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Abstract—One of the modified versions of the PID
controller is the I-PD controller. It was proposed for
eliminating the proportional and derivative kick appeared
during set point change. In this paper, the optimal I-PD
controller design for DC motor speed control system by
the adaptive tabu search (ATS), one of the most efficient
metaheuristic optimization techniques, is proposed. In a
control system, DC motor is the principle and it is widely
used because of the power from existing direct-current
lighting power distribution systems. It can be controlled
over a wide range and a variable supply. In this research,
TMS320F28335 DSP microcontroller is implemented for
DC motor speed control. This processor consists of the
several peripheral circuits for motor drive application
such as analog to digital, encoder digital to analog and
PWM input/output interface circuits. These interface

circuits can be used in both of DC and AC motor controls.

For the control algorithm development and the Code
Composer Studio (CCS) compiler can be used together
with  TMS320F28335 DSP in MATLAB/SIMULINK.
This proposed method is tested with the DC motor, 1260,
1400, 1540 rpm and 24 volts, consecutively to verify the
performance of the I-PD controller designed for DC
motor speed control system using the speed and control
signal response to many load disturbances.  The
simulation of DC  motor is based on
MATLAB/SIMULINK. The implementation results are
compared with the simulation results. The correlation in
the experiment shows that they are high related. In this
paper show the effectiveness of the proposed methods
and discuss how they could generalize to other systems
by the simulation and experimentation. The results show
that the 1-PD parameters can be optimized by the ATS.
The controlled system with [-PD provides better
responses once compared to that with a basic parallel PID
controller.

Index Terms—Adaptive Tabu Search, I-PD Controller,
DC Motor Speed Control, Metaheuristic Optimization.
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I. INTRODUCTION

The proportional-integral-derivative (PID) controller
was firstly proposed in 1922 by Minorsky [1] and firstly
applied for industrial applications in 1939 [2]. The PID
controller is a control loop feedback mechanism
(controller) and widely used in industrial control systems.

The PID controller calculates the error value of the
difference between a measured process variable and a
desired set point. The PID controller algorithm involves
three separate constant parameters, and is accordingly
sometimes called three term control: the proportional, the
integral and derivative values, may be denoted by P, I, &
D. Simply put, these values can be interpreted in terms of
time: P depends on the present error, | on the
accumulation of past errors, and D is a prediction of
future errors, based on current rate of change. The
weighted sum of these three actions is used to adjust the
process via a control element such as the position of a
control valve [3, 4, 5]. Due to ease of use and simple
realization, the PID controllers have been increasingly
employed in the feedback control system over decades.
However, the major drawbacks of the basic parallel PID
controllers are the effects of proportional and derivative
kick. In order to reduce these effects, one of the modified
versions of the PID controller called the I-PD controller
was proposed [6]. By literatures, many analytical design
methods for the I-PD were consecutively launched, for
examples, the generalized predictive control law [7], the
coefficient ratio assignment (CRA) method [8], the
coefficient diagram method (CDM) [9] the integral-type
optimal servomechanism [10] and the generalized
Kalman-Yakubovich-Popov  (GKYP) lemma [11].
Recently, the control design framework has been changed
to new paradigm known as the parameter optimization
problem. The metaheuristic optimization search
techniques have been widely applied to design the I-PD
controller, such as fuzzy logic based [12, 13], particle
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swarm optimization (PSO) [14, 15], bacterial foraging
algorithm (BFA) [16] , differential evolution (DE) [17]
and multi objective particle swarm optimization [18].
Among those metaheuristic techniques, the adaptive tabu
search (ATS) is one of the most powerful techniques [19].
The ATS was developed as a modified version of the
original tabu search. The convergence analysis and the
performance evaluation of the ATS were reported [19].
By literatures, the ATS has been successfully applied to
various engineering problems, for examples, electrical
system protection [20], dynamical system identification
[21] and control synthesis [22]. In this paper, the ATS is
applied to design an optimal I-PD controller for a DC
motor speed control system. The results obtained will be
compared those with the basic parallel PID controller.

This paper consists of seven sections. After an
introduction given in section I, the related works of I-PD
optimization are presented in section Il. Details of ATS
algorithms are illustrated in section Ill. The problem
formulation of the PID and I-PD via the standard basic
control loop is described in section 1V. Application of the
ATS to I-PD controller optimization for the DC motor
speed control system is provided in section V. Simulation
and experimental results are illustrated section VI, while
conclusions are given in section VII.

Il. RELATED WORKS OF I-PD OPTIMIZATION

The 1-PD controller design optimization for DC motor
speed control by the ATS can be represented by the block
diagram in Fig. 1. The sum-squared error between R(s)
and C(s) is set as the objective function J expressed in (1).
J will be fed back to the ATS tuning block to be
minimized in order to find the optimal 1-PD parameters
satisfying to the inequality constraints stated in (2), where
M, and Eg are maximum overshoot and steady-state error,
Ko, Ki and Ky are the proportional, integral and derivative
gains, respectively.

N
Minimize 3= [r(i)—c(i)]’ (1)
i=1
subject to M, <10%,
E,, <0.1%,
10 <K, <100, @)

300 < K; <600,
0.1<Ky <20

The use of Al search techniques to design the I-PD
controller can be represented by the block diagram in Fig.
1. The cost function, J, the sum of absolute errors
between R(s) and C(s) as stated in (1), is fed back to the
Al tuning block. J is minimized to find the optimum I-PD
controller’s parameters. In this work, the Al tuning block
contains the ATS algorithm.

Copyright © 2017 MECS
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Fig.1. ATS based I-PD controller optimization.

I11. ADAPTIVE TABU SEARCH ALGORITHMS

As a modified version of the original tabu search, the
adaptive tabu search (ATS) is based on the neighborhood
search approach. The ATS possesses the tabu list (TL),
back-tracking (BT) and adaptive search radius (AR)
mechanisms [19]. The TS is used to record the visited
solutions. The BT is conducted to escape the local
entrapment towards a new search path by using the data
stored in the TL. Once a current solution is close to a
local minimum, the AR is activated by reducing the
search radius in order to speed up the search process. The
algorithms of the ATS can be described step-by-step as
follows:
Step 1. Initialize a search space, count and county,x
(maximum search round).

Randomly select an initial solution x, from the
search space. Let X, be a current local minimum.
Randomly generate n solutions around xo within
a certain radius R. Store the n solutions called
neighborhood in a set X.

Evaluate an objective function f() of each
member in X. Set x; as a solution that gives the
minimum objective function in X.

If f(x1) < f(Xo), put Xo into the TL and set X, = Xy,
otherwise, store x; in the TL instead.
Activate the BT mechanism, when
entrapment occurs.

Invoke the AR mechanism, when the search
moves close to a local minimum by adjusting R
= uR, O<u<1.

If the termination criteria (TC): count > countyay,
or desired specifications are met, stop the search
process. X, is the best solution found, otherwise
update count, and go back to Step 2.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6. local

Step 7.

Step 8.

The ATS method [23, 24] is one of the most efficient
Al search techniques. It is based on the iterative
neighborhood search approach for solving combinatorial
and nonlinear problems. The Tabu list, one important
feature of the method that has first in-last-out property, is
used to record a history of solution movement for leading
a new direction that can escape a local minimum trap. In
addition, the ATS method has two additional mechanisms,
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namely backtracking and adaptive search radius, to
enhance its convergence.

The backtracking mechanism described in Step 6 is
active when the number of solutions cycling is equal to
the maximum  solution-cycling allowance. This
mechanism selects an already visited solution stored in
the TL as an initial solution for the next search The round
to enable a new search path that could escape the local
deadlock towards a new local minimum. For the AR
mechanism described in Step 7, it is invoked when a
current solution is relatively close to a local minimum.
The radius is thus decreased in accordance with the best
cost function found so far. The less the cost function, the
smaller the radius. With the two features, a sequence of
solutions obtained by the ATS method rapidly converges
to the global minimum. The ATS algorithm can be
summarized by the pseudo code as shown in Fig. 2.

Objective function f(x), X = (Xy,....X5)",
Search space Q, Tabu list (TL), Search radius R,
Randomly generate initial solution x° within Q,
Evaluate f(x°) via given objective function.
While (Termination criteria)
Randomly generate neighborhood solutions x’,
Evaluate f(x ) via given objective function,
Find the best neighborhood solution X,
If f(x")<f(x°) Then keep xinto TL and update x° = X,
Otherwise keep X" into TL,
If local entrapment occurred Then activate BT,
If search closes to local solutions Then invoke AR
to reduce R by adjusting R = 4R, 0<u<1.
End While
Best solutions found.

Fig.2. Pseudo code of the ATS algorithm

IV. PROBLEM FORMULATION
A. Basic Parallel PID Control Loop

A conventional feedback control loop with basic
parallel PID controller is represented by the block
diagram in Fig. 3, where Gy(s) and G(s) are the plant and
the PID controller transfer functions, respectively. The
PID controller receives error signal E(s) and generates
control signal U(s) to controlled output C(s) and regulate
disturbance D(s) referring to referent input R(s). The
time-domain and s-domain functions of the PID
controller is stated in (3)-(4).

D(s)
R(s)  E(s) us) Yt C(s)
+ e -
Plant

Gq(s)
Parallel PID Controller

Fig.3. Conventional feedback control loop with basic parallel PID.
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u(t)|PID = er(t) + Ki J-e(t)dt + Kd % (3)

K.
Ge(S)|op =Kp+?'+ Kgys (4)

Ki
) (Kp +?+ deij(s)

R(s)

- ©)
1+(Kp +?'+ deij(s)

The closed loop transfer function with basic parallel PID
controller is given in (5). The main control objective is to
make C(s) = R(s). By this objective, the controller
continuously adjusts the control signal U(s) until the error
E(s) is zero irrespective of the disturbance signal D(s). By
using parallel PID controller, a step change in the
reference input R(s) will cause an immediate spiky
change in the control signal U(s). This abrupt change in
the controller output is known as the proportional and
derivative kick (or shortly set-point kick). This kick
effects rapidly change the command signal to the actuator
which controls the entire operation of the plant Gy(s) [6].
To overcome this drawback, the [-PD controller is
proposd.

B. I-PD Control Loop

The 1-PD controller is one of the modified versions of
the PID controller. It is developed to avoid the set-point
kick and reduce undesirable overshoot. The feedback
control loop with I-PD controller is represented by the
block diagram in Fig. 4. Referring to Fig. 4, the integral
part is still placed in the forward path, while the
proportional and derivative parts are moved to feedback
path of the control loop. By this scheme, only the integral
term K; responds on the error signal E(s). An abrupt
change in the reference input R(s) will not affect the
proportional K, and derivative K4 terms, since they work
on the controlled output C(s). The time-domain function
of the 1-PD control signal is stated in (6) and the closed
loop transfer function with I-PD controller is given in (7).

C(s)

1-PD Controller

Fig.4. Feedback control loop with I-PD

u(t)||—|::|:) = KiIe(t)dt—[Kpc(t)+ K, d((;it)j (6)
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(oo
O

1+(Kp +%+ deij(s)

C(s) _
R(s)

C. DC-Servo Motor

The direct current (DC) servo motor is widely used in
industry especially in high precision control such as robot
arm and disk drive applications [25]. Regarding to control
engineering context, analysis and design of the DC-servo
motor control system require its accurate model
parameters. Generally, such the parameters can be
obtained by the blocked-rotor, no-load and retardation
tests [26]. However, obtained parameters by these tests
often inaccurate due to its uncertainty and error in testing
process [26]. Another approach to obtain the model
parameters is called the identification approach.
Traditionally, model and parameter identification requires
the knowledge of system input and output which can be
obtained from the particular tests [27, 28]. The model
parameters are then obtained by the regression analysis.
By this approach, the obtained models are known as the
black-box ones consisting of ARX, ARMAX, OE, and BJ,
respectively [29]. By literatures, the conventional
identification approach has been widely used to linear [30]
and nonlinear system [31]. Although their closed-form
formulation provide an advantage leading to fast
computation, its major drawback is the restriction of the
class of models to be difference equations and the like.
Moreover, it is not possible to apply the method to
identify models of other forms. To-date, metaheuristic
optimization  techniques have become potential
candidates to various engineering applications. Among
the  trajectory-based = metaheuristic  optimization
techniques, the adaptive tabu search (ATS) is one of the
most efficient methods. The ATS has been launched in
2004 [32, 33] as a modified version of the conventional
tabu search for solving various engineering optimization
problems especially in control synthesis and design
problems [34, 35]. From our previous work [36, 37], the
ATS-based model parameter identification of a DC-servo
motor is presented method. The proposed identification
approach can be considered as a class of metaheuristic
optimization problems. Results obtained by the ATS will
be compared with those obtained by the genetic algorithm
(GA), one of the well-known and widely accepted
population-based metaheuristic techniques.

D. DC-Servo Motor Model

The schematic diagram of armature-controlled DC-
servo motor can be represented by Fig. 5 [38, 39], where
R, is an armature-winding resistance, L, is an armature-
winding inductance, Ry is a field-winding resistance, L; is
a field-winding inductance, J is a moment of inertia, B is
a viscous-friction coefficient, ey(t) is an applied armature
voltage, i,(t) is an armature current, eq(t) is a field voltage,
if(t) is a field current, ey(t) is a back emf (electromotive
force) voltage, T(t) is a motor torque, &t) is an angular

Copyright © 2017 MECS

displacement and «(t) is an angular velocity (speed),
respectively. The e,(t) is considered as the system input
and «(t) stands for the system output. Referring to Fig. 5,
the applied armature voltage e4(t), for the electrical part,
can be formulated as expressed in Eq.(8), where K, is
back emf constant. For the rotational mechanical part, the
motor torque T(t) is performed as stated in Eq.(9), where
K is motor constant.

In practical, the DC-servo motor is usually driven by
the power amplify (power electronic devices) which can
be approximated by the power amplifier constant Ka.
Therefore, the math model of armature-controlled DC-
servo motor speed control in term of the transfer function
can be formulated by taking differential equations and
Laplace transform as expressed in (10). The plant G, (s)
of the DC-servo motor can be identified via MATLAB
and system identification toolbox. The second-order
transfer function model obtained by this approach can be
expressed in (11).

B

O

Fig.5. Schematic diagram of DC motor.

0= Ria 0+ L, 12 v, 0,
di, (t) ®)
“R, 0+ L, 22 Lk o), e () = Kyolt)
T(t)= Ktia tH=J %+ Bo(t) 9)
Q(S) _ KAKt (10)

Ea(s)  JL,52 +(BL, + JR,)s+ (BR, + K.Ky)

By substituting for the DC motor parameters in (10),
The transfer function is:

189.6565
0.00014865s + 76.3867s +132.4162

Gp (S) = (11)

V. ATS-BASED DESIGN OF |-PD CONTROLLER

The ATS-based design of the I-PD controllers is
illustrated in this section. Referring to Fig. 1, the Al
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Initialize ATS parameters:

-count=0, count,,,,=50, R=10% of the search space, Tabu list=¢,
-Re(number of solution cycling for back-tracking)=0, Re ., (maximum solution-cycling allowance)=5,
-n cycling(number of solution cycling for adaptive radius)=0, N(neighborhood members)=40.

v

Load plant model and

set I-PD controller parameter: K; , K,,, and K, as search <

v

Set required performance indices:

tr—max» P-O. max, ts_may and Egs_may @s inequality constraints in Eq.(2) nl

v

Kao)

Within the search radius R, randomly select initial solution K, (Kjq , Kpo, and

from the search space. Let K, be a current solution (current local minimum).

v

A 4

around K,

Randomly generate N solution, called neighborhood,

v

Evaluate a cost value of each member belonging to X via Eq.(1)-(2). Let the
number giving minimum cost, J; be K; (K;y, Kj1, and Ky, ).as search spaces.

Keep K, in the Tabu
list,

|1
<

Keep K; in
the Tabu list

yes

Solution-
cycling
occurs?

Update Re = Re +1,
n_cycling = n_cycling +1

no

count
>

CoUNtyyqx

n_cycling =
20 or 40 or
60 or 80

A

yes
Deadlock
occurs?
Activate the back-
tracking
+ yes

mechanism by reducing

Activate the adaptive search radius

v

Update count = count + 1

Report the best solution
(global minimum)
found: K; , K,,, and K.

Fig.6. Diagram of the ATS’s implementation for designing 1-PD controller
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tuning block utilizes the ATS method. The parameter
tuning process is repeatedly performed to minimize the
cost function J stated in (1)-(2) until the termination
criterion is met. In this work, the maximum search round
(count,,,,) of the search process is the termination
criterion. In each search round, 40 neighborhood
members are randomly generated, and count,,,, IS set
as 50. Diagram of the ATS’s implementation for
designing I-PD controller as shown in Fig. 6.

The diagram in Fig. 6 reveals the search process of the
ATS for designing PID and I-PD controllers. In this work,
the ATS was coded in MATLABTM for running on an
Intel(R) Core (TM) i5-2450M CPU@ 2.5 GHz, 4 Ghytes
RAM ,500 Gbytes HD. The flow diagram gives a clear
view of the proposed method for the readers to follow.
For more details of the back-tracking and the adaptive
search radius mechanisms, the readers should consult the
references [23, 24].

VI. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

In this sub-section, after the search process stop, the
optimal PID and I|-PD parameters are successfully
obtained as summarized in Table 1-3. The simulation
results of DC Motor Speed Controlled system with 1-PD
controller designed by the ATS method in (1) shown in
Fig. 7 will be confirmed by the experimental results as
described in next sub-section.

Table 1. Results of two controllers test parameters

Parameters
Controllers
Ko Ki Kg
PID 9.976440 12.821038 0.000551
1-PD 3.031736 19.989464 0.006679

Table 2. Results of PID controller test parameters

System responses
My(%) | Ex(%)
15.654 0.00

te(sec.)
0.1562

ts(sec.)
0.8530

treg(SEC.)
2.1246

Table 3. Results of I-PD controller test parameters

System responses
M, (%) Ess(%)
11.228 0.00

te(sec.)
0.2146

ts(sec.)
0.9140

treg(S€C.)
1.2652

Referring to Table 1-3, as simulation results, it was
found that the ATS can provide the optimal PID and I-PD
parameters satisfying the constraints in (2). For the
system responses in Fig. 7. By comparison, the controlled
system with the 1-PD provides significantly better
responses with smaller overshoot and faster regulating
time once compared to that with the parallel PID
controller.

System responses obtained by the 1-PD designed by the
ATS will be compared with those obtained by basic
parallel PID controller designed by the ATS. After the
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search process stopped, the optimal PID and I-PD
parameters are successfully achieved as declared in Table
1-3. Their corresponding system responses are also
reported in Table 1, where t, is rise time, t is settling time
and trg is regulating time. The step command and step
disturbance responses of DC motor speed control system
with PID and I-PD controllers are depicted in Fig.7.

15

Response without controller
Response with PID controller
= Response with I-PD controller

1 o~

o

Step disturbance responses

Amplitude

Step command responses

0.5

Fig.7. System responses without and with PID and I-PD
designed by ATS.

B. Experimental Results

The ATS is applied to design the PID and I-PD
controllers for the DC motor speed control, the
proportional and derivative kick, the PID controller
produces much greater control signal than the I-PD does.
This causes the serious problem once implemented.
Therefore, the 1-PD controller is more practical for real-
world implementation. In this work the operating speed
of 1260, 1400, and 1540 rpm with no load and full load
conditions. To confirm the simulation result, the
experimentation of DC motor speed control system need
to be done. The PID and I-PD controllers designed by the
ATS are implemented by the TMS320F28335 DSP
controller board [40, 41] shown in Fig. 8 as the real time
embedded control system. The TMS320F28335 DSP
controller board consist of a 32-bit CPU and a single-
precision 32-bit floating-point. The 150 MHz system
clock is provided by an on-chip oscillator. The kit
includes a peripheral explorer board and a control CARD
with the TMS320F28335 MCU. The board includes
many hardware-bas peripheral components for interacting
with the various peripherals common to C2000 MCUs,
such as the ADC, PWMs, eCAP, 12C, CAN, SPI, McBSP
and TMS320F28335 DSP controller board is designed to
interface with MATLAB/Simulink running on PC.

The DC motor speed control system is developed as
the testing rig by using digital signal controller
technology as shown in Fig. 9 for perform the
experimental results. The electric load is applied to the
load disturbance.

The first step, according to PID controller designed by
the ATS can be implemented due to the high values of
control gains. From Fig. 10, it was found at 1,260 rpm
that the system response provides t. =420 ms, t;= 620
ms, M, = 12.329 %, E; = 0.00 ms, t; = 500 ms, Once
upon a time comparable to the simulation results, the
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system output of experimental results slower

response.

gives

MATLAB/Simulink

Control signal Disterbance regulation

Error signal

Fig.10. System responses of DC motor speed control system with
PID controller.

Control signal

Disterbance regulation

Error signal

Fig.11. System responses of DC motor speed control system with
PID controller.
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The next step, according to PID controller designed by
the ATS can be implemented due to the high values of
control gains. From Fig. 11, it was found at 1,260 rpm
that the system response provides t. =420 ms, t;= 620
ms, M, =12.329 %, E; = 0.00 ms, ty =500 ms, Once
upon a time comparable to the simulation results, the
system output of experimental results gives slower
response.

The last step, according to PID controller designed by
the ATS can be implemented due to the high values of
control gains. From Fig. 12, it was found at 1,260 rpm
that the system response provides t. =420 ms, t, = 620
ms, M, = 12.329 %, E; = 0.00 ms, t;, =500 ms, Once
upon a time comparable to the simulation results, the
system output of experimental results gives slower
response.

Control signal Disterbance regulation

Error signal

Fig.12. System responses of DC motor speed control system with
PID controller.

The experimental result of DC motor speed control
system with I-PD controller designed by the ATS is
depicted in Fig.13-15. This proposed method is tested
with the DC motor, 1260, 1400, 1540 rpm. The
simulation results was compared in this case.

Control signal Disterbance regulation

Error signal

Fig.13. System responses of DC motor speed control system with
1-PD controller.

The first step, according to 1-PD controller designed by
the ATS can be implemented due to the high values of
control gains. From Fig. 13, it was found at 1,260 rpm
that the system response provides t, =1,000 ms, t;= 1,100
ms, M, =0.00 %, Es = 0.00 ms, te; =520 ms, Once
upon a time comparable to the simulation results, the
system output of experimental results gives slower
response.

1.J. Intelligent Systems and Applications, 2017, 9, 69-78
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Control signal Disterbance regulation

Error signal

Fig.14. System responses of DC motor speed control system with
I-PD controller.

The next step, according to 1-PD controller designed by
the ATS can be implemented due to the high values of
control gains. From Fig. 14, it was found at 1,400 rpm
that the system response provides t. =1,000 ms, t;= 1,100
ms, M, = 0.00 %, Es, = 0.00 ms, ty = 600 ms, Once
upon a time comparable to the simulation results, the
system output of experimental results gives slower
response.

500ms/dv

Control signal

Disterbance regulation

Fig.15. System responses of DC motor speed control system with
I-PD controller.

The last step, according to I-PD controller designed by
the ATS can be implemented due to the high values of
control gains. From Fig. 15, it was found at 1,540 rpm
that the system response provides t. =1,000 ms, t; = 1,100
ms, M, = 0.00 %, E;; = 0.00 ms, teq = 1,000 ms, Once
upon a time comparable to the simulation results, the
system output of experimental results gives slower
response.

VII. CONCLUSIONS

The optimal I-PD controller design for DC motor
speed control system by the adaptive tabu search (ATS)
has been proposed in this paper. The I-PD, one of the
modified versions of the PID controller, has been
proposed to avoid the proportional and derivative Kick
occurred during set-point change and to reduce
undesirable overshoot. As the powerful metaheuristic
optimization technique, the ATS has been conducted. The
ATS could provide optimal PID and I-PD controllers for
DC motor speed control system. By comparison, it can be

Copyright © 2017 MECS

concluded that the controlled system with I-PD provided
better responses with smaller overshoot and faster
regulating time as well as practical control signal.
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