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A Review on Classical and Fuzzy PID Controllers

Vineet KUMAR, B. C. NAKRA and A. P. MITTAL

Abstract- The industrial evidence shows that a classical PID
controller is the most popular controller due to its simplicity of
operation and low cost. It has been realized that classical PID
controllers are effective for linear systems but not suitable for
nonlinear and complex systems. Scientists and researchers use fuzzy
logic to enhance them due to its ability to translate the operator’s
control action into the rule base. This paper presents a survey of
classical and fuzzy PID controllers. Here, an attempt is made to
present the history of the development of classical PID controllers
and their enhancement using fuzzy logic theory.

Index Terms— Classical PID, Fuzzy PID Controller, Formula-based
fuzzy PID controllers

1. INTRODUCTION

The conventional theory is well suited for applications
where the process can be reasonably described in advance.
However when plant dynamics is hard to characterize
precisely or is subject to environmental uncertainties, one
may encounter difficulties in using the conventional
controller design methodologies.  For achieving high
degree of performance, the fine tuning of controller
parameters is a tedious task. Therefore, in recent years,
the control of systems with complexities, uncertain
dynamics and nonlinearities, has become a topic of
considerable importance in the literature and several
advanced strategies have been developed [21, 27, 51].

Intelligent process control systems with high degree of
autonomy should perform well under significant
uncertainties in the systems and environment for extended
period of time and they must be able to compensate for
certain system failures without external intervention. Such
control systems evolve from conventional control systems
by adding intelligent techniques and their development
requires interdisciplinary research [107, 108, 132].
Recently, excitement over the field of intelligent process
control has risen due to progress in the areas of fuzzy
control, neural networks, genetic algorithms, and expert
systems to name a few [24, 87, 88, 105, 109, 153]. Chiu
has highlighted the aspects of development of commercial
applications of intelligent control in [152].

Fuzzy control, occupying the boundary line between
artificial intelligence and control engineering, can be
considered as an obvious solution, which is confirmed by
engineering practice [72, 123]. According to the survey of
the Japanese control technology industry conducted by the
Japanese Society of Instrument and Control Engineering
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[56], fuzzy and neural control constitutes one of the fastest-
growing areas of control technology development, and has
even better prospects for the future. Also, fuzzy logic
control has been suggested as an alternative approach for
complex systems with uncertain dynamics and those with
nonlinearities. Some progress has been made in both the
theoretical aspects and the implementation of the same for
application to industrial control systems [26, 64, 106, 128].
Actually, Fuzzy logic techniques represent application of
human knowledge and expertise for dealing effectively
with complex and nonlinear systems. Basically, it provides
an effective means of capturing the approximate and
inexact nature of the real world. Therefore, the essential
part of a fuzzy logic controller (FLC) is a set of linguistic
control strategies based on expert knowledge into an
automatic control strategy. FLC is considered as a good
methodology because it yields results superior to those
obtained by conventional control algorithms [41, 44, 69,
79, 86, 90, 145, 159].

Actually, fuzzy logic was first proposed by L. A. Zadeh
in 1965 [118] and it is based on the concept of fuzzy sets.
He gives more general ideas regarding the fuzzy logic in
[35, 112, 116, 117, 119 — 121]. Further, he introduces the
concept of “linguistic variables”, which in his article
equates to a variable defined as a fuzzy set [113-115].
Control engineering belongs to the most famous
application areas of fuzzy settheory and has attracted
most attention of researchers and scientists. In 1975, the
first successful application of fuzzy logic to the control of a
laboratory-scale process was reported by Mamdani and
Assilian in [31, 33, 36]. They suggested advances in
linguistic synthesis of a fuzzy controller in [32, 34].
Further, they published the analysis of a fuzzy controller in
[169]. Also, Kingt and Mamdani suggested the application
of fuzzy logic control systems to industrial processes [133].
The first industrial application of fuzzy logic was in the
area of fuzzy controllers. It was done by two Danish civil
engineers, Holmblad and @stergaard, who around 1980 at
the company F.L. Schmidt developed a fuzzy controller for
cement Kilns. Their results were published in 1982 [122].
In 1990, Lee published two papers for the use of fuzzy
logic in control systems. He has given a survey about the
role of fuzzy logic in control systems. Also, he discussed
the fuzzy logic controller and its applications from
laboratory level to industrial process control [22, 23].
Fuzzy control is being applied to various systems in the
process industry [154, 160], consumer electronics [91, 136],
automatic train operation in Japan [158], traffic systems in
general [54], and in many other fields [91, 161]. An
excellent review of the Fuzzy Controller design, as well as
its relationship with classical control, is given in [53].
Another very good survey on analysis and design of model
based fuzzy control systems is given in [46].
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2. CLASSICAL ANDFUZZY PID
CONTROLLERS

Classical proportional plus integral plus derivative (PID)
controllers are still the most widely adopted method in
industry for various control applications, due to their
simple structure, ease of design, and low cost in
implementation. Different sources estimate the share taken
by PID controllers at between 90 and 99% [43, 84, 89, 93 —
95, 100, 123, 124, 129, 157]. However, conventional PID
controllers are generally insufficient to control processes
with additional complexities such as time delays,
significant oscillatory behavior (complex poles with small
damping), parameter variations, nonlinearities, and Multi
Input and Multi Output (MIMO) plants [87, 105]. Also,
there are some practical implication with the conventional
structure of a PID controller, such as, proportional kick and
derivative kick, i.e., a sudden change in the PID controller
output resulting from proportional and derivative action
applied to error signal after a change in setpoint value. In
practice, this control signal could be driving an actuator
device like a motor or a valve, and the kick would create
serious problems for electronic circuitry used in the device.
Due to these industrial process problems, the classical PID
controller structure is modified to integral minus
proportional minus derivative (I-P-D) controller form [8,
11, 48, 71, 85, 99, 100, 125, 147, 156, 173]. The wide
application of PID control has stimulated and sustained
research and development to “get the best out of PID’’ [70],
and “the search is on to find the next key technology or
methodology for PID tuning” [134]. Therefore, one of the
research directions in advancing the existing PID
controllers is to combine fuzzy logic control technology
with the conventional PID controller to obtain behaviour
better than that of a regular PID controller.

2.1 Brief Review of Classical PID Controllers

In the 18" century, the most significant control
development was the steam engine governor. In 1788,
James Watt introduced a flyball governor into his steam
engine. It was the first mechanical feedback device with
only proportional control capabilities. The flyball
governor, acting as a proportional controller, controlled the
speed by releasing more steam to the engine when the
speed dropped lower than a set point, and vice versa [74,
131, 146, 147, 151, 162].

One of the first examples of PID-type controls that were
developed was by Sperry. In 1911, this type of systems
was used for automatic ship steering. Note that Sperry did
much work involving gyroscopic compasses as well.
Sperry's device compensated for disturbances in the water
as sea conditions changed. Although Sperry used a type of
PID control in 1911, the control law that we commonly
associate with the modern PID loop comes from Minorsky.
In 1922, he observed a helmsman controlling a ship and
came up with the proportional, integral, and derivative type
of control we know of today. Proportional is the control
required to steer the ship based on actual ship direction

compared to the desired course setpoint. Integral is the
amount of reset required to correct an amount of error. For
example, if the ship is off course by a small amount, and
correcting it to the left brings it back on bearing, then
turning the wheel all the way to the left is inappropriate.
Only a slight adjustment to the left is required. Derivative
is the attempt to see how far a process variable (ship course)
has been from the set point in the past, and anticipating
where the course correction will need to be in the future. In
1922, Minorsky in his paper on the “Directional stability of
automatically steered bodies” analyzed and discussed the
properties of the three-term controller [130, 146, 148].

In 1933, the Taylor Instrument Company introduced
Model 56R Fulscope controller, the first pneumatic with a
fully tunable proportional controller feature. However, a
proportional controller is not sufficient to control a process
variable thoroughly, as it amplifies error by multiplying it
by some proportional constant (K.). The error generated is
eventually small, but not zero. In other words, it generates
a permanent error or offset or steady state error each time
the controller responds to the load [146, 147, 149, 150, 162,
1631].

In the mid 1930s, control engineers found out that
steady state error/offset could be eliminated by resetting
the setpoint to some artificial higher or lower value, as
long as the error was nonzero. This resetting operation
integrates the error, and the result is added to the
proportional term; today this is known as Proportional-
Integral (PI) controller. In 1934-1935, Foxboro introduced
the first PI controller. Unfortunately, integral action does
not guarantee perfect feedback control. A PI controller can
cause closed-loop instability if the integral action is too
aggressive. The controller may over-correct for an error
and create a new one of even greater magnitude in the
opposite direction. When that happens, the controller
eventually starts driving its output back and forth between
fully on and fully off, a phenomenon known as hunting
[146, 147, 149, 150, 162].

In 1935, Taylor Instrument Companies introduced a
completely redesigned version of its “Fulscope” pneumatic
controller: this new instrument provided, in addition to
proportional and reset control actions, an action which the
Taylor Instrument Companies called “pre-act”. In the same
year the Foxboro Instrument Company added “Hyper-
reset’” to the proportional and reset control actions
provided by their “Stabilog” pneumatic controller. Pre-act
and Hyper-reset actions each provided a control action
proportional to the derivative of the error signal. Reset
(also referred to as “floating”) provides a control action
proportional to the integral of the error signal and hence
both controllers offered PID control [146, 147, 149, 150,
162]. Compared to a two-term PI controller, a full PID
controller can even appear to anticipate the level of effort
that is ultimately required to maintain the process variable
at a new setpoint. On the other hand, dramatic swings in
the control effort can be troublesome in applications that
require slow and steady changes in the controller's output
[149, 150, 162].
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Fig. 1 The classical PID control system

The block diagram of classical PID control system is
shown in Fig. 1.The output of the classical continuous-time
PID controller, as shown in Fig. 1, is given by

oo () = Kee(0) + & [e()dt +K 7o oo (1)
T, dt

where e(t) is the error, K¢ is the proportional constant, z; is
the integral time constant , zp is the derivative time
constant and upp(t) is the output of the classical PID
controller.

Derivative action also tends to add a dramatic spike or
"kick" to the controller's output in the case of an abrupt
change in the error due to a new setpoint [11, 37, 71, 85,
100, 125, 175]. This forces the controller to start taking
corrective action immediately without waiting for the
integral or proportional action to take effect. For such
cases it is advantageous to forego derivative action
altogether or calculate the derivative from the negative of
the process variable rather than directly from the error. If
the setpoint is constant, the two calculations will be
identical. If the setpoint only changes in a stepwise
manner, the two still remain identical except at the instant
when each step change is initiated. The negative derivative
of the process variable lacks the spike present in the
derivative of the error. Most modern controllers offer this
option for applications that cannot withstand “kicking”.
With an extra derivative action, problems such as
overshoot and hunting are reduced. However, issues like
finding the appropriate parameter of PID controllers were
yet to be solved [149, 150, 162].

Taylor engineers Ziegler and Nichols solved the
problem by developing the well-known *Ziegler-Nichols"
method of tuning, still in use today. The outcome of their
work was two papers published by them in 1942 and 1943
[75, 76]. In these papers Ziegler and Nichols showed how
optimal controller parameters could be chosen based first
on open-loop tests on the plant; and second on closed-loop
tests on the plant [147]. Further, Cohen and Coon [47, 147]
of the Taylor Instrument Companies during the 1950s,
proposed alternative choices of parameters accepted for
certain types of plants.
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Fig. 2 The classical | — P — D control system

Their modified structure of classical PID controller, i.e.,
| — P — D controller is shown in Fig. 2. The output of the
classical 1 — P — D controller, as shown in Fig. 2, is given

by

K d
U _pp(t)= _Cje(t)dt - Key(t) Kezp Y (2)
7, dt
where y(t) is the process variable and u,.p.p(t) is the output
of the I — P — D controller.

By the mid 1950’s, automatic controllers were firmly
established and adopted in various industries. A report
from the Department of Scientific and Industrial Research
of United Kingdom states, “Modern controlling units may
be operated mechanically, hydraulically, pneumatically or
electrically. The pneumatic type is technically the most
advanced and many reliable designs are available. It is
thought that more than 90 percent of the existing units are
pneumatic” [30]. The report indicated the need to
implement controllers in electrical and electronic form
[149, 150].

Young, in 1954, described six electronic PID controllers,
based on vacuum tube technology, developed by various
manufacturers around the world [4, 149, 150]. In 1957,
Williams [50] of George Kent commented that electronic
instruments were capable of performing all the functions
previously only available with pneumatic instruments and
that these included, in addition to PID, the ability to carry
out various mathematical operations [103, 149, 150]. He
also noted that the instrument manufacturers started to
realize the possibility of implementing the controllers
using transistors [149, 150]. In 1959, the first solid-state
electronic controller was introduced by Bailey Meter Co.
The advantage of using electronic instruments to
implement PID controllers was explored more deeply years
later. They are not only capable of including the functions
available in pneumatic instruments, but even more
complicated mathematical operations can be carried out as
well [50, 149, 150]. Electronic PID controllers have
become more common and more acceptable since then
[149, 150, 162].

During the 1960s, the digital computer became involved
in industrial process control. The catalytic polymerisation
unit plant at Texaco’s Port Arthur (Texas) was the first
plant, where closed loop control was implemented by a
digital computer on March 15, 1959. By 1960, many
control instrument companies responded to this new
technology and offered computer-based systems. “Analog
controllers should gradually evolve into digital devices,
providing accuracy at low cost. These controllers will be
relatively simple to combine into multipoint configurations,
which can be applied to optimize unit processes on a local
basis.” [7]. More discoveries concerning digitizing PID
controllers were made, and arguments for implementing
controllers on microprocessors were brought up as
microprocessors could handle calculations directly in
engineering units [28, 82, 149, 150, 162]. Further, various
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structure of PID algorithms and tuning methods are
discussed in detail in [5, 6, 83].

Around 1990, it was realized that conventional PID
controllers were effective for simple linear systems, but
generally not suitable for nonlinear systems, higher order,
time-delayed systems, complex and vague systems that had
no precise mathematical models. For these reasons, various
types of modified conventional PID controllers such as
auto-tuning and adaptive PID controllers are proposed [92,
103, 155]. Also, during this period it was suggested that if
the process was too complex to achieve a good physical
description, conventional methods were not able to
guarantee the final control aims, and the controller
synthesis had to be based mainly on intuitions and heuristic
knowledge. So, expert control strategies are favored since
they are based on the process operator's experience and do
not need accurate models [97, 98, 101, 102, 104, 127, 142].

One of the most successful expert system techniques
applied to a wide range of control applications has been the
Fuzzy Set Theory, which has made possible the
establishment of "intelligent control”. Its attraction, from
the Process Control Theory point of view, comes because
the fuzzy approach provides a good support for translating
the heuristic skilled operator's knowledge about the process
and control procedures expressed in imprecise linguistic
sentences into numerical algorithms [51, 87, 96, 97, 101,
102, 105, 106, 108, 127, 141].

2.2 Brief Review of Fuzzy PID Controllers

In the 1990s, scientists and researchers were trying to
use intelligent techniques, such as, fuzzy logic, to enhance

the capabilities of classical PID controllers and their family.

They were trying to combine fuzzy logic control
technology with a conventional PID controller to obtain
behavior similar to that of a regular PID controller [25, 26,
43, 178]. It is thus believed that by combining these two

techniques together a better control system can be achieved.

The majority of the research work on fuzzy PID
controllers focuses on the conventional two-input Pl or PD
type controller proposed by Mamdani [31, 33, 36].
However, fuzzy PID controller design is still a complex
task due to the involvement of a large number of
parameters in defining the fuzzy rule base. Wang and
Kwok [139] have done the analysis and synthesis of an
intelligent control system based on fuzzy logic and the PID
principle. They propose the combination of fuzzy PD and
fuzzy | controllers. Li and Gatland [59] introduce a simple
fuzzy three-term controller with a small modification in a
fuzzy PI controller and normal two dimensional rule base
is used. Ketata et al. [144] introduce a new design concept
of fuzzy controllers. They studied the design and properties
of structures such as fuzzy control, commutation between
fuzzy and PID controllers and fuzzy supervision of a PID
controller. After having described two fuzzy controller
implementations (fuzzy PD and fuzzy PI controllers), the
comparison with a PID algorithm is a base for the design
of the parallel PID-fuzzy controller combination. The

proposed fuzzy supervisor leads to promising results
concerning the development of combined control structures.

Li and Gatland [57] propose a new methodology for
designing a fuzzy logic controller (e.g. Fuzzy PI). A phase
plane is used to bridge the gap between the time-response
and rule base. Further, they [58] introduce more systematic
analysis and design for the conventional fuzzy control. A
general robust rule base is proposed for fuzzy two-term
control, leaving the optimal tuning to the scaling gains,
which greatly reduces the difficulties of design and tuning.
Li [60] adds a new methodology for designing and tuning
the scaling gains of the conventional fuzzy logic controller
(FLC) based on its well-tuned linear counterpart. Mann et
al. [49] investigate different fuzzy PID controller structures,
including the Mamdani-type controller. By expressing the
fuzzy rules in different forms, each PID structure is
distinctly identified.

Huang and Yasunobu [174] propose a general practical
design method for fuzzy PID control from conventional
PID control. Based on the analysis of relationship between
conventional PID controller and fuzzy PID controller, they
propose a method on how to choose the type of fuzzy PID
controllers suitable for a plant. Li et al. [170] propose a
design of an enhanced hybrid fuzzy P+ID controller for a
mechanical manipulator. A function-based evaluation
approach is proposed by Hu et al. [10] for a systematic
study of fuzzy PID-like controllers. This approach is
applied for deriving process-independent design guidelines
from addressing two issues: simplicity and nonlinearity. To
examine the simplicity of fuzzy PID controllers, they
conclude that direct-action controllers exhibit simpler
design properties than gain-scheduling controllers. Further,
Michail et al. [135] introduce fuzzy PID control of a
nonlinear plant. Kumar et al. [167] evaluate the
performance of a fuzzy Pl + fuzzy PD controller for a
liquid-flow process in real-time and find that a fuzzy
controller outperforms a classical controller.

The basic structure of a fuzzy logic controller is shown
in Fig. 3. Its fundamental components are fuzzification,
control rule base, inference mechanism and
defuzzzification.

Fuzzy Logic Controller
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Fig. 3 The structure of a fuzzy logic controller

The structure of a fuzzy PID controller is based upon
the classical PID controller as shown in Fig. 1. The output
of PID controller in an absolute form is expressed in Eq.
(2). Its discrete-time version is [49]

Ui (1) = Kee(n) + S 3 ()T, + (Ko7 /T, )Ae(n) 3

7
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Index n refers to time instant and Ts sampling time. Further,
the output of PID controller in an incremental form may be
expressed as

AUg,p (n) = K Ae(n) + &Tse(n) +(Kerp /Ts)Aze(n) (4)
7
where Ups () = Upp (N —1) + AUpp (N) ()

Thus the basic structural elements of fuzzy PID controllers
are shown in Fig. 4.

) -~ -
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; e Eu) Controller

Fig. 4 Fuzzy PID structure [49]

where error is e(n)=ysp(n)-y(n); error change de(n)=e(n)-
e(n-1); rate of error change A(n)= de(n)- Ade(n-1); and
sum-of-error Sem=3"_ () with y(n) being the feedback

response signal, and ysp(n) the desired response or the
reference input at the n sampling instant.

2.3 Brief Review of Analytical Formula-Based Fuzzy
PID Controllers

Another class of fuzzy PID controllers with analytical
formulas was proposed during the 1990s. Siler and Ying
[171] define a linear fuzzy PI controller with one input and
one output in terms of piecewise linear membership
function for fuzzification, control rules, and defuzzification
algorithm. Further, Ying et al. [65] prove analytically that
a simplest possible fuzzy controller is equivalent to a

proportional-integral ~ controller ~ when a linear
defuzzification algorithm is used or to a nonlinear
proportional-integral ~ controller when a nonlinear

defuzzification algorithm is used. Buckley and Ying [78]
describe a fuzzy controller based on their general purpose
fuzzy expert system shell FLOPS. They take a decision
theoretic view in designing an optimal fuzzy controller.

Further, Chen and Ying [40] study the stability of
nonlinear fuzzy Pl control systems. Malki et al. [52]
propose a new design method and stability analysis of a
fuzzy proportional-derivative control system. They have
derived the structure of fuzzy controllers, with simple
analytical formulas as the final results by considering two
fuzzy sets on each input variable and three fuzzy sets on
output variable in the fuzzification process, rule base with
four control rules, intersection T-norm, Lukasiewicz or T-
conorm, drastic product inference method, and center of
area (COA) defuzzification method. Further, Chen and
Malki [38] study the bounded-input and bounded-output
(BIBO) stability of a fuzzy PD controller using the small
gain theorem. Li et al. [55] conduct the performance
analysis of a fuzzy PD control system proposed by Malki
et al. [52]. Also, Lu et al. [81] have performed an
experiment, to evaluate the performance of a fuzzy PD
controller in real time.

Hsu et al. [172] propose a new fuzzy PD controller for
multi-link robot control and perform the stability analysis.
Chen et al. [45] study the fuzzy PI controller design and its
stability. Further, Chen and Ying [39] establish the BIBO
stability conditions for nonlinear fuzzy PI control systems
using the small gain theorem. The structure of nonlinear
fuzzy PI controller is similar to the structure of a fuzzy PD
controller as proposed by Malki et al. [52]. Chen has
reported that fuzzy logic based PID controllers have strong
capabilities of handling not only linear but also many
complex nonlinear, higher-order, time delayed, as well as
ill-defined systems [43].

Ying [66, 67] proposes the construction of nonlinear
variable gain controllers via the Takagi-Sugeno fuzzy
control and performs an analytical study on the structure,
stability and design of general Takagi-Sugeno fuzzy
control systems. Further, he [68] develops the theory and
application of a novel fuzzy PID controller using a
simplified Takagi-Sugeno rule scheme. Carvajal et al. [73]
introduce a three term fuzzy PID controller with three
dimensional rule base. The final version of the fuzzy PID
controller is a computationally efficient analytical scheme.
Lu et al. [80] propose the design of predictive fuzzy PID
control and perform simulation study. Ying [63]
investigates the analytical structure of TITO (two-input
two-output) Mamdani fuzzy PI/PD controllers with respect
to conventional P1/PD control and variable gain control.

Patel and Mohan [9] introduce an analytical structure
and analyze the simplest fuzzy PI1 controllers. The fuzzy PI
controllers employ two fuzzy numbers on the universe of
discourse (UOD) of each input variable, and three fuzzy
numbers on the UOD of an output variable. Analytical
structures of such controllers are derived using triangular
membership  functions for fuzzification, different
combinations of T-norms and T-conorms, different
inference methods, and center of area (COA) method for
defuzzification. Moreover, sufficient conditions for BIBO
stability of fuzzy PI control systems are established using
the small gain theorem. Further, Mohan and Patel [19]
introduce an analytical structure and analyze the simplest
fuzzy PD controllers and perform stability analysis using
the small gain theorem.

Liu et al. [177] perform a study to control wing rock
using a fuzzy PD controller. Ding et al. [176] propose the
analytical structure and perform stability analysis of a
typical Takagi-Sugeno PI and PD controller. Further, Ying
[61, 62] proposes a general technique for deriving the
analytical structure of fuzzy controllers using arbitrary
trapezoidal input fuzzy sets and Zadeh’s AND operator and
then derives analytical input-output relationship for fuzzy
controllers using arbitrary input fuzzy sets and Zadeh’s
fuzzy AND operator. Alwadie et al. [1] study a practical
two-input two-output Takagi-Sugeno fuzzy controller. Haj-
Ali and Ying [2] study the input-output structural
relationship between fuzzy controllers using nonlinear
fuzzy input sets and PI or PD control. Further, Haj-Ali and
Ying [3] perform the simple analysis of fuzzy controllers
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with nonlinear input fuzzy sets in relation to nonlinear PID
control with variable gains.

Mohan and Sinha [16] introduce an analytical structure
and analyze the stability of a simplest fuzzy PID controller.
Further, Mohan and Sinha [12] discuss the mathematical
models for the simplest fuzzy PID controllers which
employ two fuzzy sets for each of the three input variables
and four fuzzy sets for the output variable. Mathematical
models are derived via left and right trapezoidal
membership functions for each input, singleton or
triangular membership functions for output, algebraic
product triangular norm, different combinations of
triangular co-norms and inference methods, and center of
sums (COS) defuzzification method. For the structure
which is suitable for control, BIBO stability proof is
presented. Mohan and Sinha [15] in reference to the earlier
work [9] state that the analytical structure of the simplest
fuzzy PI controller, derived via algebraic product t-norm,
bounded sum t-conorm and Mamdani minimum inference,
is not suitable for control purpose. In [15] they show that
the above statement is incorrect, and the above analytical
structure is very much suitable for control. Moreover,
using the small gain theorem they establish sufficient
conditions for BIBO stability of feedback systems
containing the above controller as a subsystem.

Arya [143] proposes the analytical structure of a fuzzy
PD controller and performs the analysis of simplest fuzzy
PD controller with asymmetrical/symmetrical,
trapezoidal/triangular/singleton output membership
function. Mohan and Sinha [20] study the analytical
structures for fuzzy PID controllers. These fuzzy PID
controllers are derived by using triangular membership
functions for inputs, singletons, or triangular membership
functions for output, minimum triangular norm, maximum
or drastic sum triangular conorm, Mamdani minimum,
drastic or Larsen product inference, nonlinear control rules,
and center-of-sum defuzzification. It is shown that these
analytical structures are not suitable for control purpose.
They found that in this context, it is extremely important to

note that the analytical structures reported by Carvajal et al.

[73] are also not valid for control.

Further, Mohan and Sinha [17] introduce the analytical
structure for a fuzzy PID controller by employing two
fuzzy sets for each of the three input variables and four
fuzzy sets for the output variable. This structure is derived
via left and right trapezoidal membership functions for
inputs, trapezoidal membership functions for output,
algebraic product triangular norm, bounded sum triangular
co-norm, Mamdani minimum inference method, and center
of sums (COS) defuzzification method. Conditions for
BIBO stability are derived using the small gain theorem.
Mohan and Sinha [14] introduce a mathematical model of
the simplest fuzzy PID controller with asymmetric fuzzy
sets. Further, Mohan and Sinha [18] introduce
mathematical models of simplest fuzzy PI/PD controllers
with skewed input and output fuzzy sets. Also, Mohan and
Sinha [13] introduce mathematical models and BIBO
stability analysis of simplest fuzzy two-term controllers.

Kumar et al. [166] present the design, performance and
stability analysis of formula-based fuzzy PI (FPI)
controller. They use a large number of fuzzy sets for input
and output variables to obtain more formulae for corrective
action. The performance of FPI controller is evaluated for
control of outlet flow concentration of a nonlinear non-
thermic catalytic continuous stirred tank reactor (CSTR)
for setpoint tracking, disturbance rejection and noise
suppression. The performance of the proposed formula-
based FPI controller is considerably better than that of the
conventional FPI controller. Its computational time delay
is approximately 6us which validates its use for very fast
process in real time. The analytical structure of simplest
FPI controller is presented next.
The discrete-time version of classical Pl controller is

AU, (n) = Kcr(n) +(Ke /7, )e(n) ©)

where r(n) is the rate of change of the error and Aup(n)is
the incremental control output.

The analytical formula-based FPI controller is based on Eq.
(6). The error signal “(Kc/z)e(n)” and the rate of change of
the error signal “Kcr(n)” are input to the FPI controller to
obtain the corresponding output “Aup,(n)”.

A
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Fig. 5 Regions of FPI controller input IC values [41]

The structure of FPI controller is derived, with simple
analytical formulas as the final results by considering two
triangular fuzzy sets on each input variable and three
singleton fuzzy sets on output variable in the fuzzification
process, rule base with four control rules, intersection T-
norm, Lukasiewicz or T-conorm, drastic product inference
method, and center of area (COA) defuzzification method.
The value-ranges of two inputs, the error and the rate of
change of the error signal are decomposed into 20 adjacent
input combinations (IC) regions, as shown in Fig. 5. The
analytical formulas are obtained by the projection of
“(Ke/m)e(n)” and “Ker(n)” on different IC regions as in
[41]. The flowchart of FPI control operation is shown in
Fig. 6.
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Fig. 6 Flowchart of FPI control operation [166]

\

2.4 Brief Review of Analytical Formula-Based Hybrid
Fuzzy PID Controllers

The hybrid architecture of fuzzy PID with analytical
formulas is reported in literature. Misir et al. [29] have
developed a fuzzy PID controller, which is a combination
of fuzzy PI and fuzzy D controller, with the same structure
as mentioned by Chen earlier [41, 44]. Here a derivative
function is performed on a process variable rather than
error signal. In the continuation of this, Tang et al. [111]
have developed an optimal fuzzy PID controller, having
the same structure as discussed earlier [29]. They
successfully implement it in to control a solar plant [110].
Chen [42] proposes a GA-optimized Fuzzy PD+I controller
for a nonlinear system. Sooraksa and Chen [137] develop a
fuzzy (PD+I)*> control scheme for both vibration
suppression and set-point tracking of a “shoulder-elbow-
like” single flexible link robot arm model with damping.
Simulations results show that fuzzy logic controller
perform very well.

Kim and Oh [77] have proposed another configuration
of fuzzy PID controllers (fuzzy Pl + fuzzy ID) with the
analytical structure as discussed above [41, 44]. Sooraksa
et al. [138] perform a comparative study of a conventional
proportional-integral plus derivative controller versus a
fuzzy proportional-integral plus derivative controller for a
subsystem failure. Veeraiah et al. [126] have proposed a
fuzzy PI-PD controller and studied its performance.

Chatrattanawuth et al. [168] propose a hybrid fuzzy
controller with the structure suggested by Chen [41, 44].
Here integral function is performed on error signal while
proportional and derivative functions are performed on a
process/controlled variable. Li and Shen [140] propose a
new incremental fuzzy PD + fuzzy ID controller and
perform the comparative study with a conventional PID
controller.

Kumar and Mittal [165] have attempted a hybrid
structure of a fuzzy PID controller. It is a parallel formula-
based fuzzy P + fuzzy | + fuzzy D (FP + FI + FD)
controller. It is based upon the parallel architecture of a
conventional PID controller. It preserves the linear
structure of the corresponding conventional controller and
having simple analytical formulas. They evaluate the
performance of a formula-based FP + FI + FD controller
for some complex processes in simulation and real time
and find that its setpoint tracking and disturbance rejection
performance is much better than a classical PID controller.
Further, they [164] present the architecture, performance
assessment and stability analysis of a formula-based fuzzy
| — fuzzy P — fuzzy D (FI — FP — FD) controller. It is based
upon the architecture of a conventional 1-P-D controller
with simple analytical formulas. The setpoint tracking and
disturbance rejection performance of formula-based FI —
FP — FD controller is evaluated for some complex
processes, such as, first- and second-order processes with
delay, inverse response processes with and without delay
and higher order processes in simulation. It is found that it
outperforms a classical PID controller. BIBO stability of
formula-based FI — FP — FD controller is performed using
the small gain theorem.

3. CONCLUSIONS

This paper has presented the review of the classical and
fuzzy PID controllers. Firstly, the history of the
development of classical PID controllers and their
anomalies are presented in the chronological order. Further,
the advancement of classical PID controllers using fuzzy
logic is presented. It has been observed that due to the
heuristic approach of fuzzy logic, it plays a significant role
in the enhancement of classical PID controllers. The
literature survey shows that fuzzy PID controllers perform
much better than classical PID controllers.

Analytical formula-based fuzzy PID controllers have
advantages due to their structure. Since the fuzzy control
law has analytical formulas, controller designers can
effectively implement these formula-based fuzzy PID
controllers in real-time systems, such as FPGA and
microcontroller, without any computational burden
because the computational delay is quite small. It strongly
validates its candidature for very fast processes, such as,
control of an electromagnetic shaker. Also, due to the self
tuning capabilities, these controllers are suitable for a non-
stationary process. It has been noted that due to the
advancement of fuzzy PID controllers, its acceptance is
rapidly increasing in various industrial applications.
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For analytical formula-based fuzzy PID controllers, the
literature survey reveals that people have tried out the
triangular membership function due to its convenience in
calculating formulae for different input combination
regions. Hence, it is open to use another type of a
membership function in place of triangular membership
function. Also, fuzzy sets of input and output variables
should increase in order to have a better accuracy with
more corrective action formulae. Further, optimization
techniques, such as genetic algorithm and particle swan
optimization, may be used to perform optimal tuning of
controllers gain. We hope this survey will be useful to the
readers interested in classical PID controllers and its
enhancement using fuzzy logic.

ACKNOWLEDGEMENT

The authors would like to thank anonymous referees for
their kind encouragement and valuable suggestions to
improve the paper. Further, authors would like to thank
Netaji Subhas Institute of Technology (NSIT) for
providing excellent experimental facilities in the Advanced
Process Control Lab.

REFERENCES

[1] A. Alwadie, H. Ying and H. Shah, "A Practical Two-Input Two-
Output Takagi-Sugeno Fuzzy Controller," International Journal of
Fuzzy Systems, vol. 5, no. 2, pp. 123-130, June 2003.

[2] A. Haj-Ali and H. Ying, “Input-output structural relationship
between fuzzy controllers using nonlinear fuzzy input sets and PI or
PD control,” International Journal of Fuzzy Systems, vol. 5, no. 3,
pp. 60-65, March 2003.

[3] A. Haj-Ali and H. Ying, “Simple analysis of fuzzy controllers with
nonlinear input fuzzy sets in relation to nonlinear PID control with
variable gains,” Automatica, vol. 40, no. 9, pp. 1551-1559,
September 2004.

[4] A.J. Young , Process Control. Instruments Publishing Company,
Pittsburg, PA, 1954.

[5] A. Kaya and T. J. Scheib, “Tuning of PID controls of different
structures,” Control Engineering Practice, vol. 35, no. 7, pp. 62-65,
July 1988.

[6] A. O’Dwyer, Handbook of Pl and PID Controller Tuning Rules.
World Scientific, Singapore, 2003.

[71  A. Turner, “Computer in process control: a panel discussion,”
Instruments & Control Systems, 1970.

[8] A. Visioli, Practical PID Control, Springer-Verlag, London, 2006.

[9] A.V. Patel and B.M. Mohan, “Analytical structure and analysis of

the simplest fuzzy Pl controllers,” Automatica, vol. 38, no. 6, pp.

981-993, June 2002.

B. G. Hu, G. K. I. Mann and R. G. Gosine, “A systematic study of

fuzzy PID controllers — function-based evaluation approach,” IEEE

Transactions on Fuzzy Systems, vol. 9, no. 5, pp. 699-712, October

2001.

B. G. Liptak, Process Control and Optimization, 4" edition.

Instrument Engineer’s Hand Book, CRC press, London, 2003.

B. M. Mohan and A Sinha, “The simplest fuzzy PID controllers:

mathematical models and stability analysis,” Soft Computing, vol.10,

no. 10, pp. 961-975, August 2006.

B. M. Mohan and A Sinha, “The simplest fuzzy two-term

controllers:  mathematical models and stability analysis,”

International Journal of Automation and Control, vol. 2, no. 1, pp.

5-21, 2008.

B. M. Mohan and A. Sinha, *“ Mathematical model of simplest fuzzy

PID controller with asymmetric fuzzy sets,” in Proceedings of the

17" World Congress, IFAC, Seoul, Korea, July 2008, pp. 15399-

15404.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

N

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

B. M. Mohan and A. Sinha, “ On the simplest fuzzy two - term
controller structure derived via algebraic product t-norm - bounded
sum t-conorm - Mamdani minimum inference combination,” in
Proceedings of International Conference on Industrial and
Information Systems, ICIIS 2007, Sri Lanka, August, 2007, pp. 97 —
100.

B. M. Mohan and A. Sinha, “A simplest fuzzy PID controllers:
Analytical structure and stability analysis,” in Proceedings of IEEE
India Annual Conference, INDICON’04, 2004, Kharagpur, India,
December, 2004, pp. 288- 293.

B. M. Mohan and A. Sinha, “Analytical structure and stability
analysis of a fuzzy PID controller,” Applied Soft Computing, vol. 8,
no. 1, pp. 749-758, January 2008.

B. M. Mohan and A. Sinha, “Mathematical models of the simplest
fuzzy P1/PD controllers with skewed input and output fuzzy sets,”
ISA Transactions, vol. 47, no. 3, pp. 300-310, July 2008.

B. M. Mohan and A.V. Patel, “Analytical structure and analysis of
the simplest fuzzy PD controllers,” IEEE Transactions on Systems,
Man, and Cybernetics — part B, vol. 32, no. 2, pp. 239-248, April
2002.

B. M. Mohan, and A. Sinha; “Analytical structures for PID
controllers?” IEEE Transactions on Fuzzy Systems, vol. 16, no. 1,
pp. 52-60, February 2008.

B. W. Bequette, “Nonlinear control of chemical process: a review,”
Industrial & Engineering Chemistry Research, vol. 30, no. 7, pp
1391-1398, July1991.

C. C. Lee, “Fuzzy logic in control systems: fuzzy logic controller.
Part — I,” IEEE Transactions on Systems, Man, and Cybernetics,
Part B: Cybernetics, vol. 20, no. 2, pp. 404-418, 1990.

C. C. Lee, “Fuzzy logic in control systems: fuzzy logic controller.
Part — I1,” IEEE Transactions on Systems, Man, and Cybernetics,
Part B: Cybernetics, vol. 20, no. 2, pp. 419-435, 1990.

C.T. Chen and Shih-Tein Peng, “ Intelligent Process Control using
neural fuzzy techniques,” Journal of Process Control, vol. 9, no. 6,
pp 493-503, December 1999.

D. Driankov, H. Hellendoorn and R. Palm, “Some research
directions in fuzzy control,” Chapter 11 in Theoretical Aspects of
Fuzzy Control, H.T. Nguyen, M. Sugeno, R. Tong and R.R. Yager,
eds., John Wiley, Chichester. 1995.

D. Driankov, H. Hellendoorn, and M. Reinfrank, An Introduction to
Fuzzy Control. N Y: Springer-Verlag, 1993.

D. E. Seborg, “A perspective on advanced strategies for process
control,” Modeling, Identification and Control, vol.15, no.3, pp 179-
189, July 1994.

D. M. Auslander, Y. Takahashi, and M. Tomizuka, “The next
generation of single loop controllers: hardware and algorithms for
the discrete/decimal process controller,” Journal of Dynamic
Systems, Measurements, and Control, vol. 97, no. 3, pp. 280-282,
September 1975.

D. Misir, H.A Malki and G. Chen, “Design and analysis of a fuzzy
proportional-integral-derivative controller,” Fuzzy set and system,
vol. 79, no. 3, pp. 297-314, May 1996.

DSIR, “Automation,” Her majesty’s Stationery Office, London.
1956.

E. H. Mamdani and S. Assilian, “An Experiment in Linguistic
Synthesis with a Fuzzy Logic Controller,” International Journal of
Human-Computer Studies, vol. 51, no. 2, pp. 135-147, August 1999.
E. H. Mamdani, “Advances in the linguistic synthesis of fuzzy
controllers,” International Journal of Man-Machine Studies, vol.8,
no. 6, pp.669-678, November 1976.

E. H. Mamdani, “Application of fuzzy algorithms for control of
simple dynamic plant,” in Proceedings of IEE (Control and Science),
vol. 121, no. 12, 1974, pp. 1585-1588.

E. H. Mamdani, “Application of fuzzy logic to approximate
reasoning using linguistic systems,” IEEE Transactions on
Computers, vol. 26, no. 12, pp. 1182-1191, 1977.

E. T. Lee and L. A. Zadeh, “Note on Fuzzy Languages,”
Information Sciences, vol. 1, no. 4, pp. 421-434,0ctober 1969.

E.H. Mamdani and S. Assilian, “An experiment in linguistic
synthesis with a fuzzy logic controller,” International Journal of
Man-Machine Studies, vol. 7, no. 1, pp. 1-13, January 1975.



178 INTERNATIONAL JOURNAL OF INTELLIGENT CONTROL AND SYSTEMS, VOL. 16, NO. 3, September/December 2011

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

F. G. Shinskey, Feedback Controllers for the Process Industries.
New York: McGraw-Hill, 1994.

G. Chen and H. Malki, “On stability of fuzzy proportional-
derivative control system,” in Proceedings of the 3 IEEE
Conference on Fuzzy Systems, IEEE World Congress on
Computational Intelligence., vol.2, Orlando, FL, USA, Jun 1994, pp.
942-946.

G. Chen and H. Ying, “BIBO stability of nonlinear fuzzy PI control
systems,” Journal of Intelligence and Fuzzy Systems, vol. 5, pp.
245-256, 1997.

G. Chen and H. Ying, “Stability analysis of nonlinear fuzzy PI
control systems,” in Proceedings of 3" International Conference on
Fuzzy Logic Applications, Houston, TX, 1-3 December , 1993, pp.
128-133.

G. Chen and T.T. Pham, Introduction to fuzzy sets, fuzzy logic and
fuzzy control systems. CRC press, 2001.

G. Chen, “A GA-optimized Fuzzy PD+l controller for nonlinear
system,” in Proceedings of the 27" Annual Conference of the IEEE
Industrial Electronics Society, IECON’01, vol.1, Denver, CO, USA,
2001, pp. 718-723.

G. Chen, “Conventional and fuzzy PID controllers: an overview,”
International Journal of Intelligent and Control Systems, vol. 1, no.
2, pp. 235-246, 1996.

G. Chen, Introduction to fuzzy systems. Chapman & Hall/CRC press,
2006.

G. Chen, T.T. Pham and J. J. Weiss, “Fuzzy modeling of control
system,” IEEE Transactions on Aerospace and Electronic Systems,
vol. 31, no. 1, pp. 414-429, January 1995.

G. Feng, “A survey on analysis and design of model based fuzzy
control systems,” IEEE Transactions on Fuzzy Systems, vol. 14, no.
5, pp. 676-697, October 2006.

G. H. Cohen and G.A. Coon, “Theoretical consideration of retarded
control,” Transaction of the American. Society of Mechanical
Engineers (ASME), vol. 75, pp. 827-834, July 1953.

G. J. Silca, A. Datta and S. P. Bhattacharya, PID Controllers for
Time-Delay Systems, Birkhduser, Boston, 2005.

G. K. I. Mann, B. G. Hu and R. G. Gosine, “Analysis of direct
action fuzzy PID controller structures,” IEEE Transactions on
Systems, Man, and Cybernetics — Part B, vol. 29, no. 3, pp. 371-388,
June 1999.

G. P. L. Williams, “Trends of development in the British
instruments industry,” Instrument Engineer, vol. 75, no. 2,
1957.

G. Stephanopoulos and C. Han, “Intelligent systems in process
engineering: a review,” Computers & Chemical Engineering, vol.
20, no. 6-7, pp 743-791, June-July 1996.

H. A. Malki, H. Li and G. Chen, “ New design and stability analysis
of fuzzy proportional-derivative control systems,” IEEE
Transactions on Fuzzy Systems, vol. 2, no. 4, pp. 245-254,
November 1994.

H. B. Verbruggen and P. M. Bruijn, “Fuzzy control and
conventional control: What is (and can be) the real contribution of
fuzzy systems?,” Fuzzy Sets and Systems, vol. 90, no. 2, pp. 151-
160, September 1997.

H. Hellendoorn. “Design and development of fuzzy systems at
siemens R&D,” in Proceedings of Second IEEE International
Conference on Fuzzy Systems, San Fransisco (Ca), U.S.A., March
1993, pp. 1365-1370.

H. Li, H. Malki and G. Chen, “Performance analysis of a fuzzy
proportional-derivative control system,” in Proceedings of the ACM
Symposium on Applied Computing, Phoenix, Arizona, 1994, pp.
115-119.

H. Takatsu and T. Itoh, “Future needs for control theory in industry
- report of the control technology survey in Japanese industry,”
IEEE Transactions on Control Systems Technology, vol. 7, no.3,
p.298 — 305, May 1999.

H. X. Li and H. B. Gatland, “A new methodology for designing a
fuzzy logic controller,” IEEE Transactions on Systems, Man, and
Cybernetics, vol. 25, no. 3, pp. 505-512, March 1995.

H. X. Li and H. B. Gatland, “Conventional fuzzy control and its
enhancement,” IEEE Transactions on Systems, Man, and
Cybernetics — Part B, vol. 26, no. 5, pp. 791-797, October 1996.

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]
[76]
(771
(78]
[79]

(80]

(81]

[82]

[83]

H. X. Li and H. B. Gatland, “Enhance methods of fuzzy logic
control,” in proceedings of International Joint Conference of the 4"
IEEE International Conference on Fuzzy Systems and The 2™
International Fuzzy Engineering Symposium., vol. 1, Yokohama,
Japan, March 1995, pp. 331-336.

H. X. Li, “A comparative design and tuning for conventional fuzzy
control,” IEEE Transactions on Systems, Man, and Cybernetics —
Part B, vol. 27, no. 5, October 1997.

H. Ying, "Deriving analytical input-output relationship for fuzzy
controllers using arbitrary input fuzzy sets and Zadeh fuzzy AND
operator," IEEE Transactions on Fuzzy Systems, vol. 14, no. 5, pp.
654-662, October 2006.

H. Ying, “A general technique for deriving analytical structure of
fuzzy controllers using arbitrary trapezoidal input fuzzy sets and
Zadeh AND operator,” Automatica, vol. 39, pp. 1171-1184, July
2003.

H. Ying, “TITO Mamdani fuzzy PI/PD controllers as nonlinear,
variable gain PI/PD controllers,” International Journal of Fuzzy
Systems, vol. 2, no. 3, pp. 191-196, September 2000.

H. Ying, Fuzzy Control and Modeling: Analytical Foundations and
Applications, 1% edition, Wiley-IEEE Press, 2000.

H. Ying, W. Siler and J. J. Buckley, “Fuzzy control theory: a
nonlinear case,” Automatica, vol. 26, no. 3, pp. 513-520, May 1990.
H. Ying, “An analytical study on structure, stability and design of
general Takagi-Sugeno fuzzy control systems,” Automatica, vol. 34,
no. 12, pp. 1617-1623, December 1998.

H. Ying, “Constructing nonlinear variable gain controllers via the
Takagi-Sugeno fuzzy control,” IEEE Transactions on Fuzzy Systems,
vol.6, no. 2, pp. 226-234, May 1998.

H. Ying, “Theory and application of a novel fuzzy PID controller
using a simplified Takagi-Sugeno rule scheme,” Information
Sciences, vol. 123, no. 3-4, pp. 281-293, April 2000.

H. Zhang and D. Liu, Fuzzy Modeling and Fuzzy Control.
Birkhéuser, Boston, 2006.

I. E. E. Digest, “Getting the best out of PID in machine control,” in
Digest IEE PG16 Colloguium (96/287), London, UK, October 24,
1996.

|. Kaya, N. Tan and D. P. Atherton, “A refinement procedure for
PID controller, Electrical Engineering,” Electrical Engineering
(Archiv fur Eletrotechnik), vol. 88, no. 3, pp. 215-221, March 2006.
J. A. Bernard, “Use of a rule-based system for process control,”
IEEE Control Systems Magazine, vol. 8, no.5, pp. 3-13, October
1988.

J. Carvajal , G. Chen and H. Ogmen, “Fuzzy PID Controller: Design,
Analysis, performance evaluation, and stability analysis,”
Information Sciences, vol.123, no. 3-4, pp. 249-270, April 2000.

J. F. Coales, “Historical and scientific background of automation,”
Engineering, vol. 182, pp. 363-370, September 1956.

J. G. Ziegler and N. B. Nichols, “Optimum settings for automatic
controllers,” Transaction of the American. Society of Mechanical
Engineers (ASME), vol. 64, pp. 759-768, November 1942.

J. G. Ziegler and N.B. Nichols, “Process lags in automatic control
circuits,” Transaction of the American. Society of Mechanical
Engineers (ASME), vol. 65, pp. 433-444, July 1943.

J. H. Kim and S. J. Oh, “A fuzzy PID controller for nonlinear and
uncertain system,” Soft Computing, vol. 4, no. 2, pp. 123-129, July
2000.

J. J. Buckley and H. Ying, "Expert Fuzzy Controller," Fuzzy Sets
and Systems, vol.44, no. 3, pp. 373-390, December 1991.

J. Jantzen, Foundations of Fuzzy Control. John Wiley Sons, 2007.

J. Lu, G. Chen and H Ying, “Predictive fuzzy PID control: theory,
design and simulation,” Information Science, vol. 137, no. 1-4,
pp.157-187, September 2001.

J. Lu, H. Ying, Z. Sun, P. Wu and G. Chen, “Real-time ultrasound-
guided fuzzy control of tissue coagulation progress during laser
heating,” Information Science, vol. 123, no. 3-4, pp. 271-280, April
2000.

J. N. Krikelis and D. S. Fassois “Microprocessor implementation of
PID controllers and lead-lag compensators,” IEEE Transaction on
Industrial Electronics, vol. 31, no. 1, pp. 79-85, February 1984.

J. P. Gerry, “A comparison of PID control algorithms,” Control
Engineering Practice, vol. 34, no. 3, pp. 102-105, March 1987.



Kumar et al: A Review on Classical and Fuzzy PID Controllers 179

[84] J. P. Swallow, “The best of the best in advanced process control,"
keynote speech at the 4™ International Chemical Process Control
Conf., Padre Island, 1991.

J. Wilkie, M. Johonson and R. Katebi, Control Engineering.

Palgrave, New York, 2005.

J. Yen and R. Langari, Fuzzy Logic: Intelligence, Control, and

Information. Pearson Education, India, 2003.

J. Zumberge and K. M. Passino, “A Case Study in Intelligent vs.

Conventional Control for a Process Control Experiment,” Journal of

Control Engineering Practice, vol. 6, no. 9, pp. 1055-1075,

September 1998.

J. Zumberge and K. M. Passino, “A case study in intelligent vs.

conventional control for a process control experiment,” in

Proceedings of the 1996 IEEE International Symposium on

Intelligent Control, Dearborn, MI, USA, September 1996, pp 37 —

42.

K. H. Ang, G. Chong and Y. li, “PID control system analysis, design,

and technology,” IEEE Transactions on Control Systems

Technology, vol. 13, no. 4, pp. 559-576, July 2005.

K. H. Lee, First Course on Fuzzy Theory and Application. springer,

2004.

K. Hirota, editor. Industrial Applications of Fuzzy Technology.

Springer, Tokyo, 1993.

K. J. Astrom and T. Hagglund, “Benchmark systems for PID

control,” in Proceedings of IFAC Workshop on Digital Control:

Past, Present and Future of PID Control, Terrassa, Spain, 2000, pp.

165-166.

K. J. Astrom and T. Héagglund, “PID Control,” in The Control

Handbook, W. S. Levine, Ed. Piscataway, NJ: IEEE Press, 1996, pp.

198-209.

K. J. Astrém and T. Hagglund, “The future of PID control,” Control

Engineering Practice, vol. 9, no. 11, pp. 1163-1175, November

2001.

K. J. Astrdm and T. Hagglund, “The future of PID control,” in

Proceedings of IFAC Workshop on Digital control: Past, present

and future of PID control, Terrassa, Spain, April, 2000, pp. 19-30.

K. J. Astrom, “Intelligent tuning,” in Adaptive Systems in Control

and Signal Processing, L. Dugard, M. M’Saad and I.D. Landau, eds.,

Pergamon Press, Oxford, pp. 360-370, 1992.

K. J. Astrém, “Towards intelligent control," IEEE Control System

Magazine, vol. 9, no.3, pp. 60-64, April 1989.

K. J. Astrém, “Where is the intelligence in intelligent control?,”

IEEE Control System Magazine, vol. 11, no.1, pp. 37-39, January

1991.

K. J. Astrém, and T. Hagglund, Advanced PID Controllers, 1%

edition, ISA, 2006.

K. J. Astrém, and T. Hagglund, PID Controllers: Theory, Design

and Tuning, 2™ edition, ISA, 1995.

K. J. Astrom, and T. J. McAvoy, "Intelligent control," Journal of

Process Control, vol. 2, no. 3, pp. 1-13,1992.

K. J. Astrém, C. C. Hang, P. Persson and W. K. Ho, “Towards

intelligent PID control," Automatica, vol. 28, no. 1, pp. 1-9, January

1992.

K. J. Astrém, T. Hagglund, C. C. Hang and W. K. Ho, “Automatic

tuning and adaptation for PID controllers - a survey,” Control

Engineering Practice, vol. 1, no. 4, pp. 699-714, August 1993.

K. J. Astrém, J. J. Anton, and K. E. Arzén, “Expert Control,”

Automatica, vol. 22, no. 3, pp. 277-286, May 1986.

K. M. Passino, “Bridging the gap between conventional and

intelligent control,” Special Issue on Intelligent Control, IEEE

Control Systems Magazine, vol. 13, no. 3, pp. 12-18, June 1993.

[106] K. M. Passino and S. Yurkovich, Fuzzy Control. Menlo Park, CA:
Addison Wesley Longman, 1998.

[107] K. M. Passino, “Intelligent control for autonomous systems,” IEEE
Spectrum, vol. 32, no. 6, pp. 55-62, June 1995.

[108] K. M. Passino, “Intelligent control”, in The Control Handbook, W.
Levine, ed., Boca Raton: CRC Press, 1996, pp. 999-1001.

[109] K. M. Passino, “Towards bridging the perceived gap between
conventional and intelligent control,” Chapter 1 in Intelligent
Control: Theory and Applications, M. M. Gupta and N. K. Sinha,
editors, |IEEE Press, 1996, pp. 1-27.

[85]
[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[99]

[96]

[97]

(98]

[99]
[100]
[101]

[102]

[103]

[104]

[105]

[110] K. S. Tang, K. F. Man and G. Chen, “Solar plant control using
genetic fuzzy PID controller,” in Proceedings of the 26™ Annual
Conference of the IEEE Industrial Electronics Society, IECON,
vol.3, Nagoya, Japan, 2000, pp. 1686-1691.

K. S. Tang, K. F. Man, G. Chen and S. Kwong, “An Optimal Fuzzy

PID Controller,” IEEE Transactions on Industrial Electronics, vol.

48, no. 4, pp. 757-765, August 2001.

[112] L.  A. Zadeh, “Similarity relations and fuzzy orderings,”
Information Sciences, vol. 3, no. 2, pp. 177-200, April 1971.

[113] L. A. Zadeh, “The concept of a linguistic variable and its
application to approximate reasoning, part I,” Information Sciences,
vol. 8, no. 3, pp. 199-249, July 1975.

[114] L. A. Zadeh, “The concept of a linguistic variable and its
application to approximate reasoning, part I1,” Information Sciences,
vol. 8, no. 4, pp. 301-357, October 1975.

[115] L. A. Zadeh, “The concept of a linguistic variable and its
application to approximate reasoning, part IIl,” Information
Sciences, vol. 9, no. 1, pp. 43-80, December 1975.

[116] L. A. Zadeh, “A rationale for fuzzy control,” Journal of Dynamic
Systems, Measurement and Control, vol. 94, Series G, pp. 3-4, 1972.

[117] L. A. Zadeh, “Fuzzy algorithms,” Information and Control, vol. 12,
no. 2, pp. 94-102, February 1968.

[118] L. A. Zadeh, “Fuzzy sets,” Information and Control, vol. 8, no.3, pp.
338-353, June 1965.

[119] L. A. Zadeh, “Outline of a new approach to the analysis of complex
systems and decision processes,” |IEEE Transactions on Systems,
Man, and Cybernetics, vol. 3, no. 1, pp. 28-44, January 1973.

[120] L. A. Zadeh, “Quantitative Fuzzy Semantics,” Information Sciences,
vol. 3, no. 2, pp. 159-176, April 1971.

[121] L. A. Zadeh, “Towards a theory of fuzzy systems,” in R. E. Kalman

and N. de Claris, editors, Aspects of Networks and System Theory,

Rinehart and Winston, New York, pp. 469-490, 1971.

L. P. Holmblad and J. J. Ostergaard, “Control of a cement kiln by

fuzzy logic,” in M.M. Gupta and E. Sanchez, editors, Fuzzy

Information and Decision Processes, North-Holland, pp. 389-

399,1982.

L. Reznik, O. Ghanayem and A. Bourmistrov, “PID plus fuzzy

controller structures as a design base for industrial applications,”

Engineering Applications of Artificial Intelligence, vol. 13, no. 4, pp.

419-430, August 2000.

L. Wang, T. J. D. Barnes and W. R. Cluett, “New frequency-domain

design method for PID controllers,” IEE Proceedings—Control

Theory and Applications, vol. 142, no. 4, pp. 265-271, July 1995.

M. Johnson and M. H. Moradi, PID Control. Springer-verlang,

London, 2005.

M. P. Veeraiah, S. Majhi and C. Mahanta, “Fuzzy proportional

integral — proportional derivative (PI-PD) controller,” in

Proceedings of American Control Conference, Boston,

Massachusetts, June 30 — July 2, 2004, pp. 4028-4033.

M. Santos, J. M. de la Cruz, S. Dormido and A. P.de Madrid,

“Between Fuzzy-PID and PID-Conventional Controllers: a

Good Choice,” in Proceedings of Biennial Conference of

the North American Fuzzy Information Processing Society,

NAFIPS, Berkeley, CA, USA, 1996, pp. 123-127.

M. Sugeno, Industrial Application of Fuzzy Control. Elsevier

Science, New York, 1985.

M. Lelic and Z. Gajic, “A reference guide to PID controllers in the

nineties,” in Proceedings of IFAC Workshop on Digital Control,

Past, Present and Future of PID Control, Terrasa, Spain, 2000, pp.

73- 82.

N. Minorsky, “Directional stability of automatically steered bodies,”

Journal of American Society of Naval Engineering, vol. 34, no. 2, pp.

290-309, May 1922.

[131] O. Mayr, The Origins of Feedback Control. Cambridge. MA: M.L.T.
Press, 1970.

[132] P. Antsaklis and K. M. Passino, An Introduction to Intelligent and
Autonomous Control. Norwell, M A: Kluwer Academic Publishers,
1993.

[133] P. J. Kingt and E. H. Mamdani, “The application of fuzzy control
systems to industrial processes,” Automatica, vol. 13, no. 3, pp. 235-
242, May 1977.

[111]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]



180 INTERNATIONAL JOURNAL OF INTELLIGENT CONTROL AND SYSTEMS, VOL. 16, NO. 3, September/December 2011

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]
[146]
[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

P. Marsh, “Turn on, tune in—Where can the PID controller go
next,” New Electron., vol. 31, no. 4, pp. 31-32, 1998.

P. Michail, I. Ganchev and A. Taneva, “Fuzzy PID control of
nonlinear plant,” in Proceedings of 1% International IEEE
Symposium on Intelligent System, vol.1, Varna, Bulgaria, 2002, pp.
30-35.

P. P. Bonissone, “Fuzzy logic controllers: an industrial reality,” in
Computational Intelligence: Imitating Life, J.M. Zurada, Robert J.
Marks Il, and Charles J. Robinson, editors, Piscataway, NJ, IEEE
Press, 1994, pp. 316-327.

P. Sooraksa and G. Chen, “Fuzzy (PI+D)? control for flexible robot
arms,” in Proceedings of IEEE International Symposium on
Intelligent Control, Dearbon, September, 1996, pp. 536-541.

P. Sooraksa and G. Chen, “On comparison of a conventional
proportional-integral plus derivative controller versus a fuzzy
proportional-integral plus derivative controller a case study of
subsystem failure,” in Proceedings of IEEE International
Conference on Industrial Technology, IEEE ICIT '02, vol. 1,
Bankok, Thailand, December 2002, pp. 205- 207.

P. Wang and D. P. Kwok, “Analysis and synthesis of an intelligent
control system based on fuzzy logic and the PID principle,”
Intelligent System Engineering, vol. 1, no. 2, pp. 157-171, 1992.

Q. Li and D. Shen, “A new incremental fuzzy PD + fuzzy ID fuzzy
controller,” in Proceedings of 2009 WASE International Conference
on information Engineering, ICIE apos; 09, vol. 1, July 2009, pp.
615 - 619.

R. E. King, Computational Intelligence in Control Engineering,
Marcel Decker, New York, 1999.

R. J. P. deFigueiredo and G. Chen. Nonlinear Feedback Control
Systems. Academic Press, New York, 1993.

R. K. Arya, “Analytical structures and analysis of simplest fuzzy PD
controller with asymmetrical/symmetrical,
trapezoidal/triangular/singleton  output membership  function,”
International Journal of Computational Cognition, vol. 5, no. 2, pp.
12-24, June 2007.

R. Ketata, D. De Geest, and A. Titli, “Fuzzy controller: design,
evaluation, parallel and hierarchical combination with a PID
controller,” Fuzzy Sets and Systems, vol.71, no.1, pp. 113-129, April
1995.

R. R. Yager and D. P. Filev, Essentials of Fuzzy Modeling And
Control. Wiley-India, 2002.

S. Bennett, “A brief history of automatic control,” IEEE Control
System Magazine, vol. 16, no. 3, pp. 17-25, June 1996.

S. Bennett, “Development of the PID controller,” IEEE Control
Systems Magazine, vol. 13, no. 6, pp. 58-65, December 1993.

S. Bennett, “Nicolas Minorsky and the automatic steering of ships,”
IEEE Control system magazine, vol. 4, no. 4, pp. 10-15, November
1984.

S. Bennett, “The past of PID controllers,” Annual Reviews in
Control, vol. 25, pp. 43-53, August 2001.

S. Bennett, “The past of PID controllers,” in Proceedings of IFAC
Workshop on Digital Control: Past, Present and Future of PID
Control, Terrassa, Spain, 2000, pp. 1-11.

S. Bennett, A History of Control Engineering 1800-1930. Stevenage:
Peter Peregrinus, 1979.

S. Chiu, “Developing commercial applications of intelligent
control,” IEEE Control System Magazine, vol. 17, no. 2, pp. 94-100,
April 1997.

S. Kuswadi, “Review on Intelligent Control: Its Historical
Perspective and future Development,” IECI Japan Series, vol.3,
no.2, pp. 38-46, 2001.

S. Santhanam and R. Langari, “Supervisory fuzzy adaptive control
of a binary distillation column,” in Proceedings of the Third IEEE
International Conference on Fuzzy Systems, vol. 2, Orlando, Florida,
June 1994, pp. 1063-1068.

S. W. Sung and I. Lee, “Limitations and countermeasures of PID
controllers,” Industrial & Engineering Chemistry Research, vol. 35,
no. 8, pp. 2596-2610, August 1996.

S. W. Sung, J. Lee and |. Lee, Process ldentification and PID
Control, John Wiley & Sons (Asia), 2009.

S. Yamamoto and I. Hashimoto, “Present status and future needs:
The view from Japanese industry," in Proceedings of the 4"

[158]

[159]

[160]
[161]
[162]
[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

International Chemical Process Control Conference, Padre Island,
TX, 1991, pp. 1-28.

S. Yasunobu and S. Miyamoto, “Automatic train operation system
by predictive fuzzy control,” in Industrial Applications of Fuzzy
Control, M. Sugeno, editor, North-Holland, 1985, pp. 1-18.

T. J. Ross, Fuzzy Logic with Engineering Applications. 2™ edition,
Wiley-India, 2005.

T. Tani, M. Utashiro, M. Umano, and K. Tanaka, “Application of
practical fuzzy-PID hybrid control system to petrochemical plant,”
in Proceedings of Third IEEE International Conference on Fuzzy
Systems, vol. 2, Orlando, Florida, June 1994, pp. 1211-1216,.

T. Terano, K. Asai, and M. Sugeno. Applied Fuzzy Systems.
Academic Press, Inc., Boston, 1994.

V. J. VanDoren, “PID: Still the One”, Control Engineering, pp. 28-
29, December 2003.

V. J. VanDoren, “Understanding PID control”, Control Engineering,
pp. 53-56, June, 2000.

V. Kumar and A. P. Mittal, “Architecture, performance and stability
analysis of a formula-based Fuzzy | - Fuzzy P - Fuzzy D
controller,” Soft Computing, vol. 15, no. 3, pp. 517-531, February
2011. (DOI 10.1007/s00500-009-0536-8)

V. Kumar and A. P. Mittal, “Parallel Fuzzy P + Fuzzy | + Fuzzy D
Controller: Design and Performance Evaluation,” International
Journal of Automation and Computing, Springer publication, vol. 7,
no. 4, pp. 463-471, November 2010.(DOI: 10.1007/s11633-010-
0528-2)

V. Kumar, K. P. S. Rana and A. Kumar, “Design, performance, and
stability analysis of a formula-based fuzzy PI controller,”
International Journal of Innovative Computing, Information and
Control, vol. 7, no. 7(B), July 2011.

V. Kumar, K.P.S. Rana and V. Gupta, “Real-Time Performance
Evaluation of a Fuzzy Pl + Fuzzy PD Controller for Liquid-Level
Process,” International Journal of Intelligent Control and Systems,
vol. 13, no. 2, pp. 89-96, June 2008.

W. Chatrattanawuth, N. Suksariwattanagul et al., “Fuzzy I-PD
controller for level control,” in Proceedings of SICE-ICASE
International Joint Conference, Busan, Korea, 2006, pp. 5649-5652.
W. J. M. Kickert and E. H. Mamdani, “Analysis of a fuzzy logic
controller,” Fuzzy Sets and Systems, vol. 1, no. 1, pp. 29-44, January
1978.

W. Li, X. G. Chang, J. Farrell and F.W. Wahl, “Design of an
enhanced hybrid fuzzy P+ID controller for a mechanical
manipulator,” IEEE Transactions on Systems, Man, and Cybernetics
— Part B, vol. 31, no. 6, pp. 938-945, December 2001.

W. Siler andH. Ying, "Fuzzy Control Theory: The Linear
Case," Fuzzy Sets and Systems, vol.33, no. 3, pp. 275-290,
December 1989.

Y. C. Hsu, G. Chen and E. Sancher, “A Fuzzy PD Controller for
Multi-Link Robot Control: stability analysis,” in Proceedings of
IEEE International Conference on Robotics and Automation, vol. 2,
Albuquerque, New Mexico, April 1997, pp. 1412-1417.

Y. Choi and W. K. Chung, PID Trajectory Tracking Control for
Mechanical Systems. Spriger-Verlag Berlin Heidelberg, New York,
2004.

Y. Huang and S. Yasunobu, “A general practical design method for
fuzzy PID control from conventional PID control,” in Proceedings
of Ninth IEEE International Conference on Fuzzy Systems, vol. 2,
San Antonio, TX, May 2000, pp. 969-972.

Y. li, K. H. Ang, and G. Chong, “PID control system analysis,
design, and technology: problem, remedies and future directions,”
IEEE Control Systems Magazine, vol. 26, no. 1, pp. 32-41, February
2006.

Y. S. Ding, H. Ying and S. H. Shao, “Typical Takagi-Sugeno PI and
PD  fuzzy controllers:  analytical structures and stability
analysis,” Information Science, vol. 151, pp. 245-262, May 2003.

Z. L. Liu, C. Y. Su and J. Svoboda, “Control of wing rock using
fuzzy PD controller,” in Proceedings of the 12" IEEE International
Conference on Fuzzy System, FUZZ’03,vol. 1, St Louis MO, USA,
May 2003, PP. 414 - 419.

Z. W. Woo, H. Y. Chung and J. J. Lin, “A PID type fuzzy
controller with self-tuning scaling factors,” Fuzzy Sets and Systems,
vol. 115, no. 2, pp. 321-326, October 2000.



Kumar et al: A Review on Classical and Fuzzy PID Controllers 181

Vineet Kumar received M.Sc. degree in
Physics with Electronics in 1991 from G. B.

i Pant. Institute of Ag. & Technology, Pantnagar,
India and M. Tech. in Instrumentation from
Regional Engineering College, Kurukshetra,
India and currently pursuing Ph.D. degrees in
Intelligent Process Control from Delhi

University, Delhi, India.

He is an Assistant Professor of the Department of
Instrumentation and Control Engineering, Netaji Subhas Institute
of Technology (NSIT), Delhi University, Delhi, India since 2010.
He was a lecturer and Sr. Lecturer from 2000 to 2010 at NSIT.
He has also served industry more than 5 years. He has published
more than 25 papers in various international and national
conferences and journals.

His research interests include process dynamics and control,
intelligent control techniques and their applications, and
intelligent process control.

E-mail: vineetkumar27@gmail.com (Corresponding author)

Mechanical and Automobile Engineering
Department at the I.T.M. University Gurgaon,
Haryana , India. He did his Ph.D from Imperial
College of Science and Technology, London,

and started his academic career at IIT Delhi.
He has also worked as Professor of Eminence in Instrumentation
& Control Engg. Division at N.S.1.T. Delhi. He has been involved
in teaching and research in Vibration Engineering, System
Dynamics, Instrumentation, Automatic Controls, Mechatronics
and Engineering Design for over four decades.

B.C. Nakra is presently Professor of Eminence,

A. P. Mittal received B.E. degree in
Electrical Engineering from M.M.M.
Engineering College Gorakhpur, India , M.
Tech. from University of Roorkee, India
and Ph. D. from IIT, Delhi, India.

At present he has worked as a Professor
& head of the division of Instrumentation
and Control Engineering, Netaji Subhas
Institute of Technology (NSIT), Delhi
University, Delhi, India since June, 2001. Earlier he was
working as Professor in the Electrical Engineering department at
CRSCE, Murthal, Haryana, India from July 1997 to June 2001.
Also, he served as Assitant Professor and Lecturer at REC,
Kurukshrtra and Hamirur, India. He has published more than 70
papers in various international and national journals and
conferences. He is a senior member of IEEE, USA and Fellow
of Institute of Engineers (India) etc.

His research interests include intelligent control,
electronics, and electrical drives.

power



	1. Introduction
	2. CLASSICAL AND FUZZY PID CONTROLLERS
	3. Conclusions
	Acknowledgement
	References

