of
compositions since these are more reliable and easier tennent on-line. An LV-configuration for the
column is considered, with tray temperatures 21 and 7 asaitmtt variables and the reflux flolwvand the
vapor boilup flowV serving as manipulated variables.

Mixture Methanol-Ethanol
Product Split 0.01-0.99
Number of Trays 27
Top Temperature 6080°R
Bottom Temperature 64224°R
Vapor Flow from Reboiler;  3.856 mol/min
Reflux Flow Rate 3.384 mol/min
Feed Flow Rate 1.50 mol/min
Feed Composition 0.5

Table 1: Weischedel-McAvoy column operating conditions

Multisine signal parameters are determined for the stahdgpered spectrum signal based on prelim-
inary a priori knowledge of the system dynamics. As determined from stgporeses presented in Chien
and Ogunnaike (1992), the dominant time constant rangéi@system can be estimated®g,,= 5 and

13



Figure 5: A binary distillation model scheme using LV configtion (Skogestad and Postlethwaite, 1996;
Morari and Zafiriou, 1988): the top composition is to be coltdid atyp = 0.99 (outputy;) and the bottom
compositionxg = 0.01 (outputy,), using refluxL (inputuy) and boilupV (inputu,) as manipulated inputs

rc'j'om: 20 min. Coupled with user choices &f= 0, as = 2, andf3s = 3 these lead to acceptable choices of
ns = 25, T = 2 minutes, andNs = 378 that conform to the guidelines in (4) - (7). To determime talue
for y, an estimate of the steady-state gain matrix according to

N —2935 3134
P(0) =K = (23)
—21.18 2323
is used, which per the guideline in (10) leads to yirange
{10.32 <y < 1567} (24)

A value of y = 15 is chosen for this case study. Initially, two optimizatigroblem formulations on the
Weischedel-McAvoy column are evaluated:

14



1. Minimize the maximum crest factor affor a signal with a standard zippered spectrum,

2. Minimize the maximum crest factor gfusing a modified zippered spectrum subject to constraints
onAu, y, andAy and relying on a 4th-order linear ARX model (generated frogliminary identifi-
cation tests) to predict the output respogse the optimization problem,

Power Spectral Density Power Spectral Density
o 0
10 T T T 10
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O Channel 1 O Channel 1
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Figure 6: Input power spectra using the standard zipperectigpm design (a) and the modified zippered
spectrum ¥y = 15) design (b), Weischedel-McAvoy case study.

The “snow” effect is hot examined, but all harmonics in theoselary band of excitation possess Fourier
coefficient values that are 10% of those of the primary badtiwiConstraints applied to the problem and
salient characteristics of these signals are summarizédbie 2; input and output state-space and time
series plots for the signals are shown in Figures 8 and 7.

From Figure 8, one notices that as expected, the standapérei spectrum signal yields information
primarily in the high-gain direction, which is reflected \a@arelatively narrow spread of points in the
output state-space, and large output spans despite lowitmagrnput changes. Applying the modified
zZippered spectrum signal with constraint enforcement,henather hand, results in a superior, almost
rectangular distribution in the output state-space plaéhweduced output spans. The modified zippered
signal is clearly a much more plant-friendly signal desigat the standard one. However, because of the
mismatch between the ARX linear model used in the optinopasind the nonlinearity in the true plant
model, the output signal exceeds the specified constraurids) the nature of this distortion can be better
appreciated by examining Figure 10 (a).

15
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Figure 7: Time-domain signals using the standard zippgvedtsum, min CF(u) case (a) and the modified
zippered spectrunmy(= 15), min CF(y) with constraints (b), Weischedel-McAvoy easudy.
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Figure 8: Input (a) and output (b) state-space plots for tiwedard zippered spectrum (*, red, n@i (u))
and the modified zippered spectrum (+, blye= 15, minCF(y), ARX model) signals, Weischedel-
McAvoy high purity distillation column case study.

One approach to reduce this distortion is to apply a signti sdme degree of harmonic suppression.

A modified zippered signal with even harmonic suppressiogeiserated for this system; the sequence
lengthNs was increased to 754, while all other signal parametersiretha same. The output state-space
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Figure 9: Output state-space comparison for modified zgpeignal with no harmonic suppression
(*,red) versus one with even harmonic suppression (+,bMischedel-McAvoy high purity distillation
column case study.

plot for the harmonically suppressed signal is shown in Fdy signal characteristics are summarized
in Table 2. From these results one can observe that the haratigrsuppressed signal (while increasing
overall cycle length) has decreased the extent of constrailation, but some mismatch is still present.

A significant benefit of the constrained problem formulatagveloped in this work is that the model
forms used in the optimization procedure do not have to heicex] to linear structures. A polynomial
NARX model with structure per Sriniwat al. (1995):

yk) = 60+ 3 6 My(k—i)+ nz 67 u(k—i)+ 3 Ze@’. y(k—i)y(k— )
i; I i=p I i=1/=1 &1)
S < 6@ ik D o) v :
+> > Oijuk—iuk—j)+ Zl > 6iyk—iju(k—j)+... (25)
1% =115

was estimated for the Weischedel-McAvoy column and useigindf the 4th-order ARX model to gener-
ate output predictions for the optimizer. As a result of thgioved agreement between the NARX model
and the distillation column simulation at the selected afieg condtions, there is a dramatic improvement
in the constraint enforcement properties of the NARX-mdieled signal; this is evident from examining
the state-space plot in Figure 10 and the signal informatiofable 2. The ability to incorporate am
priori nonlinear model is readily acommodated in the problem fdéatman, and the result is an improved
ability to meet plant-friendliness requirements in inpesigns for nonlinear processes.
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Output State-Space Analysis
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Figure 10: Output state space results contrasting predicfirom the model used by the optimizer versus
the actual response from the nonlinear simulation modeiséfedel-McAvoy high purity distillation
column case study. ARX (a) versus NARX (b) cases.

Ultimately, the usefulness of the signal design is deteechion the basis of whether it will result in a
model meeting desired end-use requirements. In this caseonsider the use of the first three signals
(min CF() standard, min CR modified with ARX model prediction, and min Cf(modified with ARX
model prediction and harmonic suppression) as the basistéanomodels that will be used in a a Model
Predictive Control system. For these three signals, a 2ddranultivariable ARX model is estimated
from one cycle of noise-free and noisy data, respectiveiye Jame noise realization was used in all cases;
however, because of the different amplitudes of the sigrihés modified zippered designs suffer from
lower significantly lower signal-to-noise ratios than thenslard one (SNR=[-0.04, -1.12] dB for the min
CF(u) signal versus SNR=[-5.0, -5.0] dB and [-6.9, -7.0] dB foe ttmin CF{)) modified and modified
harmonically suppressed signals, respectively). MPCrobtiet parameters for all cases were prediction
horizonRyor = 100, move horizoMyor = 25, output weighting = [1 1] and input weighting (move
suppression)¥ = [0.2 0.2]) Closed-loop simulations for setpoint chan¢@s= 0.0, y, = 0.05 are shown

in Figure 11). In the noise-free case, all signals yield esjent closed-loop results; there is no incentive
under these circumstances to considered modified signgjrdesHowever, when noise is present in the
data, the models based on the modified zippered spectruralsigield significantly improved control
compared to the model based on the standard signal. The rmodethe data with even harmonic sup-
pression results in the best closed-loop performance lbv@itze ability of the modified zippered signals
to provide significant information of the low-gain directiin a single cycle of data drastically improves
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the control-relevancy of the subsequent model estimates.

0.05

T - _ _ T
_____ Y e N R
2 0 == =7
-0.05 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
0.1 T T T T T T T
N 6’;;’7 - = - —
> A - - =
0 Setpoint -
— All signals (noise—free)
— - minCF(u): standard zip.(SNR[-0.04, -1.12]dB)

ul

u2

Figure 11: Closed-loop responses using Model Predictivetrébfrom models estimated from multisine
signals under noise-free and noisy conditions, Weischigld&ivoy high purity distillation column case
study. Noise SNR=[-0.04, -1.12] dB for the min QirGignal; SNR=[-5.0, -5.0] dB for the min C¥(
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signal, and SNR=[-6.9,-7.0]dB for the min Gfrharmonically suppressed signal.

5 Summary and Conclusions

A modified “zippered” power spectrum in conjunction with strained optimization has been presented
as a means to generate multi-channel multisine inputs oredipg witha priori, which achieve plant-
friendliness while addressing the requirements of hightgriactive systems. The use of correlated har-
monics in the modified zippered power spectrum increasesukmut power spectrum of the low-gain
direction to be comparable to that of the high-gain directiSimulation results indicate that under noisy
conditions the increased information in the low-gain dimetleads to effective models from shorter identi-
fication tests in comparison to standard designs. The ratoreelated harmonics in the modified zippered

spectrum can be computed based on the steady-state gair ofi@ipriori model.

Moreover, we have been challenged to explore a data-cesppcoach such as Model-on-Demand es-
timation. An optimization-based problem is formulated istribute outputs evenly in the state-space by
searching optimal Fourier coefficients and phases of alh#renonics in a modified zippered spectrum.
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Type Signal §) CFX) PIPS(%) maxAx max x min x
up 1.227516 | 81.465337| 0.002737| 0.002000 | -0.002000
. . ) up 1.227516 | 81.465337| 0.002227| 0.002000 | -0.002000
min CF (u) design; standard zippered spectrum
yi 2.524688 | 44.969514| 0.003417 | 0.032565 | -0.024796
Y2 2.531872| 43.839119| 0.003436| 0.020027 | -0.025283
. . . . . up 2.590540 | 43.027738| 0.009997 | 0.019783| -0.024907
min CF{y) design; modified zippered spectrum, witks
D up 2.683625| 40.314130| 0.009999 | 0.021897 | -0.025803
ARX model predictionly, Ay| < 0.0075 &
AU <001 yi 1.687338| 61.615468| 0.004484| 0.011356 | -0.012298
- V2 1.945124 | 58.748109| 0.007131| 0.009289 | -0.012429
. . - . . up 2.902927 | 34.447985| 0.009600| 0.019552 | -0.019552
min CFy) design; modified zipppered spectrum witk
. . . up 2.557524| 39.100325| 0.010000| 0.017227| -0.017227
even harmonic suppression using ARX model
- yi 1.607000 | 64.257126| 0.003982| 0.009401 | -0.008804
prediction|y| < 0.007,|Ay| < 0.0075 & |Au| < 0.01
Y2 1.673482| 62.556392| 0.005353| 0.007687 | -0.008455
. . . . . up 2.676489 | 37.607322| 0.009999 | 0.025399 | -0.025734
min CF(y) design; modified zippered spectrum using
. up 2.852480 | 35.288221| 0.010000| 0.027069 | -0.027428
NARX model predictiony| < 0.008, |Ay| < 0.0085
& |Au| < 001 Vi 1.348449| 74.850385| 0.005174| 0.008878 | -0.008709
- 7 1.341205| 75.176406| 0.007500| 0.008769 | -0.008606

Table 2: Results summary for signals designed for the WedslHVIcAvoy distillation column case study.

The use of efficient nonlinear system identification techeg)for accurate predictions is important to
enhance the distribution quality, generating minimumetsrom the process data. Based on the previ-
ous results, this plant-friendly identification framewarkimately consider more large-scale interactive
systems.

6 Acknowledgement

This research has been supported by the American Chemicate Petroleum Research Fund, Grant
No. ACS PRF# 37610-AC9.

References

Andersen, H.W. and M. Kimmel (1992). Evaluating estimatbgain directionality Parts 1 and 2: A case
study of binary distillationJ. Proc. Cont2, 59-86.

Andersen, H.W., M. Kummel and S.B. Jorgensen (1989). Dyosuand identification of a binary distilla-
tion column.Chem. Eng. Sc#é4, 2571-2581.

Braun, M.W.,, R. Ortiz-Mojica and D.E. Rivera (2002). Apltton of minimum crest factor multisinu-
soidal signals for “plant-friendly” identification of nolear process systemSontrol Engineering
Practice10, 301.

20



Byrd, R., M.E. Hribar and J. Nocedal (1999). An interior gaimethod for large scale nonlinear program-
ming. SIAM J. Optim9, 877-900.

Chien, I-Lung and B. Ogunnaike (1992). Modeling and corfdiigh-purity distillation columnsAnnual
A.l.Ch.E. Meeting

Godfrey, K.R., H.A Barker and A.J. Tucker (1999). Companmisd perturbation signal for linear system
identification in the frequency domaiteE. Proc. Control Theory ApplL46 535.

Guillaume, P., J. Schouken, R. Pintelon and I. Kollar (19@rest-factor minimization using nonlinear
chebyshev approximation methodlSEE Transactions on Instrument and Measuren?$ht982.

Jacobsen, E.W. (1994). Identification for control of stigngteractive plantsAIChE Annual Metting, San
Francisco, CA

Jacobsen, E.W. and S. Skogestad (1994). Inconsistenciiggamic models for ill-conditioned plants:
Application to low-order models of distillation columrisad. Eng. Chem. Re83, 631-640.

Koung, C.W. and J.F. MacGregor (1993). Design of identiiicatxperiments for robust control: A geo-
metric approach for bivariate processksl. Eng. Chem. Re82, 1658-1666.

Lee, H., D.E. Rivera and H.D. Mittelmann (2003). Constrdingnimum crest factor multisine signals for
plant-friendly identification of highly interactive systs. 13th IFAC Symposium on System ldentifi-
cation, Rotterdam, The Netherlands

Li, W. and J.H. Lee (1996). Control relevant identificatidnilbconditioned systems: estimation of gain
direcionality. Comp. Chem. En@0, 1023-1042.

Morari, M. and E. Zafiriou (1988)Robust Process ContrdPrentice-Hall. Englewood Cliffs, N.J.

Rivera, D.E., H. Lee, M.W. Braun and H.D. Mittelmann (2003Jant-friendly” system identification: a
challenge for the process industriéSAC Symposium on System ldentification (SYSID 2003), Rot-
terdam, The Netherlands

Rivera, D.E., M.W. Braun and H.D. Mittelmann (2002). Coasted multisine inputs for plant-friendly
identification of chemical process-AC World Congress, Barcelona, Spain

Rivera, D.E., S. Zong and W.M. Ling (1997). A control-relatanultivariable system identification
methodology based on orthogonal multifrequency inputysbetions.IFAC Symposium on System
Identification (SYSID’97), Fukuoka, Jappp. 595-600.

Skogestad, S. and M. Morari (1988). LV-control of a highigudistillation column.Chem. Eng. Sci.
43, 33.

21



Sriniwas, G. Ravi, Y. Arkun, I-Lung Chien and B.A. Ogunnaiki995). Nonlinear identification and
control of a high-purity distillation column: a case studyProc. Cont5, 149.

Stec, P. and Y. Zhu (2001). Some study on identification afatditioned processes for contr&lroc. of
the ACC, Arlington, VA

Varga, E.l. and S.B. Jorgensen (1994). Multivariable pseddentification: estimating gain directions. In:
1994 AIChE Annual Meetingan Francisco, CA.

Weischedel, K. and T.J. McAvoy (1980). Feasibility of degling in conventionally controlled distillation
columns.Ind. Eng. Chem. FundL9, 379.

Zhu, Yucai (2001)Multivariable System Identification for Process Cont®érgamon. Amsterdam.

22



