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Abstract: This paper offers an H-infinity (Hoo) controller-based disturbance rejection
along with the utilization of the water wave optimization (WWO) algorithm. Heo
controller is used to synthesize the guaranteed performance of certain applications
as well as it provides maximum gain at any situation. The proposed work focuses
on the conflicts of continuous stirred-tank reactor (CSTR) such as variation in tem-
perature and product concentration. The elimination of these issues is performed with
the help of the WWO algorithm along with the controller operation. In general, the
algorithmic framework of WWO algorithm is simple, and easy to implement with a
small-size population and only a few control parameters. The planned work gives the
enhanced performance by means of disturbance rejection when compared with the
PID, ADRC and ANN controllers. Additionally, the proposed work improves the
lifespan of the offered application through the elimination disorders. The overall pro-
cess is implemented in the MATLAB working platform and the results are compared
with the preceding methods to show the expected performance.
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1 Introduction

Generally, Hoo methods are the type of control theory used to stabilize the performance of controllers
through synthesizing the corresponding compensator. In this method, issues related to the controller can be
considered as the mathematical optimization problems and solved by selecting precise controller. These
methods give direct solution to all kinds of problems than other approaches like optimization methods, non-
linear programming and theoretical method. But it requires mathematical understanding to provide better
outcomes for controlling purpose [1,2]. Actually, the conversion of electrical energy into mechanical energy
is the main principle of DC motor. The current flow can be changed with the help of internal mechanism
such as electromechanical mechanisms [3]. The supply voltage or current flow can be altered to change the
motor speed. In general, DC brushless motor is more beneficial than the brushed types [4,5].

Armature, commutator segments and brushes are the main parts of the DC motor. Control strategies are
normally utilized to eliminate the non-linearity present in the DC motors. Through these control techniques,
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optimization of motor position or rotor speed is possible under the variable load torque [6,7]. Commonly,
issues related to tracking problem can be solved through the architecture design known system
parameters [8]. Input—output linearization techniques are well suitable to generate the common controlling
mechanisms. It is possible when the system has better knowledge about the plant non-linearity [9,10].
The Hoo control theory contains two inputs and two outputs and among them the input includes the
reference signal and disturbances [11].

It is a special type of methodology in order to enable the controller design. Because, each and every
tuning parameter has clear effectiveness of this method [12]. Similarly, the evaluation of feedback quality
can be performed with the help of a certain set of analysis tools. But the feed forward type provides
better performance than the other one. In general, control objective reformulation can be played as the
important factor in the controller design [13,14]. If the Hoo criterion is smaller, the corresponding
objective satisfaction is more when compared with the existing methods [15—17]. The continuous stirred-
tank reactor is a common term used in the field of chemical engineering. The robust H-infinity control
strategy has been proposed for a tractor trailer system in kinematic and dynamic framework [18]. A
robust H-infinity control output feedback control is designed using p synthesis for the H infinity
disturbance rejection controller, aiming at robustness.

The proposed system can run at steady state with the non-stop flow of products and reactants, which
contains uniform feed composition as that of the exit tank system [19]. It requires a 65% time for the
conversion of body from one form to steady state. The classification includes tubular, semi-batch, flow
and batch reactors. All industrial chemicals contain chemical kinetics and reactor design as the important
information. The selection of reactor system must be clear to avoid the failure of the chemical plant [20].
In Hurtado et al. [21], fluid dynamic behavior is represented in CSTR by means of numerical analysis.
Actually, mixing is one of the vital steps in compensator system. Gas injection and mechanical agitation,
are the main processes commonly performed during the mixing procedure.

The Hoo filters used in the electric vehicle was clearly explained by Chen et al. [22]. It accurately
estimated the efficiency and state of charge operation of the batteries used in the electric vehicles. It was
very apt for both fast and slow varying parameters in the battery state. But the offline experimental data
were verified and compared with the help of single/multi-scale dual Kalman filters. Gil et al. [23] had
proposed a modular multilevel converter, which was based on the direct current method. In their paper,
controlling robustness had been provided using Hoo controller. The reduction of harmonics due to the
utilization of switching function was also possible in the grid side switch spacing.

Brahim et al. [24] had designed a type of position controllers for travelling wave ultra-sonic motor along
with the provision of robust motion of the entire system. The detail description of motor resonance behavior
could be varied in the presence of signal analysis. There was no need of an additional compensator system for
the adjustment of the load system due to the usage of compensator controller. State time-varying delay for a
singular system had been studied by Long et al. [25]. The time varying delay was also compared with the
invariant time systems based on the Lyapunov—Krasovskii functional method. Boudjellal et al. [26] had
developed a super twisting sliding mod-based error estimator with robust and high gain observation by
using CSTR.

A fuzzy controller based back stepping technique for the CSTR control had been proposed by Salehi
et al. [27]. Here, stability was enhanced for the closed loop system as well as external disturbances had
also been reduced in the estimation procedure along with the arbitrary attenuation of error values. Li [28§]
had designed an efficient CSTR system, which relied on the adaptive control strategy with the presence
of unknown dead zone input. CSTR design on the basis of TSMC approaches had been explained by Li
[29]. The shortcomings of [29] had been overcome by the method presented by Zhao et al. [30] with the
suitable consideration of lay and a safe operation.
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Wallam et al. [31] had introduced parametric uncertainties centered control scheme without changing the
set point of the disturbance parameters and that was not eligible for providing high stability in case of desired
performance attainment. STA-SMC and IISMC bargained the easy implementation of nonlinear control
technique. IISMC suddenly settle with the minor overshoot. Finally, those methods were compared with
the CISMC and STA-SMC. However, it enabled the local stability with the STA-SMC and had no
overshoot. However, most of the existing papers did not deal with the use of Hoo controller for CSTR in
an effective way. Thus, we planned to deal with the design of WWO optimization-based Hoo controller in
this work for the design of CSTR. In this work, disturbance of CSTR will be eliminated with the help of
WWO optimization-based Hoo controller. The tuning of Heo controller with WWO algorithm reduces the
computational complexity and time consumption of proposed work design. This performance is better
when compared with other comparative existing works.

This paper is organized as follows, some of the working related to the research paper is discussed in the
Section 1. After that, part 2 & 3 give the detail description about proposed method and water wave
optimization algorithm respectively. The result and comparative analysis are shown in the section 4.
Finally, the overall methodology is concluded in the last part.

2 Proposed System

The main objective of the proposed method was the development of optimization based on Hoo
controller feedback design method with disturbance as the constraint. Then this control is applied to the
continuous stirred-tank reactor analysis. In the proposed work, initially the set point is calculated from the
temperature. Then the temperature variations are measured as the disturbance parameter for the different
time duration. Overall procedures for the planned work are described in the following sections.

2.1 H-infinity Controller Design [32]

To extract the standard H-infinity control design problem from the feedback structure, the connections
shown in Fig. 1 can be simplified and equivalently converted to a lower linear fractional transformation
(LFT) form as depicted in Fig. 2.

W,

m

Figure 1: Feedback structure of H-infinity controller

According to input and output array represented as w = [r,d}T and z = [ey,eu} " the input, output
relation can be given by Eq. (1).

z=T,w (1)
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Figure 2: LFT form of the closed-loop system

The transfer function matrix of the design structure is denoted as 7, and is given by Eq. (2).

Wp(To - Wm) VVPSO

Tow = W,KS, —W,KS, @)

where S, and T, are sensitivity function and complementary sensitivity function respectively, which are
defined by Eqgs. (3) and (4) respectively.

S, =+ GK)™' A3)
T, = (I = GK) 'GK “4)

Elements in 7, stand for four robust performance specifications: W, (T, — W,,) characterizes steady-
state tracking performance, W,S, the output disturbance resistance, W,KS, the control energy, and
-W,KS, the controller disturbance resistance. Normally, if |7.,]joo <1, the robust performance
specifications are satisfied. In H-infinity control design, the aim is to determine a stabilizing controller K
that minimizes the H-infinity norm of 7, to optimize the four performance specifications at the same
time. Thus, the H-infinity control problem could be described by Eq. (5).

min F(P,K =  min T (j 5
K stabilizing P || l( ’ )HOO K stabilizing P H ZW(]w)HOO ( )

According to Eq. (5), controller K could be obtained by using y-iteration, which involves an internal

optimization process that is capable of minimizing the H-infinity norm of 7.,,.

2.2 Continuous Stirred-Tank Reactor (CSTR)

CSTR is one type of reactor in chemical engineering field in which temperature control can be
considered as a major issue. This kind of difficulty is eliminated through the utilization of optimization-
based Hoo controller with feedback design method. The graphical representation of CSTR is shown in the
Fig. 3. The system consists of a cylindrical vessel with DC motor, which provides support for agitation
with the need of heavy input.

The reaction took place inside the reactor is represented by Eq. (6), and the temperature of the system can
control with the help of proposed feedback controller. It is measured at the outlet side of the reactor.

Cyclopentaddiene + Cyclopentenol = Cyclopentanediol 2(Cyclopentaddiene)

. . (©)
= Dicyclopendtadiene

The addition of the Hoo controller to CSTR will eliminate the unwanted disturbances, which may upset
the functioning of compensator. The controller is used to regulate the output variables such as temperature or

flow rate by comparing it with the set point called as desired value. The difference between the measured
value and the desired value is called as error signal. It is given in Eq. (7).



TASC, 2022, vol.31, no.1 33

error signal = measured value — set point @)

The formula for calculating set point is given as follows,

E
tsp = Q (8)
ln(ycout) —In I_/ (Cfeed - Cout) —A
A= Q (C C C E
- V feed — out) — YCout exp(— )
Motor
Feed
Cooling
Jacket
Baffle
Agitator
Figure 3: Continuous stirred-tank reactor
The temperature variation (A¢) can be computed with the help of Eq. (9).
0 —h
At = v (tfeea — t) + (—)7Cou exp(—E/1)t1
ac ©)
Qc -7
= 11— 2 ¢ —1
+ 1% eXp QCO'C (feed )
Where,
0.0067E
t1 = exp(— TH& 2 =1-0.01T2 (10)

The time varying strategies are indicated as t1 and t2 in the above Eq. (10). The concentration of liquid
inside the CSTR can be computed by using the following Eq. (11).
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0.0836
Concentration = —35 (11)
14 (6.37 x 107°°)t

In the above formula, 7 is the time period taken for the CSTR functioning.

The set point of the CSTR system is considered as 180°C, but the actual value is 200°C with the error
rate of 20°C. The controller has to reduce this error rate as zero by utilizing suitable optimization algorithm.
Here the temperature change is considered as the disturbance to the CSTR system which causes the
increment of reactor heat above the desired level. The controller is designed to increase the coolant flow
rate for the sake of reducing system temperature. The control methodology for CSTR is shown in Fig. 4.

Water Wave
optimization

Optimized
Value

Controller

Measured Value

Figure 4: Control of CSTR

In Fig. 4, tsp and t represent desired and measured temperature respectively. The main objective of the
proposed method is the reduction of external disturbances. The transfer function of the plant can be
represented by Eq. (12).

Py Ppp
P = 12
{le Pzz} (12)

From the above equation, the error and measured signals can be computed by using the Eqs. (13)
and (14).

n=P1d+ Py (13)
t = P10+ Py (14)

Where, t and 7 represents, real and error signals respectively. é & y denote the external inputs (disturbances)
and control signal (optimized value) respectively. Based on the feedback law, the measurement of the control
signal is given by Eq. (15).

y = Kt (15)
The final formula for the error calculation is given by Eq. (16)
n= [Pn + PoK(1 —PzzK)_1P21]5

The function ¥(P,K) must be reduced to eliminate the error value. There are several conditions
available to achieve proposed objectives. They are listed as follows.

(16)
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e Good disturbance rejection at low frequency regions can be done by making the term (1 + PK)f1 as
small as possible for 6 = 0.

e The minimization of closed loop transfer function can be achieved with the help of functional value
1—(1+PK) 'for d = .

e Protection units for parameter variations can be achieved by reducing K(1 + PK)_I.

Finally, the minimization function can be expressed by Eq. (17).

wi(1+PK)™!

VPR = |y (1+PK)™!

(17

where, W1 and W3 are the frequency dependent matrices [33].

3 Water Wave Optimization (WWO) Algorithm

It is one of the nature inspired optimization methods mainly enthused by the shallow water wave model
with the solution space equivalent to the seabed area. Here, each solution is similar to the wave with the
height (H) and the wavelength (1) as well as depth is considered as the fitness function. Propagation,
breaking & refraction are the three major steps in the WWO algorithm to find the best solution. These are
described as follows.

a) Propagation

To find the best solution in each iteration is the main operation of this step. The related equation is given
by Eq. (18).
t"=t+rand (—1,1)AL (18)

where, uniform distribution of special function at particular range is denoted as rand. L denotes the length of
the search space. The formula for wavelength calculation is represented in the Eq. (19).

/1 — }v%_(f(l) _ﬁnin + S)/(fmax _ﬁnin + 5) (19)

In Eq. (14), A is the reduction coefficient of wavelength. Minimum and maximum value of fitness
function is given as fmin and fmax. ¢ is the constant value for reducing division by zero operation. The
symbols #* & ¢ have been used to denote the new and current solution respectively.

b) Breaking

Actually, this step is optional for the proposed method. The algorithm divides high wavelength into
many smaller wavelengths to reach the best solution.

t* =t + Gaussian(0, 1)L (20)
In Eq. (20) p indicates the breaking coefficient. Gaussian (0,1) is the function generating random
variable with 0 and 1 as mean and standard deviation respectively.
¢) Refraction

This operation makes the height reduction to zero value of the best solution. Position of the new solution
is measured as a random number placed halfway between the original and the new position of the best
solution.

@1

. thest T 1 lpest —
t* = Gaussian (ML,M%)
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=3 jf ((ti )) (22)

The exploration of larger areas performs local search around best solution for the sake of improving
accuracy. The pseudocode for WWO algorithm is explained as below.

Initialize disturbance parameter for population of P
for each temperature value in the population
propagate t to new t’ based on Eq. (18)

If f(t’) < f(t) then

If f(t’) < f(t*) then

Break t based on Eq. (21)

Update t* with t’

End

Replace t* with t’

Else

Decrease t by 1 until it reaches set point
End

Refract t to t” based on Egs. (21) and (22)
End

The working flow of WWO optimization-based Hoo controller is diagrammatically represented in the
Fig. 5 along with the appropriate explanation.

+ no

Propagate
t=t

Initialize the
disturbance -
parameters

Replace t
with t” and
consider it as
best solution

no +

Figure 5: Block diagram of WWO optimization-based Hoo controller

The objective function to minimize the error value ¥(P,K) is found by the best solution. The
temperature changes are considered as disturbances used for the initialization purpose. Then compare
the resultant temperature with the desired value. If the resulting value greater than the set point means,
the value is decreased by one as per the algorithm for every iteration until it reaches the target
(disturbance rejection).
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4 Result and Discussion

The parameters such as temperature and product concentration are taken as the disturbances from the
CSTR. Initially, set point for the proposed system is calculated by using appropriate equations. The
measured values are 244°C and 0.0836 mol/liter for temperature and product concentration respectively.
The parameter description and their corresponding constant values are listed in the Tab. 1.

Table 1: Parameter description

Variable Values Depiction

E 9.95 x 10° K Energy of activation
Y 7.2 x 10" min™' Rate constant

Q 100 litre/min Flow rate

A% 100 litre Reactor volume
Cout 0.0836 mol/litre Outlet concentration
Creed 1 mol/litre Feed concentration
-h 2 x 10° cal/mol Reaction temperature
treeqd & t 350 K & 244 K Feed & actual heat
a 1000 g/1 Density

C lealg™' . K™ Capacity

Q. 103.4 I/min Flow rate of coolant
Tl & T2 1-10 min Time period

The disturbance can be caused due to the rapid change of temperature and concentration, both are
indicated in Figs. 6a and 6b respectively. These may damage the system lifetime and hence the proposed
method keeps target on the removal of such issues with the help of Hoo controller.
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g 24 £ o008
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% 240 g
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(without controllers) 0.02 (without controllers)
230 . . . . . M . N . 0 . ' . . : i ! : !
1 15 2 25 3 35 4 45 5 55 6 1 15 2 25 3 35 4 45 5 55 6
Time (min) Time (min)
(@) (b)

Figure 6: CSTR with disturbance (a) Temperature (b) Concentration

The error reduction using the proposed controller is shown in the Fig. 7. For the purpose of error
reduction, water wave optimization technique is used. As the number of iterations increases, the error in
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both parameters has been reduced gradually. Nearer to the fourth iteration a greater number of faults are eliminated
to the desired value. After the fault clearance, the CSTR produces the output as displayed in the Fig. 8.
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Figure 7: Error Reduction using WWO algorithm (a) Temperature (b) Concentration
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Figure 8: CSTR after disturbance Rejection (a) Temperature (b) Concentration

Fig. 8 shows the resultant output after error rejection. It represents the graph with less amount of error.
For both parameters, the red color line (disturbed value) becomes closer to the set point value.

The comparison of the proposed method with the existing methods is signified in the Fig. 9 for
temperature value. It shows the better performance of proposed controller that is more or less similar to
the set point value. Commonly, there is a bigger deviation from the required value in case of existing
methods. Among the existing techniques, PID controller shows the worst performance than the active
disturbance rejection control (ADRC).

Fig. 10 represents the comparison graph for the liquid concentration. Here, PID and artificial neural
network-based controller are taken as the existing methods for the performance evaluation. As well as,
the time at which set point attainment for the existing methods are longer than the planned work.
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Figure 9: Temperature comparison with existing methods
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Figure 10: Comparison of concentration with existing methods

Proposed method reaches the desired value within 2.5 sec after the rejection of instabilities due to the
usage of Hoo controller. It is clearly represented in the Tab. 2 along with the comparison of previous
practices. Among the prevailing systems, PID, ADRC and ANN take 7.5, 7 and 5.5 Sec to reach the
preferred value respectively. Furthermore, the Hoo controller performs the disturbance rejection through
the utilization of WWO. Hence it provides better performance than other methods.

Table 2: Comparison of time requirement

Parameter Time Required to reach Set point
PID Controller 7.5 Sec

ADRC Control 7 Sec

ANN Controller 5.5 Sec

Proposed Controller 2.5 Sec
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5 Conclusion

An Hoo controller was offered for effective disturbance rejection through the utilization of the water
wave optimization algorithm. Hoo controllers are widely used to provide high gain at any kind of
complex situations. The application taken for the development of the proposed work is continuous
stirred-tank reactor in which non-linear complex reactions are very common. Variation in temperature and
product concentration have been taken as the disturbances in CSTR. So that, an algorithm was proposed
along with the controller action for eliminating these issues. The implementation results were compared
with the existing controllers and performance enhancement has also been shown.
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