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state relationships.

[0003] Most multivariable controllers have some kind of steady-state
economic optimization imbedded in the software, using economic criteria along
with the steady-state information from the model (model gains). This is a
similar problem to planning and scheduling programs, such as Aspen PIMS, that
use a linear program (LP) to optimize a process model matrix of gains between

independent and dependent variables.

[0004] For process models, there is almost always some amount of
uncertainty in the magnitude of the individual model relationships. When
combined into a multivariable model, small modeling errors can result in large
differences in the control / optimization solution. Skogestad, et al., describes the
Bristol Relative Gain Array (RGA) to judge the sensitivity of a controller to

model uncertainty. The RGA is a matrix of interaction measures for all possible



Bristol Relative Gain Array (RGA) to judge the

sensitivity of a controller to nodel uncertainty. The
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[i mted [ 0005] Two rml n approaches for dealing
with these sensitivity problenms (indicated by |arge
RGA el enents) are possifl prpach is to
explicitly account forgﬁ%&ggg;ﬁ@gr&ai nty in the
optim zation step (See e.g. U S. 6,381,505). Another
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Another approach is to make small changes to the model, ideally within the

UJ

range of uncertainty, to improve the RGA elements. The present invention is a

process for implementing the second approach.

[0006] Current manual methods for model gain manipulation present some
difficulties. Typically the user will focus on individual 2 x2 “problem” sub-
matrices within the overall larger matrix that have RGA elements above a target
threshold. The user can change the gains in a given "problem" sub-matrix to
either force collinearity (make the sub-matrix singular) or spread the gains to
make the sub-matrix less singular. Applying this process sequentially to all
problem sub-matrices is very time-consuming due to the iterative nature of the
work process. Depending on the density of the overall matrix, changing one
gain in the matrix may affect many 2x2 sub-matrices. In other words, improving

(decreasing) the RGA elements for one 2x2 sub-matrix may cause RGA
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[0008] In practice, the modification of a matrix to improve its RGA
properties is often neglected, resulting in relatively unstable behavior in the
optimization solution, particularly if a model is being used to optimize a real

process and model error is present.

SUMMARY OF THE INVENTION

The current invention is a technique for modifying model gain matrices.
Specifically, the technique improves 2 x 2 sub-matrix Relative Gain Array
elements that make up a larger model matrix. The technique involves taking the
logarithm of the magnitude of each gainina2 x 2 sub-matrifc, rounding it, and
then reversing the logarithm to obtain a modified sub-matrix with better RGA
properties. The base of the logarithm is adjusted to balance the relative
importance of accuracy versus improvement in the RGA properties. As the base

of the logarithm is increased, the RGA properties of the sub-matrix are
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are modified on the first iteration, and the resulting matrix is guaranteed to have
no singlé 2 x 2 sub-matrix RGA element larger than the desired threshold. The
invention is ideally suited for implementation via a computer algorithm, and
therefore the time required to modify each sub-matrix and the overall matrix can

be greatly reduced once the algorithm is generated.
[0011] The present invention includes the following:

1. The application of a logarithmic rounding technique to modify

individual values in a matrix.
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BRIEF DESCRIPTION OF THE DRAWING

[0012] FIG. 1 is a flow diagram illustrating a simple distillation unit having

two independent variables and two controlled variables.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0013] A detailed description is demonstrated by an example problem.
Consider a predictive model with 2 independent variables and 2 dependent
variables. The gain matrix represents the interaction between both independent
variables and both dependent variables. Table 1 shows an example of a 2x2

model prediction matrix.

[0014] A simple light ends distillation tower can be used as a process
example for this problem. In this case, as shown in Fig. 1, IND1 is the reboiler
steam input, IND2 is the reflux rate, DEP1 is the C5+ (pentane and heavier)
concentration in the overhead product stream, and DEP2 is the C4- (butane and
lighter) concentration in the bottoms product stream. In this example problem,

the relative effects on the two product qualities are very similar, from a gain



vari abl es and both dependent variables. Table 1 shows

an exanple of a 2x2 nodel prediction matrix. 100141 A
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process exanple for this problem In this case, as

shown in Fig. 1, INDL is the reboiler steaminput,

IND2 is the reflux rate, DEPl1 is the C5+ (pentane and

heavi er) concentration in the overhead product

stream and DEP2 is the C4- (butane and I|ighter)

concentration in the bottons pbeduct stream In this

exanple problem the relative effects on the two
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i ndependent vari abl es have sinmilar, but opposite,
dSPFQ&@V@ﬁ'aP#‘é-two dependent variabl es. [0015] The
gain matrix represents the interaction between both
[001Sjpenddite gaiamhaivhxetepaeddnothe idesnacten bewaédraBb®Sindependent
TABEépl DEPI DEP2 (%C5+ Ovhd) (%C4- Btns) |ND1
verabiss apd bath depengdentvariablgs’ (Ref | ux Rate) -30 22
[0016] The fornula for Relative Gain Array is: RGA(Q =

&X(G' )r (1) TABLE 1
DEP1 DEP2
(%C5+ Ovhd) (%C4- Btms)
IND1
(Reboiler Steam) 37 27
IND2
(Reflux Rate) -30 22

[0016] The formula for Relative Gain Array is:
RGA(G)= Gx(G™)T 1)

[0017] If the RGA formula is applied to our example 2 x 2 problem, the

result is the 2 x 2 array:

TABLE 2
203.5 -202.5
-202.5 203.5

[0018] These RGA elements have a very high magnitude, which is
undesirable. If the maximum acceptable RGA element magnitude is chosen to
be 18, for example, the following formula can be used to calculate the logarithm

base that will be used to modify the matrix.



[0017] If the RGA fornmula is applied to our exanple 2
X 2 problem the result is the 2 x 2 array: TABLE 2
WQOBB8M2442902. 5 -202.5 203.5 [0018] These RGA ePE&NBR1087/018759
have a very high magnitude, which is undesirable. If
t he maxi num accept abl e RGA el enent magni tude is chosen
to be 18, for exanple, the followi ng fornula can be
used to calculate the logarithm base that will be
used to nodify the matrix. WD 2008/ 024479
PCT/ US2007/ 018759 -7 LOGBASE=72 1 1= 1 1 1.0588235...
(2) 1 MAX - RGA[1 18 [0019] For each gain in the
original matrix, the logarithmpf the absolute value
of t heOGBAMSE= = - % 1 O588285v.e 2)
(1.0588235...)]1 j-Sesijulting in the matrix
gi ven in Tabl L DEBH2 |IND 1 63.17386488
57.66144728 | ND2 59. 50475447 54. 07852048 [0020] In

r ef odi each of th rs
(pOfca ¥ B TBEITRY ori gl pui B Ran D of fa ahsolute
valueoitidiel rﬁﬁnBexawnhl tﬁé baSe th8seiPfBm M&W@(F bsssmdl)rlg
desired is to the nearest whol e nunber (I nteger).

caleulated.aresulting iny thgmuptix givendniTalde 8o t he nearest
single decimal (1/10), then multiply the LOGBASE
calculated in equation 2 byAl®r.E/» the event that
rounding is desired to the nearest two decinals
(1/100), then nmultiply th®EPOGBASE &ERAl ated in
equation 2 by 10QNDNhi s63etiesdsss spebisabse to any

degree of IND2 59.50475447 54.07852048

[0020] In the preferred embodiment, each of these numbers is rounded to
the nearest integer. The formula provided in equation 2 applies to the case
where the rounding desired is to the nearest whole number (integer). In the
event that rounding is desired to the nearest single decimal (1/10), then multiply
the LOGBASE calculated in equation 2 by 10. In the event that rounding is
desired to the nearest two decimals (1/100), then multiply the LOGBASE
calculated in equation 2 by 100. This method is applicable to any degree of
decimal precision by simply mutiplying the LOGBASE caléulated in equation 2
by the 10 raised to the power corresponding to the number of decimals desired.

The resulting integer matrix is shown in Table 4.

TABLE 4

DEP1 DEP2
IND1 63 58
IND2 60 54

[0021] The gains are recalculated by taking the logarithm base from
formula (2) to the integer powers shown in TABLE 4. Where the original gain
was a negative number, the result is multiplied by -1. Applying these steps

results in the modified gain matrix shown in Table 5.



deci mal precision by sinply mutiplying the LOGBASE
calculated in equation 2 by the 10 raised to the
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The resulting integer matrix is shown in Table 4.
TABLE 41 DEPT DEP2 |INDL 63 58 |IND2 60 54 [0021] The
gains are recal cul ated by taking the | ogarithm base
from formula (2) to the integer powers shown in TABLE
4. \Were the original gain was a negative nunber, the
result is multiplied by -1. Ap@lying these steps
results in the nodified gain matri x shown in Table 5.
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I ND1 36.63412093 -27.52756 2 -30.86135736
21.90148291 [00221 If theDrR®A formnmul a pEPApPplied to
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-17 18
18 -17

[0023] The matrix modification,process was able to do this by making
relatively small changes in the original gain matrix. On a relative basis, the
amount of gain change in each of the individual responses is shown in Table 7

below. This amount of change is normally well within the range of model

accuracy.
TABLE 7
DEP1 DEP2
IND1 -0.99% 1.95%
IND2 2.87% ~0.45%
[0024] In an alternative embodiment, the base logarithm number can be

chosen based on the maximum desired gain change, in units of percentage, using
the formula (3) below. For the example problem used above, a maximum gain

change of approximately 2.9% results in the same logarithm base as chosen

above.
2
LOGBASE =| MAX _CHNG | 3
100
[0025] In another alternative embodiment, the logged gains can be rounded

to any fixed number of decimals for all matrix elements being operated on. For



TABLE 7 DEP1 DEP2 [IND1 -0.99% 1.95% |IND2 2.87%
-0.45%[0024] In an alternative enbodi nent, the base
WO ogan44mm nunber can be chosen based on the PERUAAT/018759
desired gain change, in units of percentage, using
the formula (3) below For the exanple problemused
above, a maxi num gain change of approxinmately 2.9%
results in the same | ogarithm base as chosen above.
LOG BASE = [MAx.clING +1]2 (3) [0025] In another
al ternative enbodi nent, the |o8ged gains can be
rounded to any fixed nunber of decinmals for all
. I ;
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ekapgle ishchosenttbdeabpower ef terpreater thandbefotep) be a
power of ten greater than before, LOGBASE=1.058823510

= 1.77107 (4) 2@%%1@3%?%&@5.7‘9‘1{)& cone fron@t

roundi ng the | oga € gains to the near

tenth. [00261 In another alternative enbodi nent, the
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variables is the sane for two different dependent

[Q@%6]abl edn anptheraiternativeoermbbdiment, thé sowsledi meabersican be

chosen to enforce a desired collinearity condition. If the difference between the
rounded logarithms of the gains for two independent variables is the same for
two different dependent variables, then that 2 x2 sub-matrix is collinear. In
other wbrds, it is has a rank of one instead of two. The direction of rounding can
be chosen to either enforce collinearity, or enforce non-collinearity. If the
direction of rounding the logarithms of the gains from Table 3 is chosen to

enforce collinearity, the integers could be chosen as shown in Table 8.

TABLE 8

DEP1 DEP2
IND1 63 58
IND2 59 54

[0027] The resulting matrix obtained by recalculating the gains is of rank 1

as shown in Table 9.

TABLE 9

DEP1 DEP2
IND1 36.63412093 -27.52756876
IND2  -30.86135736 21.90148291
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The direction of rounding can be chosen to either
wendosiea7eol | i nearity, or enforce non-colli neaP€T/ys2007/018759
the direction of rounding the |ogarithnms of the gains
fromTable 3 is chosen to enforce collinearity, the
i ntegers could be chosen as shown in Table 8. TABLE 8
DEP1 DEP2 |IND1 63 58 |[IND2 59 54 [00271 The resulting
matri x obtained by recalculating.the gains is of rank
1 as shown in Table 9. TABLE W) DEP1 DEP2 | ND1
36. 63412093 -27.52756876 | ND2 -30.86135736
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process to these building block models, the final model will have the same RGA

characteristics.

[0030] The above description and drawings are only illustrative of preferred
embodiments of the present inventions, and are not intended to limit the present
inventions thereto. Any subject matter or modification thereof which comes
within the spirit and scope of the following claims is to be considered part of the

present inventions.



characteristics. [00301 The above description and
drawi ngs are only illustrative of preferred
wepdst24aent s of the present inventions, and arBCHU$2007/018759
intended to limt the present inventions thereto. Any
subject matter or nodification thereof which cones
wWthin the spirit and scope of the following clains is
to be considered part of the present inventions. WO
2008/ 024479 PCT/ US2007/018759 -11- CLAIMS: 1. A
met hod t.o nodify a nodel gai m hatrix having at |east
one independent-dependent variable pair conprising:
dpAIM®0si ng a | ogarithm base, (b) readi ng nodel gains
for each independent dependent variable pair, (c)

t aki ng the ri of absol ut e val ue, of the
for each | B&?tfigaq{‘ He(ﬁgﬁﬂ@n?o r§2dP Rathiy hawgn%wt one
1h@ﬁ%nﬁ%ﬁﬂﬂ@ﬁéﬁl&ﬂ%ﬁﬁblé‘paﬁf %Bngﬁ* singd) rounding the

xe

nunber from step ( toa fi er of decimals,
(e) recal cul the alns h ing the Iogarlthm
base of st egi( %hpqug d‘lpﬁapﬁ%‘“%ﬁ& of the specified
round- of f fromste(g (d), (f) nmultiplying the result
of step (e) WY) - teading mOdn:l@ﬁnsgﬁdmachéadepérgiemﬂdepeﬁdem

negati ve nunber, |ng these cal cul ated gains
to the nodel gai P(g"ﬁé't’ép&‘ > 2. The nethod of claim1l

wherein step (a) is performed by choosing a nmaxinmm
al | owabl e ReleX i takitaile krgasithel efithet alsbiXeRGN)e of the gain for

each independent-dependent variable pair with the

logarithm base chosen in step (a),

(d) rounding tlte number from step (¢) to a fixed number of

decimals,

(e) recalculating the gains by taking the logarithm base of
step (a) raised to the power of the specified round-off
from step (d),

(f) multiplying the result of step (e) by -1 if the model gain

was originally a negative number,
(g) Applying these calculated gains to the model gain matrix.

2. The method of claim 1 wherein step (a) is performed by
choosing a maximum allowable Relative Gain Array element (MAX RGA)
determined by the following formula.

1

LOGBASE= "
[P S
[ AiAX:_RGM]
3. The method of claim 1 wherein step (a) is performed by

choosing a maximum allowable percentage gain change (MAX_CHNG)

determined by the following formula.



determ ned by the followng fornmula. LOGBASE= 1 11 MAX
RGA 3. The nethod of claiml wherein step (a) is
w@eooBoe4redl by choosing a nmaxi mum al | owabl e pePCENSRQGB018759
gai n change (MAX CHNG deternmi ned by the foll ow ng
formula. WO 2008/ 024479 PCT/ US2007/018759 -12
LOGBASE [ 100HNG+1]2 4. The nethod of claim 1l wherein
the direction of rounding perfornmed in step (d) is
chosen to force collinearity in 2 x 2 sub-nmatrices
made up fromtwo i ndependent- Mafi abl e - dependent
vari able pairs. 5. The nethod of claim 1l wherein the
direction of rounding perforned in step {d) is chosen
to force non-coIILD@@m4gE$EA§L¥ pétrices made
up fromtwo i ndependent var Labl el00 dependent vari abl e
pairs. 6. The nmethod of claim1l further applied to

] g A, M e i
pepforined ih%tcfpl %)gg l'&xgbér@fd(fm@@ @ghﬁaea\ﬁﬁ'& GA 200 2" Hb- !tﬁ&fs made

in the fina ut are used to construct the fina
updiEiem tvg) independemiodarisble - siependent wetriable pairs.nodel i s
used for a nultivariable predictive control

appl i cati o1. The mbBehdiEsElIdirARf1 whetdh th¥aRe8tibRDS rounding
mul tivari abl e (Bredl ctive control application is

psefosmeddnistem{d)rie chosemptaforomapnisolmeariPUT 2 X0 subkmatrices
n‘g&;&en?;g Srg{m ?\lg%gxrﬂi%%egg*en Iyggﬁg%e- cqré)pde%lde% wnrlia llespali‘f’s.ed as

6. The method of claim 1 further applied to internal gain

multiplication factors used to modify the model gains.

7. The method of claim 1 further applied to building block
models, which do not exist in the final model but are used to construct the final

model.

8. The method of claim 1 in which the model is used for a

multivariable predictive control application.

9. 'The method of claim 8 where the multivariable predictive

control application is selected from the group of DMCplus and RMPCT.

10. The method of claim 1 in which the model matrix is used as an

input to a linear program.

11. The method of claim 1 applied as a pre-processing step to

multivariable predictive control calculations.

12. The method of claim 1 applied as a pre-processing step to

planning and scheduling calculations.

13. The method of claim 1 where the rounding in step (d) is to

zero decimals.



11. The method of claim 1l applied as a pre-processing
step to nmultivariable predictive contro

w@ad080b4ard ons. 12. The nmethod of claim1 applikdI/as20a7/018759
pre-processing step to planning and scheduling
cal cul ations. 13. The nethod of claim1l where the
rounding in step (d) is to zero decimals. WO
2008/ 024479 PCT/ US2007/ 018759 -13 14. The net hod of
claim8 where the nultivariable predictive contro
application is applied to condldk a manufacturing
process. 15. The net hod of cIain114 where the

manuf act ur S I ea

refinery p?%gg@o@g eéft(zfaaP%r% Sre &‘SJB b}va}réqlhmﬁgriplctwe
abnsitol lapplication i sppleiPd EsHirdll Affantlifdtitihgprogessni t,

crude distillation unit, vacuum distillaftion unit,

E ;‘Spgth?e;?esr ﬁ{g}‘%@@’? &ﬁi}aﬁgtrlr%tegfheérrerﬂm ggizl fa&urmg process is at
lha/sir(mbrmt(ﬂéunmﬁn@? 8ok Fosds 9 eleated frofy i eoébﬁﬁk&frreﬁnery
er,

del ayed coker, Fl ui Fl exi coker,
digti batinn unguﬁhqmlqgl phant dissilatioat enit, erude ehissillatiben mit, vacuum

df%ﬁl‘fé}thc;x{ ﬁﬁit %Bhtﬁ ?nf’orﬁ%%g', Cogi[ffé g Igrqq{ﬁ?ﬁ%q fggg?ﬁngllngsrotreater

Ketlpsene Hyalrotreatededie el hyalrotrahier, %&C&Bﬂ?&d@:&i& Hyakb&Ycker,
@ 10. 17. The method of claim?2 where the rounding in

Bfpd ekearsFhud %erdElﬂxml@r,aﬁtqam@fmmr plant, sour water
| h
i et e Wi B Sl AT et ™

LOGBASE i s rrultl plied by 10. 19. The method of claim 3
where the Fou ﬂ@ﬁﬁ@eﬁmdﬁféﬁam? whereghewounding inestep §d)iis to one

dMBfhE hidRiRE L%)C?ﬁug]? IisI r%%ltlgl (P gy 10.

17. The method of claim 2 where the rounding in step (d) is to two
decimals and where LOGBASE is multiplied bj' 100.

18. The method of claim 3 where the rounding in step (d) is to one
decimal and where LOGBASE is multiplied by 10.

19. The method of claim 3 where the rounding in step (d) is to two
decimals and where LOGBASE is multiplied by 100.



