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Abstract:

The proportional-integral-derivative (PID) controllers are the most popular
controllers used in industry because of their remarkable effectiveness, ssimplicity of
implementation and broad applicability. However, tuning of these controllers is time
consuming, not easy and generally lead to poor performance especially with non-linear
systems. This paper presents an artificial intelligence (Al) method of particle swarm
optimization (PSO) algorithm for tuning the optimal (PID) controller parameters for
steam engine speed control (SESC) system to achieve the mean objective which is the
tracking between the reference speed and the output speed .This approach has superior
features, including easy implementation, stable convergence characteristic and good
computational efficiency over the conventional methods. The PID conventional controller
had been applied and results were compared with the automatic tuning PSO-PID for
(SESC) using Simulink of Matlab . Simulation results for the proposed method give
optimum input/output tracking and the error equal zero without using the conventional
solutions for standard engine control problems like cascade feedback gain and dither signal
,where in traditional tuning method of PID the tracking cannot achieve exactly without
error, unless using conventional solutions.

Keywords: PID Controller, Particle Swarm Optimization (PSO), Steam Engine Speed
Control (SESC).
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1. Introduction:

Engine speed control (ESC) still lies at the heart of some of the most sophisticated control
systems in the world. For the control engineer they are intensaly interesting to work with and
challenging to control. In addition to speed, the petrol engine has a number of other control
aspects, starting from ignition timing control, through fuel-air ratio control to the growing
number of emissions and efficiency requirements that all require yet more complex control
strategies. The modern car is in fact controlled by electronic control units (ECU’s). The
modern automotive diesel engine has an ECU of similar complexity to the petrol engine
device, and al this complexity to control engines. This is why engine speed control remains
relevant today — it is the application that gave rise to the theoretical analysis and design of
control systems ™.

A PID controller requires exact mathematical modeling of system which be controlled;
the performance of the system is questionable if there is parameter variation 2 however the
PID controller is still extensively used in the industry this is due to its simplicity and the
ability to apply in a wide range of situations. On the other hand tuning a PID controller is
rather difficult and can be atime consuming process >4,

In recent years, many intelligence algorithms are proposed to tuning the PID parameters.
Tuning PID parameters by the optimal agorithms such as the Simulated Annealing (SA),
Genetic Algorithm (GA), and Particle Swarm Optimization (PSO) algorithm. Chent et al.
proposed a method to tune PID parameters by SA . However, it is sSlow to search the best
solution. (PSO), first introduced by Kennedy and Eberhart, is one of the modern heuristics
algorithms. It was developed through ssimulation of a simplified social system, and has been
found to be robust in solving continuous non-linear optimization problems. [

In this paper the objective is to determine solutions for a Dead Zone problem and
implement the optimal PID controller parameters that realize efficient control of speed and
regulating of steam engine. The model of an engine speed control system is determined by
using Simulink in MATLAB. The PSO algorithm is presented to find the optimum
Proportional, Integral and Derivative gains values of the controller without using the
conventional solutions for all control problems which require some important techniques like

(compensate cascade feedback gain or dither signal design)
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2. Modeling of the ESC SYSTEM:

2.1. Engine Speed Control System:

The basic elements of an engine control system are:

« A valve with which to change the supply rate of the fuel source

» A reciprocating engine

» Anoutput shaft with flywheel and the engine load.

In a standard system, a safe fuel source is compressed air as shown in Figure. (1), this
gives similar results to steam but without the extremes of temperature or energy.

The input valve in the standard system is a'so motorized so that a constant control input
to the valve motor causes a constant rate of change of the valve position. The airflow rate/
valve position characteristic is aso non-linear so that the control of the air flow into the
engine is itself a problem. The engine is atypical four cylinder steam engine with an inertial
load in the form of a flywheel, and variable load in the form of an electrical generator. To
vary the electrical load aload control voltage is used. %

Compressed Control

: T Engine
Air In Valve Output

Yy Shaft

—

output
Flow control valve | Engine Speed

Valve Four

Motor : Electrical
Amplifier, Cyhnder Load

A

Engine

Load
Generator
Control
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Fig. (1) Schematic diagram of Engine Speed System (open loop)

2.2 Mathematical Model of (ESC) system:

The components of the engine control system are the air control valve, the engine and the
load. The air control valve in turn has two parts, the drive motor and the valve. The drive
motor gives a rate of change of valve position y(t) proportional to the motor input signal u

(1), so it can be modeled as an integrator with gaing_ . The valve output pressure P (1) is

proportional to the valve position y(t), so it can be modeled asagainQ, .
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ot g u@),pt)=9,vy®y L (1)

The engine torque { . (t) is proportional to the air pressure.

t.®=9pt) (2)

The engine torque is used to supply the engine load, frictiona losses and to
accelerate the engine flywhee inertia . If the engine speed isw then we can write; [Rate of
change of flywheel momentum] = (engine torque)-(frictional torque)-(load torque)

dw(t) _
| ——~=t -t -t . 3
dt e f | ()

(I) ismoment of inertia of engine

The torque required to overcome friction ist , =bw(t) , where b is the damping
coefficient. The load torque t | is proportional to the load demand voltage d, (t) such that;
t, =g,d (t) .Combining these equations give:

 dw(t)

+bw(t)=9.9yt)-gd®) 4)

Equations (1) and (4) are the differential equation model of open loop engine speed control
system. The transfer function form these are:

y(s) = gm‘;(s) ........................................... 5)
_0.9,y(s) gd(s
w(s) = b+ 1. T (6)

Because the input valve has a dead —zone, the gain (_ isnon linear with a characteristic

as shown in Figure.(2-a) .The air flow gain (J is aso non-linear but with a smooth

characteristic ,usually power law .In normal operation the valve characteristic is localy
linearised about the normal operating speed of the engine, and the dead-zone is compensated
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in severa ways if the actuator position is measured (as in the standard engine speed control
system) then high gain feedback around the actuator can reduce the effective dead-zone by a
factor equal to the feedback gain. A further common procedure is to use a technique called
dither. In this a periodic signal is added to the actuator input signal. The advantage of dither is
that the valve dead-zone as shown in Figure. (2-b) is replaced by the non zero gain of

g. [ 2 . Inthis case thereis aways a corrective control signal being fed to the system and

the servo tracking error can be control by normal means.”

The dither in feedback systems was carried on by Zames and Shneydor (Zames and
Shneydor 1976, Zames and Shneydor 1977).In their work Zames and Shneydor use an input-
output framework to prove that dither affects stability of nonlinear systems. Essentialy they
show that an input-output analysis of the dithered system can be derived by looking at the
smoothed system.!®. A different approach for studying dither in nonlinear system was used by
Mossaheb. In (Mossaheb 1983) it has not been used an input-output approach but a classica
averaging method for showing that a sufficiently high frequency dither can make arbitrarily
close the state of the dithered system and the state of the smoothed system.®
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o dy(t)

dt
1
Dead —'E_'i_.}_};\ii
I i e
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>
| | 2D u(r)
f D D | N
. s]opab—z"

(a)Dead zone Characteristic (b) Dither Compensated
dead zone

Fig .(2) Non-Linear Gain Characteristic (Dead Zone)

The standard engine control problem has two main components that are found in many
engine control situations. They are:
1) Therequirement of controlling a non-linear input actuator (the air flow control valve)
2) Therequirement of regulating the speed of the engine when the load on its output shaft
changes
The solution to these control problems requires one of the following techni qu&s:[”]
Compensation for dead-zone in the actuator. A local feedback loop is used, together with
some non-linear compensating mechanism to reduce the actuator dead-zone and to give
direct control over the valve position.
The use of cascade control. An inner feedback |oop gives control over the position of the
air flow valve and an outer feedback |oop does the speed regulation.
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The use of feed forward of the load demand. When a signal is available which is
proportional to the load, then the signal can be fed forward to the input of the control
system to anticipate changes in load.

In this paper used the first technique .

3. Fitness Function:

Integral error is usually used as performance index of PID system parameter tuning,

while ITAE is often used in optimal analysis and design. 0+ *2

ITSE = [} t.e*(t)d¢ 7)

In this study, a set of good control parameters can yield a good response that will result in
performance criteria minimization in the time domain, this performance criterion is called
Fitness Function (FF) which can be formulated as follows ; ©®

FF=(1-eP)(M, +Esgy+eP(T, —T,)+ITSE ... (8)

Where:

Mp is maximum overshoot.
Esis steady state error.
Tsisthe settling time.

T istherisetime.

b isthe weighting factor to improve the performance of response(positive constant putting

as input data in the software program)

4. Particle swarm optimization algorithm:

PSO is amethod for optimizing hard numerical functions on metaphor of social behavior
of flocks of birds and schools of fish. The origina PSO algorithm is discovered through
simplified social model simulation. It was first designed to emulate birds seeking food which
is defined as a cornfield vector. The bird would find food through social cooperation with
other birds around it (within its neighborhood).It was then expanded to multidimensional
search. In PSO each particle in swarm represents a solution to the problem and it is defined

with its position and vel ocity.[**
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The main steps in the particle swarm optimization and selection process are described as
follows:

(@ Initialize a population of particles with random positions and velocities in m-dimensions
of the problem space and fly them.

(b) Evauate the fitness of each particle in the swarm.

(c) For every iteration, compare each particle’s fitness with its previous best fithess (Ppes:)
obtained. If the current value is better than(Py.s:), then set (Pp.s:)equal to the current
value and the (Py.s; ) location equal to the current location in the m-dimensional space.

(d) Compare(Pp,s:) Of particles with each other and update the swarm global best location
with the greatest fitness (gpest)-

(e) Change the velocity and position of the particle According to equations (9) and (10)
respectively.

L-Fi::*rnf""l:' =W =* L-z';f} + ¢l = rand = (Pbssr.;m - x;‘:;}) + 2 = rand = (gbasrm - x'{‘:l}} (9)
(Te.+1) _ _(Ie) ﬂ-:fr.}
L - xt’,m + T’z’,m ............ (10)
Where:
vim&x;,m  represent the velocity and position of the i, particle with n-dimensions,
respectively.
iI=1,2,.....,n
m=12,.....d

n = size of population.

d = Dimension.

rand= Random number between 0-1

Iter. = Iterations pointer.

W= theinertiaweight factor that controls the exploration and exploitation of the search space

because it dynamically adjusts velocity.

cl, c2 = Acceleration constant (positive constant) called the cognitive and social parameter

respectively.

Pyest; = Best previous position of ith particle.

Ivestm = Best particle among all the particles in the population.

(f) Repeat steps (a) to (e) until convergence is reached based on some desired single or
multiple criteria 14
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5. Simulation results:

The simulation results will show the following cases:

5.1 open loop and closed loop step response:

For testing the stability of the system without controller, the open loop contribution for
the system is shown in Figure.(3)and the response is shown in Figure.(4) . While the
response of closed loop for the proposed system is shown in Figure.(5).As shown from the
two figures the system is unregulated and unstable under disturbance rejection .

ey Satucance  OCwind

{control vabse) lead generator

Fig .(3) Simulink of open loop steam engine system

Fig .(4) open loop step response Fig .(5)closed loop step response

5.2 conventional PID Controller for engine speed control system:

Defining U (t) as the controller output to the process, the form of the PID algorithm is:

- { de(t)
U (t) = K e(t) + K| Qe(t)dt + K, pn

K,: Proportional gain, K, : Integral gain, K,:

4. Derivative gain, t. Time or

instantaneous time ,the variable e(t)represents the tracking error which is the difference
between the desired input value and the actual output , this error signal will be sent to the PID
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controller and the controller computes both the derivative and the integral of this error
signal [,

There are severa methods for tuning a PID loop. The most effective methods generally
involve the development of some form of process model, and then choosing P, I, and D based
on the dynamic model parameters. One of the well known methods is the manua method. If

the system must remain online, one tuning method is to first set Ki and K 4 Vvauesto zero.

Increase the K until the output of the loop oscillates, then K = should be set to
approximately half of that value for a"quarter amplitude decay" type response. Then increase

K. until any offset is correct in sufficient time for the process. However, too much K. will
cause instability. Finally, increase K 4 if required, until the loop is acceptably quick to reach

its reference after a load disturbance. However, too much K 4Will cause excessive response

and overshoot. A fast PID loop tuning usually overshoots dightly to reach the set point more
quickly.[*”

In this paper, the PID controller is used to a chive a satisfactory speed regulation when
increased the disturbance regjection. The best result can be obtained of the PID controller

parametersare (K =4,K, =2,K, =0.5).

To demonstrate dead-zone compensation, a conventional dither technique is used, which
explained in section (2.2).The dither signal is inserted into the feedback loop just before the
input to the actuator. The amplitude of the dither signal should exceed the dead-zone and the
frequency of the dither should be higher than the closed loop bandwidth of the system.

To illustrate the effect of the controller parameters on the dynamic and tracking response
of the closed loop system with the load placed upon it the system must be contain a simple
signal generator to a provide low frequency test square signal equal 2 volt, with 1.006 Hz.
The dither signal is square wave has amplitude (2volt) and a frequency of (7Hz), dead zoneis
(-0.5to +0.5) and the disturbance 2 volt square wave.

The PID controller for the proposed system is shown in Figure. (6), the simulation results
are shown in Figures. (7)& (8) without and with dither respectively. The response in
Figure.(7) there is a tracking with distortion in the dynamic response so the speed
unregulated. In Figure (8) the dither signal should linearize the system and reduce the effect
of non linear gain if the distribution rejection increased, but it has a little effect a possible on
the controlled variables and there is a steady state error will be increased if the operation time
for system will be increased ,and lost the tracking at 2.3 sec.
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Fig .(8)speed response with dither signal

5.3 Implementation of automatic tuning PSO- PID controller:

In this paper a PSO is used to find the optimal parameters of PID controller for steam
engine speed system. Figure. (9) shows the Simulink of the proposed system where the
engine control system without using the dither signal .In the proposed PSO method each
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particle contains three members P, | and D. It means that the search space has three dimension
and particles must ‘fly’ in a three dimensional space. The system performance of PSO-PID
controller is shown in Figure. (10) which gives good regulation speed with fully tracking
between input reference speed and output speed .The flow chart of PSO-PID controller is
shown in Figure. (11). The PSO agorithm was simulated and tested by tuning the various
parameters like population size, inertia weight and acceleration factor. The optimum PID
parameter values that are achieved a better solution are:

K, =3.7963 K, =1.2755 K, =2.5298.The simulation was done using the

Simulink package available in Matlab interfaced with (m.file) for PSO algorithm program.
The simulation time was set to 10 second; the speed reference input was 2 volt from signal
generator (1.006 HZ);Particle Swarm Optimization (PSO) algorithm, parameter values are:

number of iterations =10, population size=30,w =0.3,c, =¢, =1.2 ,b =0.7
I TSE=0 so error=0%

2 i ——O
< :

Fig .(9) Simulink of PID using PSO method for steam engine speed control
system

=

'——-p———-r———-'———J a =

Spoed

Time{sat]

Fig .(10) System Performance of PSO-PID automatic Tuning Method.
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Fig .(11) The Flowchart of the PSO-PID Control System

6. Comparison results:

The intelligent PSO technique gives highly trace over of the conventional PID controller.
The speed response of PSO-PID controller comparing with the speed response of PID-
conventional controller as shown in Figure.(12).The output speed with PID controller loss the
tracking at (2.3 sec.) and when increase the operation time the system unregulated and
increase the oscillation under any small change in disturbance rejection frequency where
PSO-PID controller has highly tracking between input /output for any simulation time

response and the output is like input reference meaning that the response has not any
distortion or tracking error .
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Fig .(12) Speed response of PSO-PID controller comparing with the speed
response of PID-conventional controller

7. Conclusion:

In this work a PSO method is used to determine PID controller parameters automatically
through simulation of steam engine speed control system. The results show that the proposed
controller can perform an efficient search for the optimal PID controller by comparing with
the conventional controller methods, it shows that this method have exhibited relatively good
performance and the output response full tracking with speed reference for all time response
and their typical characteristics show afaster and smoother response.

The advantage of using PSO tuning PID is the computational efficiency, because it is
very easy of the implementation and the computation processes is very fast, comparing with
conventional methods.

The PSO-PID technique gives better response than PID controller in terms of trgectory
tracking.

Finally the proposed automatic tuning is intelligent method to control a non linear input
an actuator and to regulate the speed of engine without using the conventional solution (dither
signal) that is simplicity but its limited when using disturbance rgjection in non linear system.

8. References:

1. http://www.control-system—Principles.co.uk/engine-speed-contr ol.pdf by Iraqi
Virtual ScienceLibrary.

2. Nabil A. Ahmed," Modeling and Simulation of AC-DC Buck —Boost Converter Fed
DC Motor with Uniform PWM Technique', Electric Power System Research ,
vol.73,issue 3,Mar ., 2005.

159


http://www.control

Journal of Engineering and Development, Vol. 19, No.1, January 2015, ISSN 1813- 7822

10.

11.

12.

13.

14.

15.

16.

17.

Heno H . Capolino G. A.," Methodologie Application du Diagnostic Pour Less
Systems Elecriques’, Article Invite Dans Revue de 1 Electricite et de 1 Electronique
(REE) No.6, (in French),Jun.,2002.

Raghhavan S.," Digital Control for Speed and Position of a DC Motor " ,MSc Thesis,
Texas A& M University, Kingsville ,Aug .2005

Chent S, Istepaniant R. H., Whidbornet J. F. and Wu J., “Adaptive Simulated
Annealing for Designing Finite-Precision PID Controller Structures,” I|EE
Colloquium on Optimization in Control: Methods and Applications,pp.(1-3),1998, .
Zwe-L ee Gaing, “A particle Swarm Optimization Approach for Optimum Design of
PID Controller in AVR(Automatic Voltage Regulator) System”, |EEE Transactions
on Energy Conversion, Vol.19, No.2, pp384-391, 2004.

Ramachandran Ravi P,Ordonez R ,Farrel S.,Gephardt Z.0. and Zhang
H." Multidisciplinary Control Experiments Based on the Proportional-Integral —
Derivative (PID) Concept” Faculty of Engineering ,Rowan University ,Glassboro
,New Jersey Proceeding of American Society for Eng. Education Conference 2001 .
lannelli L.,"Dither for Smoothing Relay Feedback Systems an Averaging
Approach” Thesis for PHD of Department of Computer and System Engineering
University of Naples Federico ,Napali,ltaly,2002.

Malekzadeh F.Arfae “ Analog Dithering Techniques for Wireless Transmitters,
Analog Circuits and Signal Processing, Springer Science Business Media New York
2013
M. Nasri, H. Nezamabadi and M. Maghfoori, "A PSO-Based Optimum Design of
PID Controller for A Linear Brushless DC Motor", World Academy of Science,
Engineering and Technology, 2007.

Popov A., Farag A., Werner H., "Tuning of a PID Controller Using a Multi-
Objective Optimization Technique Applied to A Neutralization Plant", 44th IEEE
Conference on Decision and Control, and the European Control Conference, 2005.
Liedehto J., " PID Controller Tuning Using Evolutionary Programming”, American
Control Conference, VA June 25-27, 2001.

B. Nagaraj And N. Murugananth " Soft Computing-Based Optimum Design of PID
Controller For A Position Control of DC Motor", Mediamira Science Publisher,
Volume 51, Number 1, 2010.

B. Allaoua, B. Gasbaoui, And B. Merbarki " Setting Up PID DC Motor Speed
Control Alteration Parameters Using Particle Swarm Optimization Strategy",
L eonardo Electronic Journal of Practices And Technologies, | ssue 14, P 19-32, 2009.
S.M.GirirajKumar, Deepak Jayaraj and Anoop.R.Kishan, " PSO Based Tuning of a
PID Controller for a High Performance Drilling Machine", International Journal of
Computer Applications (0975 - 8887), Volume 1, No. 19, 2010.

Ang K.H., Chong G.C.Y.and Li Y.PID Control System Analysis ,Design ,and
Technology,| EEE Trans Control Systems Tech,pp.559-576,2005.

Li Y., Ang K.H. and Chong G.C.Y. “PID Control System Analysis and Design —
Problems”| EEE Control Systems Magazine, pp. 32-41.1SSN 0272 (2006).

160



