THESIS APPROVAL

GRADUATE SCHOOL, KASETSART UNIVERSITY

Master of Engineering (Chemical Engineering)

DEGREE
Chemical Engineering Chemical Engineering
FIELD DEPARTMENT
TITLE: Input/output Linearization Control with Two-degree-of-freedom Structure

for Uncertain Nonlinear Processes

NAME: Mr. Pisit Sukkarnkha

THIS THESIS HAS BEEN ACCEPTED BY

THESIS ADVISOR

( Assistant Professor Chanin Panjapornpon, Ph.D.

)

THESIS CO-ADVISOR

( Mr. Maythee Saisriyoot, Dr.tech.

)

DEPARTMENT HEAD

( Associate Professor Apinya Duangchan, Ph.D.

)

APPROVED BY THE GRADUATE SCHOOL ON

DEAN

( Associate Professor Gunjana Theeragool, D.Agr. )




THESIS

INPUT/OUTPUT LINEARIZATION CONTROL WITH TWO-
DEGREE-OF-FREEDOM STRUCTURE FOR UNCERTAIN
NONLINEAR PROCESSES

PISIT SUKKARKHA

A Thesis Submitted in Partial Fulfillment of
the Requirements for the Degree of
Master of Engineering (Chemical Engineering)
Graduate School, Kasetsart University
2011



Pisit Sukkarnkha 2011: Input/output Linearization Control with Two-degree-
of-freedom Structure for Uncertain Nonlinear Processes. Master of
Engineering (Chemical Engineering), Major Field: Chemical Engineering,
Department of Chemical Engineering. Thesis Advisor: Assistant Professor

Chanin Panjapornpon, Ph.D. 117 pages.

In chemical processes, the process uncertainty naturally appears in the
process parameters, the process measurements, and the unmeasured disturbance.
The uncertainty leads to the deterioration in robustness and control performance that
may result in the off-specification of a product quality and unsafe condition during

operation.

This work takes advantage of two-degree-of-freedom control for improving
robustness of the control system that setpoint tracking and disturbance rejection can
be handled independently. Input/output (I/O) linearization technique is selected to
provide the setpoint tracking ability. For disturbance rejection, the high-gain
technique is used to compensate the effect of the uncertainty. Two types of control
structure are proposed for (i) the uncertain processes without time-delay and (ii) the
uncertain processes with input time-delay. The control performance of both control
methods under servo and regulatory tests are evaluated through numerical simulation
with various chemical processes. Furthermore, both proposed control scheme are
compared with the existing methods developed by Wu et al. (2001) and Hu and
Rangaiah (1999) for the processes without and with time-delay, respectively. The
results show that the control methods successfully force and maintain the outputs at

the desired setpoints and give better performance comparing with other methods.
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INPUT/OUTPUT LINEARIZATION CONTROL WITH TWO-
DEGREE-OF-FREEDOM STRUCTURE FOR UNCERTAIN
NONLINEAR PROCESSES

INTRODUCTION

The presence of uncertainty makes the difficulty for system analysis and
controller design, especially for model-based control that a process model is used in
controller synthesis. The control performance of the model-based control strongly
depends on the quality of the model. However, there is a quite difficult task to
develop a highly accurate model for uncertain processes. The process parameters,
such as kinetic constants, physical properties, and transfer coefficients, are obtained
from the laboratory and pilot plant. The obtained values may be deviate from a
commercial-scale reactor due to differences in mixing condition, volume ratio, heat
transfer, and mass transfer. The quality of instruments is also a cause of uncertainty
appearance. Sometimes, the range of measuring device may not give good resolution
of process monitoring. The sensitivity of the sensor is also another issue. These
mentioned uncertainties can lead to deterioration of robustness and control
performance, which may result in the off-specification of product quality and unsafe

operation.

Input/output (I/O) linearization technique is a type of model-based control.
This approach is based on a transformation of coordination to create a linear
relationship between input and output responses (Kravaris and Chung, 1987). The
advantages of I/O linearization technique are a few numbers of tuning parameters in
the control system and the guarantee of closed-loop stability. However, 1/O
linearization cannot be directly applied for uncertain processes. For handling the
uncertainty problem, it needs to be treated with special design technique, for example,
multi-objective H,/H,,, approach (Kolavennu et al., 2000; Palanki ei al., 2003) and u
synthesis (Sampath et al., 1998; Elisante et al., 2004). Although there are many

existing control methods of 1/O linearization for controlling uncertain processes, the



practical implementation of those controllers is quite difficult due to the requirement
of real-time optimization. In addition, the trade-off between control performance and

robustness is still the other concerned problem.

Two-degree-of-freedom (2DOF) control is an effective method for handling
uncertainties problems, especially for the input disturbance. The 2DOF control
structure consists of two controllers that one is used for setpoint tracking, and the
other is used for disturbance rejection. The main advantage of the 2DOF scheme is
that command input and disturbance responses can be set independently from each
other in the control law (Fujimoto and Kawamura, 1995). Over the past decade, the
2DOF control system for uncertain processes has been received considerable attention
in many research works. They developed the 2DOF control method in Laplace
transform domain. There are only a few research works developed in a nonlinear
system. Wright and Kravaris (2005, 2006) proposed the 2DOF control structure for
an unstable process in the continuous and discrete-time control systems that perform
the zero-pole cancellation. However, it has not concerned for a time-delay system.
Time-delay exists due to transport phenomena, time-consuming information
processing in measurement devices, and calculation of the control input. It also
degrades the control performance and the robustness. Therefore, time-delay need to

be considered in the controller design.

This work presents two new control methods based on the 2DOF control
structure for uncertain nonlinear system with and without time-delay. The
input/output (I/O) linearization and high-gain techniques are employed to handle the
processes with unmeasured input disturbances and parametric uncertainties. In the
development of the control system without time-delay, the open-loop observer is
applied to estimate the disturbance-free state responses for the setpoint tracking
controller and calculate the disturbance-free output responses for the disturbance
rejection controller. For the development of the control system in the second case, the
state predictor with time-delay compensator is used instead of the state estimator to

provide the information of future values of disturbance-free states and outputs.



OBJECTIVES

The objective of this research is to develop the control systems for uncertain
processes with and without time-delay governed by I/O linearization control

technique with 2DOF control structure.

Scopes of thesis

The control systems are developed based on the 2DOF control structure for the
processes in the presences of unmeasured input disturbance and parametric
uncertainty. The control structure is designed for both systems with and without time-
delay. The developed control systems include the setpoint tracking controller,
disturbance rejection controller, and the specific disturbance-free state estimators for
the cases of the process with and without time-delay. The setpoint tracking controller
is designed by using I/O linearization technique, and the disturbance rejection
controller is designed by using a high-gain technique. To illustrate the performance,
the proposed control method is applied through various types of chemical reactor with

unmeasured input disturbances and parametric uncertainties.

Impact of results

This research developed the new control methods for uncertain nonlinear with
and without time-delay processes. The presented methods are capable of providing
good tracking and disturbance rejection performance. It is also easy to implement to
the real application because of a few tuning parameters. With the result of controller
design, the developed method is an efficient tool for operating uncertain time-delay

systems under maintaining the desired condition and optimal operating costs.



LITERATURE REVIEW

1. Uncertainties in Chemical Processes

The influence of uncertainty is an important factor in the controller design
because it may cause degradation of control performance leading to closed-loop
instability. The uncertainty naturally occurs in chemical processes due to a
complexity of reaction, interactions between unit operation, and quality of
instruments.  Generally, it can be classified into two categories: parametric

uncertainty and unmeasured disturbance.

1.1 Parametric uncertainty

The parametric uncertainty is an uncertainty that relates to the physical
properties, kinetic constants, and transfer coefficients of the model (Pistikopoulos,
1995). In practice, the information of process parameters is usually obtained from
laboratory-scale experiments. The values of the parameters may be inaccurate, when
the pilot plant is scaled up to the commercial level. Sometimes, the assumptions that
some process parameters are considered to be constant values are incorrect because

most chemical processes are characterized by having time-varying parameters.

1.2 Unmeasured disturbance

Unmeasured disturbance is an uncertainty that occurs in manipulated
input and/or controlled output during process operation. There are many reasons that
the unmeasured disturbance can be occurred, for example, the fluctuation in the
process streams, the friction in control valves, and the sensitivity of measuring

devices (Pistikopoulos, 1995).



2. Nonlinear Model-based Control for Uncertain Process

Many chemical processes require high performance control strategies due to
increasing demands on product quality, safety, and environmental management. The
configuration of traditional linear feedback controllers like proportional-integral (PI)
and proportional-integral-derivative (PID) may not give satisfactory results because of

nonlinearity of processes.

Nonlinear model-based control (NMBC) is the control technique that a
mathematic model of process is integrated into control system. NMBC becomes an
interesting method for controlling nonlinear process because it has ability to handle
the process nonlinearity directly in the control law. The typical configuration of
NMBC controller is shown in Figure 1. NMBC can be categorized into 3 main
techniques: differential geometric control (DGC), model predictive control (MPC),
and Lyapunov-based control (LBC) (Panjapornpon et al., 2006).

ysp u X y
Model-based
E— Process
Controller

A,

Output Map ——

A

Figure 1 The typical configuration of model-based controller

2.1 Differential geometric control (DGC)

The DGC 1is related to nonlinear transformations on the states and
manipulated inputs. It provides an input/output closed-loop linear dynamical
behavior (Kravaris and Chung, 1987; Isidori, 1989). One of the main contributions of
the differential geometric approach is input/output (I/O) linearization technique

(Kravaris and Soroush, 1990). The advantage of this technique is to guarantee the



closed-loop stability. It also has a few tuning parameters compared with other
techniques. However, the I/O linearization technique cannot be directly applied for
the processes with uncertainty. In order to control the uncertain processes, a special
technique is required in the formulation of I/O linearization. For example, the I/O
linearization was designed with input constraint developed with Lyapunov method
(Kravaris and Palanki, 1988; Hashimoto ef al., 1996). Tyner et al. (1999) presented
the adaptive control method for handling the uncertain processes. Other methods for
compensation of uncertain processes are the use of special designs of the feedback
compensator such as H»/H,, synthesis (Kolavennu et al., 2000; Palanki ei al., 2003)
and g~synthesis (Sampath et al., 2002; Elisante et al., 2004). The compensator
provides the proper setpoint that can be stabilized the process under I/O linearizing

controller.

2.2 Model predictive control (MPC)

The MPC is a powerful control strategy due to its ability to handle the
constraint problem. The basic concept of the MPC is that the future control actions
are calculated based on the solution of an optimal control problem. Although the
MPC is efficient technique, it requires many efforts in computation to solve
optimization online. Moreover, general MPC does not guarantee close-loop stability.
For control uncertain processes, Mhaskar et al. (2005) proposed a robust hybrid
predictive control structure. This technique was achieved by switching between MPC
and Lyapunov-based bounded robust controller. The Lyapunov-based controller is
used as bounded controller that can be switched in at any time to maintain the closed-
loop stability in the event that MPC fails to yield a control moves or lead to
instability. In addition, another method is to use min-max robust MPC (Limon et al.,
2006). The objective function of this method is able to determine the optimal control

action that minimizes the worst performance objective for uncertainty.



2.3 Lyapunov-based control (LBC)

Lyapunov theory is a method to analyze the stability of the system.
There are two dominant methods of Lyapunov stability, which are indirect and direct
methods. In the indirect method, the eigenvalues of the Jacobian matrix at the steady
state condition is analyzed. If the real parts of all eigenvalues are less than zero (in
the left side of the complex plane), it can be said that this process is stable at this
steady state condition. The direct method is to determine the stability properties of a
process by constructing a Lyapunov function as real positive definite for the process.
To design LBC, it can be achieved by following the direct method of Lyapunov
stability analysis. Although LBC guarantees the stability in spite of controlling at an
unstable steady state of the open-loop, it is difficult to find the proper Lyapunov

function.

3. The Two-degree-of-freedom Control Structure

Degree-of-freedom generally expresses the number of independent parameters
required to specify the configuration of a system. For two-degree-of-freedom (2DOF)
control, the control architecture consists of setpoint tracking controller and
disturbance rejection controller. The characteristics of this control structure are that
the setpoint tracking and the disturbance rejection controllers can be set independently
(Fujimoto and Kawamura, 1995). For the control system based on 1DOF, if the
setpoint (yy,) and the disturbance (D) vary in similar manner, the controller can be
chosen that error (e) is satisfactory. The controller may not handle the process when
dynamic behaviors of y,, and D are different. For example, one expects step changes,
and another occurs in ramp changes. The controller has to be chosen either for good
response to steps or good response to ramps or else some compromise has to be
found. Therefore, another control has to be applied to the control system for adding
more DOF control (Morari and Zafiriou, 1989). The 2DOF control structure based on

feedback control configuration is shown in Figure 2.
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Figure 2 2DOF control structure based on feedback control configuration

In addition, 2DOF control structure based on internal model control (IMC) is
also regularly used as shown in Figure 3. The desired process model is introduced
into the design of control system for completely eliminating the offset errors caused
by uncertainties. In the case of the open-loop unstable processes, the 2DOF control
structure based on IMC cannot be implemented directly that some modified IMC
methods of 2DOF control (Tan et al., 2003) or the 2DOF structure based on feedback
control have to be applied instead. However, Wright and Kravaris (2005, 2006)
presented the 2DOF structure based on IMC for unstable processes. The control

configuration allows replacing unstable poles, while the Luenberger observer is used

lD

to eliminate uncertainty.

y-"ﬂ st * u y
—*| 1 Controller —@7 > Process >
y
> Model "
e
2 ndController

Figure 3 2DOF control structure based on internal model control



4. Control Structure for Time-delay

Time-delay is the property of physical system by which the response to an
applied force is delayed in its effect. Whenever material, information, or energy is
physically transmitted from one place to another, there is a delay associated with the
transmission (Zhong, 2006). The presence of time-delay degrades the control
performance and the robustness of the controller. The first time-delay compensator is
Smith predictor designed for linear system (Smith, 1957). The classical Smith
predictor is shown in Figure 4 where C(s), P(s), and Z(s) are controller, delay-free
plant, and Smith predictor, respectively. The Smith predictor for nonlinear system
was proposed by Kravaris and Wright (1989) and Huang and Wang (1992). The key
concept of Smith predictor is to estimate the future states for controller. Furthermore,
a number of 2DOF structures with time-delay compensator have been proposed to
handle uncertain time-delay processes. There are developed based on linear system

(Zhang et al., 1998; Tan et al., 2003, 2010; Lu et al., 2005; Tsai and Tung, 2010).

lD
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Figure 4 Classical Smith predictor



MATERIALS AND METHODS

Materials

1. Personal Computer with Intel Core 2 Quad CPU at 2.67 GHz, 4.00 GB of
RAM running on Microsoft Windows XP Professional x86 (32-bit) Edition

2. Software
2.1 MATLAB Version R2009a (The MathWorks, Inc.)
2.2 Wolfram Mathematica Version 7.0.0 (Wolfram Research, Inc.)

Methods

1. The Development of the Control System for Uncertain Processes without

Time-delay

The proposed control system is developed and procedures are summarized in a
flow diagram as shown in Figure 5. First of all, the desired steady-state should be
analyzed the stability of open-loop and zero dynamics to identify that I/O linearization
technique can be used. Next, the feedback controller is designed by using the I/O
linearization technique for tracking the desired setpoint. The disturbance rejection is
developed to eliminate effect of uncertainty despite of the model mismatch or the
unmeasured disturbances by using high-gain feedback technique. Then, the open-
loop observer is used to design the disturbance-free state estimator for estimating
information of the disturbance-free states and outputs. Finally, the control system is
applied to the chemical reaction processes by using the simulation technique in order
to illustrate the control performance of the developed control system. The details of

each step are shown in the following sections.
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1. Stability analysis of open-loop and zero dynamics

4

2. The development of the setpoint tracking controller

4

3. The development of the disturbance rejection controller

A

4. The development of the disturbance-free state estimator

5. The performance test of the control system

A
6. The comparison of the proposed control system with the method
developed by Wu et al. (2001)

Figure 5 The procedure of the control system for uncertain processes without time-

delay

1.1 Mathematical preliminaries

Consider the general class of process model as a nonlinear system of the

form;
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x=f(x,u)
Y =h(x)

(1)
wherexe R", ue R",and y € R" denote the vectors of state variables, manipulated

inputs, and controlled outputs, respectively, and f and % are assumed to be smooth

function.

1.1.1 Relative order

For nonlinear processes in Equation (1), #,...,7,, denote the

m

relative orders of the controlled output y,,...,y, , with respect to the manipulated

inputs, where 7; is the smallest integer for which 0[d"y,/dt"]/ou #0. The following

notation is used:

y; = h(x)
% = hi1 (x)
(2)
61:;/’ =h' (x,u)

The following assumptions are made:

1) The relative orders, 7,...,r,, are definite.

2) The characteristic matrix of the process is non-singular on X x U, which is
9 h (x,u)#0.
ou

3) The process is locally controllable and observable on X x U.
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In case that the controlled output, y, does not have a finite relative

order ( = ), the manipulated output, u, will not affect the controlled output, y.
1.1.2 Stability analysis

The stability analysis of an open-loop model is evaluated by
Lyapunov’s indirect method. To analyze the stability, the eigenvalues of the Jacobian
matrix are evaluated around the desired equilibrium pairs (x,u). The eigenvalues

are obtained by:

| J—AI| =0 3)

of (x,u)

where J is the Jacobian matrix, which J ={ 5
X

} , A 1s the vector of
Xss sUss

eigenvalues, and / is the identity matrix.

The character of a steady state can be summarized as follows

(Haddad and Chellaboina, 2008):

1) Stable node, if both eigenvalues are real and negative.
i1) Unstable node, if both eigenvalues are real and positive.
i11) Saddle node, if the eigenvalues are real with opposite signs.

iv) Stable focus, if the eigenvalues are complex conjugate with

negative real parts.

v) Unstable focus, if the eigenvalues are complex conjugate with

positive real parts.
1.1.3 Zero dynamics

The zero dynamics is analyzed to investigate the influence on

control system design. The process with unstable zero dynamics exhibits the inverse
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response behavior (non-minimum phase process), which is one of the limitations in

the controller design.

Referring to the inverse process, the nonlinear dialog of the

minimum-phase property is related to the stability of the dynamic process:

é;l = E (yaya"'ay(r_l)agls-'-’gn—r)
5 (4)
é;n—r ~ Fn—r (y’y""’y(r_l)’gla"'a é/n—r)

where ¢ is the states of zero dynamics

In the case that the output is constrained to a constant value
(setpoint, ysy), the zero dynamics is analyzed to determine the stability of the inverse

process:

(ASF, GeURh) o 8~ o)
f (5)
brr =Fy (700,050,150 80s )

If the eigenvalues of the dynamics in (5) lies in the left-half of the complex plane, the
process is said to be stable zero dynamics or minimum phase at the desired

equilibrium pairs (xgs,ss).
1.2 Setpoint tracking controller

The setpoint tracking controller is designed by using I/O linearization

technique. Let us request a linear response of the following form for each output:
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(ng + l)rl yl = ysp,l

(6)
(ng + l)r”’ ym = ysp,m

Where D =d /dt is the differential operator, y,,,,...,y,,, are the desired setpoints,
&,...,E, are tuning parameters that adjust the speed of the responses of the outputs,

Vi,-++» Vi, Tespectively. By substituting the time derivatives of the outputs defined in

Equation (2), one obtains:

h(x)+[”jelm‘(x)+---+[”
1 I

jglrl hlrl (X, u) T y.vp,l

: (7
r 7 ”
N g SO LT
r

m

where[aJ= a
b) (b—a)!

The closed-loop responses of the outputs in Equation (7) can present in the compact
form:

(Dl (x’ u) = ysp,l

- (8)
q)m (x7u) 3 ysp,m

By solving the Equation (8) for u, the static feedback controller can be obtained in
following form:

u="Y(x,y,) 9)

Note that the feedback controller in (9) is limited that the process under consideration

must be open-loop stable and minimum phase (stable zero dynamics).
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1.3 Disturbance rejection controller

The disturbance rejection controller is used to force the process outputs to
approach the estimated disturbance-free outputs. The disturbance rejection controller

is constructed based on high-gain technique as the following equation:

o, =K, (y1 _)A’l)
: (10)
5»1 =Km (ym _.)’}m)

where J,,...,0, are the estimated disturbances of the outputs y,,..., ¥, , V..., », are
the estimates of disturbance-free process outputs obtained from the disturbance-free
state estimator, and K,...,K, is the tuning parameters that should be selected for

stabilizing the uncertain processes.
1.4 Disturbance-free state estimator

The setpoint tracking controller and the disturbance rejection controller
require the disturbance-free responses of states and outputs. Thus, the state estimator
is applied in the control scheme to provide that information for both controllers by
constructing the open-loop observer. The dynamics of the disturbance-free state

estimator is described by following equation:

= f(Ru)
(1T)
y=h(x)

where X is the vector of estimated states and J is the vector of estimated outputs.
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1.5 Control system

To ensure offset-free response of the closed-loop system when there are
process model mismatch and/or load disturbance in the system, a control system
should have integral action. Due to lack in integral action of the state feedback in (9),
the feedback compensator is added to eliminate the accumulation of error by adjusting

the desired setpoint to the form:

v=y,-(y-))

where V€ R" is the vector of compensated setpoints. Hence, the controller with the

compensation is denoted by:

u=Y(x,v) (12)

By combining the state feedback of (12), estimated disturbances (10), and

the disturbance-free states (11), the feedback control system can be described by:

(13)

where # is the vector of compensated inputs. The schematic diagram of the

developed control system is shown in Figure 6.
1.6 Tuning criteria
There are two sets of tuning parameters in the control system, the setpoint

tracking controller tuning parameters and the disturbance rejection controller tuning

parameters. The total number of the tuning parameters is greater than the number of
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controlled outputs in double. The optimal tuning parameters are obtained by
following procedures. First, the control system has to test with a perfect model
without the presence of uncertainty. The tuning parameters of the disturbance
rejection controller (K) are set to be zero, and the setpoint tracking controller tuning
parameters (&) are adjusted until the controller can regulate the process. Note that the
values of & must be greater than zero (¢ > 0). A smaller value of ¢ gives faster
responses of output. However, the unsuitable selection of £ can lead to the oscillation
of closed-loop output response or closed-loop instability. Now, the control system is
ready to apply for the uncertain process. The tuning parameters of the disturbance
rejection controller (K) are subsequently adjusted to reduce the effect of uncertainty.
The tuning parameters, K, need to choose to be a positive value when direct control
action requires, and vice versa. The magnitude of these tuning parameters varies with
the error between the controlled output and the estimated output. Finally, both tuning
parameters should be adjusted to achieve the fastest output response and meet the

design criteria.
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Figure 6 Schematic diagram of the developed control system for uncertain processes without time-delay
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2. The Development of the Control System for Uncertain Time-delay Processes

The developed structure in Figure 6 cannot handle a time-delay system. In
this section, the proposed system is then reformed by substituting the pervious state
estimator with state predictor. The procedure of controller design for time-delay
system is summarized in the flow diagram as shown in Figure 7. First of all, the
stability of open-loop and zero dynamics of the desired steady-state should be
analyzed to identify that I/O linearization technique can be used or not. Next, the
setpoint tracking controller is formulated by using the I/O linearization technique for
time-delay system. The disturbance rejection is developed by using high-gain
feedback technique. Then, the open-loop observer is employed in the design of
disturbance-free state predictor. Finally, the control system is applied to the various
examples in order to evaluate the control performance. The details of each step are

given in the following sections.
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1. Stability analysis of open-loop and zero dynamics

2. The development of the setpoint tracking controller

3. The development of the disturbance rejection controller

4, The development of the disturbance-free state predictor

5. The performance test of the control system

6. The comparison of the proposed control system with the method
developed by Hu and Rangaiah (1999)

Figure 7 The procedure of the control system for uncertain time-delay processes

2.1 Mathematical preliminaries

Consider the nonlinear system with input time-delay of the following

form:
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x(1) = f(x(2),u(t - 0))

14
(1) = h(x(2)) (14

where @ € R" denotes the input time-delay.

For nonlinear input time-delay processes in Equation (14), the following

notation will be used:

yi(t) = hi(x(t))

D)
(1)
prEml N C0)
IO _ e (x0),ue - 0))
dt"

The following assumptions are made:

1) The relative orders, 7,...,r,, are definite.

*9"m>°

2) The characteristic matrix of the process is non-singular on X x U, which is
0 .,
—h" (x(?),u(t-6))#0.
ou

3) The process (14) is locally controllable and observable on X x U.
2.2 Setpoint tracking controller
The setpoint tracking controller is designed by using I/O linearization

control technique. From the closed-loop trajectory in Equation (6), it can be rewritten

in the form:
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hy (x (1)) + Ul nghf (@) +---+ [rl j &' (x(O),u(t=0)) = y,,,(1-0)
h

(16)
h,, (x(1)) + [: jem Iy, (x(0) -+ [rm jg,fi’ Iy (x(O)u(t=0)) =y, (- 0)

m

The closed-loop responses of the outputs in Equation (14) can present in the compact

form:

D, (x(t),u(t = 0)) = y,, (1= 0)
: (17)
D, (x(0),ut=0)) = y,,,(-0)

By solving the Equation (17) for u, the static feedback controller can be obtained in

following form:
u(t=0) =¥ (x(@),y, (t-0) (18)

where all quantities in the right-hand side function are at time ¢. The above equation

can be rewritten as:
u(t) =¥ (x(t+0),y, (1) (19)
As described in Section 1.5 that Equation (19) cannot provide offset-free

responses, and I/O technique requires information of future values of disturbance-free

states. Therefore, the controller is improved to:

u(t) =Y (x(+6),v(1)) (20)

where V(1) = y,, (1) = (¥(1) = (1))
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Note that the feedback controller in (20) is limited that the process under

consideration must be open-loop stable and minimum phase (stable zero dynamics).
2.3 Disturbance rejection controller

To design the disturbance rejection controller for time-delay system, the
high-gain technique is also applied, which needs information of disturbance-free
output to compare with actual outputs. The disturbance rejection controller is

constructed as the following equation:

6, () =K, (yl ) _);1 (t))
(21)
5,0 =K, (v,®O-7,0)

2.4 Disturbance-free state predictor

The dynamics of open-loop state observer is described by following

equation:

(1) = fG(),u(t - 0)) (22)
P(t) = h(x(1))

The controller in Equation (20) requires the future values of disturbance-
free states, which cannot be implemented directly with the state estimator in Equation
(19). Therefore, prediction model is constructed by removing time-delay shown in

Equation (20).

x*(t) = f(x*(0),u(r))

23
y*(0) = h(x*(1)) =
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By comparison of Equation (18) and (19), it follows x*(¢f)=x(t+6). If the state

predictor is initialized, then, x*(0) = x(0).

2.5 Control system

By combining the state feedback of (20), the estimated disturbances (21),
and the disturbance-free state predictor (23), the feedback control system can be

described by: u(t) = W(x(t + ), v(t))

x*= f(x*u)

u(t) ="Y(x(t + 09),v(t))
d=K(y-7)
U=u—0

24)

The schematic diagram of the developed control system is shown in
Figure 8. Note that the disturbance rejection controller in (21) essentially requires the
present values of estimated outputs. Therefore, the state predictors are appropriately

delayed to generate the estimated outputs, p, for the disturbance rejection controller.

2.6 Tuning criteria

The tuning steps for system with time-delay are similar to the procedure
in Section 1.6. First, the control system has to test with a delay model without the
presence of uncertainty. The disturbance rejection tuning parameters (K) are set to be
zero. The setpoint tracking controller tuning parameters (&) are then adjusted until the
controller can regulate the process. Remind that the values of ¢ must be greater than
zero (¢ > 0). The smaller value of the tuning parameter provides the faster the
responses of output. However, the unsuitable selection of the tuning parameter values
can lead to the oscillation of closed-loop output response or closed-loop instability.
Next, the control system will be employed for uncertain time-delay process. The
disturbance rejection controller tuning parameters are consequently adjusted to reduce

the effect of uncertainty. The tuning parameters, K, should to adjust to be positive
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and negative values when the control actions are direct and inverse, respectively. The
magnitude of these tuning parameters varies with the error between the controlled
output and the estimated output. Finally, these tuning parameters are adjusted again

to achieve the optimal output response and meet the design criteria.
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3. The Performance Test of the Control System

The applications for the presented control technique are illustrated through
various simulations of the chemical reaction processes, which are a single continuous
stirred tank reactor (CSTR) and two CSTRs connected in series. The feedback
controller equations are solved by Mathematica software while the simulations are
carried out by using MATLAB software. The control performance test is divided into
two types, the servo and the regulatory. The servo performance is tested by adjusting
the input setpoint to the new value, while the regulatory performance is tested by
introducing the uncertainty to the process. In this work, the full-state measurement is
available, and the uncertainty is considered in unmeasured input disturbance and

random noise parametric uncertainty.

4. The Comparison of the Developed Control System Performance

The proposed control method is compared with the existing controllers to
guarantee the performance of the developed control system. The presented structure
without time-delay is compared with the 2DOF structure with P-controller proposed
by Wu et al. (2001). For the structure with time-delay, the internal model control
with time-delay compensator presented by Hu and Rangaiah (1999) is selected to

compare the performance.



RESULTS AND DISCUSSION

The illustrative examples for uncertain processes without and without time-
delay are shown in this section. The single-input-single-output (SISO) continuous
stirred tank reactor (CSTR) with various reactions and multiple-input-multiple-output
(MIMO) two CSTRs are used as the illustrative examples. The proposed control
method is evaluated under the servo and the regulatory performance and also
compared with the method of Wu et al. (2001) and the method of Hu and Rangaiah
(1999).

1. Ilustrative Examples for Uncertain Processes without Time-delay

1.1 Single-input-single-output reactor with isothermal Van de Vusse reaction

1.1.1 Process description

Consider a CSTR shown in Figure 9. The reaction is isothermal

Van de Vusse reaction, which consists of two decomposition reactions of 4 taking

place in parallel.

A—b s b yC 24—5 5D

The reactor volume and physical parameters are assumed to be

constant and the reactor is operated under the perfect mixing condition. The

mathematical model of the reactor can be expressed by
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v ECA}CBJCCJCD

Figure 9 Schematic of the continuous stirred tank reactor

dC F
th :_kICA _kscj +(CAi _CA)?
dCB

F
=kC,-k,C,—-C,—
PR e I I

where C4 and Cp are the concentration of 4 and B, respectively. In this study, it is
desired to control Cp at the setpoint by manipulating the dilution rate (£#/V). The

values of the process parameters are given in Table 1.

Table 1 Parameter values for the example of SISO reactor with isothermal Van de

Vusse reaction

Symbol Quantity Value

Cyi Concentration of 4 in feed stream 10 mol L™

ki Rate constant of 4 —> B 5/6 min™

k> Rate constant of B — C 5/3 min™

ks Rate constant of 24 — D 1/6 mol L' min™

Source: Aufderheide and Bequette (2003)
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By applying the proposed control method in Equation (13) with the

relative order of output 7 =1, the equations of the control system are shown in

Appendix B.

The servo and the regulatory performance are tested in the
following subsection with the initial condition C = 8.2 mol L'l, Cpss = 0.586 mol L

! and (F/V)ss = 10 min™, and the tuning parameters & = 0.6 and K = -120.
1.1.2 Servo performance

The process starts at the initial condition, and it is desired to
control at the setpoint, y,, = 0.99 mol Y corresponding to Cy 4 = 6.7 mol L'l, Cpyss =
0.99 mol L', and (F/V);; = 4 min™". The open-loop dynamic behavior at the steady-
state condition is analyzed by eigenvalues of Jacobian matrix of both open-loop
process and zero dynamics, which are shown in Table 2. Figure 10 depicts the closed-
loop responses of the controlled output, state variable, and the manipulated input
under the servo test. The simulation results show that the controller can force Cp to

the desire setpoint.

Table 2 The open-loop dynamics behavior analysis of the example of SISO reactor

with isothermal Van de Vusse reaction

Steady-state pair Eigenvalues of Jacobian matrix Dynamics
) Condition
[Cis5,Chss» (F/V)ss]  Process Zero behavior
[8.2, 0.586, 10] -11.67,-13.57 -11 SMP IC
[6.7,0.99, 4] -5.67,-7.07 -4.26 SMP SP

Note: SMP = Stable minimum phase, IC = Initial condition, SP = Desired setpoint
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Figure 10 Closed-loop responses of (a) Cg, (b) Cy4, and (¢) F/V under the servo test
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1.1.3 Regulatory performance

The proposed control technique is applied through the CSTR with
uncertainty to control the concentration of B at desired setpoint. To investigate the
control performance, a step change of unmeasured disturbance in manipulated input
and random noise of parametric uncertainty in k; are considered. Under the given
conditions, the capability of the disturbance rejection controller has been tested, thus,
the proposed 2DOF structure and the feedback controller of I/O linearization with
IMC structure (1DOF) are compared.

1.1.3.1 Unmeasured disturbance in F/V

The process 1s initially at y,, = 0.586 mol L' and maintains
at that setpoint throughout the process. +1 min’ step change of the unmeasured
disturbance in the manipulated input, F/V, is introduced at # = 0. Figure 11 shows the
responses of the controlled output, the state variable, and the manipulated input in the
presence of unmeasured disturbance, respectively. The simulation results show that
the proposed method can eliminate for the unmeasured disturbance and offers the
better responses, which are smaller overshoot and spending less time for

compensation.
1.1.3.2 Parametric uncertainty in k;

The process starts at yg, = 0.586 mol L" and maintains at
that setpoint throughout the process. + 20% random noise parametric uncertainty in
rate constant k; is introduced at ¢ = 0. Figure 12 shows the responses of the controlled
output, the state variable, and the manipulated input, respectively, in the presence of
parametric uncertainty. As shown in Figure 12, the proposed method provides better
responses of controlled output with small oscillation compared with I/O linearization

with IMC structure.
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Figure 11 Closed-loop responses of (a) Cg, (b) Cy4, and (c) F/V under the case of
unmeasured disturbance in F/V in SISO CSTR with isothermal Van de

Vusse reaction
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Figure 12 Closed-loop responses of (a) C, (b) C4, and (¢) F/V under the case of
parametric uncertainty in k; in SISO CSTR with isothermal Van de Vusse

reaction
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1.2 Multiple-input-multiple-output two reactors in series

1.2.1 Process description

The proposed control methodology is now applied to MIMO system
shown in Figure 13. The process consists of two jacketed CSTRs in series, where
reaction A — B takes place in the first reactor, and reaction B + C — D takes place in
the second reactor. Both reactions are exothermic, irreversible reaction. The inlet
jacket temperature of both reactors and the feed flow rate of C in the second reactor
can be manipulated to control outlet reactor temperature of each reactor and outlet
concentration of C from the second reactor. The mathematical model is then given

by:

Fy,Cyo,To

(1), Ty

F5,Ceo, T

F1,Ct,C,T) &

| (Vo). T,

(F1+F2),Cya,
(Va), T Cp2,Cer, T

(1az), T,

Figure 13 Schematic of two continuous stirred tank reactors in series
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where the value used for each parameter is given in Table 3. The process is operated
under the proposed control system. The state variables, controlled outputs, and
manipulated inputs are defined as x = [T; C4; Cp; Tj1 T2 C42 Cpo Ce TjZ]T, y=I[T;T,
ch]T and u = [T};; Tji; F g]T, respectively.

By applying the proposed control method in Equation (13) with the

relative orders of outputs {r; = 2, r» = 2, r3 = 1}, the equations of the control system

are shown in Appendix C.



Table 3 Parameter values for the example of MIMO two jacketed CSTRs in series

Symbol Quantity Value

V; Volume of the first reactor lm’

V, Volume of the second reactor 1.5m’

UA; Heat transfer coefficient of the first reactor 14kIstK!

UA, Heat transfer coefficient of the second reactor 1.75kI st K
Fi1/V;1 The first feed flowrate of coolant per volume 300 s

F»/Vy»  The second feed flowrate of coolant per volume 300 s

-AH;  The change in enthalpy of the first reaction 46,000 kJ kmol™
-AH,  The change in enthalpy of the second reaction 20,000 kJ kmol
ko; Arrhenius factor of the first reaction 1.8x 107 s

ko2 Arrhenius factor of the second reaction 2.0x 10° kmol m™ s™
E; Activation energy of the first reaction 67,000 kJ kmol™
E, Activation energy of the second reaction 60,000 kJ kmol™
Cuo Concentration of 4 in the first feed stream 7.5 kmol m™

Cco Concentration of C in the second feed stream 20 kmol m™

Yol Density of coolant 1,000 kg m™

Gy Heat capacity of coolant 42kl kg' K

To Temperature in the first feed stream 300 K

R Gas constant 8.345 kJ kmol™ K!
F; Flowrate of the first feed stream 6.5x 10* m’s™!

Source: Wright and Kravaris (2003)
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The servo and the regulatory performance are tested in the
following subsection with the initial condition 7 = 311.7 K, Cy; 5= 6.36 kmol m> ,
Carss = 1.14 kmol m™, T, = 310 K, Thy = 384.4 K, Cyz = 0.17 kmol m™, Cpp s =
0.65 kmol m'3, Ccass = 0.28 kmol m> , and T}, = 345.8 K. The corresponding initial
values of three inputs are Tj;; i = 310 K, Tjiz s = 345.8 K, and F5 4 = 2.2 x 10% m? s,
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The sets of tuning parameters are { = 700, &, = 500, &= 800} and {K; = 50, K, =
30, K5 =0.003}.

1.2.2 Servo performance

The process starts at the initial condition, and it is desired to control
the outputs at the setpoint, yg,; = 344, y,. = 381.8, and yg,3 = 0.48. The
corresponding steady-state and the open-loop dynamics behavior condition are
analyzed by eigenvalues of Jacobian matrix of both open-loop process and zero
dynamics, which are shown in Table 4. Figure 14 shows the responses of controlled
outputs. Figures 15 and 16 depict the responses of state variables. Figure 17
demonstrate the responses of manipulated inputs under the servo test. As seen in the
Figures, that the controller can drive the temperatures of both reactors and

concentration of C in the second reactor to each desire setpoint.

1.2.3 Regulatory performance

The proposed control technique is applied through the process with
uncertainty to control the temperatures of both reactors and concentration of C in the
second reactor at each desired setpoint. To evaluate the control performance, step
change of unmeasured disturbances in manipulated input and random noise of
parametric uncertainties are considered. Under the given condition, the capability of
the disturbance rejection controller has been tested, thus, the proposed 2DOF structure
and a feedback controller developed by using I/O linearization with IMC structure

(1DOF) are compared.
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Table 4 The open-loop dynamics behavior analysis of the example of MIMO two

jacketed reactors in series

Steady-state pair Eigenvalues of Jacobian matrix
[T1,557 CAI,SS7CBI,S55 .
Dynamics .
Ti1,55 2555 Cazss, . Condition
Process Zero behavior
CBZ,&S‘7CC2,SS7 E’Z,ss’
]}il,ss;]}iZ,SSaFZ,ss]
[311.7, 6.36, -0.016,-0.012,-0.003,  -6.5x107, SMP IC
1.14,310, 384.4,  -0.003, -7.4x10™, -7.67x107,
0.17,0.65,0.28,  _6.5x10™, -5.8x10", -1.47x107,
345.8, 310, -5.38x10™*+(1.63x10%)i  -1.59%107
345.8,2.2 x 10
[344, 2.48, 5, -0.014,-0.011,-0.003,  -6.5x107, SMP SP
322.6, 381.8, -0.003, -7.2x10™, -1.96x107,
0.07,0.46,0.48,  _6.5x10™, -5.9x107, -5.36x10™,
350,322.6, 350, 2 62x10*+(5.37x10)i  -1.38x10>

2.41 x 10™]

Note: SMP = Stable minimum phase, IC = Initial condition, SP = Setpoint
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1.2.3.1 Unmeasured disturbances in 7j;;, Tji», and >

The process is initially at yg,; = 311.7, yg > = 384.4, and
Vg3 = 0.28, and maintains at that setpoint throughout the process. +5 K, +2 K, and
+2x10° m® s step change of the unmeasured disturbances in 7j;, Tjz, and Fo,
respectively, are considered at ¢t = 0. Figure 18 shows the responses of controlled
outputs. Figures 19 and 20 depict the responses of state variables. Figure 21
demonstrates the responses of manipulated inputs in the presence of unmeasured
disturbances. The simulation results indicate that the disturbance rejection controller
can compensate for all unmeasured disturbances and gives the better responses
compared with I/O linearization with IMC structure, in which the output responses
show small overshoot with a less time to reach the setpoints. In Figure 21, the
responses of manipulated inputs show the oscillation because the controller maintains

the controlled outputs at the setpoint all the time.
1.2.3.2 Parametric uncertainty in AH; and 4H>

The process is initially at yg,; = 311.7, yg > = 384.4, and
Y3 = 0.28. To test the robustness of the proposed control method, + 20% random
noise parametric uncertainties in the heat of reactions (AH; and AH>) are introduced at
t = 0. Figure 22 shows the responses of controlled outputs. Figures 23 and 24 depict
the responses of state variables, and Figure 25 demonstrates the responses of
manipulated inputs in the presence of parametric uncertainties. The simulation results
show that both methods can maintain the controlled outputs around the desired
setpoints. However, the proposed method provides the better performances, which are

the smaller oscillation of the output responses compared with IMC.
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1.3 Comparison of performance with a 2DOF structure with P-controller

To compare the control performance of the proposed control scheme, the

2DOF control structure with P-controller proposed by Wu et al. (2001) shown in
Figure 26 is considered, where G(s) and G(s) denote the process plant and nominal

model. Y (s), Y(s), U(s), A(s), U(s), D(s) are the Laplace transform of the setpoint

(vsp), output (), input from the feedback controller (), estimated disturbance (9),
compensated input (# ), and load disturbance (D). The constant gains, K¢ and Kr, are
employed for the setpoint tracking and load disturbance rejection. To illustrate

performance, the application of the chemical reactor is proposed in the following

section.
D(s)
Y,(s) + Ul(s) + Us) + Y(s)
QT K e bl "
A(s)
Y
G(s) K,

Figure 26 Schematic diagram of 2DOF structure proposed by Wu et al. (2001)

1.3.1 Process description

The simple case of CSTR with constant heat removal is applied and

shown in Figure 27. The reaction is an exothermic, irreversible, first-order reaction of

A — B and takes place in the liquid phase. The reactor volume and physical
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parameters are assumed to be constant and the reactor is operated in perfect mixing

condition. The equations that govern the system are:

<, =k, exp(

E F
dt jCA"'(CAi_CA);

RT
dr E F

—=yk,exp| —= |C, + ([, -T)— +
i an p( RT) 4 (1 )V 0

=

F.Cy.T

F.C,.C,.T

Figure 27 Schematic of continuous stirred tank reactor with a constant heat removal

where Cy is the concentration of 4 and T is the reactor temperature. The objective is
to control 7 by manipulating the feed flowrate, F. The values of the process

parameters and nominal operating conditions are given in Table 5.

By applying the proposed control method in Equation (13) with the

relative order of output 7 =1, the equations of the control system are shown in

Appendix D.

The control performance is tested in the following subsection with
the initial condition C44 = 11.1 kmol m'3, T, =2732 K, and F,, = 0.3 m’ hr'!. The
tuning parameters of the proposed scheme are chosen as & = 0.7 and K = 0.6. For

comparing with Wu’s control method, the constant gains K¢ and Ky are selected to be
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0.04 and 0.6, respectively. The process is transformed to Laplace domain as

following:

267.62s5 +875.53
s +5.11s+6.33

G(s)=

Table 5 Parameter values for the example of SISO reactor with a constant heat

removal
Symbol Quantity Value
Cyi Concentration of 4 in feed stream 12 kmol m™
T; Temperature in feed stream 300K
ko Arrhenius factor 1.8x 10" hr!
E./R Activation energy/gas constant 8,100 K
0 Heat removal rate of cooling system -90.7 K hr’!
V Volume of reactor 0.1 m’
Y Specific heat of reaction 3.9 K.m® kmol™

1.3.2 Control performance

In this case, the servo and the regulatory performances are tested
simultaneously due to the similarity in the design of the disturbance rejection method.
The process is initially at initial condition. First, the desired setpoint of the process is
Vps = 283.3 K (Cy5 = 10.2 kmol m™, Ty, = 283.3 K, and Fi, = 0.38 m® hr''), then the
setpoint changes to y,, > =293.9 K (Cy s = 8.4 kmol m> , Tes=293.9 K, and F, = 0.45
m® hr') at 7 = 6 hr. The open-loop dynamic behavior at the steady-state condition is
analyzed by eigenvalues of Jacobian matrix of both open-loop process and zero
dynamics, which are shown in Table 6. The performance and the robustness are
tested by adding +0.02 m® hr' step disturbance in the inlet flow rate. Figure 28
depicts the closed-loop responses of the controlled output, state variable, and the
manipulated input under the servo test. The simulation results show that the proposed

method can drive the concentration of B to the desire setpoint without offset, while the
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Wu’s method cannot achieve. Moreover, the responses of proposed method in Figure

28 (c) are more smooth than Wu’s method.

Table 6 The open-loop dynamics behavior analysis of the example of SISO reactor

with a constant heat removal

Steady-state pair ~ Eigenvalues of Jacobian matrix Dynamics

Condition
[Cass T 555 Fs] Process Zero behavior
[11.1,273.2,0.3] -3,-2.11 -3.27 SMP IC
[10.2,283.3,0.38] -3.8,-1.72 -4.77 SMP SP1
[8.4,293.9, 0.45] -4.5,-0.5 -10.87 SMP SP2

Note: SMP = Stable minimum phase, IC = Initial condition, SP1 = The first setpoint,
SP2 = The second setpoint
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Figure 28 Closed-loop responses of (a) 7, (b) Cy4, and (c) F in the case of comparison

with Wu’s method



59

2. Tllustrative Examples for Uncertain Time-delay Processes

2.1 Single-input-single-output reactor with constant heat removal and the

presence of time-delay

2.1.1 Process description

The developed control methodology is now applied to the case of
continuous stirred tank reactor (CSTR) with constant heat removal shown in Figure 27
in Section 1.3.1. An exothermic irreversible reaction of A — B takes place in the
liquid phase. The reactor volume and physical parameters are assumed to be constant
and the reactor is operated in perfect mixing condition. Furthermore, there is time-

delay (6) in the inlet feed flow rate (F). The governing equations of the system are:

dC E F(it-60
th B ko exp(_R_;jCA +(CA1' _CA) ( )
dT E, F(t-0)
E:Q"']/ko exp[_RTJCA +(I-T)

where Cj is the concentration of 4 and T is the reactor temperature. The values of the
process parameters and nominal operating conditions are given in Table 5 (Section
1.3). The control objective is to control the reactor temperature (y = 7) with time-

delay (@ =900 s) by manipulating the feed flowrate (u = F).

By applying the proposed control method in Equation (24) with

the relative order of output =1, the equations of control system is shown in

Appendix E.

The servo and the regulatory performance are tested in the
following subsection with the initial condition Cy 4 = 10.15 kmol m'3, T = 2833 K,
and F, = 0.38 m’ hr'!. The following tuning parameters are used & = 0.7 and K =

0.03.
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2.1.2 Servo performance

The process starts at initial condition, and it is desired to control
the output at the setpoint, yy, = 293.9 K, which corresponds to C 4 = 8.4 kmol m'3, Tes
=293.9K, and F = 0.45 m’ hr'!. The open-loop dynamic behavior at the steady-state
condition is analyzed by eigenvalues of Jacobian matrix of both the open-loop process
and the zero dynamics, which are shown in Table 6 (Section 1.3). Under the given
condition, the proposed control method with and the IMC method are compared to
evaluate the capability of time-delay compensation. Figure 29 depicts the closed-loop
responses of the controlled output, state variable, and the manipulated input under the
servo test. As seen in Figure 29, the results show that the proposed method can drive

the reactor temperature to the desire setpoint, while IMC cannot maintain stability.
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Figure 29 Closed-loop responses of (a) 7, (b) Cy4, and (c) F under the servo test in the

SISO CSTR with the heat removal
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2.1.3 Regulatory performance

The proposed control technique is applied through the CSTR with
uncertainty to control the reactor temperature at desired setpoint. To investigate the
control performance, a step change of unmeasured disturbance in manipulated input

and random noise of parametric uncertainty are considered.

2.1.3.1 Unmeasured disturbance in F’

The process is initially at yy, = 293.9 K and maintains at
the given setpoint throughout the process. +0.02 m’ hr' step change of the
unmeasured disturbance in the manipulated input, F, is introduced at the beginning of
the test. Figure 30 shows the responses of the controlled output, state variable, and
the manipulated input in the presence of unmeasured disturbance. The simulation
results clearly show that the disturbance rejection controller can compensate for the

unmeasured disturbance, although there is time-delay in the process.

2.1.3.2 Parametric uncertainty in kg

The process starts at y;, = 293.9 K and maintains at that
setpoint throughout the process. + 20% random noise parametric uncertainty in rate
constant ky is introduced at # = 0. Figure 31 shows the responses of the controlled
output, state variable, and the manipulated input in the presence of parametric
uncertainty. The simulation results show that the disturbance rejection controller can

reduce the effect of uncertainty in spite of time-delay in the process.



284.5

284.0-

T(K)

283.54

(a) 2830

10.20

10.154

)

10.104

m

C, (kmol

10.05+

(b) 1000

0.39

0.38

0.37

F(m’ hr')

0.36

Figure 30 Closed-loop responses of (a) 7, (b) Cy4, and (c) F under the case of

Time (hr)

63

unmeasured disturbance in F in SISO CSTR with constant heat removal



283.8
B
—y,
283.6- . |
£ 0834 |
== A WL
YA
2832 | i
(a) 2830
103
~ 1021
'E
E
=
© ol
(b) 100
0.40
039 |
gz
£
I,
038 |
037 ‘ ‘ ‘ ‘
© 0 1 2 3 4 5
Time (hr)

Figure 31 Closed-loop responses of (a) 7, (b) Cy4, and (c) F under the case of

parametric uncertainty in k) in SISO CSTR with constant heat removal

64



65

2.2 Multiple-input-multiple-output two reactors in series with the presence of

time-delay

2.2.1 Process description

Another example is to apply the proposed control methodology
with MIMO system. The same reactor of the previous example in Section 1.2 is now
considered as the time-delay system. The dynamic model of this system with input

time-delay (6) is:

T K A -AH E
B Aoy - g -1+ £ exp| -
a voc, M e R,
dc, F E
#ZVJ(CAO —C ) —kyCy exp[—R—]];J
dCy _F £,
v, B T KoL p[ RT,
T, F,
=T, -0)-T)
T, F A -AH E
d_zz_l(Tl_Tz)_ S (Tz_sz)"'( l)kmCAzeXp[__lj"'
d v, V,pC, - PC, RT,
—AH. E
( 2)kochzccz €Xp| — ”
PC, RT,
dC,, _F E+F(-6) £,
—L_1c -1 = 3°C —k C,exp|l—
iV, Al v, a2~ Ko Cap €XP RT,
dC,, F FE+F (t-6,) E E
732:71(731 _%Cm +k01CA2 exp(— R]l" J_kochZCCZ exp(— R'Z{ J
2 2 2 2
dC., F,(t-6,) FE+F (t-6,) E
dtcz =2 v, = Cpy —— 12/2 = Cry —kyCyyCry €XP _R72"2

dT. F.
= :V;Z(T/iz(t_gz)_rjz)

Jj2

dt

where the value used for each parameter is given in Table 3 (Section 1.2). The

process is operated under the proposed control system, which the state variables,



66

controlled outputs, and manipulated inputs are defined as x = [T; C4; Cp; Tj1 T> Ca2
Cpr Cez ]}g]T, y=IT; T ch]T and u = [Tji; Tjix F g]T, respectively. The tested time-
delay are appeared in the inputs, which the values of time-delay are 6, = 1,440 s, 6, =
1,080 s, and & =900 s.

By applying the proposed control method in Equation (24) with the

relative order, {ri =2, r, =2, r3 = 1}, the equations of control system are shown in

Appendix F.

The servo and regulatory performance are tested in the following
subsection with the initial condition 7; = 311.65 K, C4; = 6.358 kmol m'3, Cp =1.14
kmol m”, Tj; = 310 K, T, = 384.43 K, Cy4; = 0.173 kmol m™, Cz, = 0.654 kmol m~,
Ccr = 0.281 kmol m™, and T;; = 345.8 K. The corresponding initial values of three
inputs are Tj; = 310 K, Tj;; = 345.8 K, and F, = 2.2 x 10 m? s'l, and the sets of the
tuning parameters are { &= 700, &= 500, &= 800} and {K; = 0.6, K, =04, K3 =
0.001}

2.2.2 Servo performance

The process starts at initial condition, and it is desired to control
the outputs at the setpoints, yg,; = 344, yy > = 381.8, and yg3 = 0.48. The
corresponding steady-state and the open-loop dynamics behavior condition is
analyzed by eigenvalues of Jacobian matrix of both open-loop process and zero
dynamics, which are shown in Table 4 (Section 1.2). Under the given condition, the
proposed control method and IMC method are compared to evaluate the capability of
time-delay compensation. Figures 32-35 demonstrate the closed-loop responses of
controlled outputs, state variables, and manipulated inputs under the servo test. The
results show that the proposed method can drive the temperatures of both reactors and
concentration of C in the second reactor to each desire setpoints, but IMC cannot

maintain stability.
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