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output span. Its origin in a mechanical system is static friction
which exceeds the friction during smooth movement. The
even 1% stiction is enough to decay the performance of the
plant [2]. The input-output characteristic of an air-to-close
pneumatic control valve is shown in Figure 1. It consists of
three parts: stick band (S1 and S2), slip-jump and moving
phase. The main reason for the stiction is the potential energy
that is stored in actuators due to high static friction. Slip-jump
represents the abrupt release of potential energy [3].
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INTRODUCTION
In the process industry, the execution of control system plays
a vital role, because poor execution significantly diminishes
the benefits of the plants. Pneumatic control valve is widely
used as the final control element in process industries and
plays an important role in manipulating the flow rate inside
the plant. These pneumatic control valves induce oscillations
in the manipulated variables and deteriorate the control loop
performances. The main reason for oscillation in control valve
is “stiction”, which can be defined as “Stiction is a property of
an element such that its smooth movement in response to a
varying input is preceded by a sudden abrupt jump called the
slip-jump” [1]. Slip-jump is expressed as a percentage of the
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Abstract
Stiction in control valves induces oscillations in process
variables which consequently bring down product quality and
efficiency, quickens wear and tear, and prompts unsteadiness
in the plant. In this paper, an intelligent controller is utilized to
suppress the effect of stiction in a pneumatic control valve by
mitigates the stiction based oscillations in process variables
and controller output. It is developed by cascading a fuzzy
integral controller with a conventional proportional plus
derivative controller i.e. fuzzy I+PD controller. The controller
is designed with Matlab/Simulink environment. A
comparative study is performed between fuzzy I+PD and
conventional PID controllers for their setpoint following and
disturbance rejection at different operating points on a
laboratory scale pressure process. The experimental results
reveal that the performance of fuzzy I+PD controller is much
better, it efficiently compensates the stiction based
oscillations, and improves the closed loop performance as
compared to PID controller.
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Figure 1: Input-output characteristic of an air-to-close
pneumatic control valve [15]
Since stiction is a noteworthy reason for reducing the plant
productivity. In the last decade, researchers have focused on
this issue and provide many solutions to overcome this
problem. A nonlinear proportional integral (PI) control
algorithm was utilized to overcome the valve stiction problem
in pneumatic control valve [4]. A knocker method was
developed for reducing the stiction in the control valve by
adding short square pulses of variable width and amplitude to
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the controller output (OP). This method reduces the variability
in the process variable (PV) but at the cost of increase in valve
stem movement which enhanced wear & tear of the valve [5].
Instead of a square pulse, [6] proposed a sinusoidal wave to
compensate the stiction in the control valve. They reduce the
oscillation as compare to knocker method, but not completely
vanquish the oscillation in PV and OP at setpoint (SP)
tracking.
Srinivasan and Rengaswamy [7-8] suggested two noninvasive compensation methods: (i) a simple two-move
approach and (ii) an optimization based approach. Two-move
approach was based on a simple analysis of the stiction
nonlinearity whereas in optimization approach, cost function
was built to minimize the compensating parameter. The
compensating signal was applied to the OP to keep the valve
at the steady state position. The compensating parameter in
two-move approach, depends on steman model which makes
the limitation for SP changing and automatic tracking. They
overcome these drawbacks and handle the SP changes and
disturbances efficiently by utilizing the optimization
approach. The limitations of the method are, the cost function
is not-smooth, optimization is computationally expensive and
produced the local optimal solution only. Further, [9]
modifying the [8] approach by providing a one parameter
model for stiction quantification and compensation. The
compensating signal is a constant reinforcement, which was
applied in the control valve when the controller output is not
constant. Although the technique reduces the variability in the
process variable, but on the expense of high frequency signal
in valve stem which cause the oscillation. Furthermore, [10]
utilized the two moves approach to modify the traditional PI
controller. The technique can track the setpoint, with a small
offset and diminishing the valve travel significantly. It makes
closed loop system faster than open loop and reject the load
disturbance effectively. The high frequency signal produces
the fast motion in valve stem which further increased the wear
& tear in valve.
In continuation of this work, [11] revisited the two-move
compensation approach and proposed two novel methods on
similar approaches. They handle the setpoint changes and
disturbance to keep the error (SP-PV) near to zero by
providing the compensating signal to the valve input. At first
method, four movements were applied in open loop to move
the process variable from sticking position and keep the valve
at the desired steady state position. It is further modified in the
second method, where only two movements are required for
smoothly valves moves. The proposed strategies do not
require prior knowledge of the plant and may handle setpoint
changes by controlling the error and valve gains. In spite of
these advantages, first method depends on open loop
movements and still sensitive to disturbance, whereas the
second method required similar control valve and process
dynamics which may not be possible. Further, [12] works on a
similar perspective of [5-7]. They only change the magnitude
and duration of the compensating signal. It was a model-based
methodology, in which compensating signal was provided in
waveform. Their method required, no prior information about
the controller and the process, and ensured a good setpoint
tracking performance. However, they observed a slow non
oscillatory PV and more extensive moves of the valve. Zabiri

and Samyudia [13] proposed a model predictive control
formulation based on mixed-integer quadratic programming
(MIQP). They assumed that closed-loop performance can be
enhanced if stiction is considered in optimization. However,
the methodology requires prior knowledge of the stiction
parameters. In addition, the MIQP may not perform well in
nonlinear system. Stiction prompted oscillation was analysed
in cascade control loops by utilizing the frequency analysis
and proposes a mechanism of oscillation compensation
through two types of inner controller: PI and P-only [14]. The
tuning of cascade control loop mitigates the oscillation in
sticky valve and minimize the effect of stiction.
Recently, [15] introduced a stiction combating intelligent
controller (SCIC) based on fuzzy logic. The SCIC is a
variable gain fuzzy PI controller making use of TakagiSugeno scheme and therefore no additional compensator is
required. The experimental study revealed that SCIC
controller outperforms the traditional PI controller. Further,
they evaluate SCIC controller for ratio control on laboratory
scale plant and again SCIC controller demonstrated its
superiority over conventional PI controller for effectively
handling the pneumatic control valve with stiction [16].
Furthermore, [17] proposed a novel nonlinear PI Controller
(NPIC) for efficient control of a flow process having a sticky
control valve. The effectiveness of proposed technique was
evaluated by comparing its performance with a classical PI
controller in closed loop. NPIC demonstrated superior
performance as compared to PI controller.
It is clear from the literature survey conducted above that all
techniques display good capacity in diminishing PV-OP
oscillation. However, they have a few disadvantages with
respect to different issues. For instance, knocker approaches
tend to produce a too quick movement of the valve, while
two-move techniques most often require, a priori-process
knowledge. Moreover, an additional component is required to
compensate the stiction based oscillation. It can also be
observed that these techniques may not able to accomplish the
good setpoint tracking and disturbance rejection performance.
To overcome the above mentioned difficulties a very simple
hybrid control scheme is proposed in this paper. It is evolved
by combining a fuzzy integral controller and conventional
proportional plus derivative controller i.e. fuzzy I+PD. The
proposed controller does not require any additional
compensator, to minimize the stem movement and vanquish
the stiction based variation on PV-OP.
The paper is organized as follows: Section II describes the
problem formulation due to stiction and details of
experimental setup used in the present study. Section III
discusses the algorithm of the fuzzy I+PD controller.
Experimental results and discussions of comparative study of
fuzzy I+PD and classical PID controllers are discussed in
section IV. Finally, the conclusions are drawn in section V.

PROBLEMS
FORMULATION
AND
PLANT
DESCRIPTION
In the present section detail description of problem undertaken
and the laboratory scale plant used for experimental study is
presented.
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Problem formulation
It has been observed that in process industries flow rate is the
most common manipulated variable. Generally pneumatic
control valves are utilised to regulate the flow rate in a process
industry rather than motorized valves. It is due the fact that
process industry, i.e. particularly the chemical industry, which
deal with inflammable fluids can catch fire due to an electric
spark in motorized valves. Normally, pneumatic control
valves suffer with stiction problems which make its inputoutput behaviour highly nonlinear. Also, stiction produces
oscillations in PV and OP for changes in reference setpoint,
which can be clearly observed in a typical response of any
plant as shown in Figure 2 and corresponding limit cycles in
PV-OP mapping is shown in Figure 3. This mapping takes an
elliptical shape due to the presence of stiction, external
disturbances, or aggressive controller tuning [2]. On the basis
of PV-OP graph, the amount of stiction can be quantified.
This proves that the valve is sticky in nature and enhances
nonlinearity in the process. This will give remarkable
information for scheduling and maintenance of the valve. The
nonlinearities may reduce the life span of the control valve
and increase maintenance cost and conversely reduce the
benefits of the plant. Generally, it has been observed that an
additional compensator is utilised along with main stream
controller for such kind of processes. This additional
component will increase the overall cost of the control
solution. Also, its implementation is not easy. Therefore, a
standalone solution is always preferable by the process
engineers in the industry.
Oscillations in controller output (OP)
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Figure 2: Oscillations in process variable and
controller output
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Plant Descriptions
The snapshot of laboratory scale pressure control unit is
shown in Figure 4. Where, pneumatic control valve is used as
a final control element to maintain the flow rate of fluid inside
the plant. The plant has a 5-litre stainless steel process tank in
which pressure is maintained at preset level. Air is
compressed by an electric single stage reciprocating air
compressor of 1.5 kw and is used as fluid medium. The fluid
is circulated inside the plant through stainless steel pipes.
Valve (V-3), placed at the bottom of the process tank, is used
as inlet and valve (V-5), placed at the top of the tank, is used
to provide leakage. The flow stream in the pipes is controlled
by a pneumatic control valve. Piezo-resistive type pressure
sensor is used to convert pressure (0-2 bar) into a
corresponding voltage (0-2.5 volt). For interfacing and data
acquisition, a National InstrumentsTM NI-6008 USB type
DAQ card was used. Data collection was done at a sample
rate of 100 sample/s. Table 1 gives a brief description of the
equipment used in this study. Control algorithm was
developed in Matlab/Simulink environment and fourth-order
Runge-Kutta ODE solver was used. Figure 5 shows the
schematic diagram for a closed loop pressure control system.
In the present works, a pneumatic control valve with an equal
percentage characteristic was utilized to regulate the flow rate
of fluid inside the plant. Figure 6 shows the dead band and
hysteresis error during forward (valve closing) and inverse
(valve opening) movement of the pneumatic control valve
stem. The stiction was measured by input and output
characteristic of valve, Figure 7 shows the stiction band
between points A-B (S1=30%) and C-D (S2=50%), when the
valve is fully closed and open respectively.
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Figure 4: Snapshot of the experimental setup
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Figure 3: Mapping between process variable and
controller output
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Figure 5: Block diagram of the closed loop pressure
control system
Table 1: Details of equipment used in the plant

% of Stem lift (mm)
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S.
No
.
1
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Valve opening

Dead
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60.0
Backward

40.0
20.0
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Dead
band

Hysteresis error

Equipment
Name

Specification

Quant
ity

PiezoResistive
pressure
sensor
Pneumatic
control valve

Converts 0-2 bar to 0 to
2.5 volt

1

Equal percentage
characteristics,
action : Air-to-close,
½ inch port size
Converts 0-2.5 volt to
4-20 mA

1

Converts 4-20 mA to 315 psi

1

Working Pressure 40 to
100 psi, Nominal
Power 1.5 kW/ 2 HP,
1440 RPM, Voltage
190/240, Horizontal
tank Cast iron cylinder
and crankshaft
National InstrumentsTM
USB-6008 DAQ card
8 analog inputs at 12
bits Maximum
sampling rate: 48 kS/s ,
2 static analog outputs
(12-bit) , 2 digital I/O;
32-bit counter , Range:
-10 v to 10 v

1

Intel CoreTM
i7processor
2.5 GHz, 4GB RAM
Equipped with
MATLAB/Simulink®
version 2011b software

1
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Figure 6: Dead band and Hysteresis error in
control valve

4

5.

Pressure (%)

100

Valve input
Pressure

S1: 30 %

A

Voltage to
Current (V/I)
converter
Current to
pressure (I/P)
converter
Single stage
reciprocating
air compressor

80
B

60

D

40
20
C

0
0

6.

Data
acquisition
card

7.

Personal
computer

S2: 50 %

10 20 30 40 50 60 70 80 90 100
Time (s)
Figure 7: Stiction band in the control valve
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Design of Fuzzy I+PD Controller
The aim of this study is to design an intelligent controller,
which minimize the variability in PV-OP and detract the
stiction effect without an additional component. For this
purpose, a hybrid intelligent controller based on fuzzy logic
and conventional PD control technique was proposed.
Generally, stiction induces oscillations in PV and OP. These
oscillations can be curbed by changing the rate of change of
OP. The integral controller plays a vital role in controlling the
rate of change of OP which mitigates the oscillation by
varying the gain in operating region. Therefore, integral
controller is fuzzified using a fuzzy logic algorithm on the
basis of error and rate of change of error [18]. The fuzzy I
controller enhances the OP when the valve is stuck and PV is
not equal to SP. This causes the OP to change at a larger rate
and move out the valve from the stiction region. The fuzzy I
controller gain is reduced when an error is near to zero.
Increasing or decreasing the fuzzy I controller gain allows
smooth movement of the valve stem and reduced the
oscillation in PV-OP.

Fuzzy I controller
The output of the conventional continuous time I controller is
𝑢𝐼 (𝑡) = 𝐾𝐼 ∫ 𝑒(𝑡)𝑑𝑡

(1)

Where, 𝐾𝐼 is the integral gain; 𝑢𝐼 (𝑡) is the output of the
integral controller, and 𝑒(𝑡) is the error signal. In frequency
domain, the above equation becomes:
1

𝑢𝐼 (𝑠) = 𝐾𝐼

𝑠

𝑒(𝑠)

(2)

The bilinear transformation "𝑠 = (2⁄𝑇 )(𝑧 − 1)⁄(𝑧 + 1)”, is
used to transform the above equation into the discrete form
[17]. Sampling period is defined as T. The discrete form of I
controller is:
𝑢𝐼 (𝑧) = (−

𝐾𝐼 𝑇

+

2

𝐾𝐼 𝑇
1−𝑧 −1

)𝑒(𝑧)

(3)

Letting 𝐾1 = 𝐾𝐼 𝑇 and 𝐾𝑖 2 = 𝐾𝐼 𝑇/2 and then taking the
inverse z-transform of the above equation. One gets
𝑢𝐼 (𝑛𝑇) − 𝑢𝐼 (𝑛𝑇 − 𝑇) = 𝐾1 𝑒(𝑛𝑇) − 𝐾𝑖 2 (𝑒(𝑛𝑇) −
𝑒(𝑛𝑇 − 𝑇))

(4)

Divide the equation (4) by T,
𝑢𝐼 (𝑛𝑇)−𝑢𝐼 (𝑛𝑇−𝑇)
𝑇

=

𝐾1 𝑒(𝑛𝑇)
𝑇

−

𝐾𝑖 2 (𝑒(𝑛𝑇)−𝑒(𝑛𝑇−𝑇))

∆𝑢𝐼 (𝑛𝑇) = 𝐾𝑖 1 𝑒(𝑛𝑇) − 𝐾𝑖 2 𝑟(𝑛𝑇)
∆𝑢𝐼 (𝑛𝑇) =
𝑟(𝑛𝑇) =

𝑢𝐼 (𝑛𝑇)−𝑢𝐼 (𝑛𝑇−𝑇)
𝑇

𝑒(𝑛𝑇)−𝑒(𝑛𝑇−𝑇)
𝑇

𝑇

(5)
(6)
(7)
(8)

where, ∆𝑢𝐼 (𝑛𝑇) is the incremental control output of the

integral controller, 𝑒(𝑛𝑇) is error signal, 𝐾𝑖 1 = 𝐾𝐼 ⁄ 𝑇 is a
constant and 𝑟(𝑛𝑇) is the rate of change of the error signal.
Fuzzy I controller is designed based upon the “(6),”. Input to
the fuzzy I controller are 𝐾𝑖 1 𝑒(𝑛𝑇) and −𝐾𝑖 2 𝑟(𝑛𝑇) and
∆𝑢𝐼 (𝑛𝑇) is the incremental controller output. Rewriting the
“(7),” as,
𝑢𝐼 (𝑛𝑇) = 𝑢𝐼 (𝑛𝑇 − 𝑇) + 𝑇∆𝑢𝐼 (𝑛𝑇)
(9)
The term 𝑇∆𝑢𝐼 (𝑛𝑇) is replaced by the fuzzy control
action 𝐾𝑈𝐼 ∆𝑢𝐼 (𝑛𝑇). So the equation becomes:
𝑢𝐼 (𝑛𝑇) = 𝑢𝐼 (𝑛𝑇 − 𝑇) + 𝐾𝑢𝑖 ∆𝑢𝐼 (𝑛𝑇)

(10)

where, 𝐾𝑢𝑖 is the fuzzy I controller gain that increases the
degree of freedom.
Fuzzy I+PD controller
The fuzzy I+PD controller is formed by connecting a fuzzy I
controller and a conventional PD controller in parallel as
shown in Figure 8. The output of the fuzzy I+PD controller is
defined as
𝑢𝐼+𝑃𝐷 (𝑛𝑇) = [𝑢𝐼 (𝑛𝑇 − 𝑇) + 𝐾𝑢𝑖 ∆𝑢𝐼 (𝑛𝑇)] + 𝑢𝑃𝐷 (𝑛𝑇)

(11)

Where 𝑢𝑃𝐷 (𝑛𝑇) is the output of the conventional PD
controller, which is defined as
𝑢𝑃𝐷 (𝑛𝑇) = 𝐾𝑝 𝑒(𝑛𝑇) + 𝐾𝑑 𝑟(𝑛𝑇)

(12)

Where 𝐾𝑝 and 𝐾𝑑 are proportional and derivative controller
gains, respectively.

Structure of fuzzy I+PD controller
The structure of the fuzzy I+PD controller is shown in Figure
8. It consists of fuzzy I and conventional PD controller.
Inputs to the fuzzy I controllers are error ‘e’ and rate of
change of error ‘r’ in the range of -1 to 1, and 𝐾𝑖 1 , 𝐾𝑖 2 and 𝐾𝑢𝑖
are scaling factors of fuzzy I controller. It utilizes the fuzzy
logic inclusive with control engineer’s knowledge into the
controller in rule base [19]. Gaussian membership function
(MFs) is utilized in considering input variables and five MFs
for each variable are assigned as: Negative Big (NB),
Negative small (NS), Zero (ZE), Positive Small (PS) and
Positive Big (PB) as shown in Figure 9. For incremental
controller output ‘∆𝑢𝐼 ’ of fuzzy I controller again Gaussian
MFs is considered and its range is from 0 to 1 as shown in
Figure 10. The linguistic levels of fuzzy I controller output are
relegated as: Zero (ZE), Negative Small (NS), Small (S),
Positive Small (PS) and Positive Big (PB). Twenty five ifthen rules are set on the basis of expert knowledge as shown
in Table 2. The rows represent the various linguistic values for
error and columns indicate the values for the rate of change of
error. The fuzzy control rules are set to minimize the
oscillation in control valve and maintain the pressure in the
plant at the preset level. Mamdani Min-Max inference method
is utilized to analyse the output from each rule and centroid
method is used for defuzzification. The graphical
relationshipbetween fuzzy I+PD controller output (∆𝑢𝐼 ) and
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two inputs (e, r) variables are shown through the surface in
Figure 11.

r(t)
de/dt

-

𝐾𝑖1

𝑢I 𝑢I+PD
∫

K

Fuzzy
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𝐾𝑢𝑖

-1

K

ysp

∆𝑢I

𝐾𝑖 2

+

yop

Plant

𝑢PD

PD
Pressure
sensor

Figure 11: Control surface of the fuzzy I+PD controller

Figure 8: Structure of fuzzy I+PD controller

Figure 9: Input MF’s for error and rate of change of error

Figure 10: Output MF’s for fuzzy I controller

EXPERIMENTAL RESULT AND DISCUSSION
To prove the viability of the fuzzy I+PD controller for
setpoint tracking, disturbance rejection and robustness testing
real time experiments were performed on a laboratory scale
pressure control unit. This segment insight about the
performance testing of fuzzy I+PD controller at tuned and
other operating points. To check the controller capability for
setpoint following without limit cycles and disturbance
rejection, three distinctive operating points are chosen, i.e.
20%, 40% and 60% of maximum pressure. Both the
controllers, i.e. fuzzy I+PD and classical PID controllers were
tuned at 40% and their parameters does not change throughout
the study. For robustness testing of tune controllers, two other
operating points, i.e. 20%, and 60% were considered and
controllers were tested for setpoint tracking and disturbance
rejection. The controller was designed with Matlab/Simulink
environment. A National InstrumentsTM NI-6008 USB type
DAQ card was used to interface the real plant with computer.
For all the experiments the sampling rate was kept 100
samples per second. The parameters for PID and fuzzy I+PD
controllers were tuned by Ziegler-Nicholas (ZN) closed loop
tuning method. The performance of controllers in a closed
loop control system is measured in terms of integral of time
weighted absolute error method (ITAE). In the subsequent
sections, the tuning of controllers and there setpoint tracking,
disturbance rejection and robustness performances are
presented.

Table 2: Details of equipment used in the plant
Rate of change
of error
Error
NB
NS
ZE
PS
PB
NB

NB

NS

ZE

PS

PB

PB
PB
S
PS
ZE
NB

PB
PS
S
NS
ZE
NS

S
PS
ZE
PB
NS
ZE

ZE
S
PB
PS
PB
PS

ZE
ZE
PS
PS
PB
PB

Tunning of controllers at setpoint = 40%
In the present work, the ZN method was utilized to tune the
linear PID controller. The values for Proportional (𝐾𝑝 ),
Integral (𝐾𝑖 ) and Derivative (𝐾𝑑 ) gains for linear PID
controller through ZN tuning method were, 𝐾𝑝 = 2.4, 𝐾𝑖
=1.253, and 𝐾𝑑 = 1.149, respectively. The PID controller was
tuned at 40% of the maximum pressure, i.e. at one bar.
Further, for simplicity, values of 𝐾𝑝 and 𝐾𝑑 for conventional
PD controller component in the fuzzy I+PD controller were
kept the same as that of linear PID and the values of scaling
factors of fuzzy I controller i.e. 𝐾𝑖 1 , 𝐾𝑖 2 and 𝐾𝑢𝑖 were tuned
manually for the same operating point. The value of 𝐾𝑖 1 , 𝐾𝑖 2
and 𝐾𝑢𝑖 were taken as 0.8,1.8 and 0.6, respectively. Figures 12
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Figure 12: Variation in process variable at setpoint = 40%
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Setpoint following at other operating points
To further evaluate the performance of conventional PID and
fuzzy I+PD controllers, two other operating points, i.e. 20%
and 60% of maximum pressure were considered. Figure 15
shows the setpoint following response of process variable at
the operating point, i.e. SP = 20% and corresponding
variations in control action and PV-OP mapping is shown in
Figures 16 and 17. It can be clearly seen that fuzzy I+PD
controller completely mitigated the stiction based oscillation
on PV-OP loop, whereas PID controller unable to handle the
oscillatory motion at this operating point. The ITAE for PID
and fuzzy I+PD controllers at SP = 20%, are 878.30 and 92.61
respectively. Further, for other operating point, i.e. SP = 60%,
the reference setpoint tracking, variation in control signal and
PV-OP mapping of PID and fuzzy I+PD controller in closed
loop is shown in Figures. 18-20. Again, as expected fuzzy
I+PD controller demonstrate excellent performance by
efficiently suppressing the stiction based oscillations in PVOP, while the conventional PID controller completely fail and
shows significant oscillations in PV and OP. The ITAE for
PID and fuzzy I+PD controllers are 1095.7 and 213.79,
respectively.
It can be clearly revealed from this experimental study that
fuzzy I+PD controller shows excellent performance for all the
considered operating points for reference setpoint tracking and
demonstrated very robust behaviour in contrast to the
conventional PID controller by mitigating the stiction based
oscillations from PV and OP. The comparison of ITAE values
for all the operating points for setpoint following is pictorially
shown through a bar chart in Figure 21 which obviously
depicted the supremacy of fuzzy I+PD controller over the
conventional PID controller.

80

Process variable (%)

Process variable ( %)

and 13 depicted the variation in PV and OP for SP at 40%.
The ITAE for PID and fuzzy I+PD controllers are 889.07 and
137.10, respectively. The ITAE was calculated for a period of
150s, i.e. from 50s to 200s. It can be clearly seen that the PID
controller shows the variation in PV-OP at SP whereas the
fuzzy I+PD controller completely vanquishes the variation
and follows the setpoint smoothly. This improvement in
setpoint following is due to fuzzy I control algorithm. The
integral action plays a vital role in diminishing the error and
rate of change of error at equilibrium. The PV-OP mapping is
shown in Figure 14. The PV-OP plot of PID controller shows
an elliptical loop (due to stiction), whereas the fuzzy I+PD
controller conquers stiction without an elliptical loop. Data in
Figure 14 were collected after the transient response and a
total of 5000 samples were used to show the elliptical loop.
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Figure 15: Variation in process variable at setpoint = 20%

Limit cycles for
PID controller

37
75

80
85
90
Controller output (%)

95
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Figure 16: Variation in controller output at setpoint = 20%
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Figure 18: Variation in process variable at setpoint = 60%
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Disturbance Rejection
Furthermore, the adequacy of the controllers was also tested
for disturbance rejection to diminish the undesirable impacts
of disturbances on the controlled variable. To carry out this
study, a simulated disturbance was injected into control loop
and was added in plant output. The disturbance was given in
the form of step input having a magnitude of 0.25 volts at,
time, t = 250s. Figures 22 and 23 shows the disturbance
rejection response of the PV and corresponding variations in
control action, i.e. OP for SP at 40%. The related PV-OP
mapping is shown in Figure 24. It can be clearly noted that the
PID controller showed significant oscillations in PV and OP
after injecting the disturbance in the closed loop; however
fuzzy I+PD controller stifled the aggravation and expelled the
stiction based oscillations from PV and OP. The ITAE
obtained for PID and fuzzy I+PD controllers are 2155.5 and
691.85, respectively. For the disturbance rejection
experiments, the ITAE computation was accomplished in a
period of 100s, i.e. from 250s to 350s. Therefore, it can be
established from this experimental study that fuzzy I+PD
controller outperformed conventional PID controller and
demonstrated much better disturbance rejection performance.
The same trend was also observed for disturbance rejection
performances for the other two operating points, i.e. 20% and
60%. Further for comparative study, the ITAE for disturbance
rejection at three distinct setpoints i.e. 20%, 40% and 60% of
maximum pressure are graphically depicted in Figure 25.
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Figure 20: PV vs. OP at setpoint = 60%
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does not include an additional element to deal with the stiction
based oscillation in OP and thereby it decreases the
complexity and provide a cost effective solution. Also, in
contrast to other compensation techniques, it does not depend
upon the numerical value of ‘S’ and hence it prove to be more
robust in nature. Further, performance of fuzzy I+PD
controller is compared with conventional PID controller for
reference setpoint tracking and disturbance rejection on a
laboratory scale pressure control plant for three different
operating points i.e. 20%, 40% and 60% of maximum
pressure value. Both the controllers were tuned on 40%
operating point and the same tuned parameters were used for
the two other operating points. Experimental study clearly
revealed that the fuzzy I+PD controller demonstrated much
superior performance in comparison with the classical PID
controller by efficiently suppressing the stiction based
oscillations in PV and OP for all the considered operating
points. On the other hand, the conventional PID controller was
not able to handle the intrinsic uncertainty in the closed loop.
Additionally, the proposed fuzzy I+PD controller does not
require earlier information about the system and can be realize
directly. This can lead to lower maintenance costs and
enhance plant’s profitability.
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Figure 25: Comparison of ITAE for disturbance
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CONCLUSION
The stiction is one of the major reasons for nonlinearity in
pneumatic control valves. It affects controller performance
and produces oscillations in process variable (PV) and
controller output (OP). The oscillations in PV-OP reduce the
life of control valves and affect the quality of the end products
resulting in diminished plant profitability. In this paper, a
fuzzy I+PD controller is proposed. It is realized by combining
the fuzzy I and conventional PD controllers in parallel form. It
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