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Abstract

The impact of methanol concentration on direct methanol fuel cell (DMFC) of 45 cm? zones of activity was experimentally
studied with serpentine channel field design. The performance of the DMFC was analyzed and the optimum methanol con-
centration was determined with a polarization curve. A recently suggested Coefficient Diagram derived from PI Controller
(CD-PIC) was used to run the model-based DMFC in a closed loop with the manipulated variable as methanol concentra-
tion. The CD-PIC design is simple and efficient compared to the Bode Diagram-based controller design. It is also used to
test the performance and robustness of the system apart from the stability. A recently suggested PI Controller that relies on
a Coefficient Schematic is employed in DMFC operation. The progress of the proposed CD-PIC is evaluated under load
abandonment circumstances and set point monitoring. Set point tracking and load rejection tests are carried out with step
changes at different operating points. The controller execution is evaluated in ways of controller progress measuring (CPM)
indices. The suggested performance metrics for the proposed CD-PIC indicate that it yields better performance for servo
problems and regulatory problems which support the supremacy of CD-PIC. The robustness of the CD-PIC is also analyzed.

From the CPM indices, it is concluded that the recently created CD-PIC for DMFC is found as highly robust.

Keywords DMFC - Methanol concentration - CD-PIC - Stability - CPM indices - Robustness

Introduction

Life on Earth is now incredibly comfortable thanks to sig-
nificant technological advancements, but this comfort also
came with a burden: supplying and locating high-quality
energy. The past decade has seen an exponential increase in

P< Ramasamy Govindarasu
rgovind @svce.ac.in

>< Hun-Soo Byun
hsbyun@jnu.ac.kr

Department of Chemical Engineering, Sri Venkateswara
College of Engineering, Sriperumbudur 602117, India

Department of Chemical and Biomolecular Engineering,
Chonnam National University, Yeosu, Jeonnam 59626,
South Korea

Alagappa Chettiar Government College of Engineering
and Technology, Karaikudi 630004, India

Department of Biomaterials, Saveetha Dental College
and Hospitals, Saveetha Institute of Medical and Technical
Sciences, Chennai 600077, India

human population. These factors along with others, demand
the necessary alternatives to the energy crisis. Fuel cells
have emerged as an ideal solution to the recent severe energy
crisis. Despite the development of several fuel cell types,
researchers are still looking for the most promising fuel cell
with the highest efficiency [1]. The optimum way of trans-
forming chemical energy into electrical energy is the direct
methanol fuel cell (DMFC). In the near future, direct alcohol
fuel cells-of which DMFC is the leading type-are anticipated
to supersede traditional proton-exchange membrane (PEM)
fuel cells [2, 3]. The direct methanol fuel cell is fed with
aqueous solution of methanol, unlike PEM fuel cells that
are fed with hydrogen [4].

A liquid-type fuel cell is operated based on the hydroly-
sis of the fuel liquid into hydrogen on the anode side and
continuously reform/oxidize to produce water and carbon
dioxide on the cathode side [5]. Many attractive liquid fuels
were proposed and researched such as formic acid, etha-
nol, methanol, methoxymethanes, methyl formate, etc. The
combustion of methanol to CO, and water plays major atten-
tion due to the benefit of clean combustion to CO,. The
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main advantage of DMFC is the hydrogen oxidation on the
cathode side is significantly faster and performs better than
direct hydrogen cells [6]. However, the intermediates are
produced during methanol oxidation since the kinetics are
inherently slower. Hence, the adsorbents are recommended
for the adsorption of oxygen-containing intermediates. The
development of sufficient electrode fabrication induces a
better cell design and effective performance in small-cell
DMECs [7-9]. Higher efficiency fuel cells are not necessar-
ily implied by the fuel cells’ basic design. Enhancing fuel
cell efficiency is mostly dependent on modeling and control.

To track the development of cell effectiveness [10, 11],
a Laplace domain model of DMFC is created and is related
to the control mechanism in various fields, it is imperative
to design a reliable control system. Simple systems do not
require the use of classical control design techniques. There-
fore, the development of a reliable control system is neces-
sary. Elementary systems use classical control design meth-
odologies, but advanced systems do not. Advanced systems
have been the focus of contemporary control development,
yet controller layout and tuning are challenging. Limited
reports are published on the design of controller for the
DMEFC. A maximum power point tracking (MPPT) control
method for highly efficient direct methanol fuel cell genera-
tion systems via T-S fuzzy model is proposed by Ouyang
et al. [12]. To alleviate fuel cell degradation during long-
time operation an adaptive control strategy is developed
by Yang et al. [13]. However, polynomial-based coefficient
diagram method (CDM) is studied limited for the design
of controller [14]. Hence, the polynomial-based coefficient
diagram method is used to design controller for DMFC in
the present work. CDM is a Pole placement method and it
involves the concepts of classical and modern control tech-
niques. Here both the plant and controller are represented by
the numerator and denominator polynomials respectively,
better results can be achieved against pole-zero cancella-
tions. Considering the design specifications (settling time
and overshoot), coefficients of the controller polynomials
are found later. By utilizing the Coefficient Diagram, the
performance of the controller can be predicted before imple-
menting. The two-degree-of-freedom control system frame-
work ensures minimal or no overshoot in the step response
of the closed-loop system. Determining the settling time at
the outset and organizing subsequent layout accordingly, and
the system’s ability to withstand abrupt changes [15].

With polynomial-based CDM, the layout methodology of
DMEC is clear-cut, methodical, and practical. For time delay
processes with various characteristics that call for several
tuning techniques in traditional PI controller design, a single
design procedure is employed. The Coefficient Diagram is a
more precise and user-friendly tool when designing control-
lers [16, 17]. Chi et al. investigated the energy conversion
efficiency during optimization of operating concentration
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control for the effective operation of DMFC [18]. Govindar-
asu and Somasundaram studied the effect of cell tempera-
ture on the performance of direct methanol fuel cell [19].
Giordano et al. analyzed the effect of methanol concentra-
tion during operation of DMFC by using electrochemical
spectroscopy, however, the effect of set point monitoring
and load abandonment test is not reported [20]. The exist-
ing control strategies to control DMFC are conventional and
analytical design oriented and time consuming to design/
tuning controllers. The proposed control strategy is coef-
ficient diagram (graphical design) based which are very
simple and less time consuming for design of controller and
tuning of controller with better results to meet the controller
objectives.

Therefore, the present study aims to analyze and optimize
methanol concentration in the newly designed coefficient
diagram-based proportional integral controller in DMFC.
The methanol concentration of 1 M, 2 M, and 3 M was stud-
ied with a peak power density which is important to the port-
able application. The characterization of the model-based
controller was studied according to the set point monitoring
and load abandonment test. Furthermore, the potential per-
formance of the newly designed controller is compared with
the conventional controller.

Materials and Methods
Operations of DMFC

The Direct Methanol Fuel Cell transfers the chemical power
to electrical power directly with superior competence. A
proton interchange membrane fuel cell subtype known as
the DMFC is often supplied with an aqueous solution of
methanol. At the location of the anode, aqueous methanol
is introduced. It traverses the diffusion layer and enters the
catalytic region where it undergoes electrochemical oxida-
tion to generate protons, electrons, and carbon dioxide. The
electrons generated are withdrawn as power through an out-
ermost circuit. The protons generated during the oxidation
process migrate through the Nafion-117 membrane to reach
the cathode’s catalytic layer. There, they play a crucial role
in facilitating the reduction of oxygen to produce water on
the cathode side. Figure 1 shows the schematic illustration
of the process flow diagram of the DMFC. Figure 2 repre-
sents the experimental connection setup of the photo plate
of DMFC [21].

Real-time experimental studies are carried out in DMFC
(Fig. 3) for various methanol concentrations. The output
(voltage) was noted at galvanostatic conditions. -V Curve
data from the experiential run are recorded for different
concentrations of methanol viz. 1 M, 2 M, and 3 M with
the cell temperature 333 K, 1 c¢m’® methanol flowrate, 1 cm’
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Fig. 1 Schematic illustration of
the process flow diagram of the
DMEFC
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Fig.2 Experimental connection setup of the DMFC photo plate

air flowrate, and 1 psi air pressure. It has been noted that
the voltage at an open circuit is within the spectrum of
0.5-0.6 V.

Development of a Laplace Domain Model for DMFC

The First Order Plus Time Delay (FOPTD) model of DMFC
is developed from the mathematical modeling created using
the DMFC’s mathematical modeling expressions [10, 22].
The computation studies accompanied by the setpoint track-
ing (£ 10% and + 15%) at two distinct points of operation in

Fig.3 Real-time laboratory experimental setup of DMFC control sys-
tem

a state of stability (40% and 60% of the voltage within the
cell.) are completed, and the results are documented. Follow-
ing this feedback using the Sundaresan et al. model identifi-
cation procedure [23], prototype parameters of the FOPTD
system such as process gain, processing duration constant,
and time delay are determined. With the most undesirable
instance model identification technique, bigger process gain,
longer process time delay, and decreased process time con-
stant are regarded as the most important among these model
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parameters to develop the Laplace domain transfer function
model for DMFC [24, 25] and are represented as

0.107 o,

GO o1t .

Using Pade’s approximation technique, the delay in
the existing DMFC transfer function model is calculated
and expressed as G,;(s). When designing the CD-PI Con-
troller, the DMFC’s approximated FOPTD model [26] is
considered.

0.107 — 0.107s

G . (s) =
) = T T 105 4 1

@

Cutting-Edge Materialization of CDM Controller

Figure 4 displays the block diagram of the CDM-based con-
trol system. The numerator and denominator polynomials of
the plant’s transfer function are N(s) and D(s), respectively.
The polynomial A(s) represents the forward denominator of
the controller transfer function, whilst the polynomials F(s)
and B(s) represent the reference and feedback numerators,
correspondingly. The controller’s transfer function mimics
a two-degrees-of-freedom system structure [27, 28] since it
contains two numerators.

The steady-state output of the system is given by

_ NGF(s)  AN(s)

Y = PG) r+ ) d 3)

where P(s), which is characterized by the closed-loop sys-
tem’s distinctive polynomial.

P(s) = A(s)D(s) + B(s)N(s) + Z as' @
i=0

where A(s) and B(s) are chosen as the control polynomial
and selected just like

Fig.4 Block diagram of the polynomial-based control system
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A(s) = i I;s'and B(s) = i k;s', p>qand a;>0.

The clolseod loop reaction ép(z:ed is indicated by the equiva-
lent time constant (), while the stability and time response
pattern are shown by the values of the stability indices (y,).
T,=1/2.5, where ¢, is the custom-built settling period. y,={2.5,
2,2,...2}. Using 7., and y; a desired characteristic polynomial
(Parge(s)) 1s represented as

n i—1

Ptarget(s) =dy Z H }/IL (Teqs)i

i=2 | j=1 Vi

+7,+1 5)

Equating Eqs. 4 and 5, a diophantine equation of
A($)D(s) + B(s)N(s) = P, 4y () is acquired. From this equa-
tion, the controller specifications (K, /;}) are computed. With
these coefficients (K;, [;), the CDM controller polynomials
A(s), B(s), and closed-loop characteristic polynomial P(s) are
determined.

Proposed Coefficient Diagram Based Pl Controller

In this work, a new CD-PI controller is designed for DMFC.
The stability indices (y, y,) are selected from the user defined
stability indices as detailed in Sect. “Proposed Coefficient Dia-
gram based PI Controller”. Equivalent CDM block diagram
is obtained using the block diagram reduction rule [29, 30].
By selecting F(s) in this way, the error that may occur in the
steady-state response of the closed-loop system is reduced to
Zero.

The set-point filter element F(s) and the CD-PIC polyno-
mials are expressed as given below since the error that may
occur in the steady-state response of the closed-loop system
is reduced to zero.

F(s) = P(s)/ N(5)| o =P(0)/ N(0) = 1/ K =k, (6)

Process
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A(s) and B(s) in Fig. 5 represented to A(s) =s;
B(s) = ks + ko

The goal characteristic polynomial Py,,.(s) and the
closed loop characteristic polynomial P(s) are found. The
proposed CD-PIC system shown in Fig. 5a consists of the
primary controller C(s) and feed-forward controller Cy(s).
C(s) is selected C(s) = Kc<1 + % ) which is like trad its PI

controller. By comparing Fig. 5a with Fig. 5b, the subse-
quent correlations are discovered.

B(s) 1
® “ﬂ(” T> @

K1s+KO_K 1+ 1
s - M TiS (8)

Parameters of polynomial CD-PIC are obtained by match-
ing the terms’ coefficients to the same power (where K =k,
and T,=k,;/K,).

The parameters of C((s) are directly obtained from the PI
controller equation [31].

Fo_ ko 9
Bs) kstky T+l ©)

Cy(s) =

Selection of Stability Indices

Selection of stability indices y, and y, are of utmost impor-
tance during the design of CD-PIC with DMFC system,

Controller

since these indices ascertain the system’s robustness and
the closed loop step response’s transient character Manabe
guidelines are utilized to determine the CD-PI Controller
variables for different combinations of y,, y, values [32,
33]. CD-PI Controller parameters are calculated for different
combinations of stability indices (y;, v,). The computed CD-
PIC design parameters for different combinations of stability
indices (y,, ¥,) are derived. At OP of 40% output voltage of
DMFC, a simulation run is carried out for set point changes
of +10%. In this section, different combinations of y,, and
Y, are grouped as Group-I and Group-II. Servo response of
CD-PIC for different combinations of stability indices (v,
Y,) are studied.

Performance measures namely error indices and time
domain indices are obtained from Fig. 6a and b and are sum-
marized in Table 1.

It is evident from Fig. 6 and Table 1, that the response
made by CD-PIC for y, values namely 2, 3, and 4 are oscil-
latory, with a high percentage of overshoot and settling time.
The error indices and time domain indices values for these
responses are found to be high. But servo response with
v, =35 gives minimum oscillations, lower settling time, no
overshoot, and comparatively lower ISE, and TAE values.
It is also observed from the said figures and table that the
responses made by CD-PIC for different values of v, Viz., 2,
3, 3.5, 4, and 5 are highly oscillatory with overshoot except
that corresponding to v, =2.5. The error indices presented in
Table 1 have minimum deviation for all values of y,. How-
ever, it is noticed that the time domain indices have higher
times of rising and settling for all y, values except y,=2.5.

(b)

Controller

Process

Fig.5 Block diagram of a equivalent CDM controller b polynomial CD-PIC system
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Fig.6 Graphical representation

of Servo responses a Group-I
and b Group-II

Table 1 Summarization of the
effect of stability indices on
CD-PIC performance
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Group Y Y2 ISE IAE SS error 7, (sec) 1, (sec) OS (%)
1 2.5 2 3.089 11.49 0 31 170 20
2.5 3 3.057 10.69 0 36 130 13.33
2.5 4 3.071 10.32 0 38 84 8.89
2.5 5 3.102 10.16 0 40 88 6
1I 2 2.5 3.132 12.06 0 32 180 24.44
3 2.5 3.062 10.44 0 36 90 11.11
4 2.5 3.157 10.14 0 44 92 4.44
5 2.5 3.312 10.66 0 62 62 0
5 3 3.396 11.17 0 74 74 0
5 3.5 3.478 11.73 0 80 80 0

*ISE: Integral Square Error, IAE: Integral Absolute Error, SS error: Steady State error; t: Rise time, tg:
Settling time, OS: Percentage Peak Overshoot (%)
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The above-said analysis details the selection and influ-
ence of stability indices values y, and y, based on the
closed-loop response of DMFC. From this analysis, a
smooth, rapid response with minimum error values and
impeccable time domain values are obtained for a CD-PIC
with the value of stability indices y, =5 and y,=2.5 than
other y,, y, combinations.

Development of Coefficient Diagram Based PI
Controller

In existing CDM-PI controller design, the designer is
forced to specify the stability indices values. If the val-
ues specified does not offer the desired result, the control-
ler design process has to be repeated which is hard and
time consuming. To overcome the above difficulties, the
CD-PIC proposed here gives the designer the freedom to
choose the stability index values according to the transient
response required which is considered to be advantage.
Further, a fixed PI controller design with best stability
index value is proposed which is considered to be a major
difference.

The chosen CD-PIC polynomials are A(s)=s and
B(s)=k; s +k,. The stability indices, y, =5, y,=2.5 were
chosen for the CD-PIC strategy design. The stability indi-
ces (y;) and the equivalent time constant (t) are used to
derive the target characteristic polynomial which is given
as Prypgei(S)-

Proe(s) = 0.0034s” +0.04285° + 0.214s + 0.214  (10)

When a process is said to have small time constant,
the transient response is found to exhibit large overshoot.
By choosing the smaller time constant, the performance
of the controller in reducing the overshoot is tested and
the results show that the proposed controller reduces the
overshoot to large extent when compared to other control
strategies.

The characteristic polynomial equation above is used
to calculate the CD-PIC polynomials, k; and k,, which are
k;=13.407 and k,=1.

Calculations of CD-PIC attributes by comparing CD-PIC
polynomials with the transfer function of a traditional PI
controller.

B
G.(s) = % =KC<1 + TL> = 13.407(1+ )

an
C(s) is derived from CD-PIC parameters without any
extra calculations. It is represented in Eq. 12.

N

F) k1 _
B(s) kis+ky, Tis+1 134075+ 1

12)

The designed CD-PIC is used to develop a DMFC closed-
loop system [34, 35]. In DMFC, experiments on load dis-
turbance rejection and set point tracking are carried out.
The proposed CD-PIC is applicable only when the transfer
function model of the process to be controlled is available.
Further, the model should be of first order plus time delay.

Fig. 7 Effects of the methanol 0.8 . . . . . 60
concentration during DMFC e
performance A

50
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& J30 £
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Results and Discussion

Impact of the Methanol Concentrations on DMFC
Performance

The influence of the different methanol concentrations (1 M,
2 M, and 3 M) on the performance of DMFCs with 1 ccm
of methanol flow rate is shown in Fig. 7. The cell perfor-
mance with 1 M, 2 M, and 3 M methanol concentration
was achieved a peak power density of 40 mW/cm?, 35 mW/
cm? and 32 mW/cm?. Increases in the methanol concen-
tration increase the methanol crossover could result in the
difference the performance. The outcomes of the study
concur that the ideal methanol concentration could be 1 M

Fig.8 Servo responses of set
point monitoring at a 40% OP
and b 60% OP

(a) o
55
50
a5

40

Voltage (%)

35

30

25

20

methanol solution. Further closed-loop dynamic studies are
conducted in direct methanol fuel cell with 1 M methanol
concentration.

Characterization of Model-Based New Controller

The recently created Coefficient Diagram PI Controller was
implemented in DMFC operation through simulation in the
MATLAB platform. Outputs of CD-PIC were evaluated at
different Operating Points (OP). In all the cases, Controller
Progress Measuring Indices (CPM Indices) namely error
indices [Integrated Square Error (ISE), Integrated Absolute
Error (IAE)] and time domain indices [Rise time (z.), settling
time (#,) and percentage maximum overshoot (%0OS)] were
determined [36] in addition to time versus cell voltage plots.
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Table2 Tabulation of Step change (%) Set point tracking: 40% OP Set point tracking: 60% OP
parameters related to controller
progress measuring indices Error indices ~ Time domain indices Error indices ~ Time domain indices
ISE IAE t.(sec) t,(sec) %OS ISE IAE t.(sec) t,(sec) % OS
+10V 3.168 10.64 66 66 0 3463 11.14 56 56 0
+15V 317 1078 58 58 0 3465 1126 62 62 0
-10V 3.168 10.64 66 66 0 3463 11.14 56 56 0
- 15V 317 10.78 58 58 0 3465 11.26 62 62 0
Fig.9 Servo responses of load (‘(‘l‘) 47
rejection test at a 40% OP and e
b 60% OP 15
43 ——Increment
£ 5%
]
| e DpCrement
o
o — - 5%
= ‘
39 i
37 !
|
35
0 10 20 30 40 50 60 7J0 80 90 100
Time(Sec)
(b) s
66
‘!‘ \
64 i Decrement
— | %
£ 62 :
¥ '\
$ 60 —T— e
> l —— Increment
58 5%
56
54
0 10 20 30 40 50 &0 70 80 90 100
Time(Sec)

Set Point Monitoring and Load Abandonment Test

A closed loop run of CD-PIC with DMFC was done for set
point changes and load variations. A step change of + 10%
step size and + 15% step size at the OP of 40% cell voltage

were given in setpoint. At a different operating point, 60%
of the set point’s cell voltage was reached again. Set point
monitoring responses at both the functioning parameters are
displayed in Fig. 8a and b. The performance evaluations are
recorded in Table 2.

@ Springer
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At 40% and 60% cell voltage operating points, the
load abandonment responses of CD-PIC with DMFC are
achieved for load variations of +5%. The performance is
recorded as the load rejection responses of CD-PIC with
DMEFC are obtained for the load changes of + 5% at the oper-
ating points of 40% cell voltage and repeated at the operating
point of 60% cell voltage. The recording of the performance
is presented in Fig. 9a and b. It is found from the perfor-
mance measures that the load rejection behavior of CD-PIC
is almost same in 40% and 60% of the cell voltage at the
Operating Parameters.

From Fig. 8a and b (CD-PIC set point tracking at 40%
cell voltage and 60% cell voltage), it’s clear that the action
of CD-PIC has no overshoot and results in less settling time
and no oscillations. This statement is confirmed by the CPM
Indices given in Table 2. It is concluded from the above
results that the proposed CD-PIC is effective in tackling
the set point changes and brings the desired voltage faster
and more smoothly. It is also proved from Fig. 9a and b,
that the CD-PIC is also effective for load changes in DMFC
operation.

Comparison of CD PIC Controller Settings
with Conventional PIC Settings

A simulation run is carried out with Polynomial CD-PIC
in the DMFC system at 40% set value of voltage. Similar
studies are repeated in the same set value of voltage with
the widely used conventional tuning rules-based PI control-
ler settings Viz., Padmashree Chidambaram Tuning Rule
(PCTR) [37], Ziegler & Nichols Tuning Rule (ZNTR) [38],
Astrom and Hagglund Tuning Rule (AHTR) [39], Abdulla
Awouda-Rosbi Bin Mamat Tuning Rule (ARTR) [40]. Servo
responses of these tuning rules-based controllers along with
CD-PIC (CDTR-Coefficient Diagram Tuning Rule) servo
response are plotted in Fig. 10a. In addition, error signal
analysis and control signal analysis of all PI Controllers are
recorded and represented in Fig. 10b and c, which indicates
that the Polynomial CD-PIC lowers the error level closer
to zero rapidly [41]. Considering the results in Table 3 and
the pictures below, it can be said that the suggested Poly-
nomial CD-PIC outperforms the other conventional tuning
techniques.

@ Springer

CD-PIC: Robustness in Setpoint Changes and Load
Changes

To verify the endurance of the suggested coefficient sche-
matic-based PIC, a closed loop simulation run is performed
with step changes of + 10% and + 15% step sizes at the oper-
ating parameter of 30% cell voltage. Figure 11a displays
the generated set point monitoring feedback, while Table 4
records the CPM Indices of CD-PIC. Apart from the set
point monitoring examination, load abandonment experi-
ments are also carried out at the same operating points of
30% cell voltage, with load variations of + 10% and + 15%
(voltage) [42]. Figure 11b displays the reactions to the load
rejection. Figure 11a and b, Table 4 clearly show how reli-
able the suggested CD-based-PI controller is found to be
robust.

Conclusion

The impact of the various methanol concentrations on the
progress of DMFC was analyzed. The cell performance with
1.0 M, 2 M, and 3 M methanol concentration was achieved
with a peak power density of 40 mW/cm?, 35 mW/cm?,
and 32 mW/cm?. Increases in the methanol concentration
increase the methanol crossover could result in the differ-
ence of performance. The outcomes of the tests concur that
the ideal concentration of methanol could be 1 M methanol
solution. Further closed-loop dynamic studies are conducted
in DMFC with 1 M methanol concentration. A new CD-PIC
for DMFC operation is proposed and tested through simula-
tion. The CD-PIC is easy to design with the fixed stability
index values and the fixed PI tuning rules. Based on the
simulation results, the performances of the proposed CD-
PIC are evaluated under set point monitoring and load aban-
donment tests. Based on the analysis, it is found that CD-PIC
yields lower error values and fast settling time. To validate
the results of CD-PIC, the performances of the CD-PIC were
compared with performances of widely used tuning rules-
based PI. A robustness test of the CD-PIC is also conducted
to support its performances using set point monitoring and
load abandonment test. The analysis includes step changes
in set point and load change values + 10% and + 15% for cell
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Table 3 Evaluation of error and time indices at 40% OP during the  voltage at the OP of 30% and 70%, respectively. The results

changes of controller settings reveal that the designed CDM-PIC is found as highly robust.
Rule Error indices Time domain indices According to the findings, the polynomial CD-PIC provides
SE TAE C o) o 05 (%) outstandmg performapcs:. The proposed control scheme can
be most suitable for similar types of processes.
CDTR 3.168 10.64 66 66 0
ZNTR 0.706 2.61 4.5 28 9.6
AHTR 0.638 2.34 5 36 7.2
PCTR 2.636 10.98 112 112 0
ARTR 3.118 11.85 73 112 4
Fig. 11 Graphical representa- -
tion of a set point tracking test (‘ ) >0
at 30% OP and b load rejection
test at 30% OP 45
== Increment
40 10%
- 35 Decrement
2 10%
E‘ 3 =& Increment
© ()
25 15%
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20 15%
15
10
0 10 20 30 40 50 60 70 80 90 100
Time(Sec)
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Table 4 Records of the CPM

Indices of CD-PIC during servo Step change (%) Servo robustness: 30% OP Load robustness: 30% OP
and load robustness Error indices  Time domain indices Error indices  Time domain indices
ISE IAE t.(sec) t,(sec) OS% ISE IAE t.(sec) t,(sec) OS %
+10V 3.026 10.43 58 58 0 0.782 596 53 53 0
+15V 3.028 10.55 60 60 0 0.783 6.02 56 56 0
-10V 3.026 10.43 58 58 0 0.782 5949 53 53 0
—-15V 3.028 10.55 60 60 0 0.783 6.009 56 56 0
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