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ABSTRACT

The Controller design is considered as an the important part in the IC engines, to
get a stable operation which is the main objective for engine generator set, through
controlling the throttle angle to get constant engine rotation speed at different load
conditions. The Model has been taken from previous research, considering the throttle
angle as an input while the output is the rotation speed then the controllers have been
designed to adjust the rotational speed with the help at Matlab and Simulink
techniques. Two main types of controllers have been used in this work which are;
PID and Fuzzy PD like controllers. The Proportional-Integral-Derivative parameters
have been tuned by particle swarm optimization technique and for the first controller
and validated by Integral Square Error (ISE), Integral Time Absolute Error (ITAE)
and Integral Absolute Error (AE). While, Fuzzy PD like consisted of seven
membership function and forty nine rules. Finally, the results showed the superiority
of PID based on Particle Swarm Optimization (PSO) compared with Fuzzy PD like
controller.
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INTRODUCTION

he most common application for single speed engines is the generator sets,

also called GenSets. A GenSet consist of an internal combustion engine

coupled to a three phase generator and sometimes an external control system
for electrical power produce, where there is a need for backup power in case of mains
grid failure, with ranging from several kW to MW. There are two main objectives for
the controller in a single speed engine. The controller must provide accurate set point
tracking as well as rapid compensation of load disturbances without steady state error
[1]. When the GenSet is running in normal operation producing electric power, the
engine speed and thus the generator frequency, must be held at a constant level that is
drop regulation is used. Drop regulation means that the nominal speed is changed
depending on the engine load. When the load on the generator changes, the engine
will experience changed resistance in turning the generator. This will cause a change
in engine speed. If the load is increased, the engine speed will drop. The task of the
controller is now to compensate for the load disturbance in a way such that the engine
speed returns to the desired value as smoothly and fast as possible. High scale power
is created by three phase synchronous generator, called as Alternator. The driven
shaft in the turbines or engine as a mechanical part, while for the electrical parts, are
the placed on the immobile part known stator. Also, the windings of the armature are
designed for generation of equalized three phase voltages coordinated to improve the
same number of magnetic poles as the field winding that is on the rotor. The rotor is
supplied with one or more short-circuited windings known as Damper winding. At
constant speed, the rotor is driven by prime mover and excited by direct current flow.
The excitation may be supplied through brushes and slip rings by means of AC
generators mounted on the same shaft as the rotor of the synchronous machine [2].
While the internal combustion engines component are seen every day in
Automobiles, power plant, home generators and other application. The term Internal
combustion refers also to gas turbines except that the term is usually applied to
reciprocating internal combustion (I.C.) engines like the ones found in everyday
automobiles. An Internal Combustion Engine (ICE) is an artifact that generates
mechanical power from the chemical energy [3].The engine consists of the two types:
Spark Ignited (SI) and Compression Ignited (CI) [4]. The input parameters of the
engine can be divided into four parts which are: throttle angle, spark advance angle
(SA), exhaust gas recirculation (EGR), and air-fuel ratio (A/F) which involved in the
output parameters. The output parameters can be divided into: engine speed, torque,
fuel consumption, exhaust emissions, and drivability [5].

The aim of this paper is applying the control system to nonlinear model of the
engine which includes:

Design of PID controller that improves the engine performance after tuning the
controller parameters by using particle swarm optimization (PSO) technique which
didn’t used before this time to find the optimum PID parameters that lead to control
the engine speed for running speed application also design fuzzy-PD like controller
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that improves the engine performance aiming to maintain the constant rotational
speed and obtaining lowest overshoot, the error of steady state and quickly arriving to
the target at constant speed with good stability.

Engine Generator Set Model

The simulation of engine has been modeled depending on four cylinder spark
ignition internal combustion engine with throttle angle and engine speed as input and
output for the system respectively [6]. The system modelling consists of five main
elements which are: throttle valve, intake manifold, mass flow rate, compression
stroke and recently the generated torque and the angular acceleration [7].

J . Engine Rotational Moment of Inertia (kgm2)
my; . Mass Flow Rate into Manifold (g/s)

my, . Mass Flow Rate of Air out of the Manifold (g/s)
N . Rotation Engine Speed (RPM)

N : Engine Angular Acceleration (rad/s2)

Pamb - Ambient (Atmospheric) Pressure (bar).

Pm : Manifold Pressure (bar)

Pm :Rate of Change of Manifold Pressure (bar/s),
T : Temperature (K)

Teng . Torque Produced by the Engine (Nm)

Tload : Load Torque (Nm)

Vm : Manifold Volume (m3)

o :  Spark Advance (deg)

0 . Throttle Angle (deg)

Throttle Valve

Throttle valve is one of the major components of electrical (engine-generator) set.
Changing the aperture angle of the valve to set the amount of air- fuel ratio mixture
through the combustion [8] .The throttle element is considered the first part of the
simulation. Here, the control of the input is the angle of the throttle plate. The mass
flow rate of air into the intake manifold can be expressed by equation (1) [9- 12].
Right hand side of the equation consists of two functionsf (8) and g(p,,). The first
function £ (@) can be calculated from the empirical study as a function to the throttle
angle can be expressed by equation (2) while g(p,,) can be expressed as a function of
two parameters; atmospheric and manifold pressures. When the higher vacuum or
lower manifold pressure, the flow rate through the throttle part is sonic and it is a
function of the throttle angle depend on the low pressure behavior, the
compressibility equations with a switching condition can be expressed by equation

(3) [13]

Mg = f(e)g(pm) (1)
Where:
f(e) - ao_ ale+3292—3393 (2)

Where; aq,aq,a,,a3 are constant, a, = 2.821,a; = 0.05231, a, = 0.10299 ,a; =
0.00063
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_a\/ PmPamb — pambzr Pamb < Pm < 2pamb
-1 , Pm = 2pamb

Intake Manifold

The intake manifold designed to bring the air to each cylinder’s engine through a
pipe called runner. The throttle plate or sometimes called butterfly valve where it is
existed at the upstream end of the intake system to control the air flow rate through
the intake manifold for Sl engines [14].
The intake manifold model has been simulated as a differential equation as a function
for the manifold pressure. The net rate of changing of mass flow with respect time
can be estimated through the calculation of variation between the incoming and
outgoing of mass flow rates [9]. Depend on the gas low, this quantity is proportional
to the derivative of time for the manifold pressure can be expressed by equation (4)
[15].

. RT ,. - .
Pm = E (1, — My, .. (4)
Where:

R is Specific Gas Constant

Intake Mass Flow Rate

Based on the empirically derived equation, equation (5) describes the air mass flow
rate out of the cylinders from the manifold. Whereas, (r,,) as a function of the
speed of engine and manifold pressure [16].

r,, = — by + b;NP,, — b,NP,,? + byN?P,, ...(5)

Where
i by = 0.366,b; =0.08979, b, = 0.033, b; = 0.0001.

Compression Stroke

Four-cylinder four-stroke engine located inline path, the four strokes (intake,
compression, combustion, and exhaust) simultaneously convenes in this model. The
second stroke is the compression stroke started from the instant at which the intake
stroke ended after delaying the crank revolution 180° during the combustion phase.

Generated Torque and The Angular Acceleration
The torque is considered as the final parameter of the engine simulation model. An

empirical formula to calculate the torque of the engine depends on the charge of the

air mass, the mixture ratio of air/fuel, the advance of spark, and finally the engine

speed as given by equation (6) [10] while the angular acceleration of the engine can

be expressed by Equation (7) [9, 17].

= —Cg + cymy, + ¢ (A/F) — c3(A/F)? + c40 — c50% + 4N

—cyN?% + ¢gNo + cgom, — ¢190°m,

...(6)

Teng
Where:



co = 1813, ¢ =379.36, ¢, =21.91, c3 =0.85, ¢, =0.26,cs = 0.0028,
ce = 0.027, ¢; = 0.000107, cg = 0.00048, cq = 2.55, ¢4 = 0.05.

]N = Teng — Tioad (1)

Model Simulation

Figure (1) represents the IC engine system Simulink model (without controller). It
is clear that the input variable is the throttle angle, while the output variable is the
speed of the engine equations (1-7) that has been obtained from previous research by
Crossly and Cook [11] and the corresponding Simulink model has been chosen from

[9].

Throttle Ang.
/ | Air Chamge
", throttle sngle
Ramp Engine Speed, N mass(k+1) Torgue | Teng
P mass{k+ 1}
) = N »| 20/pi
trigger b—
Combston [ #|Tkad Engine
Throtte & Manifold rad/s Speed
Compression | l_ tarpm Py
. totle torque.
Torque disturbance:
LoadTorque @

Figure (1) open loop system simulation model

Throttle /Manifold, Intake, Compression and Combustion Subsystem

Figure (2) represents the Simulink model of throttle / manifold subsystem. The
subsystem has been consisted of three equations (1), (2) and (3), the natures of these
equations are nonlinear for different variables, and also a multi input system. Since
the throttle subsystem has three inputs (throttle angle, manifold pressure and
atmospheric pressure) as shown in Figure (3).

@—b@—b Throttle Angle, theta (deg)
Throttle Ang. Limit to Positive
P Manifold Pressure, Pm (bar) Throttle Flow, mdot (g/s)
Atmospheric Pressure, Pa (bar)
Atmospheric Throttle
Pressure, Pa
(bar)
L mdot Input {g/s) mdot to Cylinder (g's)
Mass Airflow Rate
N (rad/sec) Manifold Pressure, Pm (bar)
Engmepeed, N Intake Manifold

Figure (2) Throttle and Intake manifold subsystems
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Figure (3) mass rate, throttle Angle and Pressure subsystem

Equation (4) can be simulated as shown in Figure (4) to determine the mass flow
rate out of the cylinder, then to be treated with the mass flow rate into the cylinder to
obtain the manifold pressure, while equation (5) is a function of engine speed and

manifold pressure.

mdot Input
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Figure (4) shows the Simulink model to calculate the mass flow rate

Figure (5) shows the model which uses a Mux block to combine these variables into a
vector that provides input to generate the torque of the engine. Then the generated
torque may be simulated through the functional block as described by the empirical
formula.

Air Charge
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Figure (5): Torque of the engine subsystem

PID Controller

The most widely used control structure in the industrial control is the Proportional-
Integral-Derivative PID controller. Over 90% of used operation controllers are PID
controllers, this is because PID controllers are easy to tune, implement, and available
at low cost [18]. A conventional PID controller is designed to regulate the throttle



angle keeping constant speed in the presence of the drag torque. The equation of the
PID controller in continuous time domain is:

u(®=ke(+ke(t) + k [ e(t) dt ..(8)
Where:

u (t): throttle angle (deg).

e(t): error in speed which is the difference between the desired engine speed r(t) and
the actual speed y(t) as defined below:

e (t) = r(t)-y(t) and e(t)is the rate of change in the speed error (rad/sec).

However, Figure (6) shows a block diagram PID controller with closed loop system.

’—A P —K__;-L.'JT
[ Ty

__5-:\.|.'||1||i:||l+{z-\"- Error - [ | &, J’.-.*{."')n"." "I(-—E—_,J - Crutpart —e

Memsured

| i — le(r)
= .’ll.r

Sensor

Figure (6) Closed loop system with PID controller [18]

Fuzzy Logic (FL)

FL was first proposed by Zadeh (1965) and is based on the concept of fuzzy sets
[19]. On the other hand, FL is often defined as multi-valued logic (0 to 1) [20]. While
Linguistic variables which allows computation with words instead of numbers [21]
also membership functions are the essence of fuzzy sets. The function is used to
associate a degree of membership of MFs can have different shapes. The simplest and
most commonly used MF is the triangular-type because they give good results and
computation is simple [22]. Finally the biggest advantage of fuzzy control is to
provide an effective and efficient methodology for developing nonlinear controllers
in practice without using highly advanced mathematics. The starting point in the
construction of a fuzzy system is the forming of a knowledge-based consisting of IF-
THEN rules [23]. Fuzzy algorithm consist of four major units, which are;
Fuzzification, Rule Base, Inference Engine and Defuzzification as shown in figure 7
[24]

Fuzzy Rule
Base

Fuzzifier Difuzzifier |
—_—

Real Value [y Real Value

Inputs Outputs
A 4

Fuzzy Inference
Engine
Fuzzy Input Fuzzy Output

Sets Sets

Figure (7): Configuration of a fuzzy control system [24]
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PARTICLE SWARM OPTIMIZATION (PSO)

In PSO, each single solution is a “bird” in the search space; this is referred to
as a “particle”. The swarm is modeled as particles in a multidimensional space, which
have positions and velocities. These particles have two essential capabilities: their
memory of their own best position and knowledge of the global best. Members of a
swarm communicate good positions to each other and adjust their own position and
velocity based on good positions [25]

v(k+1)i, j =w. v(K)i. j + c1rl( g best — x(K)I ,j ) + c2r2( p bestj — x(K)I ,j ) ... (9)
X(k+)1,j =x(K)I ,j + v(k+1)i,j ....(10)
Where:

Vi,j . velocity of particle i and dimension j, xi,j : position of particle i and

dimension j, c1, c2: known as acceleration constants, W : inertia weight factor, r1, r2
: random numbers between 0 and 1, p best: best position of a specific particle, g best :
best particle of the group.

In the gbest model, the trajectory for each particle’s search is influenced by the
best point found by any member of the entire population. The best particle acts as an
attractor, pulling all the particles towards it. Eventually all particles will converge to
this position. The Pbest model allows each individual to be influenced by some
smaller number of adjacent members of the population array [26]. Compared with
GA and ANN optimization algorithm, standard PSO has the advantages of simple
structure, fast convergence velocity and extensive adaptability.

Performance indices are defined as a quantitative measure to depict the system
performance of the designed PID controller. Using this technique an ‘optimum
system’ can often be designed and a set of PID parameters in the system can be
adjusted to meet the required specification. For a PID- controlled system, there are
often three indices to depict the system performance [27]:

Integral Square Error (ISE) = J” e?(t). dt ...(12)
Integral Absolute Error (IAE) = f,"[e(t)].dt ..(12)
Integral Time Absolute Error (ITAE) = f0°° t. |e(t)|.dt ...(13)

Results and Discussion
Engie Generator Set Model Without Controller

The previous research [6] tested a model with unit step input as throttle angle
variation between 8.973° — 11.93° at variation of uniform load 50% from maximum
power, to obtain the suitable rotational speed as shown in figure (8 and 9). Then, the
open loop test of engine model with ramp input which represent the throttle angle (0-
90°) with step of 5° at no load condition, starting at O time instant with interval (0-
17sec). The purpose of changing the unit step to ramp input function is; to study the
system performance, maximum power and maximum speed for system at specified
the throttle angle from (5° to 90°) as shown in figure (10).

-8-
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Figure (11) shows the relationship between the engine power — engine rotation
speed whereas the increasing of engine rotation speed leads to increase in engine
power until the speed reaches to 7000 rpm, then the power begin to decrease because
of the inadequate time to ignition and burning the fuel completely to release the
stored energy and the four strokes not achieved completely whereas the intake and
exhaust valve still open.
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Figure (11) Variation of engine rotation speed with engine power
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PID-PSO controller

Figure (12) shows the complete block diagram engine speed control system using
conventional PID controller.
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Proporticnsl
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= Irntegr=l Imtegrator o
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——[c | o ]
D erivatve
=min C—r ot e

(b)
Figure (12) (a) System block diagram and (b) PID block diagram

The PSO tuning algorithm to adjust the corresponding values of gain is explained
by using flow chart as shown in Figure (13).
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Specify swarm parameters (no. of iteration, size of swarm, dimensions of
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Run Simulink model

4

Calculate PID parameier
Ewvaluate fitness for each particle

Compare and update local best position P best for each particle
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!
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!

Meet stopping

criteria

Yes l

End

Figure (13) PSO Algorithm Flow Chart

The PSO algorithm parameters that achieved better solution depends on integrator
square error (ISE) evaluation method are listed in Table (1).

Table (1): Parameters of PSO algorithm for tuning gains of PID controller

Swarm size (Number of birds) 60
Number of iterations 200
Cognitive coefficient (C1) 2
Social coefficient (C2) 2
Inertia weight (w) 2

Figures (14, 15 and 16) show the response performance of rotation engine speed
after tuning the PID parameters by using PSO based on ISE, ITAE and IAE methods
respectively and tables (2, 3 and 4) show response characteristic for ISE, ITAE and
IAE methods respectively method. Whereas, The optimal PID-controller gains tuned
by PSO method are using ISE method are Kp = 1.7948, Ki = 0.6768and Kd= 0.1000
while the optimum gains values using ITAE are; Kp=1.5521, Ki=0.6051 and
Kd=0.1000 and finally the optimum gains values using IAE are; Kp=1.0281 , Ki=

0.5849and Kd=0.07 .
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Figure (14) Engine rotation speed response with PID controller tuned by PSO —
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Table (2) Response characteristic for PSO tuned method based on ISE method

Parameters Value
Rise Time 0.1773 sec
Settling Time 0.4037 sec
Ess 0

% Overshoot 2.2686 %
Peak Time 0.3250 sec

— Dasived Spasd

=P P30TAS

e Speed ()

E
i

Figure (15) Engine rotation speed response with PID controller tuned by PSO-
ITAE

Table (3) Response characteristic PSO tuned method based on ITAE method

Parameters Value
Rise Time 0.1808 sec
Settling Time 0.3565 sec
Ess 0

% Overshoot 1.1833 %
Peak Time 0.3160 sec
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Figure (16) engine rotation speed response with PID controller tuned by PSO-
IAE

Table (4) Response characteristic PSO tuned method based on IAE method

Parameters Value
Rise Time 0.1862 sec
Settling Time 0.2743 sec
Ess 0

% Overshoot 0.3648 %
Peak Time 0.3080 sec

From the results above the designed PID controller using PSO based optimization
for all performance indices have less settling time and overshoot compared with
previous research [28] as shown in table (5).

Table (5) Comparison in Output Response with PID Controller Tuned by Different
Methods

Parameters | Ziegler Heuristic | Linearization | ISE ITAE IAE
Nichols

Rise Time 0.265 s 0.301s 0.417s 0.1773s | 0.1808s | 0.1862s

Settling 1.295s 1.643s 1.583s 0.4037s | 0.3565s | 0.2743s

Time

Ess 0 0 0 0 0 0

% Overshoot | 47.7% 2.7% 11.2% 2.2686% | 1.1833% | 0.3648%

Fuzzy Pd Like Controller

In this section, a PD like Fuzzy Controller is developed. This controller uses the
continuous form of the conventional PD controller equation as follows:

u(t)=k, x e(t)+ kq X ce(t) ... (14)

Where

k, and k, are proportional and differential gain factors, e(t) is the error and ce(t) is
the change in error. There are two inputs for PD like fuzzy controller which are: error
and change in error while there is one output (throttle angle) as show in figure (17)

-13-
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Figure (17) Closed loop system with PD like fuzzy controller

Assuming that there are seven membership functions on each input of the universe
of discourse; NB stands for Negative Big, NM stands for Negative Medium, NS for
Negative Small, Z for Zero, PS for Positive Small, PM for Positive Medium and PB
stands for Positive Big. A widely used function is called triangular membership
functions are chosen for all the inputs and output fuzzy sets as shown in Figure (18).
From the number of the membership functions on the universe of discourse, there are
forty- nine possible rules that can be used as the rule-base as shown in table (6).

Table (6): Rule base of the PDFC [29]

Base rules Error (E)

NB NM NS Z PS PM PB
NB NB NB NM | NM | NS NS Z

NM | NB NB NM | NS NS 4 PS
NS NB NM NS NS Z PS PM
Z NB NM NS Z PS PM PB
PS NM | NS 4 PS PS PM PB
PM NS Z PS PM PM PM PB
PB Z PS PS PM PB PB PB

Chang of Error (C E)

The range of input variables between (-105 to 105) depends on the range of error
which had obtained from PID controller trial and error method. While the range of
output variable between (8 to15) depends on the suitable angle which had obtained
from PID controller trial and error method.

-14 -
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Figure (19) shows engine rotation speed response without load and table (7) shows

response characteristic for system.
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Figure (19) Engine rotation speed response at no load

Table (7) Response Characteristic

Parameters Value
Rise Time 1.3309 sec
Settling Time 2.3547 sec
Ess 0

% Overshoot 0 %
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Conclusins

From the results, the designed PID controllers using PSO based optimization have
less settling time compared with the Fuzzy PD to regulate engine speed for all
performance indices (ISE, IAE, and ITAE). Furthermore, the PSO-based PID
controllers which are optimized with different performance index have similar
performances, except that is optimized by IAE where less settling time and overshoot
is seen. Therefore the benefit of using a modern optimization approach is observed as
a complement solution to improve the performance of the PID controller designed by
conventional method. On the other hand there are many techniques can be used as the
optimization tools and PSO is one of the recent and efficient optimization tools.
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