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This paper aims to explore experimental studies on the NOx removal process by using pilot
plant packed column experimental hardware. Physical modeling based on chemical
absorption equations is used to estimate the diameter concerning the height and L/G ratio.
Hydrogen peroxide is used as the additive for achieving high NOx removal efficiency. The
absorbent entering into the packed column has been controlled by varying its flow rate
through the fractional order controller. The FOCDM-PI*DH controller tuning parameters

such as Kp, 11, to are determined using CDM (Coefficient Diagram Method) PID control
strategy and the additional parameters of FOCDM-PI*DH controller such as A and p are
determined based on the PSO algorithm. The comparative analysis is performed with
classical controllers like ZN-PID along with the CDM-PID controllers.

1. INTRODUCTION

In the industrial sectors concerned with fossil fuels, mining
and the chemical processing industry, the major threats to
human life are the emission of the Sulphur and nitrogen-based
toxic content gases into the environment [1]. When these gases
come into the atmosphere and get the oxidation process with
the pure oxygen compounds it leads to the formation of oxides
of nitrogen and Sulphur compounds causing acid rain and
greenhouse effects to the surrounding circumstances [2, 3].

Its impact is not revealed directly, but it influences the Eco
cycle in a rotating manner by harming the atmosphere frost
which in turn exhibits its worst nature on human beings. The
pioneering works were done by taking different categorization
of combustion and reduction reaction by using different
absorbent solutions to neutralize the Sulphur and nitrogen
oxides compounds [4]. Each method gives its own merits and
demerits to the human ecosystem and solving the rate is not
efficient to the large-scale level. The later combustion methods
seem to be cost higher and do not satisfy the regulatory
standards. After analyzing various pre and post-treatment
techniques with potassium permanganate can leads further to
achieve the desired removal rate with minimal preparation
standards [5]. The desulfurization process using flue gas as the
main constituents methodology is the most effective technique
to be implemented in many industrial problems to sort out the
removing process of nitrogen compounds [6-9]. In the
techniques, absorbents are considered as the solvent rather
than the solid by pointing sodium chloride or hydrogen
peroxide or potassium combined constituents [10-15].

The concentration of absorbent and the flue gas ratio is
determined by the mathematical consideration based on the
polluted gas entering as input. The regulation of the input and
output are to be analyzed by utilizing the packed column
structure for the emission control. Since the packed column
reactor regulating properties can be most appropriate for the
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gas state analysis. When the oxidized gas gets reaction with
the absorbent solvent, it separates the nitrogen oxide
compounds as the single constituent atoms which get absorbed
by the catalytic reaction which takes place at the terminal end
of the column.

Mainly on enhancing the performance of the undertaken
controller, the present work concentrating on the merits of
both CDM control strategy in comparison with fractional
calculus for NOy emission control. To evaluate the
performance of the FOCDM-PI*D* controller with classical
tuning methods incorporated with PID structure through
experimental analysis by using pure NOx gas over another
consideration of mixed gas (SO, with 4995 ppm +NO with
995 ppm concentration) as the input gas source to the chamber
of the experimental investigation.
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Figure 1. Packed column physical features
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2. MATERIALS AND METHODS

Based on the literature study, it is confirmed about the
construction of the packed column should possess a very large
mass transfer ratio which gives extreme NOx removal
proficiency. The packed column capacity and its dimensions
are determined based on physical modeling [16-24] and its
structural schematic diagram is shown in Figure 1.

2.1 Mathematical modeling of the packed column
Determination of Ln/Gn, ratio: To determine the flow rate

of NOx (gas) and flow rate of liquid (H202) based on Henry's
law formulated Eq. (1) is represented as:

L, .
H = —* flowing factor
G

(1

where, Gy - Associated gas flow with molar rate and it is
assumed as 0.0003383 kg/sec (1 m3/hr.), H - Henry’s constant
is 0.0014 (Rolf Sander 1999), Ly - Liquid mass flow rate
which is determined as 0.002285 kg/sec (5 Iph), flooding
factor (Ka) is identified as K4 = 0.7 (Coulson & Richardson
1991).

Determination of packed column diameter: Packed column
diameter is determined based on liquid and gas velocity.
Diameter is optimized based on L/G ration pointing flooding
factor around 72% is considered to attain the reasonable drop
associated with the pressure parameter with maximum liquid
and gas distribution. Sherwood correlation is used to find the
flooding velocity requirement based on the calibration
calculated flooding factor (K4) as 0.7 to be followed in the
present work. Drop associated with the undertaken pressure
(FLv) in the packed column is used to compute the packed
column diameter. The pressure drop (Frv) is calculated based
on Eq. (2).

Pg

P, 2

Somewhere, pg - vapor (NOX) mass (2.2809 kg/md), pr -
liquid (HNOs) compactness (1490 kg/m®), Gn - Flow with
respect to molar rate of NOx (0.0029972 kg/sec) and L -
liquid flow with respect to molar rate (0.00166743 kg/sec).

Based on the above data and Eq. (2), pressure drop (FLv) is
determined as 0.005994. The flooding factor needs to be
considered while calculating the liquid flow rate into the
column. With concern to the flooding factor, the
corresponding flow rate of the gas/area computation in cross-
sectional wise (V) is calculated based on Eq. (3),

K4(P; — Pp)
0.1
1.31Fp(u,/p,)

(€)

w

where, pg, pL and K, are taken from Eq. (1) and (2) then u_is
the viscosity of the liquid and Fp represents the packing factor
(for the chosen 6mm into lax ceramic saddles, packing factor
is 130). From the above data, V., is calculated as 2.15 Kg/m?s.
The Area (A) on the packed column concerning the diameter
(D) is determined from the Eq. (4).
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where, G, - Flow rate of the gas with molar percent 0.0003383
kg/sec (1 m¥hr.). Based on the Eqg. (4), the area and diameter
for fabricating the column with packed structures are
estimated as 0.001573 m? and 0.045 m.

Determination of packing height: The height of the packed
column is utilized to examine the grasp uptime of the total
liquid to be filled in the packed column. A packed bed
increases the grasp up duration by increasing the accumulation
of liquid volume which improves NOx removal proficiency.
Calculation of packed column parameters like height (Z) of the
column line is specified by the Eq. (5),

Z = Hog * Nog 5)
where, Nog represents the total consumption of transfer units,
Hog is the height associated with the transfer units. The total
requirement of transfer units is estimated from the Eq. (6),

(6)

where, y1- NOx mole fraction entering into the packed column,
y2 - NOx mole fraction leaving the packed column. The ratio
of yi1/y is determined as 5 then the number of a transfer unit
(Nog) is determined as 1.6. The packed column is considered
as discrete equipment instead it is continuous contact
equipment so that the mass balance of the packed column can
be determined. For many industrial applications, Hoc is
chosen between the ranges of 0.3 mto 1.2 m (Perry 1997). Hog
is chosen as 0.3 m and hence by substituting the values of Hog
and Nog, packed height Z is determined as 0.48 m. From these
calculated parameters the packed column design has been
determined and tabulated in Table 1.

Table 1. Parameters for designed packed column

S. No Parameter Calculated value

1 Liquid flow rate 5-10 Iph

2 Gas flow rate 1 m3hr.

3 Packed column height 0.70 m

4 Packed column diameter 0.045m

5 Packed area 0.48 m

6 Packing materials Into_lax ceramig: saddles
with 6 mm diameter

7 Absorbents NaClOz, H202, HNOg,

and water
8 Inlet concentration of NOx 100 -500 ppm

3. EXPERIMENTAL ANALYSIS

The experimental setup comprises of packed column with
other accessories for the NOy removal process as shown in
Figure 2. For experimentation, flue gas is taken from the IC
engine exhaust emissions which comprise of different gases
among those NOy plays a major concentration of above 500
ppm. This flue gas is supplied through the non-return check
valve. NOy inlet gas sensor is fixed at this place for measuring
inlet NOy concentration. The peristaltic pump holding the 0-5
Iph flow rate is used for pumping the acid holding the H,0,
composition of 5 liters to pass into the packed column. H,0;
is given as an inlet liquid source from the top side of the



packed column through the nozzle sprayer. To launch mass
transformation between NOx and H.0,, the two states of gas

and liquid are intermingled one another inside the column area.

Gas-liquid interaction exists due to the chemical
contribution of NOy in the gas state starts to dissolve into
hydrogen peroxide happening inside the packed column. The
treated exhaust emission gas exists from the top end on the
packed column structure. Absorption and composition of inlet
an outlet NOy gas is measured using a NOy gas sensor and its
equivalent digital data sent to the PC storage by interfacing
with the data acquisition card. Based on the received of digital
data, closed-loop control is enabled and the flow rate of the
H20: is regulated.
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Figure 2. A photographic view of the experimental setup for
the NOx emission control process

3.1 Optimization of absorbents for NOx absorption

The experiments are conducted to optimize the absorbents
for the NOx removal process. For these different absorbents
are used such as water, H,O,, HNO3 is used and the results
obtained are shown in Figure 3. While considering water as
absorbent the removal efficiency obtained between 30 to 42%.
During this reaction, the byproduct obtained is Nitric oxide
(NO) as shown in Eg. (7) which is highly insoluble in water
hence it is not considered for the present study.

3NO, + H,0 - HNO; + NO (7)

During the reaction between NOx and HNO3, the removal
efficiency is improved. By considering H2O, (0.1 M) as
absorbent, the passed hydrogen peroxide is oxidized by
reacting with the flue gas mixture where it gets vaporized

further to get dissolved with the formation of hydroxyl radicals.

The formulated active OH radical starts to undergo an
oxidation process to separate the NO and NO; hence the
removal efficiency is maintained above 90%. Hence H2O- is
considered an effective absorbent for further studies.
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Figure 3. The response curve for different absorbents
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3.2 Effect of H2020n NOx absorption

Though Hydrogen Peroxide (0.1 M) provides better
removal efficiency, quite interesting results are found by
regulating the H,O, flow rate. H,O; flow rate is sustained over
the VDPID-03 Numerical controller. As shown in Figure 4,
the flow rate between 0-5 Iph is varied through the peristaltic
pump and maintained for 10,000 sec until a steady-state
response arrives.

W outlet concentration

imefsec)

Figure 4. The response curve for NOx outlet concentration at
100% DAQ opening

3.3 Model identification

Figure 4 shows that the flow rate of H,O; influences the
NOx removal efficiency in a better way. Figure 4 also ensures
that the system is non-linear. The obtained transfer function to
fall in First Order holding Time Delay (FOPTD) is undertaken
for analysis in Eq. (8) [18].

Kp

—0s
S+ 1°

G(s) = ®)

For evaluating parameters from the transfer function,
process gain (Kp) on the constrain of the time constant (tp) and
time delay (©) are examined using a two-point method. The
identified FOPTD model of the process is represented as,

3.09 —2.14s

G(s) =
)= Iis+1

)

The notation indications of Kp and t, represents process
gain and time constant with a defined transport delay of ©
(2.14 sec). The identified transfer function model is given in
Eq. which is used as the transfer function for the NOx emission
control process and it is used for controller studies [24].

4. DESIGN AND IMPLEMENTATION OF CDM-PI*DHM

(FOCDM-PILD") CONTROLLER FOR NOx EMISSION
CONTROL PROCESS

This part of the paper reveals the control action provided by
the implementation of classic controllers. The conformist
controller tuning rules like Ziegler Nichols-PID along with
Coefticient Diagram Method-PID techniques are implemented
and its performances are analyzed. A tuning formula was
proposed by Ziegler and Nichols in early 1942 expressed by
Eq. (9) and its controller tuning rule is exposed in Table 2.
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Figure 5. General block diagram of CDM-PID controller

1007
——g1=2.522-25
— 125024

gl=1.g2=3

— gl=252-2.5

gl=1.5g2-4

NOx outlet concentration

—— gl=3,22=4.5
g1=2.g2=4.5

5.g2=4

gl=1

0 50 100 150 200 250 300 350 400 450 500

Time (sec)
Figure 6. Optimization of y; and y»

Table 2. ZN-PID and CDM-PID tuning rules to attain
respective gain for the controller structure

Controllers Parameters

Kec Ti(sec) Ki=(Kc/ti) Ka =(Kc*td)
ZN-PID 1.7725 4.82 0.3677 0.8965
CDM-PID 1.4916 20.49 0.0684 0.0223

4.1 CDM-PID controller design

It is a polynomial coefficient-based technique to obtain
suitable and novel resolution for nonlinear systems that are
represented as Coefficient Diagram Scheme (CDM) projected
by Manabe [19]. The undertaken coefficient technique is an
algebraic representation used to simplify the designing
structure of the existing controller by considering the derived
characteristic polynomial from the associated gain of the
process and affords well-known results on the performance of
the process by concentrating on the steadiness, response, and
heftiness.

CDM-PID controller settings are computed for the NOx
emission control process are given as follows and the
polynomials are taken from the block diagram given above in
Figure 5.

(1) The First-order transfer function model of the equation
is given as:

_3.09
“T1s+1°

Kp

-0s
pS+1 €

-2.14s

G(s) =
(2) The FOPTD First order Pade’s approximation technique
is used for FOPTD transfer function approximation as:

—7.4457S + 4.56
2.665% + 24.46S + 2

Gp(S) =

The controller structure for CDM-PID is:
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k,S? + ki S + kg
Ge(S) = s
where, 11, ki, ko and ko represent controller polynomial
coefficients.
(3) By combining steps 2 and 3 distinguishing polynomials
are specified as,

P(S) = A(S)D(S) + B(S)N(S)

(4) The goal distinguishing polynomial is assumed as:

73 ) 72 ,
=y |— S+ —S2+1S+1
172 141

P

target

where, y1 and y, are steadiness indices and zs - correspondent
period constant.

Here the y; and y, values are to be optimized as per
Manabe’s technique for determination of the coefficient of
controller polynomials for achieving stability to the system.
The optimization of gamma value is shown in Figure 6, such
that g, represents the y; and g2 represents y,. From Figure 6, it
is optimized that the values of y;=3 and y,=3.

(5) Like power, terms are equated as P(s) and Prarger(S) then
the controller polynomial coefficients (ko, ki, ko and 1) are
determined based on Manabe’s formula. k; =11.5567,
k1=12.7226, ko=1and 1,=4.5562.

(6) The CDM based PID controller parameters in terms of
CDM controller coefficients are computed by associating
quantities of equivalent control relations of CDM controller

1
u(t) = K, <e(t) = j e()dt + 14 d(e()) /dt)

(10)

= Kpe(t) + K; J e(t)dt

+ Kyde(t)/dt

By substituting the values in equation given in step 6, CDM-
PID tuning constraints are attained as K:=1.4916,
T,=20.493min, Tp=1.0517min. The determined parameters of
ZN and CDM controller parameters are given in Table 3.

Based on the experimental model identification, the tuning
parameters are computed for ZN-PID tuning in
correspondence with the CDM-PID controller based on the Eq.
(10). From the experimental results, the PID controller
structure for enhancing the removal efficiency of the NOx
emission control process and the system model is identified
and developed using the MATLAB/SIMULINK platform.
Performances of the controllers are analyzed using controller
performance measures such as ISE, IAE, ITAE and ts. The
readings are recorded for 10,000 to 14,000 sec until a steady-
state condition is reached.

Table 3. Performance analysis of ZN and CDM-PID
controllers on the set point of 20 ppm

Performance measures ZN-PID CDM-PID
ISE 346523.65 99910.79
IAE 2019.376 415.8342
ITAE 12540.5 628.22
Ts(sec) NIL 8125




4.2 Performance analysis of ZN-PID and CDM-PID
controller

From the computed tuning rule-based controller gain values,
the experimental analysis is started with ZN-PID and CDM-
PID controllers on the simulation platform using MATLAB.

From Figure 7, reveals that the experimental curve of the
CDM-PID controller influences the set point of 20 ppm at
8125 sec. The corresponding performance trial measures are
revealed in Table 4, which ensures that the CDM-PID
controller has fewer error indices (ISE, IAE and ITAE) than
the ZN-PID controller.

Table 4. Performance evaluation analysis of ZN-PID and
CDM-PID controllers at the setpoint of outlet NOy
concentration of 50 ppm

Performance Measures ZN-PID CDM-PID
ISE 24286.72  19814.68
IAE 3871.489 896.25
ITAE 4985.027 734.223
ts (Sec) NIL 7580
350 — CDM-FID —— ZN-FID  —— Set point

Outlet MO concentration (pprm)

e000 14000

3000

i} 2000 4000 10000 12000

Time(zec)

Figure 7. Efficiency graph of NOx emission control process
using ZN and CDM-PID controllers

Also, the CDM controller settled at the set point of 20 ppm
after 8125 sec whereas in the case of the ZN-PID controller
almost 10 ppm offset is produced. These results confirm on the
CDM-PID controller delivers enhanced performance than the
ZN controller.

4.3 Robustness test of ZN-PID and CDM-PID controllers

Robustness tests are conducted at the set point of 50 ppm
and its performances are recorded as shown in Figure 8 and
Table 4.

From the results obtained from the robustness evaluation,
the CDM-PID controller records improved presentation with
the equivalent sceneries under various experimental operating
circumstances. CDM-PID controller is forced to follow the set
point at 7,580 sec as compared to the ZN-PID controller which
produces 30 ppm offset. The error indices shown in Table 5
shows lesser values for the CDM-PID controller i.e. 44.7%
reduced error in comparison with traditional benchmark-based
ZN-PID controller.
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Figure 8. Robustness test using CDM-PID and FOCDM-
PI'D" controller for the NOx removal process

Table 5. Performance measures of ZN comparing with CDM
control calibration during load rejection analysis

Performance Measures ZN-PID CDM-PID

ISE 62589.01  19868.04
IAE 4662.25 1025.82
ITAE 6298.130 985.63

4.4 Load rejection analysis on ZN concerning CDM based
controllers

The third stage of the performance analysis is the load
rejection test. These characteristics are used to analyze the
performance of the controller when the external disturbance is
added. For experimentation water is taken towards the flow of
0to 1 Iph is added as the disturbance into the mixing tank after
8000 sec under the working point of 20 ppm as exposed in
Figure 9. Due to the external disturbance, NOy concentration
increased up to 200 ppm, then by providing the controller
action, NOx outlet concentration starts decreasing until it
reaches the set point as shown in Figure 9.

L
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0 2000 4000 ADOO 2000 1000 12000 14000 16000

Time(sec)

Figure 9. Performance analysis of ZN comparing with CDM
control structures at 20 ppm operating point during load
rejection analysis

The performance measures with error indices are calculated
for the period of 0 to 18000 sec with a step size of 5 sec, given
in Table 5. From the experimental observation on the load
rejection, it ensures that the implemented CDM-PID controller
tries to follow the operating point on characterizing with the
undertaken traditional ZN-PID controller. Thus, the CDM
provides the enhanced performance, fractional Order built
CDM-PI"D* (FOCDM-PI*D¥) control strategy is imposed on
the NOy emission control process.



5. FRACTIONAL ORDER PID CONTROLLER

PID strategy based on fractional order (FOPID) is a superior
systematic design where its derivative and integral order are
undertaken in integer format rather than fractional type.
FOPID controller encompasses the fortitude of the important
two significant constraints mainly as A (fractional integral
order) and p (fractional derivative order) as evaluating with the
traditional tuning approach of designing the PID structures. A
and p are in fractions vary between 0 to 1, they upsurge the
toughness of the arrangement and bounces an optimum plant
control. The fractional-order tuning method is relying mainly
on the standard CDM modification scheme for setting the
tuning constraints K¢, K; and Kp. A and p are optimized by the
PSO tuning algorithm. Detailed basic equations for a
fractional-order controller with the CDM PID controller is
available in our previous research work.

5.1 Design steps for FOCDM—PIlDll controller

FOCDM-PI*D* Controller is premeditated by considering
CDM strategy-based controller constraints (Kp=0.3278,
K=0.0289, Kp=0.096). The transfer function for the NOx
emission control process is moving toward the fair optimum
condition by utilizing first order oriented Pade approximation
procedure,

—7.4457S + 4.56
2.665% + 24.46S + 2

GP(S) =

The fractional-order form of the controller transfer function
is specified in the structure of:

Gp($)G(S)
_ —11.065% — 23352 + 167.75 + 8.662

478.9534+50152% + 49.92

(11

By undertaking A=1, x=1 constraint, the bode plot is
formulated in the open-loop to derive the transfer function is
exposed in Figure 10. On the inferences on the bode plot, gain
crossover frequency (wy=0.796 rad/s) and calibrating
frequency band towards the width of ([wp, ®r]=[0.1e, 10

®n]=[0.0796, 9.27] rad/sec) are evaluated.

The Fractional-order integrator and differentiator values
optimized to 2=0.1208 and p=0.6929 from the convergence
graph Figure 11.

Model representation of defined transfer function in an
irrational form of FOCDM Controller is attained as:

G.(s) =1.499|1 + +0.015723%9|  (12)

24.09870-1247

Estimated quantities of value integrator in the form of
integral order (N)=5 along with the differentiator range of
(Np)=5 by involving the constraints with the term rate of y=1,
A=1.1208 and p=1.6929. The obtained Eq. 10 is reformulated
by considering only the rational term of function is exposed as:

G.(s) = 03351+ + 0.2925ﬂ] (13)

18.804s*

The Fractional order integrator and differentiator values
optimized to A=0.1208 and p=0.6929. From the various
analysis and calculation, the parameters of fractional order
CDM-PID controller is determined as follows such as
K;=1.4016; K;=0.0684; Kp=0.0223; 2=0.6929; u=0.1208.

6. RESULTS AND DISCUSSIONS

Based on the design detailed in section 5, the fractional-
order CDM-PID controller parameters are determined. FOPID
block in MATLAB/SIMULINK is used to interface real-time
experimental hardware for closed-loop analysis. Three stages
of performance analysis were to be done such as performance
analysis, load rejection test and the robustness test.

6.1 First stage-performance analysis

Performance evaluation of the developed FOCDM-PI*D*
controller is validated in the scaled-down hardware established
set up within the functional range of around 20 ppm and it is
recorded as shown in Figure 12.

Bode Diagram
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Figure 10. Bode plot Gy(s) on considering G¢(s) by fixing A=1 and p=1
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The performance and error analysis of the FOCDM-PI*D*
controller in comparison with CDM-PID is shown in Table 6.
The performance quantities are recorded for the period of t=0
to 14,000 sec. The response of the FOCDM-PI*D* controller
attains the given range of targets at t=8095 sec and sustained.
Then the response of the FOCDM-PI*D* controller becomes
stable whereas the CDM-PID controller produces little
oscillations and it settles at t=12,000 sec with more ISE values.

Table 6. Evaluation of performance quantities of CDM-PID
controllers at the set range of 20 ppm

Performance Measures CDM-PID FOCDM- PI*D*

ISE 99910.79 67421.86

IAE 415.8342 405.9685
ITAE 628.22 206.3622
ts(sec) 12000 8095

6.2 Second stage-robustness test

The second stage is the robustness test is attained from the
investigational calibration is given in Figure 13 and the
corresponding quantities of operation measures along with the
error analysis are given in Table 7 at the set range of 50 ppm.

701
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Figure 13. Performance of FOCDM in comparison with

CDM controllers around investigation at 50 ppm

As compared to the CDM-PID controller, the FOCDM-
PI*D* controller furnishes robust comeback with a lesser range
of ISE to the extent of 94.24% error minimization.

Table 7. Investigational quantities of FOCDM-PI*D* in
comparison with CDM-PID controllers of holding NOy outlet
concentration in 50 ppm

Performance Quantities CDM-PID FOCDM -PI*D*

ISE 19814.68 10420.98
IAE 896.25 698.147
ITAE 734.223 536.821
ts 8280 7595

6.3 Third stage-load rejection test

The load rejection properties of FOCDM-PI*D* in
comparison with undertaken CDM-PID controller are
validated around the set range outlet maintenance of 20ppm
NOx concentration. Step trouble is presented after 8000 sec
onto the experimentation by way of allowing the water with
the 0-1 Iph flow rate as shown in Figure 14 and it demonstrates
that both the traditional and implemented CDM-PID and
FOCDM-PI*D* controllers are established stability with the
duration of 8500 sec.

FOCDM-PID e st poOint

CDM-PID

= = =]
= o =
= = =

Cutlet MOx concentration (ppm)
@
B

o

o 2000 4000 6000 aooo o000 12000 14000

Time(sec)

Figure 14. Performance of FOCDM in comparison with
undertaken CDM controller NOy at 20 ppm outlet
concentration during load rejection analysis

After introducing the trouble, the NOy outlet concentration
is improved to 240 ppm because the water is supplementary
incorporated into the recirculation tank reduces the
concentration of the H20-. Initially, the concentration of NOx
is increased towards the maximum value of 240 ppm and then
it started to reduce gradually towards the setpoint due to
controller action.



After 12,000 sec, NOx concentration is following to the
equivalent functioning point due to the controller trigger
feedback activation. On observation, the clear inference is
FOCDM-PI"D* controller damps the annoying the input
variations and its better experimental acceleration is also
confirmed by the performance quantities as exposed in Table
8.

Table 8. Performance measures of FOCDM and CDM
controllers at 20 ppm operating point

Performance Measures CDM-PID FOCDM- PI*D*

ISE 19868.04 10502.273
IAE 1025.82 943.25
ITAE 985.63 648.829

7. CONCLUSIONS AND FUTURE SCOPE

This paper has been undertaken to develop a simple and
robust control strategy for the NOx emission control process.
The experimental set up accomplishes a packed column along
with the effective packing material combination that is
optimized through mathematical modeling. Based on the
mathematical modeling various parameters such as packed
column holding the diameter (50 mm), column around the
height (700 mm), packing height of the interfacial area (400
mm), minimum inlet liquid flow rate (3 Iph) are determined.
0.1 M concentration of H»O; is considered as an absorbent
through various experimental works that give better high
removal efficiency. Enhanced controller performance is
indispensable to normalize the absorbent H,O. flow rate to
improve NOy removal efficiency. To normalize the H,O, flow
rate, CDM-PID design incorporating fractional order
controller is intended by combining the concepts of fractional
calculus and Coefficient Diagram Method (CDM). Initially,
the classical controllers on pointing ZN-PID along with CDM-
PID controllers are considered and the performance analysis
was done. The tuning parameters of FOCDM-PI*D*controller
such as Kp, Ty, and Tp were determined based on CDM design
strategy (K.=1.4016; T,=20.4938 min; Tp=0.0517min).

The optimal ranges of A and p were calculated based on the
PSO optimization technique. The computed parameters of
FOCDM-PI*D* controller were K¢ =1.4016; Ti=20.4938 min;
Tp=0.0517 min; A=0.6929; pu=0.1208. The supplementary
tuning quantities A and p associated with the fractional order
controller is used essentially for dropping the settling time in
association with the errors. The FOCDM-PI*D* controller
tuning quantities terms A and p are calibrated with fraction
form to enhance the robustness of the emission control process
and affords the most approving control on the validating
closed-loop system. Implementation of a packed column with
a controller efficiently reduces the diesel engine exhaust
containing NOy gas. Hence this experimental setup and the
control action will also provide the necessary control action in
the industrial environment.

The recommendations for further research are pinpointed as:

e  Controller validation can be undertaken by viewing the
inlet NOx concentration as a manipulating parameter.

e  Comprehensive learning can be executed to infer the SO,
and NOx absorption rate interaction effects at the same
time by spontaneous mid and high combined adsorbent
combinations.
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NOMENCLATURE

N(s) Numerator polynomial concerned with transfer
function

D(s) Denominator polynomials concerned with
transfer function

A(s) Polynomial corresponding to the forward
denominator concerned with transfer function

F(s) Polynomial corresponding to the Reference
numerator concerned with transfer function

B(s) Polynomial corresponding to the Feedback
numerator concerned with transfer function

P(s) Closed-loop system pointing characteristic
polynomial

Purget(s)  Closed-loop system pointing target polynomial

li ki Coefficients of CDM controller polynomials

and a;

C(s) Main controller

Cx(s) Feed forward based controller

ki and Parameters associated with CDM tuning rule

ko

K¢ and Parameters associated with CDM-PI tuning

Ti rule

SO, Sulphur dioxide

H20, Hydrogen peroxide

H,SO4  Sulphuric acid

Kp Process gain

tr Rise time

ts Settling time

%Mp Peak overshoot

tuning PID control in a slider—crank mechanism system
by applying particle swarm optimization approach.
Mechatronics, 16(8): 513-522.
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