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Abstract—In this paper, we propose a multivariable Model
Driven (MD)-PID control system which is composed of MD-
PID control systems with PD feedback and inverted decoupling,
discuss properties of the control system and also introduce
a simple continuous system modeling by using CMA-ES and
SIMULINK model, numerical example of a TITO process shows
the practically effectiveness.

I. INTRODUCTION

From the operational point of view, single-loop PID con-
trol systems have been widely used for regulatory control
systems in Distributed Control System (DCS) even though
most industrial processes are basically multivariable and
coupling systems. In order to control the entire processes
optimally, multivariable control methods, such as model
predictive control (MPC) and decoupling control are well
known. For the MPC systems with slow sampling rate, there
have been raised some issues by Hugo[1], such as difficulties
with operation, high maintenance cost, and lack of flexibility,
slow regulation for unknown disturbance and low availability
of the MPC system. Recently inverted decoupling control
[2], [3], [4], [5] has been attracted attention to instead of
normal decoupling control. The normal decoupling control is
complex to deal with for the anti-reset-windup action and the
auto/manual mode, however, the inverted decoupling control
is easy to deal with those. But stability problem due to
using feedback of input signals is remained for the inverted
decoupling.

We have already proposed a Model Driven (MD) PID
control[6], [7], [8], [9] which can be obtained a good control
performance for a wide class of controlled processes. As
continuous-time system modeling for the process is intuitive
and easy to understand for process operators and engineers,
we have also tried a continuous-time MIMO modeling by
using of the CMA-ES (Covariance Matrix Adaptation Evo-
lution Strategy) by Hansen [10] and SIMULINK model.
Where the CMA-ES is a stochastic parameter optimization
method of non-linear functions proposed by N.Hansen and
SIMULINK is a trademarks of The MathWorks, Inc.

We planned an easy handling multivariable control system
for DCS systems with good control performance which
combine Model-Driven PID control systems with inverted
decoupling. As we have obtained good results through some
simulation studies, in this paper, we propose the new mul-
tivariable MD-PID control system for DCS system and a
continuous-time MIMO modeling by using of the CMA-ES.
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II. MULTIVARIABLE MD-PID CONTROL SYSTEM

Fig. 1 shows a block diagram of the Multivariable MD-
PID control system with inverted decoupler Ds(s) and PD
feedback Fyiae(s).

PD feedback

F, diag (s)

Q Filter V(S)

.L“Z

Fig. 1.

Multivariable MD-PID control system

where G(s) is a n-inputs and n-outputs controlled process
and r(s), y(s), v(s), u(s) and d(s) are n-vectors of set
point, process output, internal control output, process input
and disturbance, respectively. The controlled process G(s) is
expressed by a transfer function matrix with n-inputs and
n-outputs as in (1)

Gii(s) Gia(s) Gin(s)
621 (S) G21 (S) Gzn (S)

Gls)=| : : (1
Gui(s) Gua(s) Gun(s)

For the sake of simplicity, by using the Relative Gain Array
(RGA) measure introduced by Bristol [11], the pairing is set
to (yi,u;) (i=1,2,,n). Then Gyjue(s) of a diagonal matrix of
G(s) is shown in (2)

Gaiag(s) = diag(G11(s),Gn(s), -+ ,Gu(s)) (2

According to the inverted decoupling by Garrido [3], D¢(s)
becomes as in (3). And (4) shows element-wise expression.

D(s) = G (5)G(s) — 1 3)
0 Gia(s) Gia(s)
Gii(s) GIIE5>
g21<‘ 0 gzn s)
Dy (s) = 22'(5) . 22'(5) &)
Guls)  Guls)
Gun (S) Gun (S) 0

In order to operate D(s) stable, the following three condi-
tions by Garrido et al. [3] are necessary.



¢ Properness of each element in (5),
Gir(s)
G,’i(S)
« non-causal time delay,

« following equation in (6) has no pole in right half plane,
which means no unstable pole.

[ 1+Dy(s) |=0 (6)

lim |

§—ro0

| <oo ik=1,2,....n, k#i (5)

By using the inverted decoupling Dy (s), the transfer function
matrix from v(s) to y(s) becomes as Ggiaq(s). So the PD
feedback Fyj.e(s) in (7) can be designed in order to be
matching to (9) and (10) as first order delay systems with
dead time proposed by Shigemasa et al. [11] in element-
wisely as shown in appendix. The PD feedback Fyi.e(s) is
set in (7),

Fliag(s) = diag(Fi1(s),F22(s), -+, Fun(s)) (7

where a PD feedback of ii loop Fj;(s) is expressed as in (8)
L+ Tpis .

Fi = Kpj————i=1,2 8

1 (S) flll+KiiniiSl 1Lyl ( )

Matching equations (9) and (10) are as follows.
(I + Gaiag (5)Fuiag(s)) ™' Guaigg(s) = GF e (5) )

Gr diag () 2KF diag (I + 5T diag) ~ €xp(—SLF diag) (10)

where Kr giag, TF diag and L g4jqg are shown following diag-
onal matrix.

KF diag diag(Kr 11,Kr 2, ,KF un) (11)
Tr diag = diag(Tr 11,Tr 22, , K7 nn) (12)
Lr giag = diag(Lr 11,LF 22, , KL un) (13)

As the PD loops designed to first order delay systems with
dead time, main control system is IMC (Internal Model
Control) by Morari et al. [12]. So let the gain matrix K;gia,
and the internal model deg(s) are set in (14) and (15)
respectively.

Kediag = diag(Kcl Koy 7Kcn) (14)

Gdiag(s) = (1+STC diag)_lexp(stc diag) (15)

where T, giq and L. giq are diagonal matrices as in (16) and
(17) respectively.

Tcdiag:diag(Tclthﬂa"'7Tcnn) (16)

L diag :diag(Lcthc 22, 5 Le nn) )

Two degrees of freedom Qfilter Qyjqq(s) of IMC can be set
as in (18)

Quiag (s) = I+ SAdiagTe diug)(]+ sT, diag)
(I + 5Adiag Te diag) (18)
The set point filter SVyj.q(s) of IMC is set as in (19)
SVaiag (8)=(1 + 5N diagTe diag) (I +5AdiagTe aiag) ™' (19)
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where Agiqe in (20) and Agjq in (21) are diagonal matrices
which work for tuning of each loop.

Adiag = diag(M1, 222, , Aun) (20)

Adiag :diag(a]lya227"' 7ann) 21

Based on IMC [12], Kegiag» Tediag and Legiqe are set to as
(22) , (23) and (24) respectively.

Kediag = (KF aiag) ™' (22)
TL‘diag =TF diag (23)
Lcdiag =Lp diag (24

The process output y(s), the process input u(s) and the
internal control output v(s) are expressed as in (23) , (24)
and (25) respectively.

(I + 5AgiagT; diag) ' exp(—sLc¢ diag)T($)
+[I = (I + 5Adiag T diag) (I + 5T¢ giag)
(14 5AdiagTe diag) " >exp(—SLe diag)]
‘GF diag(5)Gaiag(s) "' G(s)d(s)

(I+Dy(5)) " (v(s) = Fuiag(s)¥(s))

(I + STC diag) (1 + SAdiach diag)chiagr(s)
- (I + SAdiag 1. diag) (I + SAdiach diag) -2
-exp(—sL, d,'ag)deg(s)*lG(s)d(s)

III. TITO PROCESS MODELING

Continuous-time system modeling for the process is in-
tuitive and easy to understand, we used a very simple
continuous-time MIMO modeling form input data and output
data by using of the CMA-ES and SIMULINK model.
Outline of the modeling is shown in Fig. 2.

y(s) =

(25)

(26)

27)

4 N

Data input MVs,PVs Data
CMA-ES Simulink
Convergence
Output of G(s)

- %

Fig. 2. Modeling approach

A TITO (Two Input and Two Output) process [13] tested
is shown in (28).



4.05exp(—27s)

52700l 14s) (28)

14-60s

1450s
5.39exp(—18s)
1+50s

1.77exp(—28s)
G(s) = [ ]

Firstly we got input data (u1,u>) and output data (y;,y2)

from step responses of the TITO process.

U Kll exp(—I:Hs)
l+"i"“s

KI? exp(’l:us)
I+"I"|Zs

v

KZI exp( _]:ZIS)
1+T,s

U, Kzz eXP(*Lzzs)
1+ Tzzs

Fig. 3. TITO Block diagram

In order to identify the TITO process, a continuous TITO
model in SIMULINK model with 12 parameters as shown in
Fig. 3 are used. Fig. 4 shows convergence profile of objective
function J of IAE in Fig. 3.

. L . . L . L L .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 1000C
countval

Fig. 4. Convergence profile of the objective function J

Fig. 5 shows comparison of the TITO model responses
(Magenta line) by using the converged parameters and the
output data(Blue line) and shows good convergence.

The TITO model G(s) converged is shown in (29). Errors
on gains, time constants and dead times are almost negligible
compared to (28).

4.050exp(—27.28s)  1.770exp(—28.27s)

~ — 1+50.08s 1+60.11s
G(S) - 5.390exp(—18.29s)  5.270exp(—14.31s) (29)
1450.08s 1+60.07s

87

vl ul

v2 u2

- L L L L L L L L L
o 100 200 300 400 500 600 700 800 900 1000
time

Fig. 5. Comparison of the TITO model responses (Magenta line) by using
the converged parameters and the output data(Blue line)

IV. DESIGN OF MULTIVARIABLE MD-PID CONTROL
SYSTEM

The RGA measure as in (30) shows the pairing of (y;,u)
and (y2,u2).
RGA = G(0)o (G(0)T)~!
| 1.8083 —0.8083
| —0.8083 1.8083
Based on (3) or (4), the inverted decoupling D(s) for the
TITO process becomes to (31).

(30)

0 LIT1450s ()
D(s)= 4.0514-60s :| 31)
| ey
Based on (6), (32) is obtained.
Gl 1 (S)Gzz(s) — Glz(s)G21 (S) =
21.3435exp(—41s) —9.5403exp(—46s) 0 (32)

(1450s)(1+60s)

As (33) is obtained from (32), the inverted decoupling D (s)
has no unstable pole as in (33)

_ 95403 _
21.3435

S0 Gyiag(s) becomes as in (34) from the pairing information.

exp(5s) (33)

4.05exp(~275) 0
Gaiag(s) = ST sxtepay (34)
1+60s

Table 1 shows the design results of the multivariable MD-
PID control system with inverted decoupling. Casel is using
Ai = 1, a;; = 1 without PD feedback, Case2 is using active
Aii» 0 as in Table 1 without PD feedback and Case3 is using
Aii =1, oy; = 1 with PD feedback as in Table 1.



TABLE I
SUMMARY OF PARAMETERS DESIGNED FOR G| AND G2,

Casel Casel Case2 | Case2 Case3 Case3
Gy G G G G G
K. 1/4.05 | 1/5.27 | 1/4.05 | 1/527 | 1/2.519 | 1/2.274
T. 50 60 50 60 22.199 16.263
L. 27 14 27 14 28.98 15.178
A 1 1 0.7 0.5 1 1
o 1 1 1 0.8 1 1
K 0 0 0 0 0.15 0.3
Ty 0 0 0 0 9.648 5.025
K 0.1 0.1 0.1 0.1 0.1 0.1
K 4.05 5.27 4.05 5.27 2.519 2.274
T 50 60 50 60 22.199 16.263
L 27 14 27 14 28.982 15.178
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Fig. 6. A multivariable MD-PID control system with inverted decoupling
for MIMO process (Casel and Case3)

Fig. 6 shows the comparison of the responses of mul-
tivariable MD-PID control system of casel and case3. In
the simulation, set-point r;(7) was changed from 0 to 1 at
t = 1 while rp(¢) =0 , disturbance d;(r) was applied from
0 to 0.5 at t=500sec while d»(¢) =0 , set-point rp(r) was
changed from O to 1 at t = 1000sec while () = 1 and
disturbance d,(f) was applied from O to 0.5 at t = 1500sec
while d; () = 0.5. The case3 using PD feedback shows good
control performances, such as quick disturbance regulation
and quick set-point tracking.

Fig. 7 shows the comparison of the responses of multivari-
able MD-PID control system of case2 and case3. the case3
using PD feedback shows good control performances, such
as quick disturbance figuration and quick set-point tracking.
So the PD feedback is effective way to regulate disturbance
quickly and to track to set-point quickly under using inverted
decoupling.

We investigated the influence to the other loop on satura-
tion of process input under the multivariable MD-PID control
system using the PD feedback and inverted decoupling at
case 3. ARW(anti-reset Windup) operation was set to 0.4 for
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Fig. 7. A multivariable MD-PID control system with inverted decoupling

for MIMO process (Case2 and Case3)
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Fig. 8. Responses of the multivariable MD-PID control system using the
inverted decoupling and the PD feedback of case 3 under saturation of
process inputs

uy (t) and 0.1 for uy(¢). multivariable MD-PID control system
with inverted decoupling and PD feedback can be seen the
good control structure that does not affect the other loops by
using only normal ARW operation.

We have already obtained good results for other MIMO
processes; such as a 3*3 Tyreus distillation column and a
4*4 HVAC process shown in the paper [2] by J.Garrido et
al., but we would like to omit them because those are the
same in the methodological approach.

V. CONCLUSIONS AND FUTURE WORKS

The paper introduced a new multivariable model-driven
(MD) PID control system using inverted decoupling and
PD feedback, the control properties and simple continuous
time modeling approach by using CMA-ES and SIMULINK
model and a TITO process application. The multivariable



MD-PID control system with inverted decoupling and PD
feedback show good control performance. Data driven tuning
approach without modeling for MD-PID control system was
presented by Shigemasa et al. [16], [17]. As the multivariable
MD-PID control system can work at DCS with with fast
control period, a large scale multivariable control system can
be developed at DCS in the bottom-up style.

APPENDIX

By applying the partial model matching approach by
Kitamori [14], [15] to (7) ~ (10) , (35) for ii loop can be
obtained.

(14 Tyis)exp(Li;s)
K

Gi(s) "+ Fi(s) = (35)

where Gj;(s)~! can be expanded as denominator series of
Gii(s) as in (36),
Gi(s)™' = gio+gins+gins” +giss + giuas’+ (36)

Fii(s) and (14 Tys)exp(Liis)/Ki; can be expanded as in (37)
and (38) by taking a well-known Taylor series expansion
method for each transfer functions.

Fi(s) = Kri+KriTri(1— Ki)s — Kri T (1 — ki) s
+Kpi Tk (1 — Kif)s® — -+ 37)
(L+Tus)exp(Las) 1 Ti+Li | Tuli +Ll~2,~/2s2
Kii Kii Kii Kii
T;L%/2+L3/6
+ i lt/K+ ll/ S3+"‘ (38)
:

By substituting (36), (37) and (38) to (35) and matching
the low-order coefficients at powers of s between both side,
nonlinear equations as shown in (39) ~ (43) are obtained.

— giio + KFrii (39)
Kil
T+ L
% = giit + KriiTrii(1 — &) (40)
L
TiLi+L%/2
””1(7“”/ = gio— KT (1— ki) ki (41)
L
Til/2+L3/6 2 :
— . = i + KriiTp; (1 = ki) ki (42)
1
Tyl3/6+ L% /24
% = g — KpiTry(1— xa) k- (43)
1

By solving these equations of (39) ~ (43), optimal PD
feedback parameters Kr;;, Tr;; and the first order delay system
with dead time Kj;,T; and L; can be obtained.
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