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Internal Model Control of Multivariable Nonlinear
Processes with Time Delays
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Abstract: The nonlinear internal model control (NIMC) design concept is extended to MI1-
MO nonlinear systems with time delays. For the process without time delays. the controller is
designed to provide nominal performances,and the nonlinear filter is added to obtain robustness
for the plant/model mismatch then to make the controller implementable. When the plant has
multiple time delays,by adding time delays to some inputs of a plant and its model, NIMC based
on the auxiliary model without time delays can be designed. The performance of the proposed
control methodology is evaluated through simulation for a reactor example.
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1 Introduction

Many common chemical processes such as distillation columns and chemical reactions
are inherently nonlinear and strongly interacting. For the process control,the customary
model-based control strategies for nonlinear coupled processes have been to neglect nonlin-
earities by local linearization in the operating point,and to apply linear theory to design lin-
ear controllers. For highly nonlinear processes, however, linear feedback controllers must
be detuned significantly to ensure their stability when the plant is beyond the small neigh-
borhood of the operating point. Among several design methods of the controller based on
the model, IMC is a powerful controller design strategy for linear systems®. An IMC
strategy for nonliner SISO systems was proposed by Henson and Seborg'?!,but their work
is limited to minimum-phase processes. In this paper,the IMC controller design approach
for multivariable nonlinear processes (MNIMC) is investigated, The SISO nonlinear IMC
is extended to open-loop stable multivariable nonlinear systems with the stable inversion,
and IMC scheme for nonlinear processes with time delays is suggested.
1.1 Process Model

We first consider a class of MIMO nonlinear plants with equal number of inputs and

outputs of the form
Xz_}-(X)+2é,(X)uj7 ylzﬁl(X)’ ’.:].929"'snlv (1)
=1

where X = (x,, x,, ***, z,) is the n-dimensional state vector,Y = (3,,yy+""»y.) is the
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m-dimensional output variable and U/ = (u,,u,,+*,%,) is the m-dimensional input vector
respectively, f(X) is a smooth vector field on R",g,(X),++.g,(X) are smooth vector

fields on R” and m << n. Now we assume that the available model for the controller design
has the form  X= fCO + >0g,C0u;,  yi=h(X)y i =12, m, (2)
j=1

where X,Y,U,f(X),g(X) and A(X) are defined similarly to the plant.
1.2 Relative Order and Characteristic Matrix"’
Definition 1 Given a multivariable nonlinear model,we say that the ith output y; has
relative order r; if
LLr(X) =0, i=1,2,"ym, k=0,,r, — 2, (3)
L Ly h(X) = [Ly L hi (XL Ly h (OO Ly Ly h (O] = . (4
By definition 1,the derivatives of the outputs can be represented as
y® = LPh(X) s vhi=1,2y4 1= 1,
T (5)
WP = LYPh(X) + D L L "hi(Xu,

j=1
i.e, 7, is the smallest order of derivative of y, that explicitly depends on the vector u,.

Definition 2 Consider the model of the form of Eq. 2 and assume that each output y;
possesses relative order 7;,the matrix ¢(X) = [¢;] which the ith line elements are -
[LglL;"_lhi(X)'--LgmL'f"_]h,-(X)], = 1,240 ,m (6)
is called the characteristic matrix of the model(2).
1.3 Inversion of Nonlinear Multivariable System
The inversion of nonlinear multivariable systems has been solved by Hirschorn'!!. An
explicit formula for calculation of the inversion is given as follows!™; Consider a MIMO
nonlinear system and its model is given by the form of Eq. (2) with finite relative order 7.,
{ = 1, ,m,and nonsingular characteristic matrix ¢(X), then the dynamic system,
7= L) + gD ooy )T — (Lphy () yoee JLiph, (DY)
U =cOD= 1wy — (Lihy () s+ s Lph,, (D))
is a realization of the inverse of the model (2).
2  An Internal Model Controller Design for MIMO Nonlinear Systems
The SISO IMC structure'® and the proposed MIMO IMC control scheme are shown in
Fig. 1 and Fig. 2.

Fo u
= 4[ IMC ]»l— Plant —I
X i

Bi | Model

(7

Auxi Model =

Fig. | SISO nonlinear IMC systems Fig 2 General structure IMC for MIMO nonlineas systems
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Where D is the time delay matrix,y* is the output of model without time delays,and
IMC is the controller,its design is following on the assumptions 1~50,

Case 1 The model has no time delays.

The dead time matrix is selected as D(¢) = diag{1.1,+-,1} and auxiliary state vari-
ables and outputs have the form

X+ =X=fQ)+ L,g,(X)u,. y =y =hCO, =12, m, (8)

j=1

To track the setpoint,the model inverse controller IMC can be chosen as in Eq. 7 with Y

as the input

U = c(X)H5 oy 35T — (LR (XD s oon Lph (X)), (9
If the following initial conditions are satisfied
YR 0) = y® (), 0<K<Er— 1, i=1.2500m, (10)
and model/plant has no mismatch,then perfect control
yi(t) = yu(t), >0, i=1,2,"m (1D

is obtained by the model inverse controller (9).

The controller (9) would yield the best output response. However ,this controller can-
not be implemented for the well-known limitation-?), Therefore,the nonlinear filter is used
to handle those limitations. The filter has the following form

v =— TP — L % e D =115 2% s a2
where v{0, - vin are filters, {a, },ey {a,, } are filter tuning parameters,and error
signals e, ,+*+,e, are given by e, = y, — 3 + yis i=1,+,m. Combining Eq. (5),(9) and

(12) ,the multivariable nonlinear IMC controller

i+l AL
U =t c('}()gl((al]el’".’amlem)T B (Eallt'[‘kf_‘hl (X)'."‘ Za,,,kL77|h,,,(X))T) (13)
k=1 k=1

is obtained ,where @;, ., = 1. If the model is perfect and the following initial conditions are
satisfied

YR (0) = e®0), i= 1,2 my Ok — 1, (14)
then by combining Eqgs. (5),(12) and (13) a closed-loop transfer function matrix betwleen

the controlled output y and its setpoints y,, can be obtained as follows ;
Y = diag{((S" 4+ &, $7 " + o+ auS Fa)
(S + @, S™ ' 4+ o S + @) Y. (15)
The filter parameters {a;, }seeei{a,, }can be tuned to provide a compromise between per-
formance and robustness.

Case 2 The model has multiple time delays and the auxiliary model has stable zero

dynamics. Now consider the following internal model and auxiliary model of a plant:

X=f(X)+Zg1(X)uj(t‘—fj), y,-=h,-(X), = 1,2, 9m, (16)

j=1
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m

X' = f(X) 4+ Dg X u,@, y =h(X7), =12, (m
j=1
For the system of Eq. (15),like linear GMDC', let
D(s) = diag{e*(r*l'])v"_”’e*("""m)»"’}’ w = max{r,}, I. T 1«29"' 9 1. (18)

For delayed system,its model which has the same dead-time for every input can be split in-
to two parts:deadtime free defined by Eq. (17) and dead-time matrix.i. e. . diagie "0
¢ =} ,then use Eq. (13) as a controller by substituting X with X+ ,i.e.,

st ratl
U= C(X‘ )71((‘1’1161 W ’aln]em)T i (Zalkka_l}h (}{‘v )) 9990, zamk[}fv*lhm(X' ))I) (19)
k=1 k=1
We compare Eq. (16) with Eq. (17) ,then yields:
X ¢—o=X@), ywt—0=y0, i=12,"m (20)
Note that the relationship between y* and y,, can be expressed by Eq. (16) in which y, are
substituted with y. When the initial conditions ,i. e. s 3/, (k) = iy () O<E 1 — 101 =
1,2,+ m ,and the model is pecfect,in terms of Eq. (20),the input/output behavior of the
closed-loop system is governed by
Y = diag{((S" + al,lSr‘ﬂ 4o+ a S A ay) e
(8™ + a,,‘,.mS'“‘ﬂ + o @S Fa) e Y. 20
3 A Simulation Example
Consider a non-isothermal CSTR with the consecutive reactions,
& by
A— B—>C
taking place,and the dynamic behavior of the process is described by the following mass

and energy balances.

dCy _ ECu=ICp)

_ 2

de Vv kiCa,

dC FC

dtB e TB + klca - szBv (22)
(ﬁ

eV = PCoF (T; — 1) + kCL(— AH )V + k,Cr(— AH)DV + Q1 — 1)

By =145 et
Here V is the reactor volume which is kept constant during the operation,and C, and C, are
the concentrations of A and B inside the reactor,respectively,and 7" is the temperature of
the reactor,and F is the inlet flow rate of A,and Q is the heat added to the reactor, The ki-
netic and physical parameters of steady state operating conditions for the particular process
are given in Table 2.
Table 2 Model parameters'”

Ca = lkmol - m—3 AH, = 418000k] « kmol—1 » K=1 " p = 1000kg - m=3  E; = 1840k] - kmol - K—!
Ao = 11m3 » kmol » m—1 +s~1  AH, = 418000k] « kmol =1 « K1 F = 10mis—1 E; = 34833k] « kmol - K—!
Ago = 172, 2m3 + kmol + s—1 R = 8. 314k] - kmol—? « K—1 Cp = 1k] » kg=1 ¢~V = 100m? Tr=15(

The model may be put into the standard state space form by letting
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——

X, = C[,qxg = ’[‘9 Uy, = 1“/un2 == Q/[OC‘[JV, 3y = (jh, ¥, = '1‘.

h result in the standard state equation,i. e,Eq. (2). Where the manipulated input. w,,
c

xl == Cav

whi
is delayed by 1. The
cders are r, = r; = 1. The control law is dedtisied By Ea, (199 The steb kesponse of

auxiliary state variable, X" ,and output,Y* ;have no deadtime, The

relative O

the closed-loop systems is shown in Fig. 4. The good servo behavior and a decoupled
€ g

ponse are observed , which the filter constants take @, = a;, = 1. 0.
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Fig. 3 The closed-loop responses for step changes in set points

4 Conclusion
An internal model control strategy for multivariable nonlinear processes with time de-

lays has been developed. The proposed structure is an extension of nonlinear SISO IMC to
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nonlinear MIMO IMC. The delay matrix is added to some inputs to make the approach ef-
fective for the process with time delays.and a decoupled response is obtained. However,the
multivariable IMC is restricted to the same assumptions as SISO nonlinear IMC. Simula-
tion results for a reactor illustrate performances of the proposed multivariable nonlinear

IMC strategy.
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