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ABSTRACT: In this paper a short-cut tuning method for multiloop
PID controllers is presented. The method is an integral part of
a short-cut operability analysis that provides a quick estimate
of closed loop integral error. The tuning procedure provides a
simple method of calculating how much multiloop controllers have
to be detuned because of interaction. Tuning each loop is based
on the nature and relative speeds of its interacting partners. A

steady state version of the method 1is also presented with

recommendations on its region of applicability.



Introduction

This series of articles presents a simplified method for
predicting control system operability. The method provides
short-cut predictions for a key measure of operability, the
closed loop integral error of the controlled variable in response
to a disturbance. In Part I of this series (Stanley, et al.
(1985)) it was shown that the area under a multiloop error
transient could be related to the area under an SISO error
transient by two dimensionless parameters. The key result

presented in Part I is:

(fedt)ML = (fedt)SL(fi)(Bi) (1)

where the subscripts ML and SL refer to multiloop and single loop

configurations. The two dimensionless parameters are the
relative disturbance gain (RDG), Bi’ and the detuning parameter,
f..
i

The definition and important properties of the RDG were
presented in Part I. It can be calculated from steady state
gains and indicates the interaction related to a specific

disturbance. For 2x2 systems it is defined as:

= 1 K_.K
By < - g 1 - "Fj ij (2)
- ( 1 ‘K12K21/(K11K22))) R.K..
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The fi parameter involves a ratio of controller parameters and is
defined as:
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where the subscript i refers to the loop under consideration. 1In
order to calculate fi and use it in an operability analysis, one
needs a simple method to tune multiloop PID controllers.

In this paper we start out by presenting a new, short-
cut approach to tuning multiloop PID controllers. A few papers
on tuning multiloop PID systems have been published (Niederlinski
(1971); Luyben (1986)). These tuning approaches make use of
detailed dynamic models. Such information is rarely available at
the design stage of a process when one would 1like to assess
operability. In this paper we too start by assuming the
availability of a dynamic model. This model is used to develop
our multiloop PID tuning approach. We then address the important
question of when steady state information alone is sufficient to
estimate controller detuning. An answer for this question 1is
given for an important class of 2x2 systems, namely those with
first order dead-time elements in their transfer function matrix.
When the product of the off diagonal time constants is less than
or equal to the product of the diagonal time constants, steady

state information is essentially all that is required to estimate

fi. For this class of problems steady state expressions are

presented which can be used with a rough estimate of loop speed

to calculate fi for use in equation 1.



Another important result for 2x2 systems involves the
magnitude of fi as related to.the steady state relative gain
(RGA). We have found that systems with steady state RGA's less
than 1.0 require more detuning and therefore have larger fi's
than systems with steady state RGA's greater than 1.0.

Before presenting the tuning approach the perspective
taken in 1its development should be mentioned. We are not
interested in a method to determine the best set of PID
parameters, but rather one that gives reasonable estimates of
tuning parameters. The goal of the paper is to provide a quick
method of estimating fi in equation 1 so that it can be used to
assess process operability. In the proposed method the tuning of
one loop 1is based on the effects of its interacting partners.
The tuning method is applicable to any process; specifically, it
does not require the process to be diagonally dominant. The
method provides a ratio of the controller settings for the
multiloop case with respect to single loop settings, allowing the
use of SISO tuning charts on multiloop systems. In principle the
tuning approach applies to nxn systems. A study of a large
number of 2x2 cases has shown that the method produces well
behaved transient responses. After a detailed discussion of the
tuning method, the steady state results for 2x2 systems are

presented.



II. Tuning Procedure

Marino-Galarraga, et al. (1984) presented a method for
tuning 2x2 PID controllers used in a multiloop SISO structure.
In this section their approach is generalized to an nxn system,
shown in Figure 1. For this system the output, y, is related to

the manipulated variable, m, by:

y = Gm (4)

In developing the tuning procedure we focus on a particular 1loop

in the system:

- (5)
Ay = G156

Three special cases for this loop are defined. First, Ai is

assumed to be much slower than any other loop in the system (Case

1). Second, Ai is assumed to be much faster than any other loop
(Case 2). Last, all loops are assumed to have identical Ai's
and therefore equal response speeds (Case 3). For these three

cases proportional only control is used and the stability 1limit

th loop is calculated. An interpolation is carried out

for the i
among the results of the three cases to arrive at final
controller settings for the actual system. The three cases are

discussed below and then the interpolation scheme is presented.

Case 1: Ai is the slowest loop.

If Ay is significantly slower than the other loops in

the system, then perfect control for all yj, j# i can be

assumed. For this case equation 4 can be written as:
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One way to achieve the results given by equation 6 is to use an
Internal Model Controller (IMC) (Garcia and Morari (1982)) with a
perfect model on all yj, J #i. This IMC controller manipulates
all mj, j #i. Alternatively, if multiloop PID controllers are
used on yj,
significantly faster than the Ai loop, then equation 6 is an

J #1 in an SISO arrangement and these loops are

excellent approximation, especially near the critical frequency

th

of the i loop. It is only at high frquencies relative to w

ui

that the other PID loops would deviate from perfect control. The
vector of manipulated variables can be calculated from equation 6

as:

m=g ly (7)

Since all elements of y are zero except Yy the transfer function

relating v to m, can be calculated from equation 7 as:

N

my = G494 (8)
th lement of G 1.

N
where Gii is the ii The dynamic relative gain

(Witcher and McAvoy, 1977) for an nxn system, 7(s), 1is an nxn
matrix that can be calculated as:
A(s) =G oGt (9)

where O represents the element by element Hadamard matrix product



th

(Johnson, 1974). From equation 9 the ii element of A(s) is:

A

= G,.G (10)

A iivii

ii
Substitution of equation 10 into eguation 8 gives:

Yi

If the m, -y, loop is now closed and a proportional controller
is used for Ci’ the relationship that determines closed 1loop

stability is:
1 + 4. =0 (12)

From equation 12 the ultimate gain and frequency of the slow, ith

loop can be calculated.

Case 2: A, is the fastest loop.

If Ai is significantly faster than the other 1loops
shown in Figure 1, then as an approximation these other loops can
be considered as being off. Mathematically, all manipulative

variables except m.1 are set to 0 giving:

Y1 Gyy G1p +-+ Gyp °
Go1 : :
) - . : mi (13)
Vi :
; e e oo G. o
Yn Gnl nn

As can be seen in equation 13 vy only depends on my in this case.

th

Therefore, the stability relationship for the i loop can Dbe

written as:
1 + A, =0 (14)

which is the traditional SISO relationship.



Case 3: All loops have identical transfer functions.

For this case G is replaced by G' defined by:
G’kj = ij (15)
G'xk = Gy (16)
For the system shown in Figure 1 the closed 1loop transfer
function relating y to d is:
y = [I+6'cl trd (17)
The roots of the determinant of I + G'C determine the stability

of the system in this case:

T + G'C| =0 (18)
Equation 18 is solved for proportional only control with s = i
to calculate the ultimate properties of the ith loop. Equation

18 has mulfiple roots. In our studies to date we have found that
the root with the lowest frequency is the best one to use to
calculate controller detuning. Thus, in solving equation 18 W is
increased from O until the first root is found and then the
calculation is terminated.

Equations 12, 14, and 18 provide explicit relationships

for calculating the ultimate gain and frequency for the three

special cases. These equations are solved for every loop in the
system. However, most physical processes do not fall into these
three 1limiting categories. To calculate PID tuning parameters

for a general interacting system, an interpolation among the
three special cases is used. This interpolation is based on
relative 1loop speed as measured by the ultimate frequency of a
loop with all other loops off, i.e., its SISO ultimate frequency.
To explain the interpolation procedure it is convenient to

consider a 2x2 system.



2x2 Systems:

Consider the controller gain first. The three values
of the ultimate gain calculated for Cases 1-3 are normalized by
dividing by Kui’ the SISO ultimate gain for loop i. A normalized

loop speed for loop i is defined as:
i~ “ui (19)

wul + wu2
A plot of normalized ultimate gain versus s; can be made as shown

in Figure 2a. The three points which result from the solution of

equations 12, 14, and 18 are shown as circles. The slow case
corresponds to s; = 0.0, the fast case to s; = 1.0, and the equal
case to si = 0.5. The dotted line shown in Figure 2a can be

sketched by hand or a parabola can be fitted to the three points.
Alternatively, one can use linear interpolation.

Suppose that we fix A and vary 1its interacting

1
partner, A2‘ When A2 is very fast relative to Al we are at an x-
axis value of 0. As Az becomes slower we move to the right.
Eventually, when A2 is very slow we arrive at an x-axis value of
1.0 and an SISO case for Al. Since A1 becomes faster and faster

relative to A2 along the x—axis, this axis can be viewed as the
speed of loop 1 relative to the sum of the speeds of loop 1 and
2. If a gain margin technique is used to tune the controllers,
then the y-axis can be viewed as the reduction in controller gain
that results from interaction.

For the reset times a plot similar to Figure 2a can be
constructed. From the solution of equations 12, 14, and 18 the

ultimate frequency for the interacting systenm, can be

w .
uli’



determined. If it is assumed that reset times are inversely
proportional to wultimate frequencies, then the plot shown in

Figure 2b results. Note that the x-axis is the same as in Figure

2a. The y—axis in Figure 2b can be interpreted as the change in
reset time due to interaction. Again, the dashed line can Dbe
sketched in or a parabola can be fitted. If a PID controller is

to be wused, the y-axis in Figure 2b would also represent the
change 1in the inverse of the derivative time due to interaction
effects.

For some cases, e.g., Case 1 with a steady state
relative gain greater than 1, the y-axis values in Figure 2 can
be greater than 1.0. When this occurs the interaction in the
system is favorable. In our tuning procedure we have chosen not
to take advantage of favorable interaction and have limited the
values for Cases 1-3 to 1.0 for interpolation. The rationale for
this choice is that the multiloop control system should be tuned
to cope with the possibility of a loop being lost due to an
actuator / transmitter failure or simply being turned off. The
use of more aggressive PID settings, compared to SISO values,
could cause trouble in this case.

Figures 2a and 2b can be used to develop good estimates
of controller parameters for 2x2 systems. The approach involves
interpolating along the x—-axis and reading the change in the
controller parameters relative to the SISO settings from the y-
axis. As a clear way of presenting these results, it is useful
to consider an example to highlight the details of the

interpolation procedure.

10



Demonstrative Example:

The controller design for an 8-tray experimental
distillation tower studied by Wood and Berry (1973) is developed
in this section. The column was used for methanol-water
separation and was found to be well described by the transfer
function model:

y(s) = G(s) m(s) + F(s) d(s) (20)
The transfer function matrices were determined by experimentally

pulse testing the tower (Wood and Berry, 1973):

12.8¢" S ~18.9e73S
16.7s ¥ 1 51.0s * 1
G(s) = (21)
6.607 7S ~19.4e7 38
10.9s ¥ 1 T4.4s ¥ 1
3.8e_8'ls
14.9s + 1 (22)
F(s) = -3.4s
4.9e 7°
T3.29s + 1
d

The first step is the calculation of the ultimate properties of
the individual loops (Luyben, 1973), and these values are given
in Table I. From the ultimate frequencies the relative speed of

loop 1 is:

_uZ  _ 9.2 (24)

The dynamic relative gain, A (s), for this system is given by:

11



A(s) = 1
1 -0.5(16.7s +1) (14.4s +1)e-b68%

(21s ¥+ 1) (10.9 s + 1)

(25)

The reduction of the controller settings for the three 1limiting
cases is calculated from equations 12, 14 and 18. The results of
these calculations are given in Table I. Plots of normalized
ultimate frequency and normalized ultimate gain versus relative
loop speed for 1loops 1 and 2 are shown in Figures 2 and 3
respectively. A Lagrangian polynomial fitted to the three points
is shown as a dotted line in the figure. At a relative 1loop
speed of .74 for loop 1, the change in controller parameters
relative to the SISO settings can be read from the y-axis of
Figure 2. The interpolated points are represented by the closed
squares, and the reduction in the ultimate properties of loop 1
are

W, p1/%yy = 0-635 (26)

K,1/Kyy = 0-955 (27)

If the reset time is assumed to be inversely proportional to the
ultimate frequency, the reduction in the ultimate frequency given

by equation 286 can be viewed as the change in the reset time

resulting from interaction. That is:

= W
Tr1/Tr11 = “urt/®w
In a similar way, equation 27 represents the reduction 1in the

= 0.635 (28)

controller gain:
Ke11/Ke1 = Kyr1/¥yp = 0-955 (29)

Following the same interpolation procedure for loop 2 gives the

12



results shown in Table I. Any SISO tuning procedure or charts
can be wused to calculate controller parameters for the SISO
loops. The tuning charts reported by Lopez (1968) are used here.
The criterion he wused is the ITAE (minimum integral of time
nultiplied by the absolute value of the error for upset
response). The SISO tuning parameters and the multiloop
parameters resulting from the interpolation are given in Table 1I.

The response of the system to a step disturbance of
0.34 1b/min in feed flow rate is shown in Figure 4. As can be
seen, the tuning method developed here not only provides a
systematic procedure for loop tuning, but it also results in a
well behaved transient response in terms of decay ratio.
Although the Xp respomnse is sluggish it cannot be improved
substantially. The sluggishness results from loop interaction
when diagonal PI controllers are used. To eliminate this
behavior some type of advanced control is required.

In a wide spectrum of 2x2 cases studied (Marino-
Galarraga, 1985) the proposed method has been found to produce
excellent PI tuning parameters. The cases studied include a
model of an actual distillation tower (Luyben and Vinante
(1972)), a model of a catalytic reactor (Marino-Galarraga, et al.
(1984)), and distillation tower models (Toijala and Fagervik
(1972); Weischedel and McAvoy (1980)). In addition 52 other
cases that are discussed below were also studied. The steady
state relative gain ranged from .5 to 13.7 in all the cases
studied. In essentially all cases the responses obtained are

well behaved, and they typically have a very good damping ratio.

13



2%2 Case Studies:

To test the tuning method a number of examples were
generated. The process transfer function matrix, G, was chosen
to have first order with dead-time elements. For 2x2 systems

equation 18 becomes (McAvoy, 1983):

1 + 2A" 4+ A'2 =0 (30)

A (s)

where A(s) 1is the dynamic relative gain (Witcher and McAvoy,
1977). Examination of the basic tuning equations 12, 14, and 30
shows that the only parameter that appears is X(s). In
developing cases to be studied, we therefore chose systems with

significant differences in the behavior of their dynamic relative

gains. Fdr first order with dead-time processes, A(s) is given
by : 1
A(s) = (31)
-0s
- s +
1 K12K21(Tlls + 1)(T22 l)e
K11K22(les +1)(T215 +1)

where:

6 =0 + 0 -0 -0

12 21 11 22 (32)

Differences 1in dead-time and time constants in a process have a
profound effect on A(s). In developing the additional cases to
study two types of systems were considered: systems where the
time constants cancel but there is a net dead-time, (Type I
System), and systems with significantly different dead-times and
time constants (Type II1 System).
For Type I Systems the gain ratio (K12K21/K11K22)
and 0 completely determine A(s). Since K12K21/K11K22

is related to the steady state relative gain, a knowledge of A(0)

14



and O is sufficient to tune multiloop PI controllers effectively
in Type I systems. Further, we have found that & has only a
minimal effect on estimating fi'

For Type 11 systems it is convenient to define a time
constant ratio as:

T11T22

R = k22 (33)
T15T93

The parameter R measures the speed of the off-diagonal elements
of G relative to the diagonal elements of G. Two general
categories of Type II systems are covered. One category involves
R significantly greater +than unity; this category involves
systems with interaction that is fast relative to the diagonal
dynamics. The second category with R significantly 1less than
unity involves systems with slow interactive dynamics. For Type
I systems R = 1.

Forty Type I processes ranging between fast-slow loops
and equal 1loops were tuned using the method developed here.
Table III gives the parameters for the systems. The objective of
these cases is to study the performance of the tuning method for
loops of different relative speeds. The time constants of the
loops were taken to be equal to unity, and the different speeds
were achieved by changing the dead-times. Two different values
of the steady state RGA were considered, A (0) = 0.5 and A (0) = 2.
Table IV shows the reduction in the controller settings and the fi
factors resulting from the tuning method. As in the previous
examples, the SISO loops were tuned using the correlation given

by Lopez (1968) for minimum ITAE. Figure 5 shows the response of



one of the forty systems to a load disturbance. This response is
representative of the general behavior of all the systems

studied. Table IV shows an .interesting result for Type 1

processes with the same dynamics but different steady state

RGA's. Systems with steady state RGA's less than 1.0 require

more detuning and therefore have larger fi factors than those

with RGA's greater than 1.0.

Twelve additional Type 11 systems were studied. These
systems were chosen to have vast differences in the time
constants of the elements. When the time constants are different
and do not cancel, the value of the magnitude of the dynamic RGA
can be considerably different from the steady state RGA. Table V
shows the description of the twelve systems, and Table VI gives
the reduction 1in the controller settings and the fi factors
resulting from the tuning method. As can be seen in Table VI,
when R is greater than unity the controller settings have to be
reduced considerably with respect to the SISO settings. The
reason for this is that in this case the magnitude of the dynamic
RGA 1is much smaller than the steady state relative gain.
Conversely, when R is smaller than unity the controller settings
are very similar to the SISO settings. The results of Table 6
show that for Type II systems the steady state RGA does not
indicate the degree of detuning, fi, as it does for Type 1
systems. Figure 6 shows the response of one of the twelve
systems, namely that with the largest value of R. As can be seen
the controller settings determined by the proposed tuning method
result in a reasonable transient performance. This response has

a smaller decay ratio than that seen in most of +the other

16



systens.

In summary, a wide spectrum of 2x2 cases has been
studied, and in essentially all of them the responses produced by
the tuning method are well behaved, and typically have a very

good damping ratio.

17



3x3 and Higher Order Systems:

The tuning procedure has been applied to a 1limited
number of 3x3 systems with success. A brief outline of its
application to 3x3 and higher order systems is given here. For
additional details and specific applications the reader is
referred to Marino-Galarraga (1985). To explain the tuning
procedure for 3x3 systems the triangle shown in Figure 7 is used.
It is useful to consider this triangle as being analogous to that
used for solving material balances in ternary extractions. Each
vertex has a value of 1 associated with it while the side
opposite a vertex has a value of O. In extraction these values
refer to mole fractions. Here the values will be the relative

SISO loop speeds defined as:

s. = ui
i (34)
wul + wu2 + wu3

At each vertex of the triangle one loop is much faster than the
other two loops. Along a side opposite its vertex a loop is much
slower than the other two loops. Thus, at point 1 loop 1 is fast
and along side 2-3 loop 1 is slow. First, consider tuning the
three 1loops along side 2-3. For loop 1 equation 12 applies and
the reduction in controller parameters for loop 1 apply to the
entire 1length of side 2-3. Since loop 2 and loop 3 are fast
relative to loop 1, these loops can be treated as a 2x2 systenm
using the approach discussed above. Three cases can be solved
for loop 2 along side 2-3, namely when loop 2 is fast, slow and
equal to loop 3. The slow tunings apply at vertex 3, the equal

tunings apply halfway between vertices 2 and 3 and the fast

18



tunings apply at vertex 2. Now consider the case where all three
loops are equal. This case corresponds to the centroid of the
triangle. At this point equation 18 has to be solved three times
to tune the three loops. First, A' is set to have diagonal
elements equal to G11C, then G22C, and finally G3BC' Last, at
vertex 1 equation 14 applies to loop 1 and equation 12 for loop 2
and loop 3. Following this tuning procedure the reduction in
controller parameters for all three loops is obtained at the 7
points 1labeled a through g in Figure 7. To get the {final
reduction 1in settings one interpolates between these seven
points.

The proposed method can be used on 4x4 and higher order
systems. Fbr 4x4 systems the equilateral triangle is replaced by
a tetrahedron. Each of the four sides of the tetrahedron
represents a 3x3 problem, which has just been solved, with the
fourth 1loop being slow. At the centroid of the tetrahedron all
loops are identical. Again, an interpolation based on relative

SISO loop speed can be made to arrive at final settings.

19



III. Procedure Using Steady State RGA for 2x2 Systems

In order to relate the RDG to the area under the response

curve resulting from a step disturbance, an estimate of f.

i
(equation 1) is necessary. However, at early stages of process
design only steady state information is typically available. An

important question from the point of view of process operability
is the determination of when steady state information only is
sufficient to estimate fi. A steady state version of the short-
cut tuning procedure for 2x2 systems is presented in this
section. The procedure given here can be used to obtain first
estimates of the reduction in controller settings in order to
evaluate fi. It should be noted that a significant number of
industrial multiloop problems are 2x2 in nature. For these

systems the results presented here are significant.

In developing the steady state procedure A(s) is set equal

to » (0). Equations 12, 14, and 18 are solved and an
interpolation is carried out. The three basic cases are treated
below.

Case 1: Al much slower than A2

For this case equation 12 becomes:

= - 35)
Ay A(0) (

Since 2(0) is constant, Wy1T and @ 1 are equal in this case. The

u
ultimate gain for the interacting system is )(0) times the value
of the ultimate gain for the SISO system. Therefore, if we use a
gain margin technique as before, the reduction in the controller
gain is proportional to the reduction in the ultimate gain. The

change in reset time is inversely proportional to the change in

ultimate frequency:

20



= (36)
TRl/TRsl 1 any A (0)
Kes1/Kep = 2 (0 (37)
As can be seen 1in equation 37, if A(0) > 1 +the resulting
controller gain will be higher than the SISO wvalue. In these

cases, to avoid possible stability problems if one of the loops
is open, the SISO controller gain is used.

- 38
K.o1/Kep = 1 A(0) > 1 (38)

Equation 37 is used when A (0) < 1.

Case gi A1 much faster than Az:

The stability equation in this case is given by equation 14,

as the traditional single loop equation. Therefore, for this
case:
Tr1/Tgpy = 1 (39)
KcFl/Kcl =1 (40)

Case 3: A2 = Alz In this case equation 30 becomes:

Ay o= = A (0) iJMo)z—Mo) (41)
Setting s = iw , the ultimate frequency and ultimate gain are

calculated from equation 41 as:

¥ Gy = 300 2% - 2(0) ) (42)
_ ) 2
Kepp = 11 =20 2V a(0)° - x(0)] (43)
1G]

When A (0) > 1 the right hand side of equation 42 is real and the
ultimate frequency 1is unaffected by the interaction. The
stability 1limit is determined by the positive square root, since

this sign results in the greatest reduction of the ultimate gain.

21



When A(0) > 1:

/ =1.0 A(0) > 1 (44)

Tr1/TrEL

K_pi/K_; -3 (0) + A(0)2% = A(0) | (45)

From the above equations, the reset time will be equal to the
SISO value, and the controller gain must be decreased up to a
maximum of 1/2 its single loop value when A(0) > 1. The value of
1/2 results when A (0) >> 1,

If 2(0) < 1, the negative square root 1in -equation 41
determines the stability limit (McAvoy, 1981). The ultimate
frequency 'and ultimate gain can be calculated from equations 42
and 43 with the negative square root. If dynamic information
about the system is not available, equations 42 and 43 can be
approximated. For the case of a system described by a first-
order with dead-time transfer function, the following

approximations are derived in the Appendizx:

— — _1 -—

TRl/TREl = 1.0 17}5 tan %\1 1/X (0) 1% (46)
_ -1 l‘——

KcEl/Kcl = \I X (0) (1.0 - % tan ( 1/X(0) —1>> (47)

Thus, for A(0) < 1, not only is the controller gain reduced from
its single loop value, but the reset time is increased as well
due to the interaction.

After the reductions for the slow and equal cases have been

calculated, the relative speed of the loops, Si’

22



is used to interpolate the actual reductions for the interacting
system. If the relative speed of the loops is not known and it
cannot be estimated, the worst case (typically the equal case)
can be used in order to obtain a conservative estimate of the
reduction in the controller settings.

The results of applying the steady state tuning approach to
the 40 Type I and 12 Type 11 processes are shown in Tables IV and
VI. In calculating the fi's it was assumed that the relative loop
speeds were known. First, the results in Table IV show that for
Type I processes the steady state approach is reasonably accurate
in terms of estimating fi for use in a preliminary operability
analysis. It can be noted that experimentally obtained models of
two actual distillation towers exhibited Type I behavior (McAvoy
(1981)). One of the towers is the Wood Berry tower described by
equation 21. The results of applying the steady state tuning
method to this model are given in Tables I and II. The resulting
transient response 1is shown in Figure 4. As can be seen the
steady state approach results in a stable, but somewhat oscillatory
response in this case. However, what we are primarily interested
in is obtaining a reasonable estimate of fi. It is shown in Part
III (Marino-Galarraga, et al. 1985a) that the steady state fi
estimates 1in this example are accurate enough to clearly assess
the operability of the control system. An interesting research
area that we are pursuing is to determine which types of process
control systems, particularly distillation systems, exhibit Type
I behavior. For these systems the results in Table IV indicate

that only steady state information is required to estimate fi for

use in assessing control system operability.
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For Type II processes the results in Table VI indicate that
large differences can exist between the steady state and
dynamically calculated fi's. To analyze these differences it is
convenient to consider the case when R > 1 and R < 1 separately.
When R > 1 and A(0) > 1 +the steady state approach
underestimates fi significantly. When »(0) < 1 and R > 1 the
method 1is better but substantial errors can still exist.
When R > 1 the off diagonal process transfer functions have
faster time constants than the diagonal elements. For these
processes dynamic interaction effects can be significantly
different from steady state interaction effects. One example of
a process with R > 1 is a packed bed chemical reactor discussed

in Marino-Galarraga et al. (1984). The model for this reactor is:

/

T .. ~2.265e L3268 0.746e 22388 g
ou T0.786s * 1 0.092s + 1

. 1. ga1e=0-411s _ 65400-768s .
out 0.917s + 1 0.870s + 1 q

This model, which is not diagonally dominant, resulted from a
simplification of a state space model originally published by
Foss, et al. (1980). The control objective is the regulation of
reactor outlet concentration and temperature by manipulation of
quench flow and quench temperature. The value of R for this
reactor is 11.0. This large value results from the fact that the
time constant for thermal transients produced by changes in Tq is

much smaller than the time constant for composition +transients.
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The two loops in this example were tuned using the dynamic model.

The resulting controllers and fi values are given in Table VII.

The transient response to a step upset in Q is shown in Figure 8.

The steady state tuning method was also applied to this example.

The controller parameters and fi values resulting from the steady

state approach are also given in Table VII. The transient response
produced by these parameters is shown in Figure 8 for comparison

purposes. As can be seen in this case the steady state approach

produces excellent results. However, 1in general, for processes

with 2(0) > 1 and R >> 1, one cannot trust the values of fi
estimated from steady state information only.

For Type II processes with R << 1, +the results in Table VI
indicate that the steady state approach also is in error for
A(0) < 1. In this case the steady state fi's overestimate the
degree of detuning required and a simple remedy exists. For
systems with R << 1 at least one off-diagonal element has a much
slower time constant than the diagonal elements. Near the
critical frequencies of the diagonal elements interaction in such
systems is hinimal and A(s) ¥ 1.0. If M(s) =1., then each loop
can be tuned to its SISO controller settings and fi = 1.0. Thus,
for Type 1] processes with R << 1, fi can be approximated at the
design stage as 1.0. The smaller R is then the better is this
approximation. McAvoy (1983) discusses a head-box example which
exhibits Type 11 behavior in terms of interaction effects and has
an R << 1.0. In this example one pairs a 0. steady state RGA
element. However, at high frequencies the dynamic RGA approaches
1.0 and the system is very well behaved.

In summary, we have found that for many 2x2 systems the
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steady state tuning procedure works very well. When the time

constants cancel and R = 1 (Tables IV and V) very good results are

achieved. When R << 1., SISO tuning values can be used and fi
can be taken as 1.0. It is primarily when R >> 1.0 that the
steady state method can result in large errors. These results

are significant from the point of view of assessing process
operability at the design stage. At this stage one typically has
only steady state information about the process. It should be
emphasized that what we are interested in is reasonable estimates
of fi and not the best estimate. The results are also
significant since a number of important industrial processes
involve 2x2 control systeums. Although the steady state tuning
method can be extended to 3x3 and higher order systems, we have
only very 1limited results in this area. Additional work is
required to determine if the steady state approach will be useful

in such systems.
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IV. Summary and Conclusions

A simple approach to the problem of estimating multiloop PI
tuning parameters has been presented. This approach allows one
to calculate how much controller parameters have to be reduced

due to interaction. It can be applied to non-diagonally dominant

systems. The approach allows one to extend the use of SISO
tuning charts to multiloop systems. The tuning method has Dbeen
found to work well on many examples, primarily 2x2 systems.

For 2x2 systems where the diagonal and off-diagonal time
constants cancel, it has been found that processes with steady
state RGA's less than 1.0 require more detuning than those with
RGA's greater than 1.0. For 2x2 systems with slow off-diagonal
time constants relative to their diagonal time coanstants,
controllers have to be detuned very little. The tuning approach
can also be used on nxn systems.

A steady state version of the tuning method has been
developed. For many 2x2 systems studied this steady state
approach yields excellent results in terms of calculating how
much controllers have to be detuned due to interaction. The
steady state approach can fail when off diagonal time constants
are fast compared to diagonal time constants. Since the steady
state method makes use of readily available design information,

it is a promising tool for assessing process operability.
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Kci
Fi

K. .
1]

ij

Nomenclature

Diagonal controller matrix

Element of C

Outlet concentration

Disturbance

Error

Detuning factor for loop i defined by eg. 3
Diagonal matrix of upset transfer functions
Matrix of process transfer functions
Element of G
Inverse of G
Element of G—l

Matrix defined by equations 15 and 16
J-1

Identity Matrix

Controller gain

Disturbance gain

Process gain

Manipulative variable

OQuench flow

Time constant ratio defined by eqg. 33
Laplace variable

Relative speed of loop i

Time

Time constant
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T .. = Reset time

R1
TOut = Outlet temperature
Tq = Temperature of quench flow
X = Bottoms composition
Y = Process output

Greek Letters

Bi = Relative disturbance gain

A = Relative gain

Ai = Loop transfer function (CiGii)
A' = Loop transfer function for equal case
S = Dead-time

w = Freguency

Subscripts

El = Equal case, loop 1

Fl = Fast case, loop 1

i = Index

Il = Interacting case

3 = Index

k = Index

ML = Multiloop

S1 = Slow case, loop 1

SL = Single loop

u = Ultimate
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Table 1

Ultimate Properties For Wood-Berry Tower

Single Loop

Loop Number ui Wi
1 2.099 1.608
2 - .422 .564

Three Limiting Interacting Cases (Full Dynamic Model)

Loop Number — Case Rari Kori/Fyi Yuri “a1i”Yui
1l Slow 1.355 .646 1.584 .985
1 Equal 1.855 .884 .840 .522
1 Fast 2.099 1.0 1.608 1.0
2 Slow - .270 .640 .550 .975
2 Equal - .219 .519 .412 ,730
2 Fast ~ .422 1.0 .564 1.0

Three Limiting Interacting Cases (Steady State Model)

Loop Number Case K K /K . w w _, /W

uli uli” ui uli uli’ ui
1 Slow 2.099 1.0 1.608 1.0
1 Equal 1.228 .585 1.608 1.0
1 Fast 2.099 1.0 1.608 1.0
2 Slow - .422 1.0 .564 1.0
2 Equal - .247 .585 .564 1.0
2 Fast - .422 1.0 .564 1.0



Table 2

Controller Tuning For Wood-Berry Tower

SISO Settings (From Lopez (1968))

Loop Number Kci Ri
1 1.02 4,18
2 - .21 10.29

Multiloop Settings (Full Dynamic Model)

Loop Number KCIi TRIi
1 .97 6.58
2 - .11 13.14

Multiloop Settings (Steady State Model)

Loop Number

Ke1i RIi

1 .660 4.18
2 - .136 10.29



Table 3
Systems With Different Relative Speeds

Process Dead-Times

Steady State

RGA
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Table 5
Systems With Different Time Constant Ratios
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Table 7

Controller Parameters For Packed Bed Reactor

Single Loop

Loop Number Kci TRi
1 - .23 1.67
2 -1.48 1.19

Multiloop Tuning (Full Dynamic Model)

Loop Number KCi TRi fi
1 - .11 1.77 2,22
2 - .63 1.36 2.68

Multiloop Tuning (Steady State Approach)

Loop Number ci Ri £

1 - .12 1.67 1.92
2 - 771 1.19 1.92
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Appendix

In the derivation that follows G

11 is taken as a first order
with dead time transfer function:

_ -6.,s
Gll = Klle 11

(A-1)
Tlls + 1

Equation 39 with the negative square root gives the equation that

has to be solved for the equal case when A(0) < 1:

y o = ¥(0 -7 -3 )

Substitution of equation A-1 into A-2 gives:

(A-2)

-1 _ -1 Y L
- tan lel - w@ll = tan (\} 1/X(0) l) T

Two limiting cases can be used for the tan

(A-3)

term in equation A-3
to estimate w

uEl" First at low w's the ta.n-1 can be approximated
as.

-1 ~
tan lel = wT

11

(A-4)
Substitution of equation A-4 into A-3 gives:
© T g -tant (Y10 - 1) (A-5)
11t %1
Using equation A-4 to estimate the SISO ©y1 gives
W, = i
ul (A-6)
Ti1 * 1

Dividing equation A-5 by A-6 gives the reduction

in ultimate
frequencies as:

_ -1 ()7
wg = 1- tan ﬂil/k(O) = 1)

w

(A-7)
ul

Alternatively a high frequency approximation for the 1:3.n_1 term



in equation A-3 can also be used. For high frequencies:

-

NTE

-1
tan lel

(A-8)
Substitution of equation A-8 into equation A-3 gives:

© g1 T /2 - tan_l (Jl/)(O) - l)
ell

(A-9)

Estimation of w using equation A-8 gives:

ul

/2 (A-10)

Dividing equation A-9 by A-10 gives the reduction in ultimate

frequencies as:

qul

wul

N

1 - 2 tan! (Ji/x(0) -1 ) (A-11)
X

It was found that by averaging equations A-7 and A-11 excellent

results were achieved. Thus the approximation used is:

Wapl = 1 - 1.5 tan Y (y1/2(0) = 1) (A-12)

W m
ul

To calculate the reduction in controller gains the
magnitude equation is used. First a low frequency approximation

is used as was done to develop equation A-4. 1In this case:

1B}

lGlll Kqip (A-13)

Substitution of equation A-13 into equation 40 gives:

KuEl = ﬂXéO) (A-14)
11
The SISO ultimate gain can be estimated using a 1low frequency



approximation as:

Kul = 1/K11 (A-15)
giving: X
uEl = /A (0) (A-16)
Kul
Next a high frequency approximation is made. Substitution of
equation A-9 into equation 40 and taking WuE1 T11 to be large
gives:
KuEl - ______)\(0) YuEl Tll (A-17)
K1

The SISO ultimate gain resulting from the use of a high frequency

approximation is:

ne

K (A-18)

ul wa1T11
K11

Dividing equation A-17 by A-18 and substitution of equation A-11

g . _ -1/ — _
KPEl, = J A (0) ( 1 - 2_tan ng/%(O) ]) > (A-19)

For the final approximation equations A-16 and A-19 were averaged

gives:

to give:

K =2 (0). (1 - tan Y (NI (0) 1) )
il
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