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Abstract

This paper presenis the development of a Passivity-Based Controller (PBCr) from a First-Order-
Plus-Dead-Time model of the process. This approach results in a fixed structure controller that depends
on the characteristic parameters of the model. This allows a unique controller of adjustable parameters
that can be used in several processes. Computer simulations on a nonlinear chemical process judge the
controller performance. The simulation results showed effectiveness and good performance for the stud-
ied case.
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Control basado en pasividad para procesos
quimicos

Resumen

En este trabajo se presenta el desarrollo de un controlador basado en Pasividad derivado a partir del
modelo de Primer Orden Mas Tiempo Muerto (POMTM) del proceso. El resultado de esta propuesta es un
controlador de estructura fija que depende de los parametros caracteristicos del modelo. Por tanto se
cuenta con un controlador unico de parametros ajustables que puede ser empleado en diferentes proce-
sos. Para la evaluacion del controlador se realizaron simulaciones sobre un proceso quimico no lineal. Los
resultados muestran la electividad y buen desempeno del controlador en el caso estudiado.

Palabras clave: Control basado en pasividad. procesos quimicos no-lineales, tiempo muerto.

1. Introduction tem, in the same interval, This characteristic
made a passive system stable in the sense of
Liapunov. The passivity sitrategy uses the prop-
erty of stability of the passive systems to derive a
feedback control law. Also another concept. the
damping injection, is used to ensure the asymp-
totically convergence of the system to the desired
A system is said to be passive if Lthe increase equilibrium state.
in the stored energy. in a given time interval, is
lower or equal to the energy supplied to the sys-

The theory about passivity for nonlinear
process control was firstly studied by Willems [1]
who built a general theory of dissipative systems.
Popov (2] introduced the concept of passivity as a
fundamental property of feedback systems.

The passivity method has found many ap
plications in the electrical and mechanical fields
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with good results [3, 4]. Recently, these concepts
also have been applied to chemical and biological
processes [5, 6].

To develop a Passivity-Based Controller,
PBCr, knowledge of the process model relating
the controlled variable, X(1), to the manipulated
variable, U(f), is necessary, Mathematical models
of the system solve most of the control problems.
In the industry, there are many complex pro-
cesses whose accurate mathematical models are
nol available or difficult to obtain. As far as
chemical processes are concerned, the develop-
ment of a complete model is difficult due mainly
to the complexity of the process itself, and to the
lack of knowledge of some process parameters.
Second, most process models relating the con-
trolled and the manipulated variables are of
higher-order. Generally, the PBC procedure pro-
duces a compiex controller, which could contain
four or more parameiers resulting in a difficult
tuning job. Therefore, the use of the traditional
procedures of PBC would present disadvantages
in their application to chemical processes.

It is a common procedure Lo use approxi-
mating system models for controller design. If the
frequency responses of the approximating model
and the original system coincide within drawing
accuracy, so do the closed-loop responses of both
systems (7]. An efficient modeling method alter-
native for process conirol is the use of empirical
models, which use low order linear models with
deadtime. Many times, First-Order-Plus Dead-
time (FOPDT) models are adequate for chemical
process control analysis and design [8]. Some
times these reduced models present uncertain-
ties arising from imperfect modeling of the pro-
cess nonlinearities that contribute to perform-
ance degradation of the controller [9].

The aim of this paper is to design a PBCr
based on an FOPDT model of the actual process.
The overall idea is (o develop a general PBCr,
which can be used for self-regulating chemical
processes. It is expected that due to the robust-
ness shown by PBCr, the proposed controller
would deal with model uncertainties and pertur-
bations.

This article is organized as [ollows. Sec-
tion 2 presents some basic concepts of the PBC
theory. Section 3 shows the procedure to design a
PBCr using the FOPDT model. Tuning equations

for the controller are also given in this section. In
Section 4 the simulation of the PBCr for a nonlin-
ear chemical reactor is presented. Section 5 con-
cludes the paper.

2. Passivity Background
Definitions

Considering a SISO system represented by

z = flz)+ g(z)u
y = h(z]

(1)

where z € ZC R" is the state vector, u€ UC Ris
the control input and y € Y C R is the outpul
function of the system. The vector fields flz} and
g(z)are assumed to be smooth vector fields on Z.

Assuming that an associated energy stor-
age function S:Z > R* exists. The supply rate is
defined as a function o, U XY > H.

Definition 1

System (1) is said Lo be passive with respect
to the supply rate w = u y if the following relation
holds

s(4) < ult)- ylt) (2)

This relation is called the passivity inequal-
ity [6].

Definition 2

System (2) is said to become passive with
respect to the storage function Sif there exists a
regular affine feedback law of the form

u = alz)+ flz)w a{z) ER; Blz)e R (3)

where f(z) is a non-zero scalar function in Z, and
such that the closed-loop system (1)-(3) becomes
passive with respect to a new scalar control input
w [6].

3. Passivity-Based Control from
an FOPDT Model of the Process

This section presents the development of a
PBCr from an FOPDT model of the process.
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3.1 Study of the process model: FOPDT

The First Order plus Dead-Time (FOPDT)
model of the process is expressed by

xrsl(Kﬁ”] @

Uls)\ts+1
where X, (s) is the Laplace transform of the con-
trolled variable, the transmitter output, and U(s)
is the Laplace transform of the manipulated vari-
able, the controller output. Both X,(s) and U(s)
are deviation variables. The characteristic pa-
rameters of the process are: dead time, {, , static
gain, K, and time conslant, .

The dead time can be approximated in two
different ways. A first-order Taylor series ap-
proximation to the deadtime term produces

1
et = — 5
lis+1 =
The above approximation can also be writ-
ten as a first-order Padé Approximation

_ 1;0.5{03
1+ 05t,s

o {0

(6)

Figure 1 shows a comparison among the
deadtime term and the first-order Taylor series
and Padé Approximations. The [igure shows that
the Pade Approximation works very well between

0 and 1 but beyond the approximation brakes
down. On other hand, the Taylor series approxi-
mation improves as (g increases. The first-order
Taylor approximation or the Padé¢ approximation
can be considered as good approximations for the
deadtime term for chemical processes as has
been shirown previously [10].

If the first-order Taylor series approxima-
tion is substituted into equation (4), it is obtained

Xs) K
Uls) (s + Dltys + 1) 7

and, if it is replaced the Padé approximation into
cquation (4), the following result is obtained

X(s) K- 053)

e I , (8)
Uls)  (rs+ DL+ 05t,s)

LEquation (7) represents a minimum phase
system and equation (8) represents a non-
minimum phase system. Up to now, the passivi-
tation procedure has been applied to minitnum
phase systems [4, 6]. Since, the Padé approxima-
tion produces a non-minimum phase system; the
actual procedure can not be directly used to syn-
thesize the passive controller for this kind of sys-
tems. Therefore, the Taylor series approximation
is chosen to design the controller.

On the other side, it was shown in [11] that
the first-order Taylor series approximation can

Figure 1. Comparison among e (1), Taylor (2) and Padé (3) approximations.
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U(s) Xo(s) Xi(s)

1
(ts+1) {s+1

Figure 2. Block diagram realization
of the system model given by equation (7).

be used to handle the dead time term without any
problem for chemical processes.

Using an auxiliary variable X5(s) the system
model given by equaltion (7) can be schematized
as shows Figure 2.

Now, the model of the process can be rewrit-
ten in state variables as follows:

[ =ty -s0-2
%, = —':£+ B+CU 9)
['s-x

where

A=t—(x2—xl) ; B=—=
0 ! (10
K 1

C=—,;, D=—
T ty

We assume that the value of the variables x;
and x, are always positive for all times (x{t) = 0).
Following the passivitation procedure pro-
posed by Sira and Angulo [6]; for chemical pro-
cesses, the following storage function can be used:

Six)=~x"x (11)

where x is the state vector. For the system given
by equation (9), the storage function derivative is
obtained

S{x) = xx + x,x,
2

S(x) = xx,D — x2D — Ax, + Bx, — -2+ Cx,U (12)
T

To ensure the passivily inequality fulfill-
ment, equation (2), it is essential to define a
state-dependent input coordinate transforma-
tion as follows:

1%
U=—-|W—-xD-B 13
C( Xz . J e
Substituting this expression into the sys-
tem model (9) we obtain

% =[x, —x)D-A

: X, X
1%, =2 -xD+ W (14)
I v x

2

y=x

This system has a passivity inequality of the
form S(x) < xW. So, transformation (13) results
in a passive system operator relating the new in-
put W and the output variable x;.

Now, the overall passive system can be re-
written in the canonical form [12]

x = —R(x)x — J(xX)x + M(x)W (15)
in this case

ro=[B %) . wimrg, = ﬁ]
R(x)—(o _%J with R (D+X1.

w2 D) el

where R(x) is a positive semi-definite matrix, and
J(x) is an anti-symmetric matrix.

(16)

3.2. Passivity Based feedback controller
synthesis

The derivation of the control law was done
based on a modified storage function S4(x) and
damping injection through feedback [6]. The
modified storage function, Sy(x), is related to the
Lyapunov storage lunction. Its properties were
used to derivate an auxiliary system from which
the control law was obtained. The damping injec-
tion was used to ensure the asymptotically con-
vergence of the system to the desired equilibrium
state.

Then a passivity-based controller was pro-
posed for a system given in the equation (15)
form, considering the following modified storage
function

1
Sd(x.xd)zE[x—xd]T[x—xd] (17)
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where x, is an auxiliary state vector to be defined
later. Along the solution of the system (15), the
function S,(x.xy) have the following time deriva-
tive
Sx.x,) =(x—x,) [-Rx —Jx+ MW —x,]  (18)
Completing terms in the right side and add-
ing a damping irjection term of the form
~Ryi (x—xg), so that Rm = R + Ry; be a positive de-
fined matrix, asymptotic stability is ensure. For
simplicity Ry; is taken to be a constant matrix,

R

0
R, =(O R_}{) ; with R, R, > 0 (19)

So the modified storage function derivative
can be written as follows:

Sd(x,xd) :(x—xd)T[(R+ R )x —x,)—Jdx~x,)—
x, —Rx, —Jx, + R (x—x,)+ MW'.
(20)

Now, let the auxiliary state vector x,(t) sat-
isfy the following state equation representation
x, = —Rx, —Jx, + R,(x — x,)+ MW (21)

Note that is a time varying linear system for
the auxiliary state x4. Then, R; and Ry are chosen
so that the time derivative of Sy(x,x,) satisfies
S,(x.x,)=—x-x, YR (x—x,)=<0 (22)
1t follows that the vector x{f) exponentially

asymptotically converges towards the auxiliary
vector trajectory xy(f).

Substituting R(x), J(x) and M(x) as defined,
equation (16), in equation (21) the following state
equation is cbtained

) A
J Xig = _(D+ ?W"%d + Dx,, + Rlx, — x,)
L5 04 x] (23]

Xy

. X
lxw =- ";ﬂ — Dx, + Ry(x, —x,,)+ w

This system is stable in the Lyapunov sense
with storage function given by equation (17). Be-
cause of linear characteristics, it is easy to obtain

the control law via feedback. Then, x4 is set to a
desired constant equilibrium value x,. This is re-
latcd to the component valu = in the equilibrium
state of the original state vector (z). It has to be in
the interval 0 < X, < X, to be consistent with the
coordinate transformation (10), where the con-
stant value A was taken as positive.

Letting, thus, x,, =X,, and after some
mathematical manipulations the dynamic feed-
back controller is obtained

W= LX{ + Dxl(l - Rz[XQ —22)) (24)

T

x|

Finally, replacing W in equation (13), the
expression of the general passivity controller
based on the FOPDT model is obtained

[“ — 2 [-Dt - %) - Rx, - 5] + &
: ——(1)+ i
B e

Thus. a Passivity-Based controller of fixed
structure has been designed with adjusting pa-

(25)
X, + Dx, + R(xl = xld)

rameters:
C. D, R and R,

C and D depending entirely of the charac-
Leristic parameters of the process: K, r and . R
and R, are tuning parameters chosen to satisfy
(18).

On the other hand, C and D determine the
agressivity of the controller, while R and R, deter-
mine the damping factor and the setting time of
the process.

In some cases, the obtained PBCr, pres-
ents steady state error different of zero. It could
be caused by the imperfection of the modeling.
The FOPDT model is a reduced order model that
presents uncertainties arising from imperfect
knowledge of the system, and the process non
linear effects that contribute to performance
degradation of the controller. In order to improve
the controller closed loop performance an inte-
gral lerm was added. Then equation (25) was
modilied, and the final controller based on the
FOPDT model is
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1
J[ u = C [-Dix ~ %)= Ry [ (x5 — x4)dt = Ry(x, —3,)| + i

, [ A :
lxm = ‘(D*';jxm + Dx; + Rlx —xq)
1

(26)

Figure 3 shows the modified structure of
the controller. The x,, dynamic is represented by
the second line in equation (26).

4. Evaluation of the PBCr
designed

This section presents a simulation test of
the proposed controller, previously designed, in
the regulation of an exothermic continuously
stirred tank reactor (CSTR) system.

The process model assumes that [8]: the re-
actor and the jacket are perfectly mixed: all the
volumes and physical properties remain con-
stant and the heat losses may be neglected.

= (€, ~2)— Ky X — 22
2=y Cumal—k Rz, + 27316)|

B 2 AHg, E )
Ly = — ) = —— TN re——— e PO
2yt 2 pcpk" R(z, + 27316)] "

U.A. B o™
=T (z,—z)— *‘""‘,:; (z, - T))

=

(27)

where z, is the concentration of the reactant in
the reactor (kgmol/mS), 2z, is the temperature in
the reactor (°C), z; is the jacket temperature (°C),
uis the controller output signal limited to the in-
terval [0,1] and represents the position function
of an equal percentage valve. F is the feed rate
(m3/s), V is the reactor volume (m®), C,; is the
concentration of the reactant in the feed
(kgmol/rns), k is the reaction rate coefficient (m®
kgmol'l s'l], T; is the temperature of the feed (°C),
AHp, is the heat of the reaction, assumed to be
constant (J kgmol"ll, p is the density of the reac-
tor contents (kgmol/ma), Cp is the heat capacity
of the reactants (J kgmol'l s'l]w. Uris the overall
heat transfer coefficient (J s'm?°C l]. A is the
heat transfer arca [m2], V. is the jacket volume

Manipulated Variable u Controiled Variable x,

K x Internal Variable

v

tao s+1

x1d xt @

x: Desired
Dynamic

i INTEGRAL TERM

Figure 3. PBCr scheme.

(m3), p.is the density of the coolant in the jacket
(kg/ms). C,c is the specific heat of the coolant
U kg'!°C {; Fr is the coolant rate (m3/s). T.is
the coolant inlet temperature ("C), I is the Ar-
rhenius frequency parameter e kgmol’l), E
is the activation energy of the reaction (J/kgmol),
R is the ideal gas law constant (J kgmol‘l K’l).
Femax 1s the maximum flow through the control
valve (ms/s) and a is the rangeability parameter.

Simulations were performed using the fol-
lowing values [8]:

V=7.08m%p = 19.2 kgmol/m?;

Cp=1.8115 x 10°J kgmol ' s°!;

V.=1.82 m% Ap=5.40 m?; p. = 1000 kg/m>;
kg =0.0744 mS s} kgmol";

Cpc=4184J kg °C™l;

E=1.182 x 107 J/kgmol; Fepnae = 0.020 m™/s;
F=7.5x10° m%/s; a = 50;

AHg = -9.86 x 107 J kgmol™;

Up=3550dJ s m?°Cl; Cp; = 2.88 kgmol/m>;
T, = 27°C; T, =66°C

and the equilibrium states of the process for a
non-zero constant u as:
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Figure 4. Closed-loop system response and control signal when C,; changes by 10%.
(a) without integral term, (b) with integral term.
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Figure 5. System response with £50% modeling
error in static gain K, and disturbance
of -10% C

= 1.054 kgmol/m®; Z, = 105.242°C;
Z, = 88.234°C; U = 0.7668

The characteristic parameters obtained
from the reaction curve of the process were:

K=0.1996 %TO/%CO;
T=1498.55s; {5 =308.5s

so the PBCr parameters were set to:
=10ps ;i Ry=10ps'i Ry= 10 ps™"

X, =0.6TOs 1;D:.”).st1
C=133.2 (TO/CO) ps’

Z2 (°C)

106 1

1+ 5%, 1-50%

105.5 1

j \ —ir— |
105p \
104 5 /

104F [

" " .
0 Dz 04 08 08 1 1.2 14 1.6 18 2
Time (s)

Figure 6. System response with +50% modeling
error in time constant t, and disturbance
of -10% Cy;.

Figure 4 shows the closed-loop response of
the CSTR when the inlet concentration Cgy;
changes by +10%. This is one of the most influen-
tial variables of the process. In both cases, the re-
sponse is very oscillatory. Oscillations can be re-
duced decreasing R;.

Figures 5, 6 and 7 illustrate the controiler
performance when Lhe system presents modeling
errors in steady-state gain (K), time constant (r),
and dead time &,. This figures depicted that the
PBCr is robust against modeling errors, with zero
steady stale error in all cases. The worst case is for
the deadtime case, but the PI3Cr can deal with it.
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Iigure 7. System response with £50% modeling
error in Dead time (, and disturbance
of -10% Cyg;.

Figure 8 shows the effect of decreasing R to
Ry /3. As can be observed, this parameter has a
similar effect to the integral gain in a PID control-
ler. Ry also determines the damping factor, but it
is less sensitive than R;.

Note that the proposed controller, equation
(21), is independent of the process model and
present a fixed structure.

5. Conclusions

This paper showed the synthesis of a PBCr
from a FOPDT model of the process. The deriva-
tion of the controller is based on the modification
of the storage energy function and the enhancing
of the dissipation structure of the model by suit-
able damping injection. An integral filter was
added in order to improve the controller perform-
ance.

The proposed controller equation is simple,
with fixed structure and tuning parameters as a
function of the characteristic parameters of the
process. Also, the physical meaning of the tuning
parameters is giver.

As can be seen from the simulations, the
PBCr presents effectiveness and robustness with
respect to disturbances and modeling errors. The
combination PBCr plus filter yield asymptotically
stable closed-loop behavior, with zero steady
slate error.

Z:(°C)
106 1
105 &
—
105
104.5 ;
104 /
| |
- PR i .7 S~ A ——— el
0 62 04 06 OB 1 1.2 t4 18 r8 2

Time (s)

Figure 8. Responses comparison when R, is
adjusted to R, /3, in the presence
of a disturbance of -10% in C,;

The PBCr designed in this paper, can be
used for different chemical processes and be im-
plemented easily in a DCS.
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